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Abstract: The increasing costs of fossil fuels, environmental concerns and stringent regulations on fuel emissions have
caused a significant interest on biofuels, especially ethanol and biodiesel. The combustion of liquid fuels in diesel
engines, turbines, rocket engines and industrial furnaces depends on the effective atomization to increase the surface
area of the fuel and thus to achieve high rates of mixing and evaporation. Blurry injectors can produce a spray of small
droplets of similar sizes, provide excellent vaporization and mixing of fuel with air, low emissions of NOx and CO, and
high efficiency. This work describes the initial characterization of a blurry injector for biofuels and proposes a
predictive mathematical mode for the relationship between the upstream liquid properties and the operating conditions
with the droplet size. Droplet size distribution and average diameters are measured by a laser system using a
diffraction technique.
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1 Introduction

The continuous increase of oil prices and growingirenmental concerns has raised interest in bisfuespecially
ethanol and biodiesel. In addition, environmergagiglation has become increasingly rigorous, sgttigid boundaries
for the pollutants emissions of engines, turbifiesjaces, boilers and industrial combustion proggsEherefore, it is
of interest to the country and companies to ingeséi the use of biofuels in industrial applicatioaisning to reduce
costs, increase operating efficiency and reduckeitaolts emissions.

In general, before burning, liquid fuels are atadizhrough nozzles to form droplets, aiming to éase the contact
area between the fuel and oxidizer and, thereforcrease the rates of mixing and fuel evaponatithe reduction of
droplet size leads to higher heat release ratearpevolume, facilitates the ignition of the mixéy extends the burning
range and reduces the emissions of pollutants C@007).

Many processes in the industry, in technologicalicpsses and medicine depend on the productionrafspvith
droplets of micrometric size. The atomization pssceccurs when a liquid jet, liquid sheet or aitiqéilm is
disintegrated by the kinetic energy of the liqugklf, by exposure to a stream of air or gas ofilsgeed, or as a result
of external mechanical energy applied through mgatlevices or vibrating (Lacaw al., 2009). Due to the random
nature of the atomization process, the resultimgysis usually characterized by a large spectrundirgplet size.

Based on a flow-focusing injector, Gafian-Calvo, 8,98eveloped thélurry type injector which presents several
advantages over other injectors, such as formatiauniform spray, better atomization, high ataatian efficiency,
robustness, excellent fuel vaporization and mixtwith air, and potential for application in compamimbustion
systems which can be used as portable power souPeehasarat al. (2009) compared experimentally a blurry
injector with a commercial air-blast injector, ugikerosene and diesel burning in air at ambierdqure, and verified
that the flow blurring injector produced 3 to 5 éisnlower NQand CO emissions as compared to the airblast orject
Sadasivuni and Agrawal (2009) used the blurry tagein a compact combustion system with a counlaw theat
exchanger. The volumetric energy density of theesyswas substantially higher than that of the cpteéeveloped
previously. The combustion system produced cleampact, quiet, distributed, attached flat flame. $dot or coking
problems were experienced during or after combugteration on kerosene fuel.

Therefore, this work aims to present the initiabi@tterization of a blurry injector for biofuels daproposes a
predictive mathematical model for the relationdhigtween the upstream liquid properties and theatipgr conditions
with the droplet size. This injector will be latesed in a flameless compact combustor. Flamelesgbuastion is a
homogeneous low temperature burning process leddisgrongly reduced pollutant emissions and higtféciency

compared to traditional combustion proceg¥eanninget al., 1997).

2 Operational principle of a blurry injector

There are numerous ways of finely breaking up aidignto droplets. The blurry injector uses a setctinid, normally
a gas, to provide the energy necessary to finefigeiand disperse the liquid into smaller fragmemtparticles.
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The blurry injector yields a simple, reproducibéed robust flow pattern which gives rise to a dgasil interaction
with a high efficiency. The flow geometry surpasiesefficiency of “prefilming air-blast atomizets, highly efficient
albeit complex and costly technological varietyisTachievement is due to the unexpected emergenadack-flow
pattern leading to small-scale perturbations (GaBialvo, 2005).

The flow-blurring injector consists of a nozzle fiquid injection and an orifice plate located datneam of the nozzle.
Figure 1 shows a scheme of the blurry injector.

Fuel Inlet Fuel Inlet

Figure 1. Schematic the Flow-Blurring Injector: flow structure and geometric details.
Reference Source: Adaptation, Panchasara, [t &., 2009.

The liquid to be atomized exits from a feed tubeséhinner diameter is equal to the exit orificentbéerD, as seen in
Fig. 1. The outlet of the feed tube has the sarameierD as the exit orifice; both sections face each othiean offset
distanceH. The end of the tube is sharp cut perpendiculariys axis. Thus, the gap between the tube endrandxit
orifice gives rise to a lateral cylindrical passagg, LCP. It is worth noting that the LCP surfacgials the exit orifice
area whertc = H/D = 0.25. Consequently, when both a liquid mass ftate m is forced through the tube and a gas

mass flow rater, is forced through the LCP, a spray combining kithses is formed and leaves the device through
the orifice exit.

The bifurcation separating the back-flow regimenira conventional flow-focusing pattern is triggetey a single
fundamental geometrical parameter H/D. Whenc is decreased to about 0.25, a radical modificaitiothe flow
configuration is observed. There is the returnhef gas flow into the feeding tube of the liquidgating a recirculation
flow within the tube, resulting in an intense mpdilbetween the phases and thus creating an almidstra spray of
small droplets. When > 0.25 the liquid flow follows a “flow focusing” pern, with the formation of a liquid microjet
(Gafian-Calvo, 2005).

3 Blurry injector

A blurry injector withD = 1 mm was designed and built. The offset disgtaHc is controlled by the action of a screw
nut and can be varied from 0.15 mm to 0.30 mm. feéi@ushows a scheme and photo of a blurry injector.
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Figure 2. Schematic representation and photo of thBlurry injector.
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In order to minimize gas friction losses betwees tilbe walls and the exit orifice walls when thgora4/p is small,

the tube end was sharpened with an angle of 60°.

4 Dimensional analysis

Dimensional analysis is a classical approach fram field of fluid mechanics. In fluid mechanicsgthoverning
equations of fluid flow are often quite complexdolve (e.g. Navier stokes equations), and insteggeriments are
often used to investigate the flow phenomena. is tontext, dimensional analysis is used to redheenumber of
independent parameters considered and the numbestsf needed to fully characterize a particulabl@m. The
Buckingham Pi theorem states that an equation itb&sgra phenomenon and involving N independent patars and
P independent dimensions can be reduced to a simglation involving N-P dimensionless numberstbwil the N

parameter.

The parameters involved in the breakdown and faomaif liquid droplets are eminently fluid dynamiasd therefore
the physical properties of the liquid, operatingnditions and geometry of the injector are inteteda The correlation
of the variables obtained only from experimentati®m laborious process since it requires an eitertollection of

results, formation of a data base and its redud¢tiaybtain the relations.

The dimensionless equating of sprays demand thes/lkdge of the physical parameter involved in thergimenon,
noting that this study focused on the correlatimnghe diameter of the droplets.

For analysis of the variables is initially necegsa relate the variables involved in the procesatomization in the
injector. At this stage, based on the availab&diture on atomization, can then write to the drogiameted:

d=1(py.0.V5v .MMM 0 14 D P) (1)
Variables involved:
Of the injector:

» D: exit orifice diameter;
Of the liquid to be atomized:

*  p : Density of liquid,;

* V,: Velocity of liquid,

* m: mass flow rate of liquid;
*  0;: Surface tension;

* 4 : Viscosity of liquid.

Of the fluid of atomization (gas):

¢ p,: Density of gas;
* v, Velocity of gas;
. m, : mass flow rate of gas;

Then, the droplet diameter depends of the varialdes, , g, ,v, v, .\, M ,0, 44 D P
Thereby, have that N = 11 parameters, includingitioplet diameted.
Dimensions involved: M (mass), L (length), t (tim#)en, P= 3 primary dimensions.

(N-P) = 11-3 = 8 dimensionless groups ar8 Buckingham Theorem.

Checking the parameters that are repeated, wittbewtions of 3 basic dimensions (M, L and T), ie #implest form:
PAVi,D.

Following, the dimensionless groupsto ng will be presented.
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4.1 First dimensionless parametett;:

7=p,D\.d,
meLTe=[a][o]v][e, ]
weeTe=[m/CT U [T [
MOLT® =ML 2T L

M OLOTO =M aLb—3=,\+C+]_-I——C

Solving the system of algebraic equations in ayd@has that:

7=

4.2 Second dimensionless parametas:

,=0,D.\.0,

MELT =M/ (L [T M/

Similarly, solving the system for a, b, ¢ has:

:’09
==V

4.3 Third dimensionless parametetts:

7,= £,D.V,.V,

e = [/ (L LT (LT

Again, solving the system for a, b and c has that:

IT_V
/v

4.4 Fourth dimensionless parametet,;
m, = [, D v m,

Solving the system for a, b and c has that:

& AV.DZ

4.5 Fifth dimensionless parametefs:
= p% D"V M

Solving the system for a, b and c has that:
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4.6 Sixth dimensionless parametets:
= p" D"V 0

Repeating and solving the system for a, b and ¢Hzds

ﬂé:%\/.zDz%Ve @

4.7 Seventh dimensionless parameta:
= 4% D"V 4

Solving the system for a, b and c has that:

m=H D= Yee (8)

4.8 Eighthdimensionless parametetr;:
= p" D"V P
Again, solving the system for a, b and c has that:

7="P =Eu 9
2= o’ )

Rearranging the dimensionless parameters presemtedder to detach the dimensionless that has #erdent
variable has:

= f (1, 1, 11,715,705, 77,,7T) Or (10)

d%: f(p%'\%’mg,o,v,Dz’%lez'%Ve'}/Re’Euj (11)

The functionf is the function of correlation and therefore themmgoal. However it is unknown a priori. It list8 the
dimensionless groups that become the independehtdapendent variables, all linked conditions ofwfloThe
challenge is therefore to seek the funcfitirough a regression model with acceptable stlstignificance. Whereas
the dependent variables are dimensionless grougsako based on concept of dimensional homogeneity, be
propose a regression model based on a multiplio&fattors of the type:

O% i k(pg P j [\%jb (mg PV DZ]C (%vl Dz)d (%Ve) (/VRe)f (Eo) (12)

beingk the constant of proportionality.

Rewriting in terms of dimensionless mass flow rated velocities have that:

o=k ) (| (o) (wey (e () )

GLR=mm, /my is the gas-to-liquid mass ratidle is the Weber number, Re is the Reynolds nurabeliEu is the Euler
number.
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The dimensionless models above lists the main peteminvolved in the process of atomization. Tkigoeents a, b,
c, d, e, f and the constant of proportionaktipecome coefficients to determined, which are et statistically from
the data base of experiments.

5 Spray characterization

The characterization of the blurry injector invadvine determination of discharge coefficient, mdeoplet sizes and
spray cone angle as a function of the liquid andaaik pressures. Water was used in the initiastes

5.1 Discharge coefficient

The discharge coefficient is used to correlatelithgéd mass flow rate with the liquid pressure didpng the injector.
In this case there is no air flow during the measwent.

Considering incompressible flow, adiabatic flow, wmariation of gravitational potential energy, thésatharge
coefficient is obtained from the continuity equati®elmeé, 1983):

- M
C,=——
" AJ2pbR (14)
where AR = R, - P,,, is the drop pressureR., is the ambient pressure aRgy is the liquid injection pressure. The

liquid injection pressure is measured just befbie ihjector and its value is about 0.1 to 0.2 barelr than the liquid
tank pressure. It is expected that the dischargéficent does not change with liquid mass flowetah order to the
liquid mass flow rate to vary only withp*2.

To determine the discharge coefficient, the ligigidtollected in a graduated recipient during 50@ after the liquid
mass in the recipient is measured and the averags flow rate in this period is calculated.

5.2 Mean droplet size

The laser system Spraytec® measures the sizebdistms of drops by laser diffraction techniquethout interfering
in the liquid atomized. A laser beam passes thratghspray, initially parallel, and then is difftad by the droplets.
Photodiodes located on a circular plate collectdtettered light. The system uses the Mie theonaf@alysis of the
droplet size distribution.

A commonly used representative diameter in a readpray is the Sauter mean diameter, SMD. It ot byDs»
and is defined by:

n di3
b _Zl (15)

327 n

P
i=1

Other representative diameters are the mass diesti2ig Dsq and Dgg. These diameters correspond, respectively, to
drop diameters that encompass 10%, 50% and 90&tadfviblume (or mass) of drops below the drop vauer mass)
considered. It should be noted tBat is another notation for MMD.

5.3 Spray cone angle

Generally, the spray formed in the process of atation has initially the shape of a cone. The amgrangle
is related to the penetration capability of theaggn the environment or combustion chamber (Lefeb%¥989).

The spray cone angle is measured from digital ragzhs for each pre-defined condition. The photesreserted into
a treatment program image where two straight lizwes drawn at the exit orifice tangent to the spiigwing to
measure the angle of the spray.

5.4 Experimental results

5.4.1 Discharge coefficient
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Figure 4 shows the values of discharge coefficabtained for the blurry injector with the liquidjéction pressure
ranging from 0.6 to 7 bar. Tests were conductedgudie geometric parameter= H/D equal to 0.20 and 0.25.

055
= 0.5
Q
O 0.45 -
S A
S 04 attayboessan e
L 0.35 4
o
%‘ 0.3 @HD=0.25
b A H/D=0.20
= 0.25 -
[a)
0-2 T T T T
0 2 4 6 8

Pinj [bar]
Figure 4. Discharge coefficient of the blurry injetor without gas flow.

For the pressure range examined, the dischargdiaerf was approximately constant, with averagkie#.407 for
H/D = 0.20 and 0.402 far/D = 0.25.

It is observed that regardless of the configurakidD adopted the experimental values obtained for defficient of
discharge are close. It is verified that the bluagime also occurs fot/D = 0.20.

5.4.2 Spray cone angle

-P

amb

The spray cone angles for some operating condigioapresented in Figs. 5 and 6. In these figies= P,

inj

where Py ini is the injection pressure of air.

a) AR, = 0.8 bar andAPR, =1 bar. b)ap = 1.7 bar andAPR, =2 bar.
Figure 5. Spray cone angle witiH/D = 0.20.

a) AR, = 0.8 bar andAPR, =1 bar. b)ap = 1.7 bar andAPR, =2 bar.
Figure 6. Spray cone angle witiH/D=0.25.
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It is verified, in Figs. 5 and 6, an increase afagpangle forH/D = 0.25 compared tbl/D = 0.2, for op, = 0.8 bar and
AP, =1 bar. However, it is not verified a change of gpaagle forH/D = 0.25 compared tbl/D = 0.2, forap, = 1.7

bar andAP, =2 bar.
5.4.3 Mean droplet size

The experimental Sauter mean diameters and masemdimeters are presented in Figs. 7 and 8 fibereit
injection pressures with the configuratiorsD = 0.20 andH/D = 0.25.
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Figure 7. Experimental Sauter mean diameter (SMD) ad mass median diameter (MMD) forH/D = 0.20.

As expected, it is observed that an increase irninjeetion pressure of liquid leads to an increms8MD and MMD,
and an increase in the injection pressure of aises a decrease in SMD and MMD for both configareti For
injection pressure of air 1 and 2 bar it is obsérar abrupt increase of the droplet size. For tigagressures of liquid
above the injection pressure of air, air cannotfioto the liquid tube and does not mixes turbuiewnith the incoming
liquid, there is no blurring effect, but the genena of a microjet. It is verified that SMD and MM&re smaller foH/D
=0.20.

250 700
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- *
200 1 4 Pinj,gas = 2 bar . A Pinj,gas = 2 bar «* N
® Pinj,gas = 3 bar . 500 { ® PFinjgas =3 bar o ® a A
= ini - = Pinj,gas =4 bar
£ 150 4 Pinj,gas =4 bar . A = " . A A
= X Pinj,gas =5 bar . : 400 1 X Pinjgas =5 bar . R L]
o . * ]
S 100 .0 4 g 300 | ¢ 4 "
A
2 . A A A " = * [ ] -
. A = 200 + a []
50 e aart _ga" . .
«* 7 ,a ..' % x X 100 A . x X
A X X
* L) X >
0 Afme R XX KR’ : 0 s aswn®yuxxx” :
0 2 4 6 8 10 0 2 4 6 10
Pinj,l [bar] Pinj,l [bar]

Figure 8. Experimental Sauter mean diameter (SMDand mass median diameter (MMD) forH/D = 0.25.
6 Predictive Model
From the data collected in the tests was possibiestify the correlations between the parameteos.tfre analysis of
the results was chosen using a computer prograrstégistical analysis as the program StatiStiddsing this tool

allowed the various types of analysis with diffarerethods of calculation.

Through a nonlinear regression the model predictias finally completed. For the regression was ubed'quasi-
Newton" method with deviation function of the leagtiares.

The models of nonlinear regression with all thefficients determined is shown in Eq. (16) for theseH/D = 0.20
and Eq. (17) foH/D = 0.25.
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d 274598 ¢, - 1.72594
% = 034881épg IOI ] ( g VI \J (RLG)—2.6093Q (We) 1.427181 Re)— 2A6116(Eu) 1.8881 (16)
d% _ o L A - s -1.43625 1.002667 - 0.94577 2.215¢
D™ 0.00640 f Y (RLG) (We) (Re) (’Eu) a7

The value of regression coefficieitis 0.99582 foH/D = 0.20 and 0.99743 fdi/D = 0.25, classified by the authors
like Barbetta (2004), as a "strong" regression.

The obtained models were subjected to a statisticaluation for checking the quality of the regr@ssagainst the
phenomenon. Was observed the difference betwegurélaicted values by the regression and those mesasu

Figure 9 shows the comparison between the resbiaired in measurements and those calculated bpréwiction
model presented in Eq (16), consideritip = 0.20.

Observed warsus Pradicted Values

0.24

0.20

Obzerwed YWalues
=
(]

Q.00
0.02 0.08 0,10 014 018 0.22
Predict=d Values
Figure 9. Correlation between predicted values byeagression nonlinear and observed values fét/D = 0.20.

Figure 10 shows the comparison between the reshbitsined in measurements and those calculatedebprédiction
model presented in Eq (17), consideritip = 0.25

Observed versus Predicted Values

0.24

0.20

0.16

0.12

Observed Values

0.08

0.04 ®

0.00
0.00 0.04 0.08 0.12 0.16 0.20 0.24

Predicted Values

Figure 10. Correlation between predicted values byegression nonlinear and observed values fdt/D = 0.25.
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The overall results of the regression were verganable, due to the correlation coefficient andrésédual values. It is
observed an increasing trend and strong consistegtgyeen the predicted and observed values.

7 Conclusions

This paper presented the initial development ofluary injector for burning biofuels. A bench wassimed and
prepared for testing the injector. Discharge coedffits, spray angles, distribution of droplet sizesl average
diameters were determined experimentally.

As expected, it is observed that an increase innjeetion pressure of liquid leads to an increms8MD and MMD,
and an increase in the injection pressure of aiseaa decrease in SMD and MMD for both configaresti

For the pressure range examined, the dischargdiaeef was approximately constant, with averagkie#.407 for
H/D = 0.20 and 0.402 fad/D = 0.25.

The regression models extracted from the dataliaseesl statistical significant acceptable in engiimgeand multiple
regression coefficients fully satisfactory.

Furthermore, the validation tests showed a stramgience between values of predicted diameter wbepared with
measurements effective.

Acknowledgments
The authors acknowledge Vale Energy Solutions foviging a scholarship to the first author.
References

Anderson, J. D., Modern Compressible Flow: With tbtical Perspective, New York: McGraw-Hill
Science/Engineering/Math, 3 edition, 2003.

Barbeta, P./4et al., Estatistica para Cursos de Engenharia e Inficey@ao Paulo, ATLAS, 2004.

Couto, H.S., Atomizagdo e Sprays, Apostila | Esc@l@ombustdo, Floriandpolis, Santa Catarina, Br2@07.

Delmeé G. J,. Manual de Medic&o de Vazéo, S&o Paditora Edgard Blucher, 1983.

Dodge, L.G., Change of calibration of diffractioaded particle sizes in dense sprays, Optical Eagmg Vol. 23,
No5, pp. 626-630, 1984.

Gafnan-Calvo, A. M., Generation of Steady Liquid Mibreads and Micro-Sized Monodisperse Sprays s &egeams,
Physical Review Letters, Vol.80, No2, pp. 285-2B398.

Gafian-Calvo, A. M., Barrero, A., A Novel Pneumaliechnique to Generate Steady Capillary Microjetsierosol
Sci., Vol.30, pp. 117-125, 1999.

Gafian-Calvo, A. M., Enhanced Liquid Atomizationofr Flow-Focusing to Flow-Blurring, Applied Physitstters
86, 2005.

Lacava, P. T., Alves, A., Capitulo 3: Injecdo dentBastivel, Apostila Il Escola de Combustao, pp.6&-1Sao José
dos Campos, Sao Paulo, Brazil, 2009.

Lefebvre, A.H., Atomization and Sprays, Taylor &rdncis, New York, 1989.

Panchasara, H. V., Sequera, D. E., Schreiber, WA@rawal, A. K., Emissions Reductions in Diesetlaferosene
Flames Using a Novel Fuel Injector, Journal of Risipn and Power. Vol. 25, No. 4, 2009.

Sadasivuni, V., Agrawal, A. K., A novel meso-sc@lembustion System for Operation with Liquid Fuéspceedings
of the Combustion Institute, 32, pp. 3155-3162,200

Winning, J. A., Winning, J. GElameless Oxidation to Reduce Thermal No-formatidrmggress in Energy and
Combustion Science, 23, Issue 1, pp.81-94, 1997.

2° Workshop em Engenharia e Tecnologia Espaciai)98,05 de Maio de 2011 10



