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A time-resolved radiographic technique has been developed for

probing the fuel distribution close to the nozzle of a high-pressure

single-hole diesel injector. The measurement was made using

X-ray absorption of monochromatic synchrotron-generated

radiation, allowing quantitative determination of the fuel

distribution in this optically impenetrable region with a time

resolution of better than 1 ms. These quantitative measurements

constitute the most detailed near-nozzle study of a fuel spray to

date.

Keywords: fuel sprays; monochromatic radiographs; time-
resolved; supersonic liquid jets.

1. Introduction

The detailed analysis of fuel sprays in combustion systems is

recognized as a key to increasing combustion ef®ciency and

reducing pollutant emission, in particular from diesel engines. An

understanding of the liquid breakup mechanism in the region

close to the nozzle has signi®cant bearing on the design of nozzle

geometry and is a key to realistic computational modeling. These

interests have spurred considerable activity in the development of

optical techniques (primarily using lasers) for measurements of

diesel fuel injection systems (Hiroyasu, 1991; Maly et al., 1991;

Adrian, 1991; Shimizu et al., 1982; Yeh et al., 1993; Coil & Farrell,

1995; Long et al., 1996). Some of these optical techniques have

become commercially available and can be readily applied to the

testing and development of modern injection systems.

Despite signi®cant advances in laser diagnostics over the last 20

years, multiple scattering from the large number of droplets

prevents the penetration of the light in the near-nozzle region and

limits quantitative evaluation with optical techniques. While other

researchers are looking into the possibility of using lasers of

ultrahigh power and ultrashort pulses to probe the near-nozzle

region, we report here the development of a new nonintrusive,

quantitative, and highly time-resolved technique to characterize

the dense part of the fuel spray using X-ray absorption techniques.

X-rays are highly penetrative in materials composed of extre-

mely dense droplets composed of low-Z materials due to the

intrinsically low interaction cross section. This makes X-rays a

useful tool for spray studies designed to overcome the limitations

of visible light. Previously, Woodward et al. (1995) used X-ray tube

sources to perform radiographic studies of the liquid core struc-

ture of coaxial jets of high-Z materials on a relatively large scale

(nozzle diameter �5 mm). However, when an energy-dispersive

X-ray beam is used as the radiographic light source, as was the

case in this radiographic experiment, a quantitative analysis of the

absorption is extremely dif®cult. Therefore, a quantitative study

of sprays must utilize a monochromatic X-ray beam.

For single-wavelength X-rays transmitting through an attenu-

ating material, the analysis of the radiographic image of the

attenuating material is straightforward and follows the form

I=I0 � exp ÿ�MM� �; �1�
where I and I0 are the transmitted and incident beam intensities,

respectively, �M is the mass absorption coef®cient, and M is the

total mass in the beam. Since �M can be measured accurately for

the absorbing medium at a single wavelength, the amount of fuel

in the beam path can be easily deduced from the transmission,

I=I0. Parenthetically, we note that in order to use equation (1) for

calibration, the size of the X-ray beam should be the same for both

measurement and calibration.

With the advent of third-generation synchrotron sources,

extremely brilliant monochromatic X-ray beams are now avail-

able. These sources have paved the way for fast experiments of

this type using monochromatic beams and achieving time reso-

lution of 1 ms or better. For example, at the Advanced Photon

Source (APS) bending-magnet beamlines, the high-energy storage

ring produces brilliant wide-band X-ray beams of the order of

1017 photons sÿ1. Even with high monochromaticity (e.g. 1.5 �
10ÿ4 bandwidth), one can obtain �1012 photons sÿ1 focused to a

0.6 mm � 0.3 mm beam spot (Lang et al., 1999). In this paper, we

report the ®rst attempt to use these powerful yet nonintrusive

beams to study fuel sprays from a high-pressure diesel injector.

2. Experimental setup

A high-pressure injection system similar to that of a passenger car

with a specially fabricated single-ori®ce nozzle was employed.

Injection was performed into a spray chamber with ¯owing inert

gas at atmospheric pressure and �298 K. The spray chamber was

used to hold the injector, contain the spray plume, and allow the

inert gas to scavenge the fuel vapors. The spray chamber has

50 mm-long and 25 mm-wide windows that provide line-of-sight

access for the X-rays. Two different gases were used in the spray

chamber: sulfur hexa¯uoride (SF6) and nitrogen (N2). SF6, which

is a very heavy gas (molecular weight of 146), was used to simulate

the relatively dense ambient environment inside an automotive

diesel engine. We note that the speed of sound in SF6 is much less

than in N2 and is estimated to be�140 m sÿ1. The fuel used in this

study was a blend of Amoco No. 2 diesel and a cerium-containing

additive with a ®nal cerium concentration of �4% by weight. The

cerium additive is a critical component of this study, as it accounts

for more than 50% of the total X-ray absorption at the X-ray

energy used in these measurements. The additive is a commercial

product designed for diesel fuel systems and its effect on the spray

structure is expected to be minimal since the density and viscosity

of the blended fuel fall within the normal range for commercial

diesel fuel.

The experiments were performed at bending-magnet beamline

1-BM of the SRI-CAT at the APS. The X-ray beam passed

through a sagittal-focusing double-crystal monochromator tuned

to a photon energy of 5.989 keV. This X-ray energy is just above

the cerium L absorption edges near 5.7 keV (Henke et al., 1993).
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At its focal point in the 1-BM-C experimental radiation enclosure,

the beam size was measured to be approximately 0.5 mm hori-

zontally by 0.3 mm vertically (full width at half-maximum).

A schematic of the X-ray absorption setup for studying diesel

sprays is shown in Fig. 1. The focused X-ray beam in the 1-BM-C

station was de®ned by a pair of X-Y slits to a size of 500 mm

(horizontal) � 50 mm (vertical). The beam intensity was moni-

tored by an N2 gas-®lled ionization chamber. The collimated beam

then passed into the injection chamber for probing the fuel sprays.

To facilitate the alignment of the injector and the X-ray beam,

another ionization chamber was positioned after the injection

chamber.

The transient X-ray transmission signal due to the fuel spray

was measured by an avalanche photodiode (APD). The APD has

a fast response with temporal resolution of approximately 5 ns.

The APD signal output was digitized by a 1 GHz oscilloscope

(Tektronix TDS 784D) and recorded every 2 ns. Since the APD is

a point detector, mapping the absorption (attenuation) image of

the fuel spray involved translating the injection chamber vertically

and horizontally with respect to the X-ray beam with micrometer

resolution. This allowed the beam to probe various axial and

radial positions within the spray plume.

The fuel injector was ®red at a rate of 1 Hz, and an electronic

gate with a width of 3.68 ms was generated from each fuel-injec-

tion event. The coincidence of this injection signal with the timing

signal of the synchrotron was used as the trigger to the data

acquisition. This timing setup ensured that the data acquisition

was synchronized with the synchrotron X-ray pulses within 1 ns

and synchronized with the fuel sprays with a jitter of a few

microseconds. This allowed the results from successive sprays to

be averaged, maximizing the signal-to-noise ratio.

Absorption measurements were performed while varying

several different fuel spray parameters: injection pressure, injec-

tion duration, and ambient ®ll gas composition. For each set of

spray parameters, absorption measurements were made at as

many as 900 different axial and radial positions in a range from 0.5

to 40 mm from the nozzle. At each position, the results of 100

successive sprays were averaged in order to decrease the statistical

uncertainty of the measurement. Here we present only those

measurements made at an injection pressure of 500 bar and a

duration of 300 ms in SF6 ambient gas.

In order to understand the mechanics of the entire spray

process, we attempted to capture the entire spray sequence, from

before the opening of the injector solenoid, through the spray

process, and after the spray had passed through the beam. For this

reason we recorded the response of the APD for a time span of

1 ms for sprays of 300 ms duration.

The X-ray absorption technique using a monochromatic beam

is distinguished from previous measurements of sprays by the

quantitative nature of the measurement. With proper calibration,

the X-ray absorption technique can determine the absolute mass

and the mass distribution using equation (1). Owing to the

complexity of the fuel composition, �M could not be obtained

accurately by calculation. The absorption coef®cient was

measured in a sample cell of known geometry to be �M =

131 mgÿ1. The uncertainty of the calibration process was deter-

mined by successive trials to be �1.5%. This re¯ects the

systematic uncertainty of the mass calibration. We also measured

the anomalous absorption above and below the Ce LIII edge at

5.723 keV to con®rm this calibration.

3. Results and discussion

Plots of the time-dependent X-ray transmission measured on the

central spray axis at distances of 1 mm and 4 mm from the nozzle

are shown in Fig. 2. The linearity of the APD response (output

pulse voltage) was proportional to the beam intensity within each

synchrotron pulse over the range used in our experiment, and is

shown in the inset to Fig. 2. The origin of the time axis of Fig. 2 is

set to about 0.1 ms before the spray event. This plot shows

features that we found to be typical of our measurements along

the spray axis. For the data measured 1 mm from the nozzle,

before the spray intersects the measurement point (t < 0.1 ms), the

X-ray transmission is near unity. This region of the plot serves as

our determination of the baseline transmission. At a later time (t =

0.11 ms) the fuel intersects the X-ray beam, and a sharp decrease

appears in the transmission. This leading edge of the fuel spray

appears very abruptly, indicating a very distinct boundary

between ambient gas and fuel spray. Behind the abrupt leading

edge is a large sharp spike in the transmission data as the spray

travels farther from the nozzle. The leading edge represents a

minimum in the transmission, the highest-density region of the

entire spray. After this high-density region, the transmission

increases and oscillates over a range of a few percent transmission.

At an even later time (t = 0.5 ms), the trailing edge appears as the

fuel exits the X-ray beam and the transmission returns to near the

baseline value. The trailing edge of the transmission curve is also

distinct though not as abrupt as the leading edge, an indication

that the trailing edge of the spray is not as sharp. Note that the

transmission is greater than unity after the injection because the

vaporization of the fuel displaces the strongly attenuating SF6 gas,

an effect that reverses when using N2 in the injection chamber.

Figure 1
Schematic of experimental setup.
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Based on the transmission values and the mass calibration

procedure, one can evaluate the amount of the test fuel quanti-

tatively. Thus, the ordinate of Fig. 2 can be transformed to mass of

fuel in the X-ray beam according to equation (1), which results in

a time-resolved mass measurement for each point at which the

transmission was measured.

The measurements made in this work were line-of-sight

measurements, and the masses measured are integrated over the

breadth of the entire spray. The mass measurements alone are not

sensitive to the state of the fuel and cannot distinguish between

liquid, droplets or vapor. However, with an appropriate model of

the spray plume, the line-of-sight mass measurements can be used

to calculate the fuel volume fraction, an important spray para-

meter that has never been quantitatively measured. The details of

these calculations are described below.

Fig. 3 shows the measured radial distribution of the fuel mass

for distances of 1, 4 and 6 mm from the nozzle. The curves are

Gaussian functions that have been adjusted to ®t the measured

data. Since the radial distributions are reproduced well by a

Gaussian function, modeling the radial distribution of the fuel

density as a Gaussian function along the radial axis is reasonable.

If we assume that the mass distribution is circularly symmetric (an

assumption that is supported by the symmetry above and below

the axis, and by the fact that we are using a circular nozzle), the

mass of the fuel M( y, t ) in the beam at one instant, t, can be

expressed as

M y; t� � � M0 t� � exp ÿy2=2a2
t

ÿ �
; �2�

where M0 and at are the peak value and the width of the Gaussian,

respectively, and y is the radial coordinate of the position. A least-

squares ®tting procedure was used to adjust the parameters M0

and at of equation (2) to ®t the mass distributions in Fig. 3. These

parameters are then used to calculate the radial fuel density

distribution, c r; t� �,
c r; t� � � M r; t� �= A�2��1=2at

� �
; �3�

where r is the distance from the spray axis in the plane perpen-

dicular to that axis and A is the cross-sectional area of the X-ray

beam. The statistical uncertainty of the density calculation was

estimated to be less than 5% for the region within 6 mm of the

Figure 3
Measured fuel mass as a function of the radial position at
three different axial positions. In this ®gure, the fuel mass
was measured in the main body of the spray at time t =
0.27 ms. The curves are Gaussian ®ts to the data. The inset
shows the calculated volume fraction at distances of 1 and
6 mm for the leading edge (upper panel) and main body
(lower panel) of the spray. A volume fraction equal to
unity implies the density of pure liquid fuel. The data
shown were measured at 500 bar injection pressure and
300 ms injection duration using SF6 as the chamber gas.

Figure 2
Time evolution of the X-ray transmission on the spray
axis at 1 mm and 4 mm from the nozzle. The inset shows
the linear relationship between the APD response and
the ionization chamber (IC) response over the intensity
range of the absorption measurement.
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nozzle. The volume fraction is then obtained by dividing the

density by the pure liquid density.

The fuel volume fraction is plotted in the inset to Fig. 3 for the

leading edge of the spray (upper panel) and the main body of the

spray (lower panel) at distances, x, of 1 and 6 mm from the nozzle.

The most striking feature of these plots is that the density of the

fuel spray was signi®cantly less than that of the bulk liquid fuel,

even as close as 1 mm from the nozzle. The only part of the spray

with a density close to the bulk liquid density was the very thin

leading edge of the spray, which had a maximum density of about

75% of that of the liquid at a distance of 1 mm from the nozzle. By

the time this thin leading edge had traveled 6 mm from the nozzle,

the volume fraction had dropped to about 25%. The main body of

the spray, the region that has been termed the `liquid core', is

actually composed of a liquid/gas mixture. At a distance of 1 mm

from the nozzle, the spray core had a maximum volume fraction of

less than 50%. At 6 mm from the nozzle, the volume fraction of

the spray core had dropped to less than 10%. Clearly, the large

pressure gradient generated by the injector was suf®cient to

partially atomize the fuel as it left the nozzle under these condi-

tions. Even as close as 1 mm from the nozzle, the spray did not

contain an intact liquid core. We have observed similar results

with other injection pressures, durations and ®ll gases.

As indicated in Fig. 2, the fast temporal resolution of the

measurement ensured that the leading and trailing edges of the

spray were precisely determined. The relationship between the

time the spray arrived or left the X-ray beam and the axial loca-

tion of the beam provided a way to evaluate the axial component

of the velocity of the leading and trailing edges. Because the spray

divergence angle is small (less than 5� as determined by this

work), the radial component can be neglected, and the axial

component can be regarded as the spray speed. In Fig. 4, the axial

distance is plotted versus the arrival time of the leading edge and

the departure time of the trailing edge. Also shown are poly-

nomial ®ts to the leading and trailing edge penetration data. The

derivatives of these curves are a measurement of the speed of the

spray and are plotted in the inset of Fig. 4. The leading edge speed

near the nozzle was �50 m sÿ1 and increased until a distance of

�15 mm, when it reached a steady value of �157 m sÿ1. This

speed is slightly higher than the speed of sound in pure SF6 gas

(�140 m sÿ1). The trailing edge speed (>500 m sÿ1 for x < 5 mm)

is much higher than that of the leading edge and quickly decreases

over the entire measurement range. To our knowledge, this is the

®rst measurement of the speed of the trailing edge of a high-

pressure fuel spray, which is not accessible to optical techniques

because of the high droplet density in the spray core.

There are several implications of the higher velocity of the

trailing edge of the spray. The leading edge velocity is limited by

the sonic pressure of the ambient gas. However, the bulk of the

spray can travel faster than the leading edge, resulting in

compression of the region near the leading edge. This compres-

sion accounts for the high density (�70% of the bulk liquid

density) in the very thin leading edge, the most dense region of the

spray. It demonstrates that the spray is compressible, another

indication that the bulk of the spray did not consist of a pure

liquid, even very close to the nozzle.

It is important to note that in this work we can only measure the

speed at the leading and trailing edges of the spray ± the speed of

the bulk cannot be readily determined. Because the spray is

compressible, different regions can travel at different speeds.

However, we speculate that the bulk travels at a speed similar to

that of the trailing edge, with only the leading edge slowed by the

impact with the ambient gas. When the fuel travels faster than the

speed of sound, shock waves might be generated in the injection

chamber. Currently, we are searching for more direct evidence to

demonstrate the existence of such shock waves.

4. Summary

We have described the use of monochromatic X-ray radiography

to study supersonic diesel fuel sprays in a highly quantitative and

highly time-resolved manner. The preliminary results indicate that

the core region near the nozzle is composed of a liquid/gas

mixture with a density less than 50% of the bulk liquid density as

close as 1 mm from the nozzle (500 bar, 300 ms, SF6 gas). In

addition, the supersonic nature of the sprays generated by this

type of injection system has been demonstrated by the experi-

ments. The success of the measurements has demonstrated that

the X-ray technique is well suited for elucidating the spray

structure near the nozzle ori®ce. The information obtained should

stimulate theoretical simulation of spray processes in this region

Figure 4
Penetration of the leading and trailing edges of the spray.
The curves are polynomial ®ts to the penetration data.
The inset shows the speed of the leading and trailing
edges of the spray determined by differentiation of these
polynomials.
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and establish a knowledge base of spray breakup mechanisms and

droplet interactions, which are key to realistic combustion

modeling and the design of injection systems. The time-resolved

monochromatic X-ray radiographic technique will likely ®nd

applications not only in the various ®elds of spray technology but

also in other research and development areas dealing with highly

transient and optically impenetrable structures, such as aerosols

and dense plasmas of high-Z materials. We note that the point-by-

point technique currently used in this study is inef®cient, and the

development of fast position-sensitive X-ray detectors is essential

to improve the ef®ciency of the measurement (Rossi et al., 1999).

We also speculate that other X-ray techniques, such as ¯uores-

cence and small-angle scattering, may also be useful for the

investigation of other aspects of fuel spray structure.
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