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Abstract

An experimental study of spray impact onto flat rigid surfaces is presented and discussed in this paper, which de-
scribes the use of Total Internal Reflection Laser Induced Fluorescence (TIR-LIF) as a tool for characterisation of
fuel films, providing input data for validation of empirical models. In order to describe the spray/wall interaction
process accurately, it is crucial to determine two interacting characteristics: 1) the generation of secondary droplets,
and ii) the accumulation of a liquid fuel film on the wall. Extensive research has been undertaken to characterise the
post-impingement spray using Phase Doppler Anemometry (PDA). Although this technique offers considerable po-
tential for quantification of post-impact droplet sizes and flowfield, a full understanding of the impingement process
requires quantification of the mass and the spatial distribution of any residual fuel film. Hence, time-resolved spatial
field measurements of droplet size need to be complemented by characterisation the resulting liquid fuel film on the
wall. This paper describes the use of the TIR-LIF technique, proposed by Alonso et al [1], for characterisation of
transient liquid fuel films formed as a result of spray impingement of a gasoline DI spray on a flat surface under
atmospheric and elevated ambient pressures. The TIR-LIF technique is an extension of LIF in which the propagation
of a laser beam is carefully controlled so as to target the excitation of the liquid fuel film only and not the airborne
droplets above the film. The technique is based on the principle that upon excitation by laser light, the intensity of
the fluorescent signal from a tracer is proportional to the film thickness. A frequency quadrupled Nd:YAG laser at
wavelength 266 nm is used as the excitation light source and an intensified CCD camera records the results as flo-
rescent images. A binary mixture of 10 % 3-Pentanone in Isooctane is used as a substitute of gasoline due to its
similar thermofluid properties. Calibrated results presented in this paper demonstrate the ability of this technique for
spatial and temporal characterisation of fuel films throughout the injection event. Quantitative results reported in-
clude time resolved distribution maps of fuel film thickness, transient average film thickness, aggregate mass depos-
its, and film footprint area. Observations of the transient development of the 3D liquid fuel films include details of
fine surface waves. This information, in conjunction with post-impingement PDA characterisation, can be used for
development of post-impingement empirical models and furthermore, for appraisal of integrated Computational
Fluid Dynamics (CFD) predictions of spray impingement.

Introduction

Extensive research has been undertaken over the past couple of decades to formulate and validate numerical
models to describe the spray impact phenomenon (see [2] for a review). A number of spray impact models have
been proposed in the literature, the most popular being the Bai and Grossman [3], Mundo et al [4], and the Stanton
and Rutland model [5]. The formulation of spray impact models is generally based on experiments of single droplets
impacting normally onto dry or wet walls, where the impact conditions are carefully controlled. Results from single
droplets impact are then extrapolated to multiple droplet impact (spray impact) by simple superimposition of multi-
ple individual droplets. However, such simplification neglects to consider various effects of the spray impact process
such as: the influence of the deposited film on the post-impact spray, the tangential momentum of oblique impacting
droplets, the effect of multiple droplets interaction, the effect of film fluctuations on the outcome of impacting drop-
lets, and the creation of secondary droplets due to break up of the liquid film [6]. In fact, the literature shows that a
single drop impact differs from the impact of a train of drops on a stationary film [7]. Also, observations by Siva-
kumar and Tropea [8] show that the impact resulting from a single drop differs significantly from the impact result-
ing from a drop within a spray. Therefore, the development of new empirical spray impact models often involve the
analysis of more challenging experimental configurations involving the interaction of multiple drops [e.g. 6].

In order to describe accurately the spray impact phenomenon, it is crucial to determine correctly two interacting
characteristics: i) the generation of secondary droplets, and ii) the accumulation of a liquid fuel film on the wall. The
relative interaction of these characteristics is influenced greatly by pre-impact conditions, such as: ambient condi-
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tions, pre-impinging spray characteristics, and impact angle, and also surface characteristics such as geometrical
shape, temperature and roughness. The characterisation of post-impingement spray is often performed using Phase
Doppler Anemometry (PDA) (e.g. [6], [9], and [10]), since this technique offers considerable potential for quantifi-
cation of post-impact droplet sizes and flowfield. However, a full understanding of the spray impact process requires
characterisation of any residual fuel film. Hence, time-resolved spatial field measurements of droplet size need to be
complemented by characterisation of the resulting liquid film on the wall.

This paper describes the potential of TIR-LIF, proposed by Alonso et al [1], for characterisation of transient lig-
uid fuel films formed as a result of spray impingement, which provides a tool for validation of spray impact models
when used in conjunction with PDA. This technique is an extension of LIF in which the propagation of a laser beam
is carefully controlled so as to target the excitation of the liquid fuel film only and not the airborne droplets above
the film. Calibrated benchmark results reported by the authors demonstrate the ability of this technique for spatial
and temporal characterisation of fuel films throughout the injection event. Quantitative results reported include time
resolved two-dimensional distribution maps of fuel film thickness, aggregates of total mass deposits, and mean and
maximum film thickness. An analysis of fuel films for multiple injections is presented in this paper to demonstrate
the applicability of this technique for analysis of fuel films with dry and wet pre-impingement walls. Results ob-
tained by TIR-LIF, in conjunction with post-impingement PDA characterisation, can be used for appraisal of current
spray impact models, and for development of new post-impingement empirical models to describe this phenomenon.

Experimental set-up

The TIR-LIF technique is based on the principle that upon excitation by laser light, the intensity of the fluores-
cent signal from a tracer is proportional to the film thickness. The principle of the TIR-LIF technique is described in
detail by Alonso et al [1], and will not be reported here again. Nevertheless, it is worthwhile summarising that the
critical angle to ensure total internal reflection, calculated for the same optical setup, is 43.81°. For this experimental
setup, the maximum angle to ensure transmittance in the quartz-fuel interface is 69°, and the optimum angle of inci-
dence found at 65°, which is the angle utilised throughout this experiment. Figure 1 shows a schematic of the TIR-
LIF optical set-up used for characterisation of fuel films. Based on the principle of total internal reflection, the
propagation of the exciting laser beam is controlled to target the fuel film. The optical piston was specifically de-
signed so that the beam is directed towards the top surface at the desired angle, an angle that allows transmittance to
the liquid fuel film and ensures total internal reflection to avoid excitation of airborne fuel.
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Figure 1. Experimental setup for impingement experiments at elevated ambient pressures
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The rig allows independent accurate control of ambient pressures and ambient temperatures of up to 1.5 MPa
and 423 K respectively. In order to increase the size of the interrogation area, the nominal beam diameter of 8 mm is
expanded to 40 mm using a plano-concave singlet lens (Melles Griot: 01 LQP 003) and a plano-convex singlet lens
(Melles Griot: 01LQP027). This allows the illumination of a large area, big enough to accommodate the whole fuel
film at once (approximately 40 x 40 mm). A binary mixture of 10 % 3-Pentanone in Isooctane is used as a substitute
of gasoline due to its similar thermofluid properties [11]. A frequency quadrupled Nd:YAG laser at wavelength 266
nm is used as the excitation light source and an intensified CCD camera records the results as fluorescent images.
The images are acquired from several cycles and phase averaged in order to build a full map of the transient fuel
film. The fluorescence signal is acquired through a 50mm Nikkor Lens (f/1:4) onto a Hamamatsu gated image inten-
sifier linked to a Hamamatsu HiSense Mk II CCD camera with a resolution of 1344 x 1024 pixels. The fluorescent
signal of 3-pentanone, when excited at 266 nm, peaks around 400 nm [11]. Therefore, a 400 nm short band pass
filter (Schott BG4 glass) is used to optimise the fluorescence signal from the excited fuel film. This filter offers > 90
% transmission in the peak fluorescence, while blocking any possible scattered light of the laser at 266 and 532 nm.
In addition, specially coated mirrors are used to maximise the transmittance of both laser the excitation light (266
nm), and the fluorescence signals (400 nm). An Energy Pulse Monitor (EPM) is used to account for laser power
fluctuations (shot-to-shot variation) in the calibration process, as this device allows instantaneous laser power meas-
urements. A 5° full width half maximum (FWHM) UV diffuser optic is used to attenuate the typically uneven power
distribution of the Nd:Yag laser beam pattern, making the beam profile more homogeneous (‘top-hat shape’).

Alonso et al [1] demonstrated that the intensity of fluorescence emitted by 3-pentanone excited at 266 nm is

linearly proportional to the product of the thickness and concentration of the tracer for a ‘thin’ film layer of a homo-
geneous mixture. For the application of LIF to fuel films measurements, it is possible to determine the ratio between
fluorescence and film thickness when the volume, footprint area, and intensity distribution of a fuel film are known.
In order to calibrate the fluorescence for the current experimental set-up, images of known volumes of liquid fuel
films are placed on the measurement surface by means of a micro-syringe to obtain calibration images. The fluores-
cent signal of various volumes from 10 to 50 micro-litres was acquired to build the calibrations curve, which is pre-
sented in figure 2d.
In order to obtain quantitative information from TIR-LIF studies, the raw images need to be carefully post-
processed. This paper uses the same post-processing methodology described by Alonso et al [1], also used by Seitz-
man and Hanson [12] and Zhao and Landommatos [13]. The image calibration sequence is presented in figure 2.
The first step involves the removal of systematic errors present in the imaging system. Therefore, a background im-
age combining the background and dark current signals is subtracted from the recorded raw image. This image is
obtained by removing the fluorescent particles from the system. An average background image is preferred to mini-
mise the effect of shot-to-shot variation.
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Figure 2. Image Processing sequence. TIR-LIF image for time = 1.75 ms ASOI and P, = 0.1 MPa
3



ICLASS 2009 TIR-LIF: A Validation Tool for Spray Impact Models

Figure 2a shows an average of 20 images resulting from subtracting each raw image from the background im-
age. Subsequently, the resulting image is divided by a correction image (figure 2b) to account for spatial variations
in the responsivity of the detector, and non-uniformities of the laser sheet. The correction image is obtained from a
homogeneous mixture containing fluorescent particles minus the background image. The corrected image of the
fluorescent signal, figure 2¢, can be calibrated using the calibration curve for its corresponding ambient conditions
(figure 2d). Finally, the method produces a calibrated image of the liquid film, figure 2e, where both the thickness
and footprint dimensions can be obtained across the impingement plane.

Results and Discussion

Transient fuel film deposits of an impinging gasoline DI spray, investigated using the TIR-LIF method, are dis-
cussed in this section. Quantitative results of fuel impingement under atmospheric ambient pressure (0.1 MPa) are
presented for an impinging spray from a Bosch C2-70 pressure swirl injector located 21 mm from the surface and
angled at 45° with respect to the normal of the impact plane. The experimental fuel line pressure is 10 MPa, and the
injection duration 1.5 ms. The tests is conducted at a constant ambient temperature of 295 K.
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Figure 3. Transient fuel thickness measurements for multiple injections for selected times ASOI:
(a) 1.00 ms, (b) 1.25 ms, (c) 1.50 ms, (d) 1.75 ms.
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An analysis of fuel films for multiple injections is presented in this section to demonstrate the applicability of
this technique for analysis of fuel films with dry and wet pre-impingement walls. In the calibrated images, e.g. fig-
ure 2e, the pre-impinging spray propagates from left to right and the tip of the injector is located in the centre of the
left side of the images (at y = 22.5 mm). Figure 3 shows transient fuel thickness measurements for multiple injec-
tions for selected times after start of injection: (a) 1.00 ms, (b) 1.25 ms, (c¢) 1.50 ms, and (d) 1.75 ms. The column on
the left (column 1) illustrates the development of the fuel film for a single injection with dry pre-impingement condi-
tions. The column in the centre (column ii) and the column of the right (column iii) describe the development of the
fuel film for the fifth and tenth injection respectively, with wet pre-impingement conditions due to deposits from
four and nine previous injections separated by 200 milliseconds.

For the first timebin, at 1.00 ms ASOI, the spray has not reached the measurement plane as can be seen in figure
3ai. Since the spray from the current injection has not reached the measurement plane for this timebin, the fuel film
from previous injections has sufficient time (200 milliseconds) to stabilise and re-distribute across the impingement
plane. Consequently, the pre-impingement wet wall shown in figure 3aii and 3aiii illustrates a relatively uniform
thickness of 25 microns with most of the deposits located in the bottom of the image (due to the rotational compo-
nent of the spray). At 1.25 ms ASOI, the sac volume and the bottom half of the hollow cone can be identified for the
first injection (figure 3bi), while the sac volume can also be vaguely identified on the fifth and tenth injection as a
small hole (thinner region) in the centre of the image (figures 3bii and 3biii). For the following timebin, 1.50 ms
ASOI, figures 3cii and 3ciii show clearly a ‘crater’ structure in the centre of the image produced as a result of dis-
placement of mass within the film due to impact of the sac volume with high inertia. Additionally, a ‘crescent moon’
shape region with higher thickness can be identified in both images to the left of the crater which describes a large
accumulation of fuel in the cone impact region. Subsequent timebins describe the development of a surface wave as
a result of the elevated deposits during the cone impact as can be seen in the sequence of images 3cii, and 3dii (or
3ciii and 3diii for the tenth injection). During this time, from 1.50 to 1.75 ms ASOI, there is continuous deposition
of fuel on the surface, which applies momentum to the small wave front forcing it to propagate across the impinge-
ment plane. After 2.25 ms, all the pre-impact spray reaches the surfaces marking the end of the deposition phase, for
which no more momentum is applied to the wave front. Therefore, after this time, the surface wave propagates
across the film for a short period, loosing momentum, until it tends to die-out creating a relatively uniform film dis-
tribution. Eventually, after sufficient time, they produce a film similar to that on figure 3aii, which marks the bound-
ary condition for the next injection.

A time resolved fuel film thickness plot for multiple injections is presented in figure 4. The average and maxi-
mum thickness of 10 consecutive injections (separated by 200 milliseconds) are superimposed in this figure to illus-
trate the development of the fuel film. The average thickness is calculated by integrating values of thickness across
the impingement plane. Figure 4a shows the average thickness of the fuel film, where a good agreement is observed
in successive injections. For instance, a similar average thickness is observed in the latter stages of the first injection
and the early timebins of the second injection prior to the impact of fuel, and so on. In general, a small reduction of
thickness from the final deposits of a particular injection is observed in early stages of the following injection due to
evaporation of the fuel during the 200 milliseconds gap between injections.
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Between 0.25 and 1.00 ms ASOI, the average thickness measured for all injections is constant because the spray
has not reached the impact surface, and the measurements correspond to the film from previous injections. After this
time, between 1.25 and 2.25 ms ASOI, there is continuous deposition of fuel on the surface which is observed in
figure 4a as a sharp increase in the film thickness. The first injection shows a slow decay after 2.25 ms as the film is
redistributed across the impingement plane. The rest of injections (from 2nd to 10th) reach a maximum at 2.25 ms
ASOI, after which a significant decrease in average film thickness is observed. This maximum is attributed to the
high localised fuel film thickness observed on the wave front described in figure 3, which loses inertia after 2.25 ms
and tends stabilise the film thickness for further timebins. Figure 4a shows that the fuel film reaches a saturation
point at the fourth injection, after which the average thickness is very similar for subsequent injections. This satura-
tion is only observed for the thickness component, since the liquid film continues increasing its size and mass in
later injections, implying further deposits for subsequent injections. After the 4" injection, the average thickness of
the pre-impingement wet wall is approximately 20 microns, which is slightly larger than the global SMD of the pre-
impacting spray (approx. 18 microns). The relative high thickness of the wet wall in comparison with the pre-impact
droplet diameters is thought to be the primary cause for the thickness saturation of the liquid film. However, this,
along with other potential explanations, would require further experimental study and analysis to be fully confident
of the underlying causes. A maximum fuel film thickness plot is presented in figure 4b, which shows a similar trend
for early timebins to that discussed for 4a (before 2.25 ms). However, after 2.25ms, a sharper decay is observed for
all the injections as wave front dies out levelling the thickness across the liquid film.

Conclusions

This paper described the use of TIR-LIF for characterisation of transient liquid fuel films formed as a result of
impingement of a gasoline DI spray on a flat surface. The technique proved successful at characterising, qualita-
tively and quantitatively, the development of fuel films for multiple injections, particularly describing the transient
effect of the fuel film thickness and shape. Analysis of multiple injections separated by 200 milliseconds explored
the potential of the technique for chararacterisation of liquid films with dry and wet pre-impact walls. After the 4™
injection, an average fuel thickness or approx. 20 microns is observed. After this injection, the liquid film thickness
saturates, favoring an increase in footprint size to accommodate deposits from subsequent injections. Results ob-
tained by TIR-LIF, when used in conjunction with post-impingement PDA characterisation, demonstrate consider-
able potential for appraisal of current spray impact models, and for development of new post-impingement empirical
models to describe this phenomenon. Future work will explore the potential of the technique for tests at elevated
ambient pressure and temperature. Also, a simpler experimental setup will be considered to for a full analysis of
spray-impact models exploring the possibility for sub-model improvements.
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