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Abstract

This paper deals with an experimental study of bi-component droplets evaporation in a turbulent over-heated
channel flow. Droplets are made of a mixture of n-octane and 3-pentanone (15% in volume). Planar Laser
Induced Fluorescence (PLIF) of 3-pentanone is used to derive both concentration of this molecule in liquid and
gas phases. Concomitant dispersion of the liquid droplets and evaporation can be clearly observed with a trend to
homogenisation of the 3-pentanone vapour in the flowfield due to high turbulence rate, on the order of 40%.

The experimental results, in term of concentration of 3-pentanone in both liquid and gas phases have been
compared to a simplified numerical simulation based on the discrete component model, taking into account the
droplet composition, associated to the isolated droplet model. It appears that the measurements performed on the
liquid phase overestimate the calculated evaporation, as the gas phase measurements performed far from the
injection point are in correct agreement with the calculations. One of the explanations is that the PLIF CCD
camera dynamic is not sufficient to detect simultancously the biggest and smallest droplets. In the present cases,
most of the numerous smallest droplets seem to be ignored by the measurement, which tends to overestimate the
droplet evaporation. The second important cause of discrepancy between experimental and numerical results is
linked to the strong extinction of the fluorescence signal issuing from the liquid phase, due to the absorption

Introduction

The fine understanding of droplet evaporation in a turbulent flow [1] is a fundamental issue connected with
major applicative fields such as injection of liquid fuel in the combustion chamber of internal combustion
engines. Development of advanced physical models taking into account dispersion of the fuel droplets by
turbulence, evaporation, mixture of the fuel vapour in the gas phase, and connected predictive simulation tools
will contribute to fuel consumption reduction and pollution abatement. The effect of turbulence on droplet
evaporation seems to have contradictory effects. On the one hand, Birouk et al. [2] showed that turbulence
increases isolated droplet evaporation rate. On the other hand, the formation of droplet clusters, because of
turbulence, may locally increase the amount of vapour up to saturation and slow down the local evaporation [3].
In order to understand the evaporation of a spray in a turbulent flow, experimental data are needed. The case of
high turbulence levels close to what is encountered in a real combustion chamber is studied here.

In the present study, a fuel spray made of a mixture of n-octane and 3-pentanone (15% in volume) is injected
in an isotropic and homogeneous turbulent overheated flowfield. Measurements are carried out on liquid and gas
phases (velocities, turbulence characteristics, droplet size distribution) with a special focus on liquid and gas 3-
pentanone concentrations, which are derived from Planar Laser-Induced Fluorescence (PLIF) measurements on
this molecule. Finally the experimental results in term of liquid and gas mass flowrate concentration will be
compared to a simplified numerical simulation, which does takes into account the effect of turbulence and
droplets collisions onto walls. The discrete component model, taking into account the droplet composition [4],
associated to the isolated droplet model [5] will be used for each of the size classes in order to calculate the
evaporated 3-pentanone flowrate. Agreement between experiments and calculation will be discussed in the light
of the bias induced by PLIF measurements.

Experimental set-up, measurement techniques and results

o  Experimental set-up

The experimental set-up consists in a vertical square air tunnel (0.8 m length, 0.092 m large) where a high
turbulence rate can be generated by a specially designed turbulence generator, initially developed by Videto and
Santavicca [6]. Pressurized air is injected in a cylindrical enclosure (Fig. 1). The air is then forced through the
bottom of the cylindrical chamber, pierced by 45 holes, each being 3 mm in diameter. The jets issuing from the
45 holes impact a convergent nozzle, directly linked to the square test section. With such a device, the turbulence
intensity can reach 40% with a good isotropy in the major part of the flow field [7].
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The channel, which has a square shaped cross section (92x92 mm?) is composed of four 160 mm long segments
and one optical segment. The optical segment is 200 mm long and equipped with two small quartz windows (100
x 10 mm?) and two large Pyrex windows (110 x 82 mm?) allowing optical measurements all along the channel.
The z axis is the longitudinal axis, starting from the entrance of the channel. The x axis is the radial axis. Their
origins are taken at the centre of the square shaped cross section at the entrance of the channel. In the following
sections, most results will be given versus z/H or y/H, where H = 92 mm is the width of the channel cross
section. The injected liquid is a mixture of 3-pentanone (15 %) and n-octane (85 %).

The air can be pre-heated up to 423 K by means of a heater and the bulk velocity is 2 m/s. In order to create the
droplet mist, an ultrasonic injector, cooled by a temperature regulated water flow, is placed at the centre of the
channel, the tip of the nozzle being located at z/H=0. With this kind of atomizer the liquid flow is disintegrated
using ultrasounds allowing small initial velocity for the droplets, on the order to 1.6 m/s whatever the size class
is. The droplets sizes range from very small size neighbouring a few microns to 270 um (Fig. 2).

Table 1- Experimental flow and spray conditions.

Temperature of the air 423 K
Bulk velocity 2m/s

Air mass flux 14.3 gr/s
Liquid mass flux 0.322 g/s
Volume fraction of 3-pentanone in 15%

the liquid mixing

Temperature incoming liquid 293 K
Droplet mass fraction 22 %
Droplet volume fraction 2.510°

e  PLIF experiments

The velocity statistics of the continuous phase are measured by Laser Doppler Anemometry (LDA). The
velocity and diameter of the droplets are measured using Phase Doppler Anemometry (PDA).
The evolution of the mean longitudinal velocity of the droplets is presented in figure 3. Except at the first stage
after the injection zone (< z/H = 0.6), the droplets linked to the smallest size class follow the air flow. However,
the droplets linked to the biggest size class, increase their velocities up to the terminal velocity. Intermediate
behaviours are found for the droplets of intermediate size classes.
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Figure 1. Experimental set-up. Figure 2. PDF of the droplet sizes

at z/H=0.5 and T,,=423 K.

Planar Laser-Induced Fluorescence (PLIF) of 3-pentanone, induced by the quadrupled Nd:YAG laser (=266
nm) was used to determine the concentration of 3-pentanone in both liquid and vapour phases. The LIF
technique is based on the physical phenomenon of fluorescence. When the fluorescent molecules are excited by a
laser beam at a wavelength A tuned on the fluorescent molecules absorption spectrum, a fluorescence signal, S, is
emitted over a range of higher wavelength than the excitation light, thus allowing discrimination between



excitation and emission signals. Since the number of emitted photons is proportional to the number of excited
molecules N, a direct measurement of the fluorescing molecules concentration is

The fluorescent molecule used in this study is 3-pentanone. Its photo-physical properties have been widely
studied ([8] and [9]) for the vapour phase. The absorption spectrum of 3-pentanone in the UV extends from 230
to 340 nm with a peak at 285.5 nm for a range of temperatures between 298 and 423 K. The 3-pentanone
fluorescence signal is emitted between 350 and 550 nm with a maximum at 420 nm. As these two spectra do not
superimpose there is no fluorescence trapping.

According to Koch and Hanson [8], between 298 K and 423 K, the influence of the temperature on the signal of
fluorescence per molecule, under nitrogen, is small, less than 5 %. According to Orain et al. [10] the influence of
quenching by oxygen over this range of temperature is negligible. If the influence of the temperature is
neglected, the fluorescence signal can be written with the following simplified expression:

S( A N) = IpNo® (2, N )e *1 0%

where x represents the position of the probe volume in the optical axis of the laser beam, o is absorbing cross
section at laser wavelength A, /, is the incident laser intensity and @ is the fluorescence quantum yield.
The only remaining bias is the dependency of the signal in the optical path from the entrance of the laser beam
into the channel to the measurement point (along x), due to absorption by 3-pentanone molecules of the incident
laser beam. This absorption of the laser is corrected along each radial line of the x axis. Then, the fluorescence
signal can be written in a discrete way:
—o‘iN (r)Ax

S(x,N)=1I,No®e °
where Ax is the distance increment between two consecutive measurements.
The initial condition is taken at the entrance of the laser in the channel (x=0). Then, the pixel to pixel absorption
correction can be used to derive the number of fluorescing molecules in the gas phase, which is directly linked to
the 3-pentanone local concentration if the measurement volume is constant:

B S(x, N) UZ;:N(x)Ax
(x) - S(O,N(O)) N(O)e

Concerning the fluorescence of the liquid phase, no absorption effect is measured due to the presence of the
droplets, due to the small volume fraction of the dispersed phase, on the order of 107. It simply means that
measurements performed in the gas phase are negligibly influenced by the liquid droplets absorption. The laser
used for LIF experiments is a pulsed Nd:YAG laser, with the following characteristics: 4 =266 nm, energy = 30
mlJ, repetition frequency 10 Hz. A vertical laser sheet is generated with a thickness of about 400 um. The
fluorescence signal is collected with a 16 bit, 1024 x 1024 pixels intensified camera (PIMAX-Princeton) and a
58 mm objective lens. A 300-500 nm band-pass filter is used to remove laser Mie scattering due to the presence
of the droplets.

One of the main problems is to discriminate the liquid and vapour phase on instantaneous LIF images. The
applied discrimination is based on median filtering (using a 7x7 structuring element). The filtered image is
subtracted from the input image. The result is an image containing the high spatial frequencies. After
morphological treatments of threshold, dilatation and erosion, a binary image is obtained. This binary image is
applied to the input image. An image containing the vapour phase and another one containing the liquid phase is
finally obtained (Fig. 4) [11].

e PLIF results
Radial profiles of the mean concentration of 3-pentanone in the liquid phase are presented in figure 5, for
different downstream positions. At the entrance of the channel (z/ZH = 0.60) most of the liquid is located on the
centerline of the channel due to the central position of injection device. The peak enlarges and decreases
downstream due to both dispersion of the droplets by turbulent structures of the flow and phase change.
Assuming axi-symmetry of the droplet cloud, the liquid 3-pentanone mass flowrate corresponding to a given
cross-section can be derived by (Fig. 6):

Hla _ . n n
ns,, =2ﬂ'J‘0 / Cl(r)Wm,(r)rdr where anl(’”)= ZWJDf/ZDj
j=1 j=1



where (C;denotes the 3-pentanone mean liquid concentration, j is the PDA sampling index and » is the
number of samples detected by the PDA.

The mean droplet velocity VI_’W,, (r) is calculated by weighing the velocity determined by the PDA for each
droplet diameter by D?, due to the fact that the mass of a droplet is proportional to D’.
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fitted curves used for the simulations).

The radial profiles of the mean concentration of 3-pentanone in the vapour phase (Fig. 7) are flat from z/H =
3.14. The small dissymmetry can be explained by an imperfect correction of the absorption of the laser beam.
The 3-pentanone mass flowrate in the vapour phase is obtained in each cross-section by integrating the
concentration profiles using the bulk velocity (Fig. 8). The value 1 of the normalized mass flowrate
(normalization is performed by the injected mass flowrate) corresponds to the total vaporization of the liquid
phase. The observed value corresponds to 93% of the injected flow-rate, which means that not all the droplets
are vaporised at z/ZH=5.
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Numerical simulations

The experimental results were compared with a simplified model of droplet evaporation. This model
considers that the heat and mass transfers inside the droplets results from pure diffusion and advection by the
internal motions due to the friction between the liquid droplet surface and the external air flow. The evolution of
the liquid composition is described by the discrete components approach presented by Tong and Sirignano [12],

which consists in following each chemical species individually. Denoting & = V/ r, (l ) , the equation for mass and
heat transports within a droplet can be presented in the following form:

0°Z 207
ﬁé‘ f;’ [65 f@é‘j’wnhﬂ ,

In this equation, Z corresponds to the temperature T or the mass fraction Y;; of the i species in the mixture.
Deg is either the thermal effective conductivity or the liquid mass effective diffusivity of specie i into the
liquid mixture. Abramzon and Sirignano [5] introduced the concept of effective diffusivity in the case of the
sole heat transfer. This concept can be extended to the liquid mass transfer. Equation is solved in the absence of
the convective term but the diffusion coefficient D, (either the mass diffusivity D;; or the thermal diffusivity
a=A/p; Cp)) is increased by a factor y ranging from 1 to 2.72 to account for the effect of the internal circulation:

De[f :ZD/,

where y is a function of the thermal or the mass Peclet number Pe given in [5]. For the resolution, equation
is supplemented by the following boundary conditions:

1,8—T =2 A, r, Nu(T,-Ty) er,m
87’ r=r;—0
m=2nxp,r,D,; B, Sh
where Nu and Sh; are respectively the Nusselt and the Sherwood numbers. D,; is the diffusion coefficient of

specie 7 in air and B),; = % is the mass transfer Spalding number corresponding to the specie i. In the
present calculations, the ambient temperature 7. is fixed at 423 K and Y..; is assumed to be equal to 0. This
approximation is justified by the fact that the mass flowrates of 3-pentanone and n-octane are very small in
comparison to the mass flow rate of air crossing the channel. Assuming Y...;=0, the value of & can be found
easily by the following relation :



The initial condition for the calculations corresponds to an uniform temperature and mass fraction in the
droplet: Y;5,(=0)=16% and T)(t=0)=298 K. The evaporation is described within the frame of the quasi-steady
approach and the film theory [5]. Nusselt and Sherwood numbers are then given by :

n(1+8,)| (1+RePr)” max(1,Re"")-1

Nu=2 +
B, 2F(BT)
Sh =2 In(1+B,,) L (1+ResSc,)"” max(l,Re°‘°77)—1
P 2 (8,,)
nCp . (T —T.
0.7 111(1+B) {th pmj( © S)

and B, = is the heat transfer Spalding number. Br

(Zml. Lvij+QL

where F(B) =(1+B)

and By, are linked by the following equation :

B, =(1+B,,)" -1

va i 1
where ¢, = C_L_ and Le, =1, /p, Cp,D, ; is the Lewis number. The composition of the vapor near the
P i e

droplet surface is assumed to be in equilibrium with the liquid mixture. In addition the liquid and vapor mixtures
are considered to be ideal so that the Raoult law can be applied:

xsv,i})a = xsl,i])mt,i (TS )

where x denotes the molar fraction. P,=1atm is the ambient pressure in the channel, T is the droplet surface
temperature and P, is the saturating vapour pressure.

To solve equation , the droplet is divided into 100 regular segments along the radial coordinate and a Crank-
Nicholson scheme is used. At each time step, the droplet radius is updated to account for the loss of mass and the
swelling. Downstream distance from the injector is converted into time with the help of the space evolution of
the droplet velocity measured using the PDA technique. Figure 3 shows the evolution of the droplet average
axial velocity for different size classes. As expected, the smallest droplets have a relative velocity almost equal
to 0. These droplets follow the free stream. In the absence of measurements near the injector, it is assumed that
the initial velocity of the droplets is independent of their size, this behaviour being generally observed for
ultrasonic injectors. The axial velocity is also used to calculate the Reynolds number in equations and .

Re = pair

Vd—Vg|D/yg

The effect of turbulence on evaporation at any scale is not taken into account in the simulations, which are
also reduced to a single dimension domain. In particular, the influence of the channel wall is ignored. In figure 4,
it is also apparent that the mean liquid concentration is not uniform in a section of the channel near the injection
but it tends to become uniform rapidly after.

The calculations were performed for a large number of droplet sizes ranging from 1 pm to 300 pm
(maximum size observed by the PDA at z/H=0.6). The pdf of the droplet sizes obtained experimentally at z/H =
0.6 is interpolated as shown in figure 2. The fitted pdf is then used to determine the number of droplets to be
considered to have a mass liquid flow rate of 3-pentanone comparable with the measurement at z/H = 0.6.
Denoting N the number of droplet crossing a channel section per unit of time:

iy, (21 H =0.6)

.[ o (D)ET Y, (D)Pz/Hzo.a (D)dD
0

N(z/H =0.6)

where P, ;o6 (D) is the size pdf at zZH=0.6. N decreases with z due to the disappearance of the droplets that
have evaporated completely before reaching z. Nis evaluated for any distance z as followed:



N(z)=N(z/H =0.6) T P,y (D)dD

D,

where D,;, is the minimum size in z/H = 0.6 for a droplet to be present downstream in the z section despite of the
evaporation. The size PDF is calculated as follows:

P (D): — })z/H:O,G (Dl)

=

z/H=0.6

(D)dD

D,

In this expression, a droplet having a size D in the z section has a diameter D, when it was in z/H = 0.6.
Finally the liquid mass flow rate of 3-pentanone is evaluated using the following equation:

i (2) =N 0. (0) 50, (D) (D)

where Y5,(D) and p,(D) corresponds to the results of the simulation obtained for a droplet of size D at the
distance z.

The mass flow-rate of the 3-pentanone ("¢ 3-, ) in the gas phase can be derived by:

n'1g’37p (Z) = rhmfp (z = 0)—m,,37p (z)

Results and discussion

The computed droplet diameter evolution as a function of the downstream position is represented in figure 9 for
different initial droplet diameters, in parallel with3-pentanone mass fractions (Y;p) evolution (Fig. 10). The total
evaporation of the droplets is observed at about zZH=1 for droplet diameters less than 50 pm. It is also noticed
that a very fast depletion of the 3-pentanone occurs for the smallest droplets, as this depletion appears slower for
the biggest one.
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The comparison between the measured and computed 3-pentanone liquid and gas flow-rate is displayed in figure
11. On the one hand, the calculated 3-pentanone liquid flow-rate tends quickly to overestimate the measured
values using LIF. On the other hand, the comparison between the calculated 3-pentanone flow-rate in the gas
phase is in correct agreement with the measured values from z/H=3.

One of the potential explanations could be linked to the fact that the effect of turbulence is not taken into
account: turbulence tends to increase the vaporization rate due to longer residence time of the droplets in the
evaporation chamber, caused by stochastic trajectories of the droplets. On the other hand, turbulence can lead to
the formation of clusters of droplets, which tends to reduce the evaporation. These phenomena are, in this case,
probably not dominant, since the calculations for the vapour of 3-pentanone seems in correct agreement with the
experimental data. Also, the numerical simulation does not account for the droplet collisions onto the channel
walls, which may reduce the number of liquid droplets crossing really a cross-section.



The second explanation could be found in the PLIF measurement technique. Generally, the LIF signal incoming
from a droplet is coarsely proportional to the droplet volume (i.e. proportional to D°). If the CCD camera

dynamic is tuned on the intensity emitted by the biggest droplets (i.e. Dy =270 um), corresponding then to
65536 grey levels, the smallest detected droplet diameter (D,.,) would be given by :

1/3
D R D Imin
min max 65536

where 1, is the minimum intensity detected by the CCD camera due to the threshold and the different image
processing applied to discriminate the liquid droplets. The total dynamic range in term of detected intensity is

estimated at 40, when all the image processing steps are considered. With Dy, ® 270 um | the minimum

detected diameter would be D,;, =80 um . Consequently, if all the droplets smaller than D,,;, are ignored by the
PLIF measurements and because droplet diameters tends to reduce due to evaporation, it appears clearly that the
measured evaporation can be easily overestimated, leading to a smaller measured liquid 3-pentanone flowrate.

A correction coefficient o can be applied to correct the signal from the detection dynamic range effect:

+o0 D3 oo D3
asigna[ = J‘Dmm p[ ﬂTY;afp (D)P(D)dD/J‘() pl ”TYt“yfp (D)P(D)dD

A third explanation can be found in the mechanism of fluorescence emission of a liquid droplet seeded with a
fraction of 3-pentanone. Due to the strong concentration of 3-pentanone in the droplets, the collected
fluorescence signal is strongly affected by the absorption of the incident laser radiation at 266 nm. This
phenomenon was described in details by Maqua et al. [13], in the case of ethanol droplets seeded with acetone.
According to Maqua et al. [13], the fluorescence S, emitted by a droplet can be written as:

S, =KI1,C,, ,D’¢(C,5_,.D)

13-p>
where K is constant, /, is the incident laser intensity, C;;, is the 3-pentanone molar concentration and

¢ (C,ﬁ_ ,,,D) is the excitation efficiency of the droplet, taking into account the absorption of the incident laser

beam:
(c,.D ):j %Cy, dV/jl Cy,p=0)aV

where V' is the droplet volume and /; is the local laser excitation intensity at each X positions.
According to Ritchie and Seitzman [14], the efficiency can be simplified as:

~ *fzfl;C/Azprl'l
£(Cs,.D)~e

where €;_, is the molar extinction coefficient of the liquid 3-pentanone. The further calculations were performed

with the value of €;_, corresponding to liquid acetone given by Maqua et al. [13], in absence of reliable value

for liquid 3-pentanone.

The excitation efficiency factor is represented in figure 12 as a function of the 3-pentanone mass-fraction, for
different droplet diameters. This efficiency decreases as the droplet diameter and 3-pentanone mass-fraction
increases.

According to equations and , the liquid 3-pentanone mass flow-rate can be corrected by a coefficient . taking
into account the signal extinction within the droplets due to absorption:

a,, =] KC. ,D(C

s - D)P(D)ID /[ KC,, ,D* P(D)dD
Both correction coefficients . and au, can be calculated at all the axial positions and can be used to correct

the initial condition at z/H=0.6 (Eq. ) and the calculated values of the liquid 3-pentanone flowrate at all the
considered downstream positions.



The corrected values are also reported in figure 11. The most relevant correction is linked to absorption
phenomena. The correction operated on the detection dynamic range has a moderate importance (on the order of
a 3%), because mainly the smallest droplets, carrying a small mass of 3-pentanone, are affected. The initial
evaporation appear much lower than for the uncorrected values, between z/H=0 and z/H=0.6, due to the presence
of big droplets in this area, which are much more affected by absorption phenomena. The importance of this
phenomenon tends to decrease for farther downstream positions as the droplet sizes decrease due to evaporation.
However, despite of the applied corrections, the measured depletion of the 3-pentanone liquid flowrate remains
slightly higher than the one predicted by the calculation. The agreement between the measurements performed in
the gas phase and the calculations remains correct.
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Figure 11. Liquid and 3-pentanone flow-rate: Figure 12. Evolution of the excitation efficiency
comparison between experimental (non-corrected and factor of the droplet as a function of the 3-pentanone
corrected) and numerical values. mass-fraction and initial droplet diameter.

Conclusions

PLIF measurements of liquid and gas concentrations of 3-pentanone have been performed in a turbulent over-
heated channel flow, where a spray made of a binary mixture of n-octane and 3-pentanone was injected.
Post-processing of the experimental data took into account:

- the combined effects of the PLIF sensitivity to droplet volume and the dynamic of the fluorescence signal
detection range,

- the extinction of the incident laser radiation in the liquid droplets.

A simple numerical simulation based on the isolated droplet model and discrete component approach shows a
reasonable agreement between the data obtained on the gas phase and the calculations as the agreement remains
not satisfactory on the liquid phase even after corrections of the experimental data.

Nomenclature
a Thermal diffusivity [m*.s™]
C Molar concentration [mol.1"]
G, Specific heat capacity [J.kg.K™]
D Droplet diameter [m]
p Density [kg-m™]
L, Latent heat of vaporization [J.kg"]
A Thermal conductivity [J.K'.m™]
m Mass flowrate [kg.s™']
u Dynamic viscosity [Pa.s™']
PX) Probability of X
Pr Prandtl number
Re Reynolds number
Va Droplet velocity [m.s™]
b Axial coordinate [m]



y Radial coordinate [m]

Y Mass fraction

Subscripts

g gas

/ liquid
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