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Abstract 

Time resolved radiography of pure dodecane and cerium doped dodecane sprays expanding through multi-hole 

production diesel injectors are reported for the first time using a table top flash X-ray source. The radiograph 

analysis indicates that strong mixing between liquid and ambient gas occurs in the very near nozzle region. The 

spray is described as two different density components having different penetration velocities. The cone angle, 

the penetration velocities and the liquid fraction value inferred from the radiographies are in relative good 

agreement with the recently published results involving very close injector and injection configurations and the 

reference X-ray diagnostics based on synchrotron radiation. This indicates that the mean energy analysis, re-

quired with the use of non monochromatic X-ray sources, appears as a reliable approach. Preliminary measure-

ments of multi hole injection characteristics in a chamber inflated up to 30 bars of nitrogen are also documented. 

Considering the potential improvements likely to be implemented in future experiments, the table top flash X-ray 

radiography of diesel sprays may offer some promising alternative to the synchrotron studies. 

Introduction 

The development and optimization of diesel engines faces many critical issues related to the search for the 

most efficient combustion conditions and the limitation of soot, CO2, NOx, and unburned hydrocarbons by-

product emissions. Apart from the recent studies dedicated to the development of new biodiesel fuels, conven-

tional diesel engines have been operated with higher and higher rail pressures to enhance the liquid spray evapo-

ration. This progressive change in the engine working conditions has required both experimental and modeling 

efforts for the design and characterization of new injection strategies (injector design, injection duration or fre-

quency), and combustion chamber. Significant progress have been achieved, essentially through high speed 

shadowgraphy or laser based diagnostic techniques such as LIF, LDA, PIV, etc., developed for the spray charac-

terization in connection with modeling works. Unfortunately, the visible or UV light scattering in the dense near 

nozzle region consists in an intrinsic limitation preventing to obtain valuable experimental data in this specific 

zone. Besides neutron radiography [1], the unique non intrusive experimental technique reported up today to get 

a comprehensive description of the near nozzle spray behaviour is based on the soft X-ray absorption, such diag-

nostics being essentially developed at Argonne National Laboratory using synchrotron X-ray at the Advanced 

Photon Source [2-6] and the Cornell High Energy Synchrotron Source (CHESS) [7,8]. Some authors also report 

on the X-ray diagnostics of dense jets using laboratory sources with the whish to develop table-top user-friendly 

alternatives to the reference but access restricted experimental campaign using large synchrotron rings. Baev et 

al. [9] developed a portable pulsed, 20 ns exposure, X-ray source for the radiography of 250 µm in diameter jets. 

In that work, the use of a high voltage X-ray tube voltage of 100 kV requires a 1:1 doping with ethyl iodide of 

the fluid to achieved significant contrast with the high energy X-ray photons. Birk et al. [10] also developed 

flash X-ray radiography for the liquid core structure characterization of methyl iodide, 1 mm in diameter sprays 

expanding in high temperature and high pressure conditions. Char et al. [11] used very high voltage continuous 

X-ray source, powered with voltage of 160 and 320 kV, for the diagnostics of 2 mm in diameter water and pan-

topaque, a liquid including iodine. X-ray tomography [12] was recently used in comparison with optical laser 

techniques and high speed photography for the spray angle and liquid density distribution determination for 1 

mm in diameter Shell fluid with no indication of any doping agent adjunction for the first time. Finally, a very 

recent paper [13] reports the first use of polycapillary optics in combination with a continuous X-ray micro focus 

x-ray source for the diagnostics of a 150 µm in diameter gasoline spray doped with a cerium based admixture. In 

all these works, the potentialities of X-ray diagnostics for the spray angle and liquid fraction measurements in 

the dense zone near nozzle orifice region in comparison with the optical visible techniques is emphasized and 

strengthen the effort for the development of such diagnostics considering the unique possibilities to get a com-

prehensive experimental analysis of the sprays likely to favour the development of physically sound modelling 

works. Compact flash X-ray sources have been developed in GREMI for years [14] in a large variety of applica-

tions, including soft X-ray diagnostics of dense gaseous [15, 16] and supercritical [17] jets. The development of 

compact X-ray pulsed sources, 20 ns exposure time, emitting strong doses on the 5 to 10 keV energy range, al-
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low the radiography and X-ray induced fluorescence imaging of argon jets in ambient air and the first application 

of X-ray radiography for the diagnostics of pure, non doped, nitrogen cryogenic jets, 2 mm in diameter, evacu-

ated in a high pressure chamber inflated up to 50 bars. Following our previous experiments on the development 

of flash X-ray diagnostics, this contribution deals with the time resolved diagnostics of dodecane injection 

through micrometric nozzles in a high pressure chamber, using a table top lab developed flash soft X-ray source. 

While providing less accurate data than highly monochromatic and space resolved synchrotron studies, time 

resolved, on nanosecond time scale, flash X-ray radiography allow for the determination of the near nozzle spray 

density together with the spray angle and propagation velocity in a large range of operating conditions including 

different injectors, chamber pressure, rail pressure, and fuel composition.  For the first time to the best of our 

knowledge, the radiography of pure, non cerium doped, diesel like spray is documented and compared with a 

more fully detailed analysis of cerium doped sprays produced through two production type multi hole 150 µm 

and 110 µm in diameter injectors. It can be pointed out that such an approach dealing with multi hole production 

type injectors, and not single hole nozzle specially matched for experimental studies, has been very recently ex-

perienced at the APS facility [18-20], showing the influence of a more realistic configuration on the spray char-

acteristics.  

The next section presents the experimental setup including a brief description of the flash X-ray source de-

signed for spray diagnostics. The calculation of the X-ray energy range of interest, the flash X-ray focus charac-

teristics, the evaluation of the mean X-ray spectrum energy, and the spatial resolution and density measurement 

accuracy are documented in the third section devoted to the X-ray setup characterization. The next section then 

deals with the dodecane, both pure and cerium doped, spray diagnostics and conclusions are drawn in the last 

section of this manuscript. 

Experimental setup 

Fig. 1 presents the experimental setup used for spray diagnostics. It articulates around four main subassem-

blies: a flash X-ray source, a high pressure chamber, an X-ray CCD camera and a pilot for the triggering and 

synchronization of the X-ray source shots and the needle injector control.  

The flash X-ray source relies on the production of nanosecond duration electric discharge across two elec-

trodes inserted in a reactor maintained under vacuum, designed as the X-ray diode. The electron bombardment of 

the anode produces the largest portion of the X-ray flux in the characteristic lines of the used metal, while the 

Bremsstrahlung radiation resulting from the charged particle thermalization accounts for a few per cent of the 

whole X-ray spectra [21]. The flash X-ray source emits X-ray pulses having a typical duration of 20 ns. Taking 

into account the usual spray velocities, no motion blur is possible during radiography and the temporal resolution 

of the diagnostic can be as low as 20 ns. The diagnostics of diesel sprays requires the averaging of injection 

events over a few thousands X-ray shots to get a sufficient signal to noise ratio from radiographs performed on 

micron sized sprays, exhibiting typical absorptions of a few percent. The radiography of small size sprays per-

formed with the use of a fully divergent X-ray beam, and not a parallel beam as in synchrotron based experi-

ments, implies that the X-ray focus has to be set at a large distance from the jet location, typically at 100 cm, to 

simulate a point like focus and thus achieve a sufficient spatial resolution diagnostics. This latter constraint un-

fortunately induces a strong decrease of the X-ray flux at the jet position both because of the source divergence 

and the X-ray absorption in ambient air from the X-ray focus to the chamber entrance window. The best com-

promise was found with a distance from the X-ray diode output window to the spray axis of 125 cm. The X-ray 

dose measured at the X-ray diode output window are of a few hundreds of mR per shot. This corresponds to a 

typical X-ray flux emitted in the full space solid angle of 10
11

 X-ray photons per shot. At 1 m from the X-ray 

diode, the X-ray flux is lowered, following the inverse square function of the distance for a fully divergent 

source of radiation, down to a few 10
7
 photons/shot which corresponds to about 10 X-ray photons per shot per 

CCD (13 µm*13µm) pixel when including the air absorption for 8 keV photons over 1 m. This flux is even more 

reduced when the spray chamber is pressurized with nitrogen. Such consideration implies that the spray radiog-

raphies are obtained with averaging the signal over one thousand to a few thousands of injections and X-ray 

pulse events, i.e. with the accumulation of a few tens of thousands of X-ray photons per CCD pixel. This value is 

almost of the same order of magnitude as that estimated which could be estimated in the experiment reported 

with synchrotron source [2-5]. In this latter case, dealing with the APS facility, the very intense X-ray beam, 

about 10
17

 photons/s, is monochromatized (10
-4

 bandwidth) and focused (0.5 x 0.3 mm
2
 ) before being limited by 

vertical and horizontal slits (typically 250 µm x 50 µm in size). This corresponds to about 10
11

 monochromatic 

photons delivered at the spray position par second. With the point like avalanche photodiode detection setup 

used in most of spray characterization, the signals are obtained with an averaging over a few tens of about 3 µs 

duration exposures, the diameter of the photodiode probably being of about 20 µm when considering the meas-

urement grids reported in some publications [5, 20].  All these considerations leads to the use of about 7000 X-

ray photons per exposure that is the use of a few tens of thousands X-ray photons for each measurement in the 

mapping grid. These estimation are suggested to provide some comparison elements between the synchrotron 

and conventional soft X-ray diagnostics. It must nevertheless be pointed out that while the photon fluxes are 
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comparable, the extended focus and low monochromaticity of X-ray tubes still being some limiting factors. The 

development of more powerful flash X-ray source or their association with efficient X-ray optics would of 

course be of great interest for the improvement of their use in spray diagnostics as it may allow both for X-ray 

beam shaping and monochromatization. 

Three common anode elements -iron, copper and tungsten-, can be used to produce X-ray photons in the en-

ergy window of interest for spray diagnostics. The higher X-ray fluxes are obtained with tungsten anodes but the 

X-ray spectrum is composed of several characteristic L lines which is not a very favourable situation for spray 

density calculation, ideally achievable with a monochromatic radiation. Iron electrodes exhibit the lower energy 

photons in the K lines around 6.4 keV but, in this case, the X-ray flux is much lower and the sputtering of the 

anode during electron bombardment is to high, impeding to operate this material in repetitive experiments over 

few thousands of shots. The best compromise between the X-ray flux, the long term flash X-ray operation and 

the contrast between the jet and the chamber absorption was found with copper based anodes. While pure copper 

anodes suffer from a dramatic sputtering over a few hundreds of shots, brass anodes were successfully experi-

enced in this work. In this latter case, the use of cone shaped anode, which tip position relatively to the ring 

cathode plane can be easily adjusted during experiments, was measured to result in a good stability of the X-ray 

flux during a few tens of thousands of shots. For all the measurements presented in this work, the voltage pulse 

across the electrodes was of 30 kV.  

The spray chamber is a 1 dm
3
 stainless steel vessel equipped with a port for the injector insertion, one entrance 

and one output ports along the X-ray propagation path, one port for the pressurization up to 30 bars and a last 

one to evacuate the chamber down to atmospheric pressure. The bottom flange of the chamber is equipped with 

an evacuation pipe and an inner trap to prevent from fuel accumulation and sputtering during injections. Differ-

ent Bosch production injectors can be successively set in the chamber. The injector axis is located 75 mm away 

from both the front and back flanges of the chamber, along the X-ray penetration path. The injector nozzle is 

equipped with a spray selection shield which allows that only the vertical spray expands in the chamber while 

the fuel ejected through the other orifices is trapped in the shield volume and finally flows down to the bottom 

flange through a plastic pipe. This shield reduces the fuel vaporization in the chamber. The fluid used for injec-

tion is dodecane 44020, C12H26 from Sigma-Aldrich. The injector pilot monitors rail pressures up to 1200 bars, 

controls the injection duration, the injection repetition rate, triggers the flash X-ray source and set delay between 

the X-ray shot and the injector needle activation. The jitter between the X-ray shot and the injection signal was 

measured to be around 10 ns which is negligible regarding the dynamics range for diesel spray characterization. 

The detector used for X-ray radiography consists in an Andor DY432-FI-DD X-ray CCD camera equipped with 

a low energy beryllium entrance window. The camera is fixed on the high pressure chamber. Circular windows, 

8 mm in diameter or rectangular slits (5 mm wide, 24 mm high) equipped with 125 µm thick Kapton® films, 

with high X-ray transmission, have been used as entrance and exit windows along the X-ray propagation path 

from the X-ray source to the CCD camera. 

Flash X-ray characterization 

Following our previous developments, a flash X-ray source was specially designed for the diagnostics 

of diesel spray in a high pressure chamber. The main features of such diesel sprays in connection with the re-

quirements for an X-ray based diagnostics have been considered, for the best matching of the X-ray flash genera-

tor for the spray characterization. The most critical specificities consist in the low Z element -carbon and hydro-

gen- composition, the high velocity -up to a few hundreds of m.s
-1

-, and the micro size of the spray evacuating in 

a high pressure -a few tens of bars- atmosphere. There exists a real interest for the measurement of the spray 

topography, depth of penetration, angular aperture, radial and longitudinal expansion, velocity, and density in the 

near nozzle region, i.e. over the first tens of orifice diameters from the nozzle outlet.  

X-ray energy range 

The typical orifice diameter of serial injectors ranges from about 100 µm to 250 µm. For practical and 

safety reasons and to try to obtain relevant comparisons between the new developed near nozzle diagnostics with 

the conventional laser based measurements obtained at larger distances from the nozzle outlet, most of the ex-

periments are performed in chambers filled up to a few tens of bars such as nitrogen [5, 6, 18-20] or SF6 [2-4]. 

This allow for a first approach of engine-like high density ambiance [5, 6, 18-20]. The penetration path across 

the high pressure chamber generally consists in a few centimetre long channel, the chamber being closed with 

windows compatible with a few tens of bars working pressure. Fig. 2 presents the X-ray transmission along a 

penetration path including two 125 µm thick Kapton® windows, equipping the high pressure chamber, and a 15 

cm thick layer of nitrogen in comparison with the penetration across the same windows, a 14.989 cm thick nitro-

gen layer and a 110 µm thick carbon layer having the pure dodecane density of 0.75 g.cm
-3

. These calculations 

[22], corresponding to the diagnostics parameter documented later in the manuscript, are performed for chamber 

pressure of 1 and 10 bars and the ratio between the X-ray transmission through and out of the jet, termed as the 
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“contrast”, up to 15 keV is also illustrated on top of Fig.2. It appears that the lower the X-ray energy is, the 

higher the contrast is but that the chamber transmission is below 1% for X-ray energies lower than respectively 

about 3.5 and 5.5 keV for 1 and 10 bars working pressure respectively. On the other hand, the ratio between the 

transmission through and out of the jet is lower than 1.01, i.e. the transmission contrast is lower than 1%, for X-

ray energies higher than 12 keV. These characteristics indicate that the X-ray energy range likely to allow for 

pure diesel spray diagnostics is limited from about 6 to 12 keV.  The full thin traces, plot the transmission and 

contrast obtained at one bar when the 110 µm thick layer is doped with 0.5% of cerium. The lower energy 

transmission limit is almost unchanged in comparison with the pure dodecane configuration while the contrast is 

very significantly enhanced near the cerium absorption edges around 6 keV but also up to 15 keV. In this work, 

the first experiments have been performed on pure dodecane sprays, and successive diagnostics were then ob-

tained on cerium doped sprays as documented in all synchrotron based publications. The main goal was first to 

check for the influence of such heavy element (Z=58) adjunction in the propagation and density of the spray be-

fore collecting a more detailed data set with the use of this additive which results in a higher contrast for X-ray 

photons. 

Mean X-ray spectrum energy 

Following the approach from Curry et al. [23, 24], the average X-ray spectrum energy of the flash X-ray 

source used in this work was determined. This average energy measurement is required for the spray density 

calculation using a non monochromatic X-ray source. For this purpose, the X-ray transmission of 125 µm thick 

Kapton® (C22H10O2N2) scales with a 1.42 g.cm
-3

 density and 90 µm thick film scales of polymethylpentene 

(TPX®) with a 0.83 g.cm
-3

 density were performed. These experiments correspond to very close conditions to 

the spray characterization whose typical diameter is between 100 and 250 µm and which maximum density is 

that of pure dodecane, i.e. 0.75 g.cm
-3

. The measurement of these test object transmission was realized over a 

1000 X-ray shots in the same configuration as that used later for spray diagnostics. The distance between the X-

ray focus and the film scale was set to 125 cm, the distance from the film to the X-ray CCD camera was set to 75 

mm, and two additional 125 µm thick Kapton® layers were inserted, one in front of the object, and the other in 

front of the camera, to integrate the ambient air and the high pressure chamber window filtering. In these ex-

perimental conditions, the mean X-ray energy was determined to be of 8.3 keV, this value being consistent with 

the emission of the characteristic Kα copper line and the zinc Kα characteristic line over a much less intense 

Bremsstrahlung spectrum [21]. Complementary experiments were finally performed using 200 µm thick liquid 

test layer composed of dodecane or water. The 200 µm liquid film was realized in a specific holder including 

two 8 mm in diameter region, one of this region being filled with air at atmospheric pressure while the other is 

filled with either dodecane or water. This experiment confirms the 8.3 keV mean energy and allows checking the 

density value of the dodecane used during spray characterization. The measured X-ray transmission are of 0.93 

and 0.82 respectively in very good agreement with the theoretical values for an 8.3 keV energy, of respectively 

0.939 and 0.83 obtained from the cxro calculator [22]. 

X-ray focus characteristics and X-ray diagnostics spatial resolution 

To determine the size of the X-ray focus, pinhole imaging experiments were performed using a 200 µm in 

diameter, 1 mm thick lead pinhole. The pinhole plane was set 10 cm from the X-ray flash while the X-ray CCD 

camera was set 40 cm away from the pinhole. Accumulation over 1000 shots was performed to be representative 

of the spray diagnostic conditions. The X-ray focus is about 500 µm in diameter and the X-ray focus moves from 

shot to shot around a ring having a mean diameter of 1 mm. The X-ray focus over a few hundreds of shot thus 

consists in a 500 µm thick ring which internal diameter coincides with the intersection of the anode tip with the 

cathode plane. This relative position of the electrodes is continuously adjusted during the diagnostic experiments 

and empirically corresponds to the best separation between both electrodes which undergoes the strongest X-ray 

fluxes for a fixed voltage difference across the X-ray diode. A windowless PIN photodiode allows for the moni-

toring of the X-ray pulse intensity. It was experienced that smaller X-ray focus size can be achieved for smaller 

gaps between the X-ray diode electrodes but unfortunately induce X-ray flux lowering and more important shot 

to shot fluctuation leading to a very less reproducible average X-ray flux from one radiograph to another. 

The resolution of the full X-ray radiography setup was first inferred from the analysis of the grey level pro-

files extracted from the radiograph of a test pattern graduated with 0.1 mm thick lead and air line pairs with a 

number of line pair per mm ranging from 1 (1 mm basic pattern) to 5 (100 µm basic pattern). Fig. 3 presents the 

grey level profiles obtained in the geometrical configuration of the spray radiography (X-ray focus to object and 

object to X-ray CCD distances of respectively 125 cm and 75 mm, averaging over 1000 shots) with a vertical 

CCD binning over 10 mm. Fig. 3 illustrates that significant contrasts are obtained for patterns as small as 

100 µm. The calculation of the modulation transfer function involving the ratio of the peak to valley grey level 

amplitudes to the maximum grey level value amplitude, for the different spatial frequencies, associated with the 

number of line pairs per mm, together with the calculation of the signal to noise ratio, result, with this classical 
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approach, in a resolution of 120 µm. This value appears appropriated for the spray diagnostics proposed in this 

work considering that no detailed analysis of the radial spray properties could be inferred from our measure-

ments at the present level of development of the flash X-ray diagnostics. Finally, radiographies of four nylon 

(C12H22O2N2 with a density of 1.15 g.cm
-3

) fishing threads with diameters of 60, 100, 140 and 180 µm were per-

formed to quantify the density calculation accuracy on micrometric cylindrical object having a density close to 

that of dodecane. Such measurements were performed four times with an averaging over 1000 X-ray shots to 

obtain an estimation of the density value standard deviation inferred from radiographs. The density was calcu-

lated with accounting for an average X-ray energy of 8.3 keV as already discussed. The density deviates from 

the theoretical value for nylon from 4 ± 2 %, 12 ± 11 %, 25 ± 13 %, and 32 ± 13 % for fishing thread diameter of 

180, 140, 100 and 60 µm respectively. This measurement indicates that for objects having a dimension above the 

resolution limit of the X-ray set up, the deviation in the density calculation from radiograph is lower than about 

20 % which is of course much less accurate than in synchrotron studies but nevertheless represents a rather ap-

preciable estimation of this parameter using a table top facility. 

Spray diagnostics 

Pure dodecane sprays 

Fig. 4 presents the radiographs, obtained over 3000 X-ray shots, of pure dodecane injection through a kf0, 6 

hole injector having orifice diameters of 150 µm. The rail pressure is of 800 bars and the injection duration is of 

500 µs. If the time origin is arbitrarily set to zero for the left picture, the respective delays of the other radio-

graphs with respect to this time origin are of 10, 15, 25, 40 and 65 µs from left to right. To the best of our 

knowledge, this result is the first X-ray measurement of pure dodecane spray where no additive was added to 

enhance the contrast while being obtained in a multi hole production type injector. From this limited quality ra-

diograph we deduce three essential features which will then be confirmed and described in more details in the 

next section.  

First the propagation of the spray from the nozzle outlet occurs with a velocity of about 40 m.s
-1

 considering 

the three first delays, and then speeds up to about 150 m.s
-1

 when considering the three longer delays docu-

mented in Fig. 4. This a priori non evident behaviour in the near nozzle region of the spray, as on the contrary to 

our observations one would expect a deceleration during the injection through the interaction of the spray with 

the ambient gas pressure, was recently reported [6, 19] and attributed to the observation of the first instants of the 

spray penetration in the nozzle outlet vicinity which corresponds to a stage when the injector needle is not yet 

fully opened. No evidence for a pronounced higher density spray region at the leading edge position is observed 

in our experimental conditions. This dense leading edge structure was shown to be very obvious [2-4] for spray 

expansion in SF6 ambience while being somewhat less diffuse [6] in nitrogen chamber, and quite absent for 

multi hole nitrogen chamber conditions [18-20]. 

The second observation concerns the geometrical shape of the spray averaged over 3000 X-ray shots. It is ob-

served that the spray propagation occurs in a very stable fashion from one injection event to another as no indica-

tion for a deviation over a significant number of spray propagation paths from the averaged radiograph signal 

documented in Fig. 4 is measured on the radiograph. The full angle of aperture, inferred from the measurement 

of the ratio of the radial extension to the downstream propagation length at the different instants during the spray 

penetration, has a constant value during the first 100 µs of the injection of about 5° with no significant evidence 

for the presence of dodecane out of this cone. Such small cone angle value in comparison with the much larger 

values reported with visible or UV light diagnostics was previously reported in synchrotron works:  less than 5° 

cone angle [2] in SF6 filled chamber, small cone angle value which evolves during the spray expansion in rela-

tion with mass accumulation in the leading edge of the spray [3], evolution from 2.5° to 7° during injection event 

in N2 ambiance [18]. At the difference of the results reported in [20] of a larger cone angle of about 10°, associ-

ated with a multi hole and not a test single hole nozzle, our results show no correlation with the multi hole char-

acteristics of the nozzle on the cone angle enlargement as will be confirmed later in this manuscript. No evolu-

tion of the spray cone angle during the first 100 µs of fuel injection was also evidenced in our experimental con-

ditions. 

Finally, the maximum density inferred from the ratio grey level value measured in and out of the jet and ac-

counting for an average X-ray energy of 8.3 keV and the dodecane X-ray absorption cross section for this X-ray 

energy, is of about 0.45 g.cm
-3

. The spatial resolution limitation of our diagnostics, involves that no radial analy-

sis of the spray density can be inferred from the radiograph, the density is then estimated considering an aver-

aged cylindrical spray diameter. The spray thickness is zero on the spray border while being that of the nozzle 

orifice diameter at the nozzle outlet. The density value of the dodecane spray density is very low in comparison 

with that of an ideally pure liquid core, as accounted for in the modelling studies at least over the first diameters 

downstream the nozzle injector. Our measurements have no sufficient spatial resolution to conclude that such a 

pure liquid structure exist or not in the very close vicinity of the nozzle outlet, i.e. over the first 0.3 mm, but the 
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spray density averaged over the first 1 millimetre long propagation zone traduces a strong mixing of the do-

decane with the ambient gas. The fit of the measured X-ray transmission with the calculation for 8.3 keV inci-

dent energy photons, leads to the conclusion that the pure liquid fraction represents less than 60% over the first 

300 µm.  This very significant mixing of the liquid phase with the gas in the near nozzle region was also previ-

ously reported [2, 3] and confirmed for multi hole nozzles [18-20]. 

Once again, all these observations are deduced from relatively poor contrast radiograph but will be largely 

confirmed in the next section dealing with cerium doped sprays. The main interest for this report lying in the first 

measurement of diesel like spray through production type injectors in non high Z element doped sprays, which 

was never published to the best of our knowledge. 

Cerium doped sprays 

A blend of dodecane with cerium was mixed with pure dodecane in a 0.5 % volume fraction corresponding 

to a 4 % by weight Ce concentration. This additive is used in engine technology for the regeneration of diesel 

filters issues but also has a strong impact on the X-ray diagnostics due to the strong photon absorption of cerium 

around 5.7 keV and above. For an 8.3 keV average X-ray energy, the transmission of a pure liquid dodecane 

cylinder of 110 µm in diameter, as will be documented below, is of 0.968 while the combination of a 109.45 µm 

thick dodecane with a 0.55 µm thick (0.5 % volume fraction) cerium (density 6.77 g.cm
-3

) layers results in a 

whole transmission of 0.849. These data illustrate the very significant influence of a small cerium addition on the 

X-ray transmission and the resulting improvement on the radiography contrast as previously depicted in figure 2. 

 Fig. 5 presents the dynamics of the Ce doped dodecane spray through the kf0, 6 hole injector having outlet 

diameters of 150 µm already characterized with pure dodecane in Fig. 4. Each radiograph is averaged over 1000 

X-ray shots, three times less than for pure dodecane, and the delay with respect to the start of injection on the left 

picture is incremented by 10 µs steps from the left to the right in Fig. 5. While the diagnostic is performed for 

one third of injection and X-ray shot events, the radiograph quality is much better than for pure dodecane. The 

analysis of the radiograph confirms the essential features of spray expansion at atmospheric pressure. The veloc-

ity appears to increase after the fourth instant if one applies a linear fit between the spray leading edge limits 

measured on each radiograph. The cone expansion occurs with a very comparable aperture angle and the lowest 

transmission measured on the radiograph in the near nozzle region reveals a liquid fraction lower than 60 %.  

Fig. 6 presents the dynamics of Ce mixed sprays through another, ks1.5, 6 hole injector having a different 

cavity geometry and outlet injector diameters of 110 µm. Each radiograph is averaged over 1000 X-ray shots and 

the time increment between each radiograph is again of 10 µs corresponding to instants ranging form the start of 

injection (left picture) to 100 µs for the righter radiograph. A more detailed analysis of the radiograph was per-

formed from this latter injection dynamic recording. Fig. 7 presents the grey level longitudinal profiles, extracted 

from the 20, 40, 60, 80 and 90 µs snapshots with a radial binning over a constant width corresponding to the full 

width of the spray at the outlet position. With this analysis, an increasing portion of the spray is not considered 

due to the spray radial expansion as the distance from nozzle outlet increases. For each of these 5 instants, Fig. 7 

presents first a flat profile obtained out of the spray axis to evaluate the flat field illumination of the CCD camera 

during flash X-ray exposure and to illustrate the signal to noise ratio level. For each five instants, Fig. 7 also pre-

sents the spray longitudinal profiles centred on the spray axis. The grey level vertical scale was normalized for 

each instant to the mean out of axis profile amplitude so that the vertical scale indicates the transmission of the 

spray as a function of the downstream position from the nozzle outlet. The spray longitudinal profiles exhibit up 

to three different sections illustrated by the lines added on Fig. 7 for the clarity of the discussion. The lower 

transmission is measured at the nozzle outlet and then gradually increases up to a constant value which is pre-

served up to the leading edge of the spray indicated by the position for which the transmission starts to increase 

up to the unity, that it where the jet vanishes and the X-ray transmission is the same on the jet axis and out of 

axis. For instance, for the 80µs instant, the transmission evolves from the origin up to the 3 mm position, then 

stabilizes to a rather constant value from the 3 to the 8.5 mm positions and the jet leading edge is measured 

around the 11 mm position. These positions evolve during the spray expansion. The positions of the “dense 

component” spray portion, at the nozzle outlet, and of the spray leading edge are plotted in Fig. 8 as a function 

time during the spray expansion. A quite continuous evolution of both the “dense component” and the “leading 

edge” penetration in the chamber is measured up to 100 µs. It is worthwhile observing that the dense component 

and spray leading edge mean velocities over the first 90 µs from the start of injection are respectively of 44 m.s
-1

 

and 128 m.s
-1

 in very good agreement with those for pure dodecane sprays where 40 m.s
-1

 and 150 m.s
-1

 values 

were estimated from Fig. 4. This is an additional indication that the cerium adjunction and the orifice diameter, 

from 110 µm to 150 µm, have no very crucial influence on the spray expansion. 

The analysis in the radial direction of the grey level profiles longitudinally averaged from the nozzle outlet up to 

15 mm downstream for three different instants during the spray expansion is proposed in Fig. 9. The averaging 

along the longitudinal axis of the spray was of 0.4 mm for the three first positions and was then processed over a 

1.1 mm height for the larger downstream positions. The radial full width at half maximum was extracted from 

each grey level profiles and plotted as a function of the downstream position. Fig. 9 reveals that the cone jet an-
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gular aperture is constant from the first instants to the later times during the spray propagation as each set of data 

could be fitted by a same slope straight line. While the jet exhibits a two component structure, revealed by Fig. 7 

profiles, having two different velocities, it appears that the angular dispersion is constant and that the dense and 

spray leading edge portion expand in the same way in the radial direction. The full aperture angle inferred from 

Fig. 9 is of 5.7°, once again in very good agreement with the value estimated for the non cerium doped spray. 

The calculation of the projected mass as the product of the spray density, inferred from figure 7, times the spray 

thickness plotted in figure 9, 80 µs after the start of injection, is proposed in figure 10 in comparison with data 

extracted from reference [19] for a 5 hole production nozzle, 130 µm in diameter, a rail pressure of 800 bars, 

injection duration of 1 ms and injected in a nitrogen chamber at one bar. These latter conditions [19] being very 

close to our experimental parameter, i.e. 6 holes, 110 µm, rail pressure 800 bar , injection duration 500 µs, one 

bar nitrogen chamber. The fit proposed in Fig. 10 for the sampled data from [19] is worse than that achieved 

through the full data set. The main conclusion from figure 10, is that while exhibiting a larger signal to noise 

ratio, our measurement presents a rather good agreement with that obtained with synchrotron facility. The fluid 

density was not indicated in [19] but was probably very close to 0.8 g.cm
-3

. Correspondingly with the measure-

ment proposed in Fig. 10, the liquid fraction is of 65% at the nozzle exit and rapidly falls down to around 10%, 3 

mm downstream when accounting for the cone expansion and supposing a constant radial density over the mean 

spray diameter imaged by X-ray photons. 

Diagnostics at higher pressure chamber 

Preliminary experiments have been performed when inflating the chamber with nitrogen up to 30 bars. Fig. 

11 presents two radiographs obtained with the ks1.5, 6 hole injector having outlet orifices of 110 µm in diameter 

operated with a rail pressure of 800 bars with the cerium doped dodecane mixture. In this experiment, the cham-

ber is inflated at 25 bars of nitrogen which corresponds to a reduction of the 8.3 keV X-ray incident flux on the 

CCD camera by a factor of 14 in comparison with that at one bar [22]. The two radiographies are performed over 

1000 injection events and correspond to delay of 20 and 70 µs after the start of injection. While the signal to 

noise ratio is much smaller than for atmospheric pressure operation, the spray propagation is observed. The spray 

leading edge, indicated in Fig. 11 by the vertical marks, is unambiguously measured from the grey level profile 

analysis. 

The table I summarizes the measured penetration of the spray leading edge for the two delays as a function 

of the chamber pressure for 1, 13 and 25 bars. As awaited, the spray penetration is reduced as the chamber pres-

sure increases. The mean velocity between the 20 and 70 µs instants drops from 255 to 220 and 138 m.s
-1

 as the 

chamber pressure is increased from 1 to 13 and 25 bars. On the other hand the spray cone angle appears rather 

independent of the chamber pressure in this first approach of high pressure injection study. While these results 

appear somewhat contradictory with those recently reported [5], the average over a larger number of X-ray shot 

should improve the radiograph quality and allow a more detailed analysis of the spray expansion for high cham-

ber density. 

Conclusion 

A table top flash X-ray source emitting X-ray pulses of nanosecond duration was developed for the diagnos-

tics of dodecane sprays expanding through micrometric orifice in a high pressure chamber. The consideration of 

the relative absorption of carbon based sprays about 100 µm thick with that of a centimetric nitrogen layer at 

pressure ranging from one to 30 bars imposes the development of an X-ray source radiating low X-ray energy 

photons below 10 keV. The requirements in term of spatial resolution to achieve a reliable description of the 

radial and longitudinal jet profile over a few tens nozzle orifice diameters along the spray propagation path from 

a divergent X-ray focus imposes a large distance, set at 125 cm in this work, between the X-ray focus and the 

spray axis. With such objectives, a flash X-ray source delivering high flux of X-ray photons from a brass anode 

was designed, optimized and shown to be capable of repetitive operation over a few thousands of X-ray shots. 

The spatial resolution of the full diagnostic assembly, including the flash X-ray source and an X-ray CCD cam-

era was analyzed with the use of calibrated patterns having basic features as small as 100 µm. The accuracy of 

the density measurement from the grey level analysis measured on the radiographies was inferred from experi-

ments performed on micron size fishing threads having density comparable to that expected for fuel sprays. 

Various experiments were performed to measure the average equivalent X-ray energy of the flash X-ray source 

which was of 8.3 keV. This procedure is mandatory to select the X-ray absorption cross section required to de-

termine the spray density from the measured X-ray transmission value. Successful diagnostic of dodecane sprays 

was then processed and documented in this manuscript with the use of multi hole production injectors. The first 

experimental radiography of pure, non doped, dodecane spray expansion was performed and allow the charac-

terization of the spray cone angle, the measurement of the velocity and its evolution from the start of injection 

and during the jet expansion. It also evidences a strong mixing of the liquid fraction of the spray with ambient air 

in the very near nozzle region. Cerium additive was then added to the dodecane and a more detailed analysis of 
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the sprays was proposed for 150 and 110 µm orifice diameter nozzles. A very close behavior was measured 

when using the same injector, the same rail pressure and the same injection duration but for pure and cerium 

doped sprays. This observation justify the possibility to get a relevant description of fuel spray properties while 

adding a few per cent of cerium which undergoes a very significant x-ray contrast improvement and radiograph 

quality. The analysis of longitudinal grey level profiles then show evidence for the existence of a dense compo-

nent in the near nozzle region and of a constant density spray leading edge part. These two spray components 

present different velocities but expand with the same cone angle as inferred from the radial profile measurements 

at different instants during the spray propagation. The strong mixing of the liquid fraction of the spray with am-

bient atmosphere was confirmed for cerium doped dodecane sprays. Finally the first experiments dealing with 

the influence of the chamber pressure were performed with nitrogen filling up to 30 bars. The decreases of the jet 

penetration depth and penetration velocity in the chamber were measured when the chamber pressure increases 

while no corresponding critical modification of the spray cone angle was measured. The pure dodecane spray 

diagnostics was achieved with a 3000 injection event averaging, while cerium doped spray radiographies were 

recorded with a 1000 averaging from one to 30 bars.  

At the state of its development, the table top flash X-ray diagnostics of fuel sprays was shown to be possible 

and to allow for a screening of injectors, chamber pressure, rail pressure, injection duration, spray composition 

influence on the geometrical properties such as cone angle, dense and leading edge components. It also offers the 

possibility for such a parametric study with the measurement of the spray components velocities and density 

with an accuracy ranging from about 5 to 20 % for orifice diameter ranging from 200 to 100 µm respectively. 

While being less accurate than synchrotron diagnostics which offers unique possibility in term of monochro-

maticity and spatial resolution, the cost and cost of operation of our diagnostics might be an interesting alterna-

tive for a first approach of spray characterization requiring a large parametric study. Finally, the flash X-ray di-

agnostic can offer, even if it was not yet exploited in this work, a temporal resolution as low as about 20 ns 

which may be of interest for the description of some peculiar aspects of the fuel spray expansion. 
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Table 1. Spray leading edge penetration (mm) 

 Delay after start of injection 

Chamber 

pressure 

20 µs 70 µs 

1 bar 1.1 13.8 

13 bars 0.7 11.7 

25 bars 0.5 7.4 
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Figure 1. Experimental setup, inset a) illustrates the injector nozzle. 

Photo on the left shows the flash X-ray source, and photo on the right 

details the spray chamber (black) equipped with the X-ray camera 
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Figure 3. Grey level profiles from the radiograph of a calibrated line 

pair pattern. From left to right, the patterns consists in 5, 4.5, 4 and 3.6 

line pairs per mm 
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Figure 2. Light, respectively black dots represent on jet axis chamber  

transmission for 1 and 10 bars nitrogen filling, the jet is a 110 µm 

thick carbon layer 0.75 g.cm
-3

 in density. Light, respectively black 

thick traces represent the off jet axis transmission for the same 

pressures. The thin black trace is on axis transmission of a 110 µm, 

0.5% cerium doped spray for 1 bar pressure chamber. Top: light, 

respectively black dashed traces represent the contrast for 1 and 10 

bars. Thin trace is the contrast for Ce doped jet at 1 bar 
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Figure 4. Pure dodecane spray radiographies. Rail pressure 800 bars, 

injection 500 µs, chamber pressure 1 bar, kf0, 6 hole production 

nozzle with orifice diameters of 150 µm on top center of pictures. 

Each radiograph is averaged over 3000 injection events, delays from 

left to right are 0, 10, 15, 25, 40 and 65 µs 

 

Figure 5. Expansion of dodecane/cerium spray through kf0, 6 hole 

150 µm in diameter orifices, production nozzle. Rail pressure 800 

bars, injection 500 µs, chamber pressure 1 bar. Each radiograph is 

averaged over 1000 injection events. The time increment is of 10 µs 

from start of injection on the left to the righter picture 70 µs later 
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Figure 6. Expansion of dodecane/cerium spray through ks1.5, 6 hole, 110 µm in diameter orifices, 

production nozzle. Rail pressure 800 bars, injection 500 µs, chamber pressure 1 bar. Each radiograph 

is averaged over 1000 injection events. The time increment is of 10 µs from start of injection on the 

left to the righter picture 90 µs later for which the jet expands over 14 mm. 
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Figure 7. Longitudinal profiles from radiographs of Fig.6. The dark, respectively light traces on each 

graph corresponds to the out respectively on, jet axis positions. The lines are proposed for clarity of 

discussion, the numbers indicates transition positions between the two or three phases of the jet 

longitudinal profiles (see text) 
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Figure 8. Dark dots, penetration of the “dense spray component”. 

Light squares, penetration of the spray leading edge. Data corresponds 

to the longitudinal profiles of Fig. 7. traces are just data fits for clarity 
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Figure 9. Evolution of the spray radial width versus downstream 

position for the three labelled delays. Data are extracted from 

radiographies in Fig.6. The first three downstream positions are 

longitudinally averaged over 0.4 mm, larger distances over 1.1 mm 
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Figure 11. Expansion of dodecane/cerium spray through ks1.5, 6 

hole, 110 µm in diameter orifices, production nozzle. Rail pressure 

800 bars, injection 500 µs, chamber pressure 25 bars. Each radiograph 

is averaged over 1000 injection events. The delay with respect to start 

of the injection is of 20 µs for botton radiograph and 70 µs for upper 

radiograph. The dashed mark stands for the nozzle outlet position, full 

marks roughly indicate the spray leading edge for each delay 
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Figure 10. Dark trace: projected mass density versus downstream 

position. Data from Fig. 7, 80 µs instant, and accounting for the jet 

cone expansion documented in Fig. 9. Light open dots and 

corresponding light fitting trace are reproduced from [19], Figure 5a, 

5- hole, gas density of 1.4 kg/m
3
 


