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Abstract  
Unlike most quantitative optical measurement techniques, x-ray-radiography is not restricted by multiple scattering 
effects, and it has been demonstrated in recent years that the mass distribution in a Diesel spray can be deduced from 
the measured extinction of a monochromatic x-ray beam, even in the dense near-nozzle region. In prior applications 
of the technique, single-orifice research nozzles were used to inject the fuel in atmospheres of lower density or pres-
sure than at typical engine conditions. The first application involving near-standard production nozzles and injec-
tions into atmospheres of representative densities is reported in this paper. The sprays are found to be rather sym-
metric and stable, with the bulk of the fuel mass concentrated in a narrow region around the nozzle axis. 
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Introduction 
The injection system of a modern Diesel engine 

plays an important role on the fuel/air mixture prepara-
tion, hence on power, fuel consumption and emissions 
[1]. At the current high level of engine development, 
further improvements can only be based on a detailed 
understanding of all the processes involved in the at-
omization of the fuel jet and its subsequent evaporation 
and combustion. However, current models of the inter-
nal structure of high-pressure Diesel sprays are still 
tentative, reflecting the limited amount of available 
reliable experimental data [2]. Studies of fuel sprays 
typically rely on non-intrusive optical measurement 
techniques, but in the dense primary break-up region 
close to the nozzle outlet, the spray core is generally 
surrounded by a cloud of small droplets that is opaque 
to visible light. Information obtained from most optical 
measurement techniques is thus restricted to the spray 
periphery which, however, contains only a small frac-
tion of the total fuel mass. 

In the x-ray part of the electromagnetic spectrum, 
absorption replaces elastic scattering as the dominant 
interaction mechanism between fuel parcels and incom-
ing photons. Since the attenuation of a monochromatic 
x-ray beam does not depend on the exact shape of the 
spray, but only on the total fuel mass contained within 
the beam path, x-ray radiography can be used to map 
the mass distribution in the spray, even in the dense near 
nozzle region. Several applications of this technique 
have been reported by Argonne National Laboratory 
(ANL) and collaborators, with spray characteristics such 
as local fuel density, droplet accumulation at the spray 
tip and different definitions of jet velocities being inves-
tigated [3-6].  

In previous experiments, custom-made nozzles with 
a single axial hole were used. An extension of x-ray 
radiography to multi-hole production nozzles is not 
straightforward, as neighboring jets will obstruct the one 
being observed. The high ambient densities needed to 
simulate the conditions found in a Diesel combustion 
chamber at the moment of injection are an additional 
challenge, as pressurized atmospheres and thick cham-
ber windows can absorb a significant percentage of the 
incoming x-rays. To date, studies on the effects of am-
bient density have thus been limited to densities well 
below the desired range [4, 5].  

The significance of these restrictions should not be 
underestimated. It is generally recognized that the den-
sity of the surrounding gas is the ambient parameter 
with the highest influence on the propagation and the 
breakup of Diesel-type jets [7]. Fuel flows in single-
hole-axial and multi-hole nozzles are fundamentally 
different, as the inflow towards the spray hole(s) should 
be symmetric in the first and asymmetric in the latter 
case, which has been shown to affect spray formation 
via higher turbulence levels and may also lead to asym-
metric breakup and/or deviations between the nozzle 
axis and the main spray direction [8]. 

For the present measurement campaign, a compact 
pressure vessel was specially developed to meet the 
requirements of x-ray radiographies of Diesel sprays at 
high ambient densities and to accommodate multi-hole 
nozzles. To the knowledge of the authors, no other 
quantitative characterization of the dense near-nozzle 
region of a Diesel spray has been reported under condi-
tions that can be considered closer to an actual Diesel 
environment. 



Experimental Setup 
The experiments described in this report were per-

formed at the 1-BM beam line of the Advanced Photon 
Source (APS) at Argonne National Laboratory (ANL). 
The synchrotron radiation produced by the APS, a 
7 GeV electron storage ring, first passes through a col-
limating mirror, then through a double crystal Bragg-
Bragg monochromator. This creates a narrow x-ray 
beam with photon energies of Eν and its integer multi-
ples. Finally, a harmonic rejection mirror creates a nar-
row bandwidth (∆E/Eν ≈ 10-4) beam with a size of about 
1×1 mm2 and directs it towards the experiment (Fig. 1). 
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Figure 1: schematic representation of the experimental 
setup. The pressure vessel is mounted on a computer-
controlled x-y-translation stage. 

Spatial resolution is limited by the size of the beam 
at the spray location. Therefore, before entering a pres-
sure vessel with specially designed thin x-ray windows, 
the beam size is reduced to about 167 µm (FWHM, full 
width half maximum) in axial (x) and 29 µm FWHM in 
transverse (y) direction using a pair of vertical and hori-
zontal slits. The energy of each x-ray pulse passing the 
spray chamber is measured by an Avalanche Photodiode 
(APD) and recorded with a digitizing oscilloscope. As a 
control, the time averaged beam power is continuously 
monitored by two ionization chambers. 

The fuel is injected into the pressure vessel using a 
Bosch common rail (CR) injector and fuel supply sys-
tem capable of delivering rail pressures up to 
pI = 135 MPa. A standard 6-hole production nozzle 
(Table 1) is mounted to the injector. 3 of the 6 orifices 
were closed in order to minimize the amount of fuel 
droplets deposited on the chamber windows. It is impor-
tant to note that the fuel flow from the needle seat to-
wards the spray holes remains symmetric around the 
injector axis despite the reduced number of orifices. The 
symmetry of the three remaining jets was verified in an 
optically accessible spray chamber [9] during the prepa-
ration of the x-ray radiographies.  

 
Nozzle 
type 

Orifice 
geometry 

Outlet  
diameter 

Height 
angle 

VCO ks 1.5  DO = 145 µm Ψ = 80° 

Table 1: relevant nozzle properties [10] 

For the investigations presented here, 12.5 mm3 of 
fuel were injected at a rail pressure of pI = 80 MPa, 
corresponding to an injection duration of ~0.66 ms. The 

spray chamber can be pressurized up to pG ≤ 1.9 MPa. 
When filled with nitrogen (N2) at room temperature, the 
maximum pressure is equivalent to a gas density of 
ρG = 21.7 kg/m3, a typical value at the moment of injec-
tion in a passenger car engine at high part-load-
conditions. To study the effect of gas density on the 
spray properties, the experiments were repeated at a 
lower value of ρG = 11.4 kg/m3 (pG = 1.0 MPa). As the 
nozzle employed in this study is free of cavitation, 
changes in nozzle flow due to the decreased back pres-
sure pG are assumed to be negligible and all observed 
differences can be attributed entirely to the interaction 
of the liquid fuel with the surrounding atmosphere. 

In order to increase the x-ray extinction coefficient 
of the fuel, it has to be doped with a cerium (Ce) addi-
tive. The x-ray absorption of materials is strongly de-
pendent on photon energy, which is thus selected in 
order to maximize the absorption of fuel and additive 
compared to the extinction due to the chamber fill gas. 
However, even at the photon energy (Eν = 8 keV) used 
in this study, the nitrogen is responsible for a significant 
part of the observed x-ray extinction.  

  
Data Processing 

For monochromatic x-rays, the beam attenuation is 
described by the simple Lambert-Beer-law: 
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In this equation, I(t) and I0 are the transmitted and inci-
dent beam intensities (i.e. during and before the injec-
tion), µM is the extinction coefficient (per mass/area) 
and ρ the local fuel density in the spray, which will 
generally be lower than the density of undisturbed liq-
uid.  is the projected mass per unit area 
along the beam path. With the assumption that I

( )dzzM ρ∫='
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constant during the injection, it is straightforward to 
calculate M′(t) at different positions in the spray using 
Eq. 1. 

It should be stressed here that since radiography is a 
line-of-sight technique, the measured data points M′ 
represent the projection of the actual, three-dimensional 
mass distribution on a two-dimensional plane perpen-
dicular to the x-ray beam. Accordingly, M′ is measured 
in units of mass/area [µg/mm2].  

During each injection, the attenuation is measured 
only for the small portion of the spray illuminated by 
the x-ray beam (coordinates: x, y). The spatial spray 
structure is examined by moving the spray chamber to 
many different positions along an optimized irregular 
measurement grid, performing measurements at each 
point. Furthermore, the signal-to-noise ratio is improved 
by averaging the attenuation traces for 64 different in-
jections. Since two-dimensional representations of the 
spray structure (see Fig. 2) need to be based on a regular 
grid of data points, a Renka-Cline interpolation algo-
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rithm [11] is used to calculate values at closely spaced 
regular locations in the spray.  

Further analysis may be based on the M′(t) data 
sampled along this regular grid. In a first step, for any 
given time moment t, the center of mass is calculated at 
each distance x from the nozzle outlet (δyi being the 
radial distance between successive measurement posi-
tions): 
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Fitting this data to a straight line yields the position 
and orientation of the spray axis, which is then used to 
derive additional information such as the penetration of 
the spray tip or the projected mass along the spray axis. 

 
A direct evaluation of the width (FWHM) of the ra-

dial profiles M′(y) would be extremely sensitive to 
noise. To overcome this difficulty, the data is fitted to a 

(Fig. 3), which also yields the position of the maximum 
of M′(y). The asymmetry of the radial profile can be 
defined based on a comparison of the total measured 
mass on either side of this position. 

 
Figure 3: Transverse mass distributions M’(y) for di

mary Breakup Zone 
ons 

duri

inning of injection (Fig. 2a, while the 
com

of M′ are found near the nozzle 
out

ecially during the quasi-steady state phase of the 
inje

f-

general peak function with 5 independent parameters 

ferent distances x from the nozzle outlet (symbols) and 
corresponding fit (dotted lines). 
t = 0.7 ms, ρG = 21.7 kg/m3. 

Mass Distribution in the Pri
Some examples of projected fuel mass distributi
ng different phases of the injection are shown in 

Fig. 2. The time t is measured in relation to the start of 
energization of the solenoid coil. Liquid fuel starts exit-
ing the nozzle about 340 µs later, and the injection stops 
near t = 1.0 ms. 

Near the beg
plete spray is visible), the velocities of the spray’s 

leading edge are lower at higher ambient gas densities, 
even though the spray is not yet fully developed. But 
apart from the spray tip region, the projected mass dis-
tributions at lower gas density are almost identical to 
those shown in Fig. 2. 

The highest values 
let and also in the leading edge of the spray, where 

mass accumulates as fast droplets catch up with droplets 
injected earlier at lower velocities and decelerated by 
the surrounding gas. The higher values of M′ in the 
spray tip (Fig. 2a) are not necessarily due to a higher 
local density, but more probably to the widening of the 
spray tip. The typical mushroom shape of Diesel sprays 
(caused by accumulation processes that push fuel away 
from the spray axis) well known from optical investiga-
tions can be recognized in the projected mass distribu-
tions. 

Esp
ction (Fig. 2b), where the needle lift is high enough 

not to restrict the fuel flow towards the spray holes, the 
fuel mass is concentrated in a very narrow zone around 
the nozzle axis. Careful examination of the projected 
mass distributions reveals that only a very small amount 
of mass is located at greater distances from the nozzle 
axis (compare with Fig. 3). At the end of injection 

(a) 

(b) 

(c) 
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Figure 2: Projected mass/area [µg/mm2] at the 
beginning (a, t = 0.37 ms), during the quasi-
steady-state phase of (b, t = 0.70 ms) and at the 
end (c, t = 1.02 ms) of the injection 
(ρG = 21.7 kg/m3). 
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(Fig. 2c), the needle moves back towards its seat and the 
nozzle flow is throttled, which leads to increased turbu-
lence. This in turn causes a significant widening of the 
spray cone. Just before the end of injection, the velocity 
of the fuel droplets leaving the orifice is very low and 
some of them can remain in the vicinity of the outlet for 
a long time, which explains the persistence of fuel near 
the orifice after the injector closes. 

While the projected mass plots give a rapid over-
vie

Spray Direction and Cone Angle 

ion and of the cone 

w of the spray structure, they are not ideally suited 
for a detailed analysis of important spray features, and 
color scales tend to highlight some specific values at the 
expense of others. Therefore, characteristic spray prop-
erties are identified and suitable methods for their calcu-
lation and evaluation suggested. In the following sec-
tions, some of these quantities will be presented and 
discussed. 

 

The values of the spray axis direct
angle calculated from the x-ray-measurements are dis-
played in Figs. 4 and 5, respectively. For sharp-edged, 
cavitating nozzles, deviations of several degrees be-
tween nozzle and spray axes have been previously ob-
served [8]. This is not the case here: the spray direction 
remains constant during the whole injection and the 
divergence between spray and nozzle axis is lower than 
0.5°. The stability of the main spray direction is an 
important result, as the exact location of the impact 
point between fuel vapor and piston bowl can have a 
large influence on combustion and pollutant formation 
[13]. 

 
Figure 4: Deviation between spray and nozzle axis. Th  

m

own in Fig. 5 
illu

e
higher values at the beginning of injection (at 
ρG = 21.7 kg/m3) are entirely due to the asymmetric 

ass distribution in the spray tip. Slightly higher devia-
tions near the end of injection (t > 1 ms) involve only a 
negligible fraction of the total fuel mass. 

The values of the cone angle (CA) sh
strate the fact that gas density seems to have little 

influence on the mass distribution in the near-nozzle 
region. The lowest cone angles (~2.5°) are found at 
times when the needle lift is high (t ~ 0.55 - 0.95 ms). 
The high CA at the beginning of the injection is not 
entirely due to the passage of the wide spray tip, which 

leaves the measurement domain at t ≈ 0.38 ms. During 
the early (t ≤ 0.5 ms) and late (t ≥ 0.95 ms) stages of the 
injection, the nozzle flow is less regular and the cone 
angles are much higher. This trend has been observed 
previously in optical spray investigations [14], but the 
mass distributions represent the spray dynamics more 
accurately.  

 
Figure 5: Spray cone angle as a function of time. The 

 angles are 
mu

calculation is based on the difference of the spray 
widths (FWHM) at x = 0.2 and x = 4.0 mm. 

The absolute values of the spray cone
ch lower than corresponding values derived from 

optical measurement techniques which probe only the 
spray periphery (~ 12° for the conditions considered 
here, see Fig. 6). While the droplet concentration in the 
outer regions of the spray is high enough to be clearly 
visible, it is not so high as to contain a sizeable amount 
of the total spray mass. The differences in CA values 
based on optical and x-ray measurements are not in 
contradiction but simply reflect the fact that they are 
derived from different spray properties.  

 
Figure 6: Shadowgraphs (24 × 7 mm) of the spray at 

independent of ρG. 

t = 0.55 ms (quasi-steady-state phase). At higher gas 
density, the spray tip penetration is lower and the spray 
plume has a larger width than at low ρG, but the differ-
ences are only noticeable at distances from the nozzle 
exit higher than x ~ 5 mm. The optical microscopic cone 
angle (0 ≤ x ≤ 5 mm) is of the order of CAOpt ~ 12° and 
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The results of our investigations complement earlier 
work [4-5], where it has been found that, in a lower 
range of gas densities (ρG = 1 - 6 kg/m3), spray cone 
angles calculated from x-ray radiography measurements 
are lower than corresponding optical cone angles and do 
not increase with ρG. 

It is interesting to compare the ρG-dependency of the 
width of the mass distribution with velocity profiles 
measured in the primary breakup region of Diesel 
sprays very similar to the ones investigated here [12]. A 
rise in ambient gas density had no significant effect on 
the high velocities near the spray axis. However, the 
width of the transition region in which the mean veloc-
ity decreases with increasing distance from the spray 
axis was actually lower at higher ρG, which was attrib-
uted to a more rapid deceleration of droplets outside of 
the dense spray core. Both at low and at high ρG, slow 
droplets with no clearly defined main flow direction 
could be detected beyond the transition region. Since 
the concentration of these droplets is low (compared to 
the spray center), they do not contribute significantly to 
the mass distributions. But they are readily visible using 
optical measurement techniques. We therefore suggest 
that such droplets account for the high spray widths 
typically deduced from optical experiments. 

 
Mass distribution along the spray axis 

Figure 7 shows the mass distribution along the fuel 
jet axis M′(x, y0) for two different times during the 
spray’s evolution. Additionally, the total mass/length in 
planes orthogonal to the nozzle axis is calculated ac-
cording to 

  (3) 

and displayed in Fig. 7. At t = 0.37 ms, the spray tip is 
clearly visible in the projected mass plots (compare Fig 
2a), while the later time of 0.7 ms corresponds to the 
quasi steady injection phase, during which the total 
mass/length at different distances from the nozzle outlet 
is nearly constant and the projected mass on the spray 
axis diminishes roughly as (1+αx)-1, as should be ex-
pected for a conical spray.  

The mass accumulation at the spray tip can clearly 
be seen at t = 0.37 ms. Between the nozzle outlet and 
the spray tip (x < 2 mm), the projected mass evolution is 
nearly indistinguishable from the one at t = 0.7 ms, then 
rises rapidly, reaches a maximum value at x ≈ 3.8 mm 
and drops sharply to 0. There is no unusual decrease in 
M′(x, y0) behind the leading spray edge, which shows 
that there is no separation between the spray tip and the 
following droplets in the primary breakup region.  

A comparison of M′(x, y0) and M′L(x) reveals addi-
tional features of the spray tip: the maximum of M′L(x) 
is closer to the outlet than the maximum of M′(x, y0), 
and the difference between the value at maximum and 
behind the spray tip is more pronounced for the total 
than the projected mass. This suggests a wide, mush-

room-shaped mass distribution in the spray tip, similar 
in appearance to corresponding optical images and the 
two-dimensional projection of Fig. 2a. 
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Figure 7: Projected mass M′(x, y0) in the spray center 
(calculated dynamically according to Eq. (2); solid 
curves) and total mass M′L(x) (dotted curves) as a func-
tion of the distance x from the nozzle outlet 
(ρG = 11.4 kg/m3; the curves are similar at higher ambi-
ent density but more difficult to interpret due to a lower 
signal-noise ratio).  

 
Tentative Reconstruction of the 3-D Spray Structure 

Assuming perfect rotational symmetry of the spray, 
a reconstruction of the (three-dimensional) radial mass 
distribution can be attempted using the projection slice 
theorem. Since this method is extremely sensitive to 
noise, the reconstruction can only work if the data is 
carefully smoothed prior to these calculations.  

 
Figure 8: Calculated local density at different distances 
from the nozzle exit. As the scatter of individual recon-
structions is quite large (around ±70 kg/m3 near the 
spray axis), average values within a quasi-steady-state 
time window (t = 0.6-0.8 ms) are shown. The reference 
density of 890 kg/m3 is from the fuel/Ce-additive mix-
ture at room temperature. 
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While it should not be expected a priori that the 
sprays from multi-hole nozzles have to be symmetric 
around the spray hole axis, the radial projected mass 
profiles (Fig. 3) show that the asymmetry is rather small 
during the quasi-steady-state phase. Figure 8 shows 
some examples of reconstructed radial mass distribu-
tion

are a major 
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ing point and at two different gas de
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s. Given the restrictions discussed previously, the 
results should be interpreted only as orders of magni-
tude. Thus, while the maximum values of the recon-
structed densities (at x = 0.2 mm) are close to the den-
sity of the pure liquid fuel, the question of whether there 
is an intact liquid core (as has been suggested in [15] 
and [16]) at the spray center cannot be answered. How-
ever, as the maximum value of the reconstructed density 
decreases very rapidly with increasing x, it becomes 
apparent that despite the seemingly low values of the 
spray cone angles, there is a very rapid atomization of 
the fuel spray. If a quasi-stationary intact liquid core 
exists, its length must be well below 2 mm, supporting 
the widely held view that high pressure Diesel sprays 
are atomized within a few nozzle diameters downstream 
of the nozzle outlet [2]. 

  
Summary 

The experiments presented in this paper 
akt

forming x-ray radiography measureme
ays under realistic engine conditions. The densities 

of the nitrogen atmospheres into which the injections 
took place were much higher than in all previous meas-
urement campaigns, and, for the first time, a near-
standard productio

nsities, the spray 
descri n 

great detail, yielding quantitative data that is not avail-
able from any other source. It was found that in very 
dense atmospheres, the exact value of the gas density 
has only a small influence on the mass distribution in 
the Diesel jets, which were generally stable and sym-
metric. Even though the bulk of the fuel mass is concen-
trated in a narrow region around the nozzle axis, there is 
clear evidence for a rapid mixing of gas and liquid. 

The current understanding of Diesel sprays is mostly 
based on results obtained from experiments where sin-
gle hole axial nozzles were used. Therefore, measure-
ment campaigns similar to the one presented here, but at 
different operating points or with different injection 
equipment should be very valuable both to the spray 
research and to the engine development communities. 
However, due to the inevitable fog formation inside 
spray chambers and droplet deposition onto their win-
dows, and because of the significant x-ray extinction of 
dense gases, such experiments are much more challeng-
ing than investigations concentrating on sprays emerg-
ing from single hole nozzles under atmospheric condi-
tions. Thus, it may not be straightforward to expand the 
measurement zone beyond the primary breakup region 
or to use nozzles with more than three spray holes. 
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