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Abstract: Computational fluid dynamics modeling has comeomglway since its entrance into
engineering industry over 20 years ago. Increasethé power of computer hardware, together with
decreasing of hardware costs, have allowed CFDaso tools to be developed to offer the high-tech
capabilities we see today.

A three-dimensional unsteady turbulent compres$hl8ENT solver was used in the present study to
investigate the injection of diethyl ether into thiake manifold of a direct injection diesel ergias
a method to improve the cold starting charactecisti

The complete engine flow field, the inlet jet, ptes variation in the intake manifold and portsdan
formation of blend in the intake ports, is alsocaclg shown.

Keywords: Diesel fuel spray, droplet breakup, evaporatiorDCgold start.
INTRODUCTION

When a cold engine is started, an overreach sugigdiyel must be supplied to assure enough
fuel vapors to create a combustible gas mixtureef\the walls of the intake system and cylinders are
cold, a much smaller percentage of the fuel wifpardze than in normal steady-state operation. The
fuel is also cold and does not flow as readily. €hgine turns very slowly, being driven only by the
starting motor, and a greater amount of the conspresheating during compression is lost by heat
transfer to the cold walls. This is made worse hmy ¢old viscous lubricating oil that resists motion
and slows the starting speed even more. All ofeHastors contribute to the need for a very riah ai
fuel ratio when starting a cold engine.

That said this paper we propose the following $otuto improve cold start of diesel engines.
The method involves injecting a combustible sulistafether) inside the engine intake manifold to
improve the quality of the cold. This is a spesirting fluid for aiding engine startup in extrdyne
cold temperatures. Even when everything is veryl,cal small percentage of fuel vaporizes and a
combustible air and vapor mixture can be obtaifégds mixture is ignited, and after only a few
cycles of combustion, the engine begins to heaWifhin a few seconds it starts to operate in aenor
normal mode, but it can take many minutes befolly fuarmed steady-state operation is reached.
Once the engine starts to warm, all of the exceskthat was originally input vaporizes and a short
period of overreach operation is experienced. Quitis period, there is a large excess of HC and CO
emissions in the exhaust. To compound this probleencatalytic converter is also cold at startug an
does not remove these excess emissions.

Substances like diethyl ether with very high vapoessures evaporate more readily than
gasoline and give a richer air-fuel vapor mixtuse ifitiating combustion. These fluids generallg ar
obtained in pressurized containers and are spray@the engine air intake before starting.

DRIVING MATHEMATICAL MODELSAND COMPUTER SIMULATION

Many mathematical models have been developed o Unadlerstand, correlate, and analyze
the operation of engine cycles. These include catitru models, models of physical properties, and
models of flow into, through, and out of the cykemsl. Even though models often cannot represent
processes and properties to the finest detail, #meya powerful tool in the understanding and
development of engines and engine cycles. Withudee of models and computers in the design of



new engines and components, great savings are imédee and cost. Historically, new design was a
costly, time-consuming practice of trial and errequiring new-part construction and testing farhea
change. Now engine changes and new designs areld¢veloped on the computer using the many
models which exist. Often, only after a componanbptimized on the computer is a part actually
constructed and tested.

Generally, only minor modifications must then bedmdo the actual component. Models
range from simple and easy to use, to very comaiekrequiring major computer usage. In general,
the more useful and accurate models are quite eomplodels to be used in engine analysis are
developed using empirical relationships and appnations, and often treat cycles as quasi-steady-
state processes. Normal fluid flow equations atenofised. Some models will treat the entire flow
through the engine as one unit, some will divide ¢mgine into sections, and some will subdivide
each section (e.g., divide the combustion chamiierseveral zones-burned and unburned, boundary
layer near the wall, etc.). Most models deal onithwne cylinder, which eliminates any interaction
from multi- cylinders that can occur, mainly in thehaust system.

This section describes the mathematical model fobulent particle dispersion and
vaporization assuming that the particles are gsefiity dispersed so that particle—particle intaoact
is negligible.

The particle phase is described using a Lagraregnoach while an Eulerian frame is used
to describe the effects of both inter-phase slig turbulence on particle motion using random-
sampling techniques (Monte Carlo). It is also as=ithat the mean flow is steady and the material
properties of the phases are constant.

When vaporizing droplets are involved in the sirtioles, two-way coupling must be accounted for
since the phase change modifies the characteristitise fluid phase. The vapor produced by the
droplets is a mass source for the fluid; moreokervaporization process generates modifications in
the momentum and energy balances between both pHaséd-phase equations then contain many
extra source terms. It is assumed that the vapmiugtion does not significantly modify the fluid-
phase density.

The method to solve the continuous phase is bageth@ solution of the conservation
equations for momentum and mass. Turbulence is ieddeith the “k - ®” turbulence model of
Launder and Spalding [4], which is widely and thably tested, and was found to predict reasonably
well the mean flow [5]. In order to reduce the nuiced errors to an acceptable level, the higheeord
QUICK scheme of Leonard [6] is used to evaluatecihvection terms. A similar method has been
used for three-dimensional [5] or axisymmetric #0\i7—9] and only the main features are
summarized here.

The governing equations (continuity, momentum, uwlebt kinetic energy, dissipation,
enthalpy, and vapor mass fraction) constitute @ebupled partial differential equations that ¢en
reduced to a single convective—diffusive conseoveéiquation of the form:

0 i 0 0
o) o | o0, o W
oX, oX, 0X;
wherel @ is the effective diffusion coefficient for quantip. The term on the left-hand side is the
convection term, whilst the first and the seconthteon the right-hand side are the diffusion tena a
the source term, respectively.
The source termggas divided into two parts, which yields the folloiexpression:
S, =S, +S,, ()
where $ specifies the source term of the gas aquol $pecifies the source term of the particle.

The source terms of the gas phasgy 8nd the effective diffusion coefficiehtp, are summarized in
Table 1 for different depended variabl€sis the usual turbulence energy production ternrmdefas

U, 0U. |gu.
G: [ ) i , 3
”{axj axi}axj )

and



k2

M= Cﬂp?, (4)
Tablel
Termsin the general form of the differential equation
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Turbulence model constants
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The turbulence model constants that are used ase ihdicated by Launder and Spalding [4]
that have given good results for a large numbdioafs, and are summarized in Table 2. To describe
the vaporization phenomena the model of Barata, [dBich is based on the Abrazom and Sirignano
[2] approach, is used in the present study. Thevexion effects are taken into account by
introducing empirical correlation laws.

The main assumptions of the models are: sphencainetry; quasi-steady gas film around
the droplet; uniform physical properties of thereunding fluid; uniform pressure around the draplet
and liquid/vapor thermal equilibrium on the droptetrface. The effect of the convective transport
caused by the droplet motion relative to the gas a@ounted for by the so-called “film theory”,
which results in modified correlations for the Neissand Sherwood numbers. For rapid evaporation
(i.e. boiling effects) additional corrections wexngplied. The infinite droplet conductivity model sva
used to describe the liquid side heat transferntakinto account droplet heat-up. Hence, two
differential equations for the temporal changedroplet size and temperature have to be solved:

dD, ___2m | 5)
dt D]
dT, __ 6Q, ©
dt m.C,.D;

Under the assumption of steady-state conditionthéngas film and assuming a spherical control
surface around the droplet, the total mass flowubh this surface will be equal to the evaporation

rate m:

m= 71p,D,D,Shin(L+ B, ), (7
and
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m:nC—VaprNuln(1+ B.), (8)
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The quantityp D, can be replaced witkvap/Cpvap, assuming a Lewis number of unity, and the

heat penetrating into the droplet can be exprelsged

Q= v{m - L(TS)J , 9)

BM
For any given value of surface temperature, th@vppessure is readily estimated from the Clausius—

Claperyon equation as
b
P, =expa- , (20)
T4, —-43

where a and b are constants of the fuel. The |&tkeatt of vaporization is given by Watson [11] as

L(Ts) = Ltbn(-ll-cr __:rrs j ' (11)
r bn

C

Egs. (7) and (8) fomare similar to the expressions for the droplet viaation rate predicted by the
classical model, with the values of the non-dimemai parameters Nuand Sh in the classical
formulas substituted by Nu* and Sh*, respectiv®lhere are expressed as

Sh=2+(Sh-2)/F,, (12)
Nu, =2+(Ny, -2)/ F,, (13)
The parameterslu* andSh* are the “modified” Nusselt and Sherwood numbensd tend to

Nu, and Sk, respectively, ag+ andFy tend to the unity. In the case of an isothermalase and
constant physical properties of the fluid, the peobhas a selfsimilar solution and the correction
factorsFy andF; do not depend on the local Reynolds number. Itfaasd that the valuds, andF+
are practically insensitive to the Schmidt and Btlanumbers and the wedge angle variations, and
can be approximated as

Fu =F(B,). F- =F(B,), (14)
where F(B) is given by
F(B)= @+ B)O-?@ . (15)
Nu, and Sh are evaluated by the Frossling correlations
Nu, = 2+ 0.552Re"? Pr'?, (16)
Sh =2+0.552Re"” Sc”°. 17

The evaporation raten with convection is

L — 0.552Re"? S¢?
m=p,D,D,In(1+ By, )(2+ = (18)
M
and
. K 12 B3
m= nc—mp Dp In(L+ BT)(Z_I_ 0.552Re"? Pr ] . (19)
ap T

The Schmidt number and the Prandtl number are exgsalming a Lewis number of unity.
Eg. (18) has the advantage that it applies und@oalitions, including the transient state of debp
heat-up, whereas Eq. (19) can only be used fodgtstate evaporation.

Finally the evaporation raté is
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and the equations for the temporal changes of eétrspe and temperature are:
4K, In(1+B 2 ppl/3
dDp _ _ 4K, In M)(“ 0.276Re"? Prt j 21)
dt CPap2: D, y
12K, In(1+ B 2 p3 C,.(T, —-T
dTp _ _ 12K, In 2 ) 14 0.276Re"? Pr® ) [ Ciap(To = Ts) _ L(T) 22)
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Of the air/vapor mixture in the boundary layer némr droplet surface according to Hubbard
et al. [12], the best results are obtained usirgahe-third role of Sparrow and Gregg [13], where
average properties are evaluated at the follonafgrence temperature and composition:

T, =T, +% (23)
Y, =Y, + Yeo =Yoo . (24)

For example, the reference specific heat at conptassure is obtained as a
Chiap = Yar (CPa @t T)+Yr (Cor at ) (25)

The dispersed phase was treated using the Lagrangiarence frame. Particle trajectories
were obtained by solving the particle momentum gqaahrough the Eulerian fluid velocity field,
for a sufficiently high number of trajectories tmpide a representative statistics.

The equations used to calculate the position aldcity of each particle were obtained
considering the usual simplification for dilute fiele-laden flows [7,14]. Static pressure gradieares

small, particles can be assumed spherical andcleadollisions can be neglected. Sin’%%> 200,

Ps
the effects of Basset, virtual mass, Magnus, Saffamad buoyancy forces are negligible [3, 9]. In
dilute flows of engineering interest, the steaditestdrag term is the most important force acting on
the particle. Under these conditions the simplifiagticle momentum equation is

Ju. 1
Pl="(u,; —u_)+g. 26
at Tp( fii p,|) g| ( )
The mathematical expression for the relaxation tiyes
24p D?

I, :A’ (27)

184,Cy, Re;

where Re, is the particle Reynolds number

V. -V, |D

Rep :M . (28)
H;

Note that the physical properties @, and 4, should be evaluated at the reference

temperaturel, and are

My =Ya (U at T)+Y e (e at T (29)
-1
Doy = (Y_A + Y_Fj (30)
Pa P

andCp, is the drag coefficient [14], which was determirfesin the experimental data compiled by
Schlichting [15]. The particle momentum equation && analytically solved over small time steps,
At, and the particle trajectory is given by
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U, =Ug, +(up;i —Uyg; ’ +girp|_1_e pJ (31)

NEW — 4 OLD E( NEW+uOLD) (32)

pi T Xp;i + Up; pii

The critical issues are to determine the instamtasidluid velocity and the evaluation of the
time, 4t, of interaction of a particle with a particulardgd The time step is obviously the eddy-
particle interaction time, which is the minimumtbé eddy lifetime -, and the eddy transit timg,
The eddy lifetime is estimated assuming that treatteristic size of an eddy is the dissipatiomtlen
scale in isotropic flow:

3/2 3/2
=B ~cuk (33)
£ £
Te = Ag = 0.25 : (34)

whereA andB are two dependent constants [14]. The transit,ttmes the minimum time a particle
would take to cross an eddy with characteristicediision, |, and is given by
I
t. ==,
c ‘Vd‘ (35)
Where\z is the relative velocity between the particle amelftuid (drift velocity).

A different expression for the transit time is atsegommended in the literature [14, 16, and
17], and was used in the present work:

I
=7, 1-—— |, (36)
Tp‘uf;i up;i‘
where the drift velocity is also estimated at tlegibning of a new iteration.
This equation has no solution when I%#Jf;i —up;i‘, that is, when the linearized stopping

distance of the particle is smaller than the edgly.dn such a case, the particle can be assumied to
trapped by the eddy, and the interaction time ballthe eddy lifetime. The instantaneous velocity at
the start of a particle—eddy interaction is obtdibg random sampling from an isotropic Gaussian pdf

: i ‘2
having standard deviations Ek and zero mean values.

CALCULUSMODEL AND REQUIREMENTSOF THE LIMIT CONDITIONS

Geometry and mesh generation

The geometry and meshing of the intake manifolé weeated using CATIA V5R19 and
ANSA software’s, and are represented in Figurel.

Figure 1. Geometry model and mesh generation



Boundary conditions

Regarding the boundary conditions, simulation isedgonsidering the mean temperature 250 K (-
23°C), inlet pressure in the intake manifold is atnf@sye, and for each drum part was considered a
depression in the intake valve of 0.96 bar.

Injection of combustible substance begins pradiidadbm the moment t = 0 seconds and lasts for the
entire period of numerical simulation. In the tablelow are shown the conditions to limit the air

intake manifold and fuel injection substance
Tablel. Boundary conditions of the model.

Intake manifold pressure [Pa] 1013R5
Valve inlet pressure [Pa] 97272
Intake valve diameter [mm] 36
Mass flow rate [kg/s] 0.002
Ambient temperatur€K] 250
Injection velocity [m/s] 32

Setting the injector position
As shown in the figure below have been taken istmant three arbitrary position of the locationaare
of the injector on the manifold to establish thereat position of the injector.

Figure 2. Injector positions on the intake manifold.

RESULTS AND CONCLUSIONS

Considering the case of cold start simulation werdopmed by injecting a combustible substance for
1 second for all four cylinders which it followsathfor each drum part during the simulation is 0.25
seconds, after which the data post processing wda®rmed. That means for each cylinder was

performed three analyses.
In case of cylinder 1 compared with the three-paisiof the injector the results are shown in figure

bellow:

] 10041 0.1182 1012 1.8 0.12 1.025 1.120 1.033 0037 1.041 11018 ﬂ-ﬂﬁﬁﬂ.ﬂﬁ% 0.07 0.088 011 012 014 016 0183 109 0.21 0.23 125 026 028 0.3 032 133 035

Contours of Mass fraction of c7n16 (Time=2.5000e-01)

Nov 19, 2011
FLUENT 6.3 (3d, pbns, spe, rke, unsteady)

Figure 3 Mass fraction of combustible substance Figure 4 Massfraction of combustible substance

admitted to the cylinder 1 for the position of injector. admitted in the cylinder 1 for the second position
of injector.
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Contours of Mass fraction of e7h16 (Time=2.5000e-01)

Nov 18, 2010
FLUENT 6.3 (3, pbns, spe, rke, unsteady)

Figure5 Massfraction of combustible substance
admitted to the cylinder 1 for the third position of
injector.

Cylinder 1

0.20%
2 3

Injector positions

Figure 6 Mass fraction compared results:
cylinder 1 vs. positions

So for that cylinder the results are [1.27%] (tkecent of mass fraction which is admitted in cyind

obtained for the first position of the injector.

For the second cylinder the results are showrgurés below:

] 10192 1118 0.128 1037 1148 1.055 1184 0.073 1.083 0.002
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Contours of Mass fraction of e7h16 (Time=2.5500e-01)

Nov 18, 2011
FLUENT 6.3 (33, pbns, spe, rke. unsteady)

Contours of Mass fraction of c7hl6 (Time=2.5000e-01) 2010

Hov 19,
FLUENT 6.3 (30, pbns, spe, rke, unsteady)

Figure 7 Mass fraction of combustible substance

admitted to the cylinder 2 for the position of injector.
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Contours of Mass fraction of c7h16 (Time=2.5000e-01) Nov 19, 2011
FLUENT 6.3 (3d, pbns, spe, rke, unsteady)

Figure 9 Massfraction of combustible substance
admitted to the cylinder 2 for the third position of
injector.

Figure 8 Mass fraction of combustible substance

admitted in the cylinder 2 for the second position of

nj ector.
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Figure 10 Massfraction compared results:
cylinder 2 vs. positions

Comparing the results with those obtained for & Eylinder can be seen that in this cylindeg th
percentage of mass fraction entering the cylindetlduble. The maximum percentage 3.64 [%] is

done in case of the first position.

For the third cylinder were obtained the followirggults:

Figure 11 Massfraction of combustible substance
admitted to the cylinder 3 for the position of injector.

1.03 104 105 0.5 0.18 .07 1.8 109

1 1.000 0.12

Figure 12 Mass fraction of combustible substance
admitted in the cylinder 3 for the second position of

injector.



Cylinder 3

Mass fraction [%]

u L
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Figure 13 Mass fraction of combustible substance Figure 14 Mass fraction compared results: cylinder
admitted to the cylinder 3 for the third position of 3 vs. positions
injector.
For the third cylinder is observed that in cassiofulation of the first position of injector (figeirl1.),
the phenomenon of evaporation of mass fractiongaspand their quantity is calculated as 0.15
grams.

We found the same injector position from which virkam the best results for mass fractions like 5.8
[%].

Regarding the simulation results for the fourthrmér is shown as if the other cylinders in thetnex
figure.

I 0008 002 u.u% 0.3 004 005 006 006 0.07 008 009 01 01 01 01 01 01 01 12 0.2 1001 103 u.u% 005 007 008 009 01 01 01 L1 12 02 02 02 12 12 02 03 03

Figure 15 Mass fraction of combustible substance Figure 16 Mass fraction of combustible substance
admitted to the cylinder 4 for the position of injector.  admitted in the cylinder 4 for the second position of
injector.
Cylinder 4
g :00%
s,
% g 2,
0 0007 0.01 0.0 0.03 0.03 0.04 0.05 0.05 ﬂ.f:? 0.07 0.08 0.09 0.08 0.1 0.1 ﬂ..l 0.1 01 0.1 @ .
=
0.
Injector positions
Figure 17 Mass fraction of combustible substance Figure 18 Mass fraction compared results:
admitted to the cylinder 4 for the third position of cylinder 4 vs. positions
injector.

Again, notice that the first position in which congtible substance is injected is most favorable in
terms of percentage of mass fraction which is @mgen the cylinder. The maximum value is 4.08
[%].

The results were summarized in the table and diadpelow to be more easily compared between the
four-cylinder and three positions of which are abégsl.



Table 2. Percent of mass fraction. Cylinders \igcitor positions

Cylinders
1 2 3 4
1 1.27%  3.64% 5.80% 4.08%
Injector positions 2 0.25% 0.81% 2.20% 1.76%
3 0.16% 0.46% 1.09%  0.24%

Comparison of engine cylinders

Mass fracti

2.00%
- I;
oo Lﬁ ._\

4

1 2 3
Cylinders

Figure 19. Injector positions on theintake manifold.

According to the numerical results and analysistioead above, some conclusions are
drawn as follows:

This study was done in order to find optimal saatimounting additional intake manifold
injector. As is apparent from the numerical simolad showed that the injector should be placed in
position as a combustible substance injected mgosition through a shorter distance and thes th
mass fractions of mixture reach combustible sulostan excess of engine cylinders. Note that if
additional injector mounts on the other two posisi@rbitrarily chosen mass fraction ratios reaching
very much lower in the engine cylinders. The onfiinder that the combustible substance comes in
the vapor mixture is cylinder number 3, namely Q19 his subject is also to be developed within the
frame of the research project, which is financiallypported by the Romanian Council for Scientific
Research in the Higher Education (CNCSIS).
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