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In this work the determination and introductiortioé transport properties of
soybean oil biodiesel in ti@omputational Fluid Dynamiosode OpenFOAM
has been studied. Additionally, effects of soylmbiodiesel on the mixing
process using Computational Fluid Dynamics code fB@®AM have been
analyzed. In order to reach the objectives previpwescribed, the most
relevant transport properties of soybean oil biggiein the mixing process
i.e. density, viscosity, surface tension and vapoessure have been
determined. These transport properties were intoediin the Computational
Fluid Dynamics code OpenFOAM using coefficientsaimietd, which are
based on the molecular structure of the fatty athd$ composes the biodiesel
and applying nonlinear regressions. The main figdiof the work were: (1)
the coefficients which are used in the proposedeatsodly Computational
Fluid Dynamics code OpenFOAM for the introductioh the transport
properties of soybean oil biodiesel have been abti(2) the influence of the
transport properties of soybean oil biodiesel oa thixing process has been
confirmed.

Key words Biodiesel, transport properties, diesel sprayximg process,
simulation, Computational Fluid Dynamics code Op@@iv

1. Introduction

The use biodiesel in diesel engines is one of thgsvio fulfill on the one side, the demands of
the customers and on the other side, the envirotahezgulations. It is the main reason why many
researchers [1-6] have been focused on deepea kntwledge of the effect of biofuel on the injeati
and combustion processes. The first step to stuelgdmbustion process, it is analysis of the igect
process, specifically the mixing process, whicbharacterized through the macroscopic parameters of
diesel spray: spray tip penetration, spray condezangd spray area. These macroscopic parameters can
be experimentally determined, employing opticallgessible constant volume chambers [7, 8], and
numerically using Computational Fluid Dynamics (QRriDdes such as the CFD code OpenFOAM [9]
among others. For accurate CFD simulation for leiseli spray, the thermo-physical properties of
biodiesel (i.e. density, vapor pressure, heat pbuiaation, liquid and vapor heat capacity, secaridl
coefficient, liquid and vapor viscosity, liquid amdpor thermal conductivity, surface tension angova
diffusivity) must be determined appropriately, doghat these play an important role in defining th



fuel spray development [10, 11]. According to #ihet al. [12] the following transport properties:
vapor pressure, vapor diffusivity, surface tensidqyid density, and liquid dynamic viscosity have
significant effects on fuel spray structure, contlous and emissions characteristics. In the folluyvi
lines some examples where the mixing process lasdieracterized using the CFD code OpenFOAM
will be described.

Yousefifard et al. [9] studied the effects of injen pressure and fuel properties on spray
penetration, spray cone angle, and spray volumeguke CFD code OpenFOAM, concluding that at
ultra-high pressure, the geometrical propertidsiadiesel fuel sprays are similar to those of diess
sprays, also that biofuel have longer penetratidoveer injection pressure. Ismail et al. [12] dieyed,
validated, and applied the thermophysical and parsproperties of biodiesel derived from three
different feedstocks: coconut oil, soybean oil, gatin oil for fuel spray and combustion modeling in
diesel engine applications using OpenFOAM. Thep &sind among other findings, a longer spray
penetration for biofuel compared to those fossbdl. Agudelo et al. [13] studied the effect of type,
injection pressure and ambient gas pressure oy g@etration, Sauter mean diameter (SMD) and
evaporated fuel mass using OpenFOAM. They concltitizicfuel properties significantly affected the
atomization and evaporation processes and in arlassent the spray fuel penetration. In each work
previously described not report the way of the enptntation of the transport properties in the CFD
code OpenFOAM. Therefore the objectivies of thesgne study are: (1) deepen knowledge related to
determination and implementation of the transpaypprties of biodiesel in the CFD code OpenFOAM,
and (2) to study the effects of soybean oil bicglies mixing process using the CFD code OpenFOAM.

To fulfill the objectivies previously described theesent study has been divided in the following
sections: in Section 2, the operating conditionstofly cases will be described, in Section 3, the
transport properties of soybean oil biodiesel bdlldetermined, in Section 4, the effects of soylmilan
biodiesel on the mixing process will be analyzedaly, in Section 5, the main findings of the work
will be summarized.

2. Operating conditions of study cases

In the present study the mixing process will bedstd through of the spray tip penetration,
characteristic mixing parameter which will be cledesized using the CFD code OpenFOAM. This code
Is based on the environment C++ which has a widetyaof spray sub-models and liquid library for
simulation. More details of CFD code OpenFOAM arailable in [14].

In order to carry out the characterization of theag tip penetration in CFD code OpenFOAM is
necessary to define several operating conditiahjsfifst of all the thermodynamic conditions at the
control volume chamber during the injection eveR), injection parameters such as: nozzle outlet
diameter, injection pressure, injection time, itgecmass, discharge coefficient and spray coneeang|
(3) numerical method and computational mesh anth@jransport properties of soybean oil biodiesel.
In the fourthcoming lines will be given more dedaolf the points previously described.

In base on Gimeno [15] the operating conditionsafdiesel spray have been defined. It is worthy
to note that Gimeno does not perform experimentgyusiodiesel. The thermodynamic conditions at
the control volume during the injection event Vol next:

» Back pressure corresponds to pressure insidentfa volume chamber. In the present study the
back pressure will be fixed at 3.5 MPa.



* Ambient gas corresponds to gas inside of contotime chamber. In the present study the
ambient gas will be nitrogen due to it allows cletgeizing the spray diesel in hon-reactive condgio
ideal conditions to study the mixing process.

» Control volume chamber temperature correspondteitaperature inside of control volume
chamber. In the present work the temperature wilixed at 306 K.

Regarding to injection parameters will be followiift)) a nozzle outlet diameter of 112 um, (2) an
injection pressure (PressureDrivenVelocity) of 8Baand 184 MPa which are representative of those
existing in current diesel engine for both fueldi@sel and biodiesel, in order to reproduce afpatien
by the premise of the increased injection pressuren using biodiesel due to its higher transport
properties [16, 17, 18, 19], (3) an injection tiofel ms, (4) an injected mass of 5.7°1y by nozzle
orifice, (5) a discharge coefficient of 0.8934, d6)la half spray cone angle for diesel and biadiet
18.955° and 15.886°, respectively. In tab. 1 therajing conditions previously described are
summarized. As previously mentioned Gimeno [15}sdoat perform experiments using biodiesel, then
the methodology employed to define the injectiosspure and half spray cone angle for biodiesel case
will be described.

Table 1. Operating conditionsfor diesel and biodiesel cases

Parameter Diesdl [BO] / biodiesel [B100]
Number of nozzle holes 6

Nozzle outlet diameter [um] 112

Spray cone angle [°] (diesel) 18.955

Spray cone angle [°] (biodiesel) 15.886

P [MPa] (diesel) 80

Pij [MPa] (biodiesel) 184

Ambient gas M

Back pressure [MPa] 3.5

Gas temperature [K] 306
Injection time [ms] 1

Mass injected by hole [kg] 5.70°

Discharge coefficient [-] 0.8934

As already previously mentioned the injection puessised for the biodiesel case should be
increased to introduce the same of biodiesel n@ashas been used in diesel case. The injection
pressure is determined through of the eq. (1):

- (1)
m=AL,W, p,

inj

whereA is the effective area of the nozzgy is the discharge coefficients is the fluid density and
Uinj is the injection velocity which is defined throughthe eq. (2).

. 28(P,, =P 2)

inj
Py




The eq. (2) involves the transport properties eeldb the flow of biodiesel which increases in
its absolute value, for this reason it is necessaincrease the injection pressure to obtain Hrees
mass of biodiesel that has been determined inidseldcase.

The spray cone angle is one of the characteristiarpeters which characterize the mixing
process, in other words, a decrease in the spray @ogle impairs the efficiency of the fuel-air tave
[16, 20, 21]. The spray cone angle for biodiesskoaill be determined through of eq. (3) which was
proposed by Heywood [22] and taking into accouatdperating conditions described in tab. 1.

1
(9]_477 P, % V3 3)
tan| — |=— U — —
2) A p 6
whereA is a constant related to the nozzle geometry wisidefined a®\=3.0+0.28(L/D) L is the hole
length where its value is around of 1 mm &nis the nozzle outlet diameteiy andpr are the gas and
fuel density, respectively.
With regard to numerical method and computationesim the finite volume method will be

used, and the computational mesh that will be us#te present study for both simulations (diesel a
biodiesel cases) consists in a 3D domain formeldaxahedral elements of 41x41x200 computational
cells and a simply grid (1,1,0.5) for a better digibn in the axial direction.

Finally, the transport properties of soybean abiésel must be determined. These in the CFD code
OpenFOAM are defined through of next models:

* Ineq. (4), the model for the density is descrif23].

A
p=—=— (4)

5

* Ineq. (5), the model for the viscosity is desadilf24].

(A+§+cm)gTJ )
H=e
* Ineq. (6), the model for the surface tension scdbed.
(6)
_ (£m,+0m2+cm,+5)
o=Alf1-T)

e Ineq. (7), the model for the vapor pressure i€rilesd

[A+§+C[]bgT+D[Z‘E j (7

vap



The transport properties are introduced in the €68e OpenFOAM through of the coefficients
Ato E. In forthcoming section the transport propertiesaybean oil biodiesel will be determined.

3. Determination of transport properties of soybean oil biodiesel

The determination of transport properties of sopbeiabiodiesel consists in: (1) determine the
biodiesel composition, and (2) determine the trartgproperties of biodiesel. In the following sects
will be given more details of the points previoudbscribed.

3.1. Determination of soybean oil biodiesel composition

The biodiesel composition consists in the detertionaof which and in what proportion of fatty
acid methyl esters are present in a biodieselrderao identify the biodiesel composition derieam
soybean oil used in the present study, a gas chogmaghy was carried out using a gas chromatograph
Bruker 450-GC which is composed by a separationrnonl Bruker BR-S-WAX 30 mx0.32 mm of
Internal diameter (ID) and a flame ionization dede¢FID). In the following lines more details akiou
the methodology employed will be described. 50 fgbiodiesel and 1 mL of methy heptadecanote
solution with toluene were measured, then 1 plLnafyge was injected, using a bed of air to avoal th
evaporation of volatile compounds and for cleanitfextor needle, next, a temperature of 260 °C was
used in splitless mode to evaluate high boil teajpree in low boil temperature solvents, like faityd
in toluene. Finally, helium with 99.99 % of putilyas used as a carrier gas with a constant flowmset
2.1 ml/min on the column.

A good determination of the fatty acid compiosi depends on the sample weight measurement,
in order to reach this, five different repetitidios each measure will be carried out. In tab. 2xghthe
soybean oil biodiesel composition obtained. It @tiw to note that the reached results are comsiste
with the literature [25].

Table 2. Soybean ail biodiesel composition

Fatty acid methyl esters

Massfraction [-]

Palmitic

13.28

Stearic 4.66
Oleic 21.34
Linoleic 50.92
Linolenic 9.81

Once determined the soybean oil biodiesel composithe transport properties of soybean oil
biodiesel will be determined.

3.2. Determination of thetransport properties

Before to determine the transport properties oflieigel, the critical properties of the fatty acibat
composes the biodiesel must be determined duatditese are essencial to apply the functionalmrou
correlations, to do that the Ambrose method [23,v#6 be used. With the critical properties of the
fatty acids obtained and by applying the Kay’'s mixrule [26] the transport properties of biodiesil

be determined. In tab. 3 the methods utilized terigine the transport properties of biodiesel homs.



Table 3. Proposed estimation methodsfor transport properties of biodiesel

Transport properties

Computation method

Liquid density

Ramirez Verduzco equation [27]

Liquid viscosity

Ramirez Verduzco equation [27]

Surface tension
Vapor pressure

Equation proposed by Allen et2d] [
Ridel equation cited by Vetere [29]

Next, the coefficients needed to introduce the gpant properties related to soybean oll
biodiesel and diesel in the CFD code OpenFOAM éllobtained.

3.2.1 Obtaining the coefficients to introduce the transport properties of soybean oil biodiesel and

diesel in the CFD code OpenFOAM

The empirical correlations citated in table 3 Wil used to obtain non-linear regressions to atiast
transport properties, generating from this way cefficients which are used to introduce the tpants
properties of soybean oil biodiesel in the CFD cOgenFOAM. In fig. 1 the behavior of the transport
properties of soybean oil biodiesel (B100) andali¢B0) with the temperature is shown. In this figu
also can be observed: (1) an increase of the toangmperties of soybean oil biodesel in compariso
with those transport properties of diesel, anda(@pod agreement between the results reached fieom t
empirical correlations and CFD code OpenFOAM madéterefore, can be concluded that the
coefficients are consistents. In tables from 4 pyesents the obtained coefficients.

Table 4. Density coefficients for soybean oil biodiesel. These are used in eg. (4).

Coefficients Biodiesel [B100] Diesdl [BO]
A 32.08513 60.92023
B 0.1727497 0.2582
C 0.2581803 0.26628

Table5. Viscosity coefficientsfor soybean oil biodiesel. These areused in eqg. (5).

Coefficients Biodiesel [B100] Diesdl [BO]
A -12.16225 -18.96460
B 2009 2010.9
C -4.284107 1.0648

Table 6. Surface tension coefficientsfor soybean oil biodiesel. These are used in eq. (6).

Coefficients Biodiesel [B100] Diesdl [BO]
A 144.2567 249.21
B -1.3510.10* -16,915
C -17.84885 -35.195
D -1.665710° 0.028451
E 1.921481 1.0




Table 7. Vapor pressure coefficients for soybean oil biodiesel. Theseare used in eqg. (7).

Coefficients Biodiesel [B100] Diesd [BQ]
A 0.0914554 0.056436
B 3.652957 0
C -5.737485 0
D 7.226804 0
E 3.896143 1.3658
1,000 0.01
a) b)
800 0.008
:E 600 t:o.ooe-
@ 400 § 0.004
8 —— Biodiesel |ati g
correlation
200 Biodieselmogel 0.0021
—o— Diesel
0 9 P
— 0,035 ©) 1.4x107 d)
§ 0.03. T 1.2x10"{
.E‘ 0.025 4 e 1.0x107'
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€ 0.02 ¢ 8.0x10
© 0.0151 2 6.0x10° 1
e o
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@ > 6
0.005 - 2.0x10°
0 0.0x10° 4 S—

200 300 400 500 600 700 800 900
Temperature [K]

200 300 400 500 600 700 800 900
Temperature [K]

Fig. 1 Comparison between empirical correlation and CFD code OpenFOAM models for the

soybean ail biodiesel a) density, b) viscosity, c) surface tension and d) vapor pressure

Once obtained the coefficients to introduce thedparts properties of soybean oil biodiesel in the
CFD code OpenFOAM, effects of soybean oil biodiesethe mixing process will be analyzed.

4. Effects of soybean oil biodiesel on the mixing process

As already mentioned in “Operating conditions afdst cases” section in the present study the
mixing process will be studied through of the sptigypenetration, characteristic mixing parameter.
Before showing the results related to mixing precés fig. 2 the velocity of the surrounding gas fo
the soybean oil biodiesel and diesel is shown. Riugfigure can be seen qualitative way an inareas
in the velocity of the surrounding gas for soybe#biodiesel case in comparison with diesel cabes
behavior is due to that soybean oil biodiesel hagh droplet momentum which lead to an increased
penetration.



a) Biodiesel spray b) Diesel spray
Fig. 2 Chamber conditionsfor the (a) Soybean oil biodiesel and (b) diesel

Finally, in fig. 3 the temporal evolution of spréip penetration is shown, in dashed line
corresponding to diesel and continue line corredpanto soybean oil biodiesel. From this figure can
be observed a higher penetration from the soybdaniaaliesel in comparison with the diesel, this
behavior is due to higher viscosity of soybeanbddldiesel. It is worthy to note that this result is
consistent with the literature [30].



10: ————— Diesel

Spray tip penetration [mm]

Biodiesel

0 0.5 1 1.5 2 2.5 3
Time [ms]

Fig. 3 Evolution of the spray tip penetration versustime. Dashed line.-Correspond to diesdl.
Continueline.-Correspond to biodiesel

5. Conclusions

Regarding the soybean oil biodiesel compositios, ftillowing fatty acids: palmitic, stearic, oleic,
linolenic and linolenic have been found. It is vigrto note that these results are consistent wigh t
literature.

With regard to the determination of the most retvimansport properties of soybean oil
biodiesel in the mixing process, the coefficienéeaded to introduce the density, viscosity, surface
tension and vapor pressure in the CFD code OpenF®aie been obtained. A good agreement
between the results reached from the empiricaletaions and CFD code OpenFOAM models,
therefore, can be concluded that the coefficiebtained are consistent. It is worthy to indicatat th
these coefficients have not reported in the litemtyet; therefore, these will be great utility the
people working on the study of the injection and@mbustion processes, through simulations carried
out in CFD codes such as the CFD code OpenFOAM.

An increase of the transport properties of biodieseomparison with those of diesel has been
observed. Finally, regarding the characterizatibrthe@ mixing process through of the spray tip
penetration using a CFD code OpenFOAM, a higheayspp penetration of the soybean oil biodiesel
in comparison with the diesel has been noted. Bélsvior is due to higher viscosity of the soybeidn
biodiesel.

6. Acknowledgments

The authors would like to thank National CouncilSufience and Technology (CONACYT) of
the Mexican Government is greatly aknowledged fgyp®rting the MSc studies of Adolfo Benitez
Molina (gant: 373542) and for supporting this reskdproject: CB-239943). Many thanks also to the
Royal Academy of Engineering, United Kingdom (potjéNRCP/1415/238), UANL-PAICYT (project:
IT647-11), and the PRODEP program of the Mexicani#fiy of Education through the research net
Investigacién e Innovacién en Tecnologia Energéticssupporting this research. Finally, thanks to
Jaime Armendariz, for his support in carrying da €xperimental measurements in the chromatograph.



Nomenclature

A - effective area of the nozzle, [im
Cq - discharge coefficient, [-]

D -nozzle oultlet diameter, [um]

L - hole length, [mm]

m - mass flow rate, [kg/s]

P - pressure, [MPa]

T — temperature, [K]

U — velocity, [m/s]

Greek symbols

6 — spray cone angle, [°]

U - dynamic viscosity, [Pa.s]
p — density, [kg/m

o — surface tension, [N/m]

Subscript
back—volume where the fuel is injected
c - critical

f - fuel

g — gas

inj — injection
r - reducted
vap— vapor
Acronyms

CFD- Computational Fluid Dynamics

SMD- Sauter mean diameter
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