Temperature measurement of evaporating ethanol/3-pentanone bicomponent droplets using 2-colour LIF
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Abstract 

The temperature of ethanol/3-pentanone droplets is measured by means of the two-colour laser induced fluorescence technique. The use of pyromethene 597-C8 as a fluorescent tracer enables to obtain a very limited effect of the mixture composition on the fluorescence signal. The technique is applied to a monodisperse droplet stream injected into a heated enclosure. Effects of the ambient temperature and composition are more particularly investigated. Finally, the experimental data are compared to the results of a numerical simulation based on the discrete components approach.

Introduction

The evaporation of fuel sprays in combustion engines is well-known to have a strong influence on the pollutant emissions, ignition delays and overall combustor efficiency. Commercial fuels are made of hundreds of components which exhibit different volatilities. Effects related to the multi-component nature of the practical fuels are usually ignored in most of the industrial simulation tools. Quantitative measurements on evaporating multi-component droplets are required to understand evaporation of practical fuels and validate models. However, few attempts have been made to adapt measurement techniques that were initially designed for mono-component droplets to multi-component ones. Currently only a limited number of optical diagnoses are available for multi-component droplets. 

Zhao and Qiu [1] measured the droplet refractive index by rainbow refractometry in order to determine temperature of water/ethanol mixtures. Wilms et al.[2] also used rainbow refractometry to determine the composition of binary droplets of n-hexadecane and n-dodecane. Because both the mass fraction of the component and the temperature can change the refractive index, the measurement of the rainbow position cannot be systematically used to determine directly the temperature or the composition. Techniques based on Laser Induced Fluorescence (LIF) are other attractive methods. The two-colour LIF technique was used successfully to measure the temperature of mono-component droplets [3]. The method implies the seeding of the liquid by a small quantity of a fluorescent tracer, typically an organic dye. The ratio of the fluorescence intensity detected on two spectral bands, is a function of the temperature regardless laser intensity, time-dependant tracer concentration, and measurement volume. However, since the spectroscopic properties of the tracer are likely to be altered by the solvent composition, the potential of this method to tackle the problem of multicomponent droplets was to demonstrate. Recently, Maqua et al. [4] performed temperature measurements of binary droplets made of ethanol and acetone. The authors exploited the thermal dependency of the fluorescence of Rhodamine B. A third spectral band was used to calculate a second fluorescence signal ratio and separate the influences of composition and temperature. Although the addition of this third detection band offers theoretically the possibility to determine the composition, the method turned out to be rather insensitive to the concentration.

In the present study, we report a measurement of the temperature in the case of binary droplets made of ethanol and 3-pentanone using only two spectral bands of detection. The liquid is seeded with a low concentration of pyrromethene 597-C8, the fluorescence of which is induced by the green line (=514.5 nm) of an argon ion laser. The technique was applied on monodisperse droplets chains that were injected in a large enclosure in which the temperature can be heated up to about 400°C. Measurements were achieved for a large set of ethanol/3-pentanone volume fraction (0%, 10%, 20%, 30%, 40%, 50% and 100%) under different ambient temperatures ranging from 20°C to 360°C.. 

In parallel, a numerical simulation based on a 1D approach has been implemented using the discrete component model [5]. The finite conduction of the liquid phase, as well as the influence of the liquid internal circulation were taken into account.
Bases of the two-color laser-induced fluorescence
Only an outline of the two-colour LIF technique is given in this section. The fuel is seeded with a low concentration (a few mg/l) of a dye used as a fluorescent temperature sensor. A comprehensive survey of the method can be found in [3,6]. The principles of the method remain the same whatever the tracer used, rhodamine B or pyrromethene 597-C8 in the present study, which are both organic dyes. The fluorescence of pyrromethene 597-C8 can be easily induced by the green line (514.5 nm) of the argon ion laser. The emission spectrum is broadband and extends over several hundreds of nanometres. It exhibits also a significant dependence on the temperature. A general expression of the fluorescence intensity collected over a spectral band [i1;i2], i denoting the spectral band, is given by:
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where Kopt,i is an optical constant taking into account the properties of the detection system (e.g. solid angle of detection and transmission of the optics), Kspec,i is a constant depending solely on the spectroscopic properties of the fluorescent tracer in its solvent, both for the spectral band i. I0 is the laser excitation intensity, C is the molecular tracer concentration, T is the absolute temperature, and Vc is the volume where the fluorescence photons are collected. This volume is the intersection between the laser beams, the droplet volume and the volume defined by the collecting optics. The factor () characterizes the temperature dependence of the fluorescence intensity at the wavelength  [3]. Ai and Bi are coefficients introduced empirically to account for the temperature dependence of the fluorescence emitted over the spectral band I [7]. To properly measure the temperature of a moving and potentially evaporating droplet, the influence of the parameters C.Vc and I0 must be removed. The collection volume Vc is constantly changing as the droplet crosses the probe volume. Furthermore, the distribution of the laser intensity within the droplet depends on the relative position of the droplet and also on the laser beam shape, which is influenced by the refractive and focusing effects at the droplet surface. To avoid these drawbacks, the fluorescence intensity is detected on two spectral bands, the temperature sensitivity of which is strongly different. The ratio of the fluorescence intensities collected on both optimized spectral bands is given by:
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This ratio is independent on the dimensions of the probe volume. The influence of the local laser intensity and the tracer concentration are eliminated as well. The use of a single reference measurement at a known temperature allows eliminating the optical and spectroscopic constants. The position of the two detection spectral bands is optimized in order to maximize the temperature sensitivity of the fluorescence ratio R12. A preliminary spectroscopic study has been performed and fluorescence spectra have been recorded for several ethanol volume fractions and various liquid temperatures. Analyses of these spectra made it possible to characterize the evolution of the factor () contained in equation 1 for different compositions of the 3-pentanone/ethanol mixture (figure 1). If a clear dependence of ) on the wavelength can be noticed, no significant differences can be pointed out when changing the composition of the mixture. A trade-off between a high temperature sensitivity and enough detection levels leads to the selection spectral bands [540 nm-560 nm] and [590 nm-610 nm]. [image: image3.emf]-1000
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 Figure 1: Temperature sensitivity vs. the wavelength for different volume fractions Z of 3-pentanone.

Calibration and measurement process

Laser Doppler Anemometry (LDA) laser beams system is used to generate the probe volume of the 2-color LIF measurement. It allows measuring the droplet velocity in parallel with the use of a Doppler signal processor. The probe volume formed by the intersection of the laser beams is 1200 mm long and is 150 mm in diameter (transverse direction). The fluorescence signal is detected by an achromatic doublet, positioned at right angle, connected to an optical fiber acting as a pinhole. The laser light ( = 514.5 nm) scattered by the droplets is high-pass filtered with the use of a notch filter in order to collect only the fluorescence emission. The remaining fluorescence signal is separated into the previously mentioned spectral bands by means of a set of a neutral beam-splitter and interference filters (figure 2). The optical signal detection on the selected two spectral bands is performed by means of two photomultipliers. The acquisition and sampling of the fluorescence signals are carried out by means of a computerized multi-channel acquisition board, with a sampling rate of 5 MHz.
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Figure 2: Sketch of the optical layout

Calibration experiments are required to capture the response of the detection system to a variation of the temperature. These experiments are performed one time for all in an agitated temperature controlled quartz-made cell for different mixtures of 3-pentanone/ethanol. The fluorescence ratio R12 is measured under low absorption conditions while the temperature is monitored by a thermocouple. Its evolution is plotted in figure 3. The reference temperature T0 allows normalizing the fluorescence ratios and then eliminating the optical and spectroscopic constants in equation 2. Coefficients (A1-A2) and (B1-B2) are then deduced from polynomial interpolation of the calibration curves. The resulting temperature sensitivity can be estimated at 1.3%/K, making detectable temperature variations of 1°C. From figure 3, calibration curves of the fluorescence ratio appears almost superimposed. The effect of the deviation of these curses on the temperature inversion process can be assessed. In the worse case, it leads to a variation of about 0.2°C in the range [18°C-30°C] which is the domain of interest of the latter described measurements. This value is rather low considering that the accuracy of the technique is about 1°C. As a result, a unique pair of coefficients (A1-A2) and (B1-B2) can be used in the data processing.
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Figure 3: Calibration curves of the fluorescence ratio R12 for different volume fractions Z of 3-pentanone.The reference temperature T0 is taken at 25°C

In addition, the size of the droplets is measured from the observation of the interference pattern generated in the forward direction. The high frequency of the droplets production makes that the fringe pattern appear stationary [8]. Measurement of the angular inter-fringe enables to determine the droplet diameter if both the scattering angle and the refractive index of the droplet are known. The optical signal is recorded on a linear CCD camera on 2048 pixels under a forward scattering angle of 30°.Although the influence of the refraction index on the diameter measurement is rather limited [9], effects of the temperature and the composition on the refractive index can be taken into account, since the temperature is measured and the composition change by vaporization is low during the experiments. 

Experimental set-up
A monodisperse droplet stream is generated by disintegration of a liquid jet undergoing vibrations from a piezoceramic [6]. The liquid temperature is regulated in the injector body and the temperature is measured accurately close to the injection point with a K type thermocouple. The droplets are then injected into an enclosure fed with hot air issuing from an electrical heater (figure 4). The air flowrate can be adjusted and its value is measured upstream from the heater. In order to limit the thermal losses, a resistive electrical wire is inserted within the enclosure wall so that the wall temperature can be regulated to match the one of the entering air. Temperature up to 400°C can be reached with this system. Additionally, glass windows have been mounted in the wall to have optical accesses.
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Figure 4: Layout of the heated enclosure and the droplet generator

Destabilization of the droplet stream by the air motion may be a critical issue in this experiment. The air velocity is therefore maintained between 0.1 m/s and 0.3 m/s and the air flow is quietened by forcing it to go through drilled wall and metallic foam.

The problem of vapour saturation must be considered carefully due to the moderate air blowing and the finite dimension of the chamber which has an inner diameter of 10 cm and a height of 14 cm. An estimate of the diffusion length L can be obtained considering a diffusivity  of 10-5 m2/s and a diffusion duration t equal to 1s. The latter corresponds to the time for a particle to be transported by the air stream through the enclosure. 
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is about 3 mm which is negligible compared to the inner radius of the enclosure. This insures non-statured conditions.
Physical modelling and simulations

For the modeling, usual assumptions are made, i.e. spherically symmetric system, quasi-steady gas phase and variable physical properties. The liquid composition is represented by the discrete components approach [4]. The species and temperature within the droplets are obtained by resolving the diffusion equations modified to account for the shrinkage of the droplet.
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In this expression, r is the radial coordinate, R the droplet radius, Yi,l the liquid mass fraction of the component i (presently ethanol or 3-pentanone). αl denotes either the thermal or the mass diffusivity depending if T or Yi,l are considered. To take into account the re-circulation inside droplets, α is replaced with the so-called effective diffusivity αl,eff=χαl, where the coefficient χ varies from about 1 (at droplet Peclet number<10) to 2.72 (at droplet Peclet number >500) [5]. This model is expected to predict the droplet volume average temperature and mass fraction, but not their distributions inside the droplets. Equation 3 is solved under the initial conditions, T(r,t=0)=Tinj and Yi,l(r,t=0)=Yi,l,inj which are supplemented by the following boundary conditions:
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Neglecting the radiative exchanges, the entering heat flux QL is deduced from the overall heat balance equation:
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The instantaneous total mass flux 
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 is given by:
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              (7) where Shi denotes the Sherwood number associated to the specie i and BM,i the mass transfer Spalding number.

The convective heat exchanged with the gaseous environment ФC follows the expression:
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where Nu is the Nusselt number and BT the heat transfer Spalding number.

Additionally, liquid-vapour equilibrium is assumed in order to determine the vapour fraction at the droplet surface. In the absence of relevant information in the literature, gaseous and liquid phases will be considered as ideal mixtures. From Raoult and Clausius-Clapeyron laws, it comes that:
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In the above equations, the physical properties of the gas phase should be evaluated at the reference state (Tref and Yi,ref) according to the “1/3 rule” [10].
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In the case of droplet chains, droplet-to-droplet interactions should be taken into account, since a decrease of the droplet spacing L leads to a reduction of the Nusselt and Sherwood numbers. A correction factor η(C), depending only on the reduced droplet spacing C=L/2R can be introduced to describe this effect [11]. Its value is bounded by 0 and 1. We refer here to the correlation obtained by [12] in the case of evaporating monodisperse droplets in linear stream, i.e. 
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where Nuiso and Shi,iso represents the Nusselt and Sherwood numbers of  an isolated moving evaporating droplet which can be expressed in the frame of the film theory [9]. Finally, the resolution of equation 3 is achieved by mean of a Crank-Nicholson schema. 

Results and discussion

The droplets are injected in the previously described enclosure at a velocity of about 10 m/s. This velocity decreases downstream due to the drag force. Since ethanol and 3-pentanone do not have the same atomization behaviour, the injection pressure and frequency must be adjusted in order to keep the same initial diameter and droplet spacing in each experiment. The droplet diameter and the distance parameter C within equation 11 are respectively about 180 µm and 4.7. Additionally, the temperature of the injector is also regulated at about 25°C. 

[image: image19.wmf]-

6

-

5

-

4

-

3

-

2

-

1

0

1

2

3

0

5

10

15

t

(ms)

T

-

T

inj

(

°

C)

T

amb

=360

°

C

T

amb

=300

°

C

T

amb

=200

°

C

T

amb

=21

°

C


Figure 5: Temperature versus time for different ambient temperatures (Z=50%)

The droplet temperature is measured at different positions downstream and its temporal evolution is presented in figure 5 for an initial volume fraction of 3-pentanone equal to 50%.  The curves on this figure refer to different ambient temperatures in the enclosure ranging from 21°C to 360°C. No measurements were performed during the first 4 ms of the droplet lifetime, since this time is required by the droplets to reach the optical accesses after entering the chamber. After about 12 ms, the droplets streams become more and more unstable and lose progressively their periodicity, measurement are then stopped. As expected, the droplet heating is all the more important than the ambient temperature is high. Significant differences can be observed among the plotted curves. Ambiances below 300°C seem to be insufficiently hot to prevent the droplet from cooling within the period of the observations. This is explained by the fact that the latent heat is dominating in the overall heat balance for these ambient temperatures (see equation 6).
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Figure 6: Temporal evolution of the droplet temperature for different volume fractions of 3-pentanone (Tamb=360°C)

Similar measurements of the droplet temperature were performed for a large set of 3-pentanone volume fractions. Figure 6 depicts the evolution of the droplet temperature for mixtures containing Z=0%, 30%, 50% and 100% of 3-pentanone under an ambient temperature of 360°C. It can be noticed that droplets made of pure 3-pentanone are undergoing the more important increase of their temperature. 3-pentanone is indeed less volatile than ethanol with a boiling temperature of 103°C compared to 78°C in the case of ethanol. After a moderate cooling of about 2°C, corresponding to the period for the droplets to reach the first measurement position, droplets made of pure ethanol are heated up at almost the same rate than 3-pentanone droplets. The curve related to Z=30% lies between the ones of Z=0% and 100%, however the heating seems to proceed at a lower rate in the case of Z=50%. An explanation for that lies in the possibly non-ideal behavior of the 3-pentanone/ethanol mixture. For a non-ideal mixture, equation 9 has to be replaced by the following expression:
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In this expression, γi denotes the dimensionless fugacity coefficient of the specie i in the gaseous phase, ai is the chemical activity coefficient of the same specie in the liquid phase. These coefficients depend on the composition, the temperature and the pressure of the medium. If ai is greater than 1, the non-ideality of the liquid mixture tends to increase the vapor fraction Xi,g near the droplet surface and thus the vapor flowrate of i. In regard to the overall heat balance (equation 6), the latent heat is then responsible for a reduction of the droplet heating. Additional information is required to get an insight into the effects of the non-ideality for this particular mixture.

Numerical simulations were undertaken using the previously mentioned principles. Figures 7 and 8 show the result of these simulations for two different ambient temperatures 22°C and 360°C. In figure 7, it can be noticed that the cooling is relatively well-predicted when Tamb=22°C. However, differences can be pointed out especially in the case of 30% of 3-pentanone which seems to have undergone a more pronounced cooling before entering the enclosure. This may be due to the non-ideality of the liquid mixture, which was not considered in the modeling.
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Figure 7: Temporal evolution of the droplet temperature at Tamb=22°C, comparison between the experimental data and the simulation.
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Figure 8: Temporal evolution of the droplet temperature at Tamb=360°C, comparison between the experimental data and the simulation.

An important discrepancy can be observed whatever the mixture composition when the ambient temperature is equal to 360°C. The heating is always underestimated which shows that the fluxes in equation 6 are not correctly calculated. The evolution of the square diameter is plotted as a function of time for the same ambient temperature in figure 9 and it can be noticed that the size reduction is underestimated as well. 

The underestimations of both size and temperature seem to indicate that the correction factor η introduced to account for the interaction effect in equation 11 has surely an inappropriate value. Additionally, it should be added that applying the same reduction factor η for the Nusselt and Sherwood numbers as prescribed in equation 11 was asserted under the assumption that the Lewis number in the gaseous phase is close to unity [11]. Under the latter assumption, the heat and mass diffusion layers have the same thickness, and they are therefore altered the same manner by the droplet-to-droplet interactions. When dealing with ethanol and 3-pentanone at 360°C, the Lewis number differs significantly from 1 (about 1.4 for ethanol and 1.6 for 3-pentanone), which makes the correction by a unique factor η probably irrelevant.
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Figure 9: Evolution of the normalized square diameter

Conclusion

The 2-colour laser induced fluorescence technique has been used successfully to determine the temperature of bicomponent droplets made of 3-pentanone and ethanol. One interesting feature of the fluorescence emission of Pyrromethene 597-C8 is its rather limited dependence on the fraction of 3-pentanone/ethanol contained in the droplet. Therefore, two spectral bands of detections are enough to deduce the temperature.

The technique has been demonstrated on monodisperse droplets linearly streaming and evaporating within a heated enclosure. Comparison between the measurements and the simulations emphasize the need for further studies to understand the effects of the droplet-to-droplet interactions on the heat and mass transfers. 

Nomenclature

Cp 
Heat capacity

BM, BT 
Mass and heat Spalding numbers

D 
Droplet diameter or mass diffusivity

Lv 
Latent heat

If 
fluorescence intensity

m 
droplet mass

Nu
 Nusselt number

P 
pressure

QL 
heat flux entering into the droplet

R 
Droplet radius or fluorescence ratio

Sh 
Sherwood number


T 
temperature

Y 
mass fraction

X 
molar fraction

Subscript

g
gaseous phase

amb 
ambient conditions
inj
injection

l
liquid phase

S
 droplet surface
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