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Abstract

This study proposes a hybrid model that consists of modified Taylor Analogy Breakup (TAB) mode! and a Discrete
Vortex Method (DVM). In this study the simulation is divided into three steps. The first step is to analyze the breakup
of the injected fuel droplets by using a modified TAB model. The second step is based on Siebers’ theory of liquid
length, which is an analysis of spray evaporation. The liquid length analysis for injected fuel is used to connect both the
modified TAB model and the DVM. The final step is to reproduce the ambient gas flow and the inner vortex flow of
the injected fuel by using the DVM. In order to examine this hvbrid model, we performed an experiment involving a
fiee evaporating fuel spray at the early injection stage within an environment similar to that found inside of an engine
cylinder. The munerical resuits were calculated by using the present hybrid model and compared to the experimental
results. The calcutated results of the gas jet flow that were determined through the DVM corresponded well with the
experimental results for a downstream evaporative spray. It is also confirmed that an ambient gas flow occupies the
downstream region of a diese! spray.

Keywords: Exciplex fluorescence method; Modified TAB model; DVM (Discrete Vortex Method); Liquid fength; Evaporative spray;

Vortex

1. Introduction

There have been a variety of simple models with
various CFD in the field of spray analysis and spray
combustion, a few such studies include: KIVA
(KIVA-I, KIVA-3, and KIVA-3V) [1-4] proposed
by Los Alamos Lab., and STAR-CD [5]. We have
built a model that can describe the breakup and diffu-
sion process of a diesel impinging and free spray [6-
8]. However, it was discovered that these models
could not precisely express the micro-characteristics
of an injected spray, such as spray tip penetration, nor
the inner structure of a diesel spray. Therefore, in
order to reliably predict the inner-structure and micro-
characteristics of a diesel spray, this study proposes a
hybrid model that consists of a modified TAB model
{97 and a DVM [10]. In this study, the simulation is
divided into three steps. The first step is to analyze the
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breakup of the injected firel droplets by using a KIVA-
11 TAB model. The second step is based on Siebers’
liquid length theory of spray evaporation and switch-
ing both the TAB model and the DVM. The final step
is to reproduce the ambient gas flow and the inner vor-
tex of the injected fuel by using the DVM. The sche-
matic concept of this hybrid model is shown in Fig. 1.

There have been previous spray structure studies
conducted using a DVM [11, 12]; however, these
studies neglected the liquid phase of the injected
spray by only applying the DVM to the end point of
the injected fuel evaporation. Furthermore, these stud-
ies only dealt with the flow of the vapor phase of the
injected fuel and ambient gas. Therefore, this study
analyzes the flow of the liquid phase before the end of
the injected fuel evaporation by introducing the liquid
phase length based on the concept by Siebers. We
found that the results of the hybrid model, which in-
cluded the improved TAB model and DVM, were all
in good agreement with the experimental results.
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Fig. 1. Hypothesized spray structure with two-regions for simulation.

Table L. Experiraental Conditions,

Injection T}.fpe . Hole nozzle DLL-p
nozzle  |Rlameter ofhole &, [mm] 02
Length ofhole L, Imm] 1.0
Ambient gas N, gas
Ambient temperature 7, [K] 700
Aumbient pressure Pa {MPa) 2.55
Ambient density Pa Tkp/m3] 12.3
Injection pressure  Piy [MPa] 72
Injection quantity Oy ling] 12.0
Tnjection duration ‘my [ms] 1.54

2. Experimentai and simulation conditions
2.1 Experimental conditions

The n-tridecane that was used as the reference fuel
oil for the JIS second class gas oil was injected into a
quiescent atmosphere of nitrogen gas through a single
hole injector. A 9% mass of naphthalene and 1% of
TMPD (NN,N°,N* tetramethyl-p-phenylene diamine)
were mixed with n-tridecane to obtain the fluorescent
emissions of the vapor and liquid phases. The TMPD
was mixed with n-tridecane in a nitrogen atmosphere
to prevent the oxidation of the TMPD. A high pres-
sure injection system (ECD-U2 system) developed by
Denso Co., Ltd. was used in this experiment. The
diameter and the length of nozzle were 0.2 mm and
1.0 mum, respectively. A summary of the experimental
conditions can be found in Table 1.

Fig. 2 shows a schematic of the optical system
used in this study. The light source was the third har-
raonic of an Nd:YAG laser at 355 nm (power: 60
mJ/pulse, pulse width: 8 nsec., maximum frequency:
10 Hz, beam diameter: 6.4 mun, beam shape: dough-

nut type).

Cylindrical lens

- @YAG laser

Image analyzer &

Fig. 2. Schematic diagram of laser sheet optical system and
photography system.
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Fig. 3. Schematic summary of naphthalene and TMPD exci-
plex system.

Fig. 3 shows, a schematic summary of the photo-
physics of the naphthalene and TMPD exciplex fluo-
rescence system proposed by Melton et al. [13].
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Table 2. Compurational Conditions (for KIVA-II code).

Injection velocity Vg {5} 338
Injection duration ¢,y [ms] 1.54
Injection guantity O, [mg] 12.0
Initial droplet remperature T, [K] 293

Fuel n-Indecane
Number of parcel Y, 1000
Ambient temperarwre?,  {K) 7060
Ambient density Lq fkg/m3 12.3
Maximum time step oz, [s] 10X 106
Minimum time step dt . [s] 0.5 1078
Number of mesh 23 X170 {(sector mesh)

2.2 Simulation conditions

2.2.1 Improved KIVA-I{ code

Table 2 shows the calculation condition of the
KIVA-II method used in this study. The values of the
calculation conditions correspond with the experi-
mental conditions mentioned above.

2.2.2 DVM model

DVM based on Lagrangian analysis is a flow
analysis method for the motion of each free vortex,
which replaces the continued distribution of vorticity,
that occurs in a flow having different viscosity and
density with discrete distribution of free vortex. Pre-
vious ‘studies applied the DVM method, which was
first -proposed by Rosenbead {14], mainly to separa-
tion flow and gas jet with a comparatively high Rey-
nolds number {15]. The DVM is simple to implement
and effective in modeling the essence of vortex for-
mation, and fit for coupling with the model of interac-
tion between particles and fluid because both drop-
phase and gas-phase are solved in Lagrangian form.
By using DVM, this study deals with the gas jet flow
of 2-dimensional unsteady based on the assumption
of incompressible fluid. In the DVM, the representa-
tive models of viscosity considered are the Random
Walk Method {16] and vortex core model [17]. The
vortex core model was used in this study. In the case
of an inviscid vortex, vorticity diffusion is not occur-
ring; however, in the case of a viscosity vortex, the
ternporal diffusion of vorticity should be considered.

Fig. 4 shows the coordiate system for DVM
calculation.

As for the solution of the 2-dimensional Navier-
Stokes equation in the viscosity vortex, vorticity dis-
tribution of time 7 and radius 7, from center can be
obtained by the following equation (Nagano [17]}.

exp{~ rf:} (1)

w(rv,’l") - drut
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Fig. 4. Coordinate system of flow fieid for DVM.

Where o is vorticity, which is circulation of dis-
crete vortex, and r, is the radial distance from the
vortex center, respectively. Also, in the case of con-
sidering vorticity diffusion, the induced velocity can
be expressed as the following equation:

‘Where u is the velocity component in z-axis direc-
tion, and v is the velocity component in r-axis direc-
tion, Each velocity (7)) and w(T) is equal to 0 at the
vortex center. With increasing radius »,, the velocities
also increase and become maximum valae at a post-
tion ¢ . The position ¢’ increases with time. The
case where the vortex is concentrated on one point at
T=0 can be explained by the following equation.

o’ =2242(T/Re)"” 3)

In Eq (3), assuming that ¢’ is vortex core radius
and vorticity is constant in the vortex core, Egs. (1)
and (2) can be expressed by egs (4) and (5) below:

r /
wolmg 59 “)
0 (r,>c")
u:I“(rD~r) V:_F(ZD—«Z) (r<a')
270"’ 2ro’? v (5)
Ty, —r) I(z,z)
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2.2.3 Analysis of liquid phase length for switching
both the TAB model and DVM model

In order to investigate the liquad phase length, three
non-dimensional groups were used from Siebers’
analysis [18] of liqmd-phase length. These groups
correspond to a momentum scale, an energy scale,
and a length scale. From a consideration of the con-
servation of mass and momentum, the liquid phase
length should have a function dependence on the ratio
of the fuel density (o) to the in-cylinder gas density
(). In this study, the non-dimensional constant A,
which can be expressed as Eq. (6), is equal t0 26.4 by
using the Thermophysical Properties of Hydrocarbon
Mixture Database (i.e., “NIST program™), {19].

Py
Pa

A= 6

Also, the heat transfer from the ambient gas to in-
jected fuel is considered, and the parameter is denoted
the “specific energy ratio” and is defined as follows:

B= CP-[i‘x’ (T;’ - Tf) + h""P (7)
Cp.m'r (7:1# - Tb)

In the above equation, the fuel properties are as fol-
lows: C,, the specific heat at constant pressure; 73, the
boiling point temperature; 75, the initial temperature;
and A, the latent heat of vaporization. 7, 3s the tem-
perature of the in-cylinder gases. Also, according to
Ely et al. {19], in this study, the value of C,ypand G 5
is, respectively, 4.48 and 1.11 klVkgK. The value of
hy,p 1s determined by using an estimation method [20]
and equal to 57.53 kl/kg, here. Finally, a length scale
for fuel properties from the results of Siebers et al.
[18] can be expressed.:

=hnit'+alnd+3mnB 3

0

ln—&“-’-
d,

where according to the results of Siebers et al. [18],
the &, @, and f are copstants whose value are, 10.5,
0.58, and 0.59, respectively. Using this equation, the
liquid length x;, calculated to 36 mm for the experi-
mental condition of this study.

The calculation condition of DVM is the same as
that of KIVA-II code. As the object of DVM is turbu-
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lent gas jet, the simulated DVM needs to set a gas
velocity U, my/s, the diameter of gas jet H mm, and
kinematic viscosity of ambient gas 1, mm’/s as the
initial conditions. Thus those parameters are obtained
by Dan et al. [8] based on the conservation of the
momentum equal o the diesel spray. The mechanism
of the DVM is related to the concept of the diffusion
process of droplets by Kosaka et al. {12]. The mo-
mentum between the diesel spray and the gas jet is
related as follows.

H-U,={a/p,) 4, u, (9)

Where g is the liquid density, d, is the nozzle hole
diameter, w;; is the injection velocity of liquid at the
nozzle and g, is the gas density. Here, the evapo-
rated gas consists of nitrogen of ambient gas and n-
tridecane of used fuel (mole fraction N;:Cy;Hae=
0.96:0.04) in the middle region of Z=35~65 mn from
the nozzle exit. The mole fraction can be calculated
by the mean fluorescence intensity and quantification
scheme of vapor-phase concentration from experi-
mental results of the exciplex fluorescence method.
The density (p,) of gas having such a mole fraction is
145 kg/m’® in T,=700 K and p,=2.55 MPa by using
the NIST program. Furthermore, the equivalent di-
ameter of gas jet, =11 mm is the spreading of vapor
phase at a distance from the nozzle tip, Z=38 mm by
the concept of Siebers et al. [18] and our experimental
results, and A=11 mm is used in initial condition of
DVM simulation. Hence, the Eq.(19) can be calcu-
lated by determining an unknown, U, However, in
the case of U calculation, H is 6.8 mum, which is the
value of the spreading of liquid phase at Z=38 mm,
because the liquid phase dominates the spray devel-
opment n axial direction. /6.8 mm is only used in
the case of the calculation of Uj. As a result, the gas
jet velocity is determined as {y=64.2 m/s by using
H=6.8 mm, and it can also be supposed that the gas
jet is injected with a velocity Uy=64.2 m/s from noz-
zle diameter, A=11 mm. The kinematic viscosity of
ambient gas v, is equal to 1.99 mm?s by the NIST
program.

Table 3 shows a summary of the calculation condi-
tions for DVM. For the calculating, non-dimensional
time T is employed, and the time 7 is derived by
H{UyH) . The time step AT corresponding to the time
interval of vortex shedding is equal to 0.025.
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Table 3. Computational Conditions. (for Discrete Vortex Method)

2209

Nozzle hole diameter A [} 11
issue velocity Uy [ms} 64.2
Gas {mole fraction) n-Tridecane (0.04), N2 {0.96)
(Gas density P [kg/m3] 14.5
Gas kinematic viscosity v, [mm?/s 1.99
Reynelds numbér at nozzle 355000
Injection duration 7 10.0 (=1.71{ms])
Time step AT 0.025
1=0.20 [ms] =040 [m3) =075 [ms =110 [ms = 1.75 [ms
g o . o - Lo s}
a B ;& 1 \ 15
i i T
v 25 5 25 3 157
3 ;‘; - iﬁt 35¢ 15 = iis!:
g mwsoss :‘i $ pr: ”E pr 8
S Redial distancs from S0 ;?.f- -
E noale axie R{men] 5 :2; S8 s
50 o
= L~ e s e o L e &3~ L
a 151050 51015 15105 0 3 1013 ‘;’I';;';';:’ b
(a) Vapor phase - High
85

<%= Direction of incident light{355 [nm])

Fluorescence intensity

E 15105 0 51015
B
= 10, 1 I ) T 1
N s [ ﬂ \ ﬁ | !:E 1;: L
-a 20 X v
o 1% j ) 8 1 2 l :.ﬁt
30 30r J r|
35 1_L..L_.._4_|_1 - 8= M “ 3
B 15105 0 5 101§ “or I o y- 8
= E-.hdmfm . ;F . -
8 noezhe wos Rjmm| zor 5 35 5
“
5 68 il 117 6" il l-;': &
‘ )
& 13165 0 51015 151050 51015 15105 0 § 1015 73
{b) Liquid phase
[ SR A - —
15105 0 51015

Fig. 5. Temporal change in the free spray taken by exciplex fluorescence method.

(ir=72{MPa], Qu=12.0[me], p=12.3kg/n'’], T=700(K])
Y

3. Results and discussion

3.1 Experimental results for the exciplex fluores-
cence method

Fig. 5 shows the 2-dimensional fluorescence inten-
sity images for the free spray captured by the exciplex
fluorescence method. Near the central spray axis, the
fluorescence intensity phenomenon exceeds the sensi-
tivity of the CCD camera, because of the liquid phase
in the vicinity of nozzle. Figs. 5(a) and (b) show the
vapor and liquid phase of the injected fuel, respec~
tively. With elapsed time, the spray tip penetration of
both vapor and liquid phases increases. In Fig. 5, the
image area of the liquid phase gradually decreases;
howevey, the image area of the vapor phase increases,
due to the phase change of the injected fuel. In the

later stage of the injection time, the spreading of the
vapor phase becomes larger due to the effect of the
ambient gas. A measurement of the ambient gas flow;
however, is almost impossible with the exciplex fluo-
rescence method.

In Fig. 6 the measured tip penetration of the liquid
and vapor phases 13 plotted against time. The horizon-
tal axis is the non-dimensional time that represents
the time from the start of the injection divided by
injection duration. In this figure the liquid phase
length (/) is determined by the overall intensity re-
gion in the liquid phase image. As shown in Fig. 6,
the tip penetration of the liquid and vapor phases in-
creases with elapsed time. A value convergenee of the
liquid phase length could not be observed as it could
in other experiments of evaporating spray [21-25}.
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Fig. 7 shows the liquid phase length L versus the
non-dimensional time. The liquid phase lenvth @, )13
defined by the spatial region where the ﬂuorescence
intensity ranges from 255 gradations m the spray’s
center to 10~20 [%] (230~255) gradations in each
pmage. As shown in Fig. 7, the value of the liquid
phase length irrespective of injection pressure is al-
most 38 mm in the curve. Furthermore, it was found
that the tendency of the liquid phase change agrees
with the start point of the spray development in the
radial direction as shown in Fig. 5. Specifically, the
value of 38 mm from nozzle exit corresponds to the
length of the end of the momentum exchange from
the liquid jet to the ambient gas [8].

3.2 Simulation results for the hybrid model with
improved TAB and DVM

Fig. 8 shows the temporal change. in the droplet
parcels with the TAB mode! and the distribution of

tracers with DVM (hybrid model). In this figure, the
distance from the virtual origin can be used for the
measurement of the real distance from nozzle exit.
The time from the virtual origin (¢ ms) is the real time
after the start of injection. As shown in Fig. 8, the
origin of the DVM results locates the distance from
the virtual origin to be 40 mm where the spray of the
liqquid jet changes into the gas jet. In the hybnd model,
the spatial distance and time for switching from the
TAB to the DVM are, respectively, 40 mm and
0.31ms based on the concept of Siebers and the ex-
perimental results of the exciplex fluorescence
method. In Fig. 8 the separated crosswise tracers form
two small vortices at 7=2.5 (T is the non-dimensional
time, t-(U/HY)), with elapsed time the tracers pro-
ceed downstream at 7=5.0. The tracers that procead
on the central axis stagnate due to the drag force from
the ambient gas. After the vortex shedding is com-
plete, a meandering profile near the nozzle can be
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Fig. 10. Computational and experimental results for temporal
change in spray tip penetration.

found. The characteristic tendency of the spray struc-
ture corresponds, qualitatively, to the experimental
results.

Fig. 9 shows the temporal change in droplet veloc-
ity and ambient gas velocity with the TAB model and
the ambient gas velocity by using the DVM. As
shown in Fig. 9(b), although a slight flow of ambient
gas occurs in the spray periphery, the entrainment
phenomenon of the ambient gas cannot be seen in the
inner region of the spray. Also, the vectors in the in-
ner region of the spray proceed downstream. Hence, it
was concluded that there was no entrainment of am-

bient gas in the liquid phase length of the injected fuel,

and the momentum exchange of both the injected fuel

and the ambient gas mainly occurred at the liquid
phase length region of the diesel spray. On the other
hand, in Fig. 9(c) {the region of DVM beyond 40 mm
from the nozzle exit (Step 3)], the vectors of the am-
bient gas are rotating in the region of the inner spray
due to the momentum exchange in the upper region of
the spray; specifically, the entrainment of ambient gas
takes place from the region that is the maximum
penetration distance of the liquid phase fuel at 40 mm.
As a result, it can be assumed that the results from the
hybrid model sufficiently explain the development
process and structural characteristics of a diesel spray
in an evaporating field just as [26] related to a non-
evaporating fuel spray. Furthermore, it can be found
that the velocity distribution at each time shows a
circulation flow profile separated crosswise at the
region of the spray’s tip. The circulations proceed
downstream of the gas jet and the scale of circulation
flow gradually becomes larger with elapsed time.
This figure, like the case of tracer distribution, also
shows the profile of the meandering flow at the end of
injection.

Fig. 10 shows results of penetration for the result of
the experiment, improved TAB model, and hybrid
model. The spray tip penetration in the experiment
and improved TAB model are the measurement re-
sults for the vapor phase of the fuel, respectively. In
the figure, the simulation method of the improved
TAB and hybrid model can successfully predict the
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spray tip penetration under the condition of evaporat-
ing diesel fuel spray. However, with the improved
TAB model, the structure of the inner spray and am-
bient gas flow could not be precisely reproduced.
Therefore, the hybrid model proposed in this study is
useful to model diesel fuel sprays, properly account-
mg for the characteristics of spray stracture and ambi-
ent gas flow.

4. Conclusions

In this study an experiment and simulation were
performed for an evaporating fuel spray. In the ex-
periment the exciplex fluorescence method was used,
which can simultaneously measure the vapor and
liquid phase of injected fuel. The simulation was per-
formed by using a hybrid model consisting of a TAB
model and a vortex method

The following conclusions are drawn from this
study. .

(1) Applying the improved TAB model with @
(degree of freedom)=6 and X (energy ratio of particle
motion)=0.89 to the evaporating fuel spray is suffi-
ciently useful for analyzing the spray structure, such
as the spray tip penetration of the liquid and vapor
phase.

(2) The hybrid model used in this study can ana-
lvze not only flow of injected fuel, but also the flow
of ambient gas in the evaporative fuel spray.

(3) In the results of the hybrid model, the calcula-
tions using the DVM that were related to the gas {low
correspond quantitatively to the experimental results
downstream of the evaporative spray. It is also con-
firmed that ambient gas flow occupies the flow of the
downstream region in a diesel spray.

(4) A hybrid model consisting of an improved
TAB model and a DVM can properly reproduce the
structural characteristics of a diesel spray in an evapo-
rating field undergoing phase change.
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Nomenclature
d : Diameter
H . Diameter of Gas Jet
T . Non-dimensional Time

U : Gas Velocity
u : Injection Velocity of Liquid at the Nozzle

Greek symbols

v : Kinematic Viscosity of Ambient Gas
£ Density

Subscripts

g © Ambient Gas
inj : Injection
n : Nozzle
lig : Liquid Phase
vap : Vapor Phase
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