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ABSTRACT

High-speed shadowgraphy was applied to visualise hydrocarbon spray atomisation at elevated pressures
and temperatures. The experiments were performed in the quiescent post-shock region of a double-
diaphragm shock tube facility using a heated, fast-response injection system. Test times were in the
order of 4.5 ms with reflected-shock pressures ranging from 10-35 bar and test temperatures of 950 K.
The fuel (n-hexane and n-dodecane) was injected right after shock reflection and quasi-steady injection
was achieved and sustained for about 2.5 ms. Fuel temperature covered both sub- and supercritical
values as it was varied between 373.15 and 523.15 K. The acquired images were analysed with respect
to the spatiotemporal evolution of the spray, specifically spreading angles and penetration lengths were
derived. The influence of the chamber pressure and the fuel temperature on the spray break-up process
was investigated. Increasing chamber pressures (chamber densities) and fuel temperatures result in an
enhancement of the spray dispersion measured in terms of jet angles and therefore in a better mixing
and vaporisation. As one of the two properties (fuel temperature or chamber pressure) is supercritical,
incompressible variable-density gas jet behaviour was observed as certain (subcritical) values for the
corresponding other one were exceeded.

1 INTRODUCTION

Understanding the injection, break-up, mixing and com-
bustion processes of fuel sprays is of high importance with
respect to many propulsion systems, such as rocket, jet,
(sc)ramjets and direct injection engines. In this study, a
shock tube is used to provide basic information on the
injection and disintegration processes of hydrocarbon fuel
(e.g. n-dodecane, n-hexane) sprays at elevated fuel and am-
bient temperatures and pressures. The experiments com-
prise both (conventional) subcritical fuel disintegration as
well as supercritical break-up and are aimed at providing
a thorough characterisation of the spray properties as a
function of the thermodynamic state.

The disintegration of (liquid) jets has been ascribed to
many concurring effects, such as surface tension, viscous
and aerodynamic forces, liquid turbulence, cavitation phe-
nomena and liquid supply pressure oscillations. Depen-
ding on the break-up mode, the above mentioned interac-
ting factors contribute to the disintegration process with
different degree of importance. Extensive reviews on the
subject can be found in Lefebvre (1989), Reitz (1978) and
Mayer and Telaar (2002). The jet break-up process can
be divided into two macroscopic zones, the primary and
the secondary break-up region. The primary jet break-up
mode can be furthermore classified into different regimes
(see Figure 1 for details) depending on the injection pres-

sure, velocity and chamber conditions.

Rayleigh-
Breakup

1st Wind-
Induced Breakup

2nd Wind-
Induced Breakup
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Breakup

Figure 1. Jet disintegration regimes.

A complete theoretical description of the disintegration
process is not yet available. An empirical classification
of jet disintegration at atmospheric pressure was given by
v. Ohnesorge (1936) using dimensional analysis. The em-
pirical transitions between the different regimes of jet di-
sintegration (Rayleigh breakup, wind-induced breakup and
atomisation) can be described as a function of Ohnesorge
number versus Reynolds number. More recently, Mayer
and Telaar (2002) have extended this empirical classifica-
tion and included the supercritical breakup. This classifi-
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cation, strictly valid only at atmospheric pressures, takes
into account the influence of surface tension, viscous, and
inertia forces on the disintegration process. With increa-
sing chamber pressures (and therefore chamber densities),
these empirical boundaries are shifted towards regions at
lower Reynolds numbers. This means that the inception
of wind-induced breakup and atomisation occurs at lower
outlet velocities compared to atmospheric conditions. At
higher chamber densities, the influence of aerodynamics
forces and shear stresses on the jet disintegration process
increases significantly. Lefebvre (1989) showed that the
relevance of aerodynamic forces is well represented by the
gaseous Weber number, which consists of the ratio of the
disruptive aerodynamic forces and surface tension forces.
The increased relevance of the shear stress in a pressurised
gas can be represented by the ratio of liquid to gas visco-
sity. Based on these considerations, Czerwonatis and Eg-
gers (2001) were able to extend the empirical classification
for jets to high-pressure conditions by introducing a new
non-dimensional number, defined as the product among
the Ohnesorge number, the Weber number of the gas phase
and the liquid/gas viscosity ratio.

Concerning supercritical disintegration, most studies
concentrated on the investigation of cryogenic fuels and
surrogates see e.g. (Mayer and Telaar, 2002) and
(Chehroudi et al., 2002). In recent reviews, Chehroudi
et al. (2003) and Oschwald et al. (2006) analysed in depth
the difference between subcritical and supercritical brea-
kup in cryogenic fuels. They were able to identify the me-
chanism of transition from the wind-induced to the super-
critical regime where the jet structure began to resemble
a turbulent gas jet with no detectable droplets. The si-
milarity between supercritical and turbulent gas jets was
demonstrated by showing that the experimental jet growth
rate agreed well with the theory of incompressible, variable
density gaseous mixing layers.

The present study focuses on the disintegration of hy-
drocarbon fuels, especially on the transition from the ato-
misation to the supercritical regime. In the atomisation
regime, both aerodynamic forces and shear stresses play
a dominant role in controlling the lateral spreading of the
jet. Therefore, it is not clear whether and to what extent
a reduction in surface tension may affect the ”classical”
atomisation process.

In the present study, the injection and chamber condi-
tion are varied in such a way as to perform disintegration
experiments at both subcritical, near-critical, and supercri-
tical conditions. The analysis is still at a phenomenological
level, since not all jet geometrical parameters have been
correlated to the available empirical correlations and/or
theoretical predictions in the atomisation regimes. Despite
these limitations, clear trends could be identified, as dis-
cussed in Section 4.

2 EXPERIMENTAL SETUP

2.1 ITLR Test Facility

The test facility for jet disintegration studies consists of
a double-diaphragm shock tube (DDST), equipped with
a fast-response, heated injector. Test times of the order
of typically 2 − 5ms are attainable with reflected-shock
pressures up to 50 bar and typical temperatures of up to

2000K. A more detailed description and qualification of
the facility is provided in Stotz et al. (2008). Figure 2
provides a schematic view of shock tube. The (square) test
chamber is equipped with flat flush-mounted fused-silica
windows on both side walls, which cover the full height of
the duct over a length of 60mm. The fast-response heated
injector is flush-mounted in the end flange in a way that
fuel is injected perpendicularly to the endwall into the gas
behind the reflected shock wave. Fuel pressures can be
varied between ≈ 100 and 1400 bar, fuel temperatures as
high as 573.15K can be achieved with the present system.

DriverBuffer/
Diaphragms
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Dump TankTest
Section
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(   50mm)       8.4m (   72mm) 3.0m (   72mm)

Injection
System

Figure 2. Schematic drawing of the ITLR double-
diaphragm shock tube.

2.2 Optical Setup

The optical layout of the shadowgraph setup is shown in
Figure 3. A collimated beam,emitted by a high-power LED
lamp (Luxeon Rebel) and slightly larger than the test-
section’s window diagonal, back-illuminates the spray. The
light is subsequently collected by a parabolic mirror (f =
900mm, D = 150 mm) and focused on the CMOS chip
of the camera by a Schneider-Kreuznach Super-Symmar
HM 5.6/150 objective lens. The optical setup results in
a magnification factor of MF = 1:6, which corresponds to
an effective optical resolution of about 120µm and yields
a maximum theoretical velocity without motion blur of
v = 120m/s. The high-speed camera used is a Photron
Fastcam SA1. High-speed images were recorded at a reso-
lution of 512x96 pixels and 512x160 pixels at acquisition
frame rates of 100,000 fps and 62,500 fps, respectively.

Fuel Spray

Injector

High-Speed
Camera

Objective
Lens

Parabolic 
Mirror

Parallel High-Power
LED Illumination

Figure 3. Optical setup for the high-speed imaging expe-
riments.

3 DATA REDUCTION

3.1 Postprocessing

The extraction of accurate spray geometrical data from
the shadowgraph images requires image processing that
reduces background noise and enhances the image contrast
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without altering the spray contour.
Illumination inhomogeneities due to temporal fluctuati-

ons as well as spatial non-uniformities of the light distribu-
tion are accounted for by normalising each image to a refe-
rence image, thus the background intensity of all images of
an experimental series is homogenously distributed and at
a constant value. Afterwards, the images are filtered with
a (two-dimensional) hybrid, edge-preserving median filter
to reduces the background noise, caused by the shock tube
flow, without influencing the shape of the spray.

Subsequently, the spray images are thresholded to se-
parate the spray from the background. Unfortunately,
the contour of an atomising and evaporating spray is not
clearly confined, as it is made up, especially in the outer
region, of a mixture of liquid fuel, ambient test gas, fuel
vapour and, depending on the test conditions, supercritical
fluid. On this account, the results may depend on the level
on which the spray images are thresholded, as the spray
contour marks the smooth transition between the spray
and the ambient test gas. For this purpose, a sensitivity
analysis was performed. For threshold levels between 40
and 70% of the background intensity, the deviations in the
spray angles are usually smaller than 1 deg. All tests re-
ported in the following sections, are evaluated using a 50%
threshold, which represents an intermediate value among
those physically reasonable.

Additionally, subpixel interpolation is applied to incre-
ase the spatial resolution of the images, which enhances the
accuracy of the analysis. This improvement in accuracy is
particularly relevant for the region closer to the nozzle,
where a shift of the spray contour by a single pixel may
cause high deviations from the ”real” value. As an example
for the resulting images, Figure 4 shows the temporal evo-
lution of an n-hexane spray injected at a chamber pressure
of p5 = 35bar and a fuel temperature of Tf = 523.15K.

3.2 Definition of the Jet Parameters

In the evaluation of the spray characteristics, the follo-
wing macroscopic parameters will be considered: (local)
jet spreading angle, spray tip length and velocity (in the
start up phase) and dark (dense) core length. Their geo-
metrical definition is illustrated in the bottom image of
Figure 4. In the present work, the axial distribution of the
local spreading angle θi(x) is considered, as it provides a
better physical insight in the spatiotemporal evolution of
the (fuel) spray and its interaction with the surrounding
test gas. The spreading angle is directly related to the
rate of gas entrainment into the jet and is influenced by
the forces acting on the jet at the nozzle exit. Depending
on the chamber and injection conditions, the local sprea-
ding angle may vary along the axis, as shown in Figure 5.
The picture shown here is the average image, composed of
150 single snapshots (during ”quasi-steady” injection) of a
single experiment. For a more accurate description of the
lateral spreading of the spray and to facilitate the com-
parison among literature data, it is therefore advisable to
investigate the axial distribution of the local spray angle
θ(x).

In literature, two different characteristic lengths are of-
ten employed to describe the axial penetration of the spray:
the spray tip length Lspray and the dense core length Lcore.
The spray tip penetration (axial growth rate) is calculated
from the extent of the spray contour during the start-up
process of the injection. Using the spray lengths of all

Jet spreading 
    angle 

Nozzle
Spray contour

θ(x)

x

y

Spray tip length & velocity

Figure 4. Example of a series of spray shadowgraph
images (time between images ∆t = 160µs) and definition
of jet parameters.

images and the chosen frame rate of the camera, the (tran-
sient) velocity of the spray tip vspray can be derived.

The liquid or dense core length of the jet is a measure
for the axial penetration of the jet/spray core into the test
environment. The ”liquid core” can be either specified as
the intact core (connected liquid) or as the dense core (high
liquid/gas density ratio). The dense core length is calcu-
lated in a similar manner as the spray tip length, albeit
with a much smaller threshold (2% of the background in-
tensity level), in order to include only the dense (i.e. dark,
low-intensity) parts of the spray. Although this quantity
is rather arbitrary and also dependent on the threshold le-
vel chosen, it is still a useful measure to compare different
conditions among each other, to classify break-up processes
and to identify steady state injection conditions, provided
the threshold level is consistent through the analysis.

Spray contour

Constant angle

min. max.Intensity

Figure 5. Average image of the spray.
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4 RESULTS

4.1 Test conditions

The experiments were performed in the region behind the
reflected shock wave. The test pressure p5 was varied bet-
ween 10 and 35 bar while the test temperature was fixed at
a target value of T5 = 950K. The fuel back-pressure was
set so as to maintain a constant pressure difference between
fuel reservoir and test chamber of ∆pf = pf −p5 = 200 bar.
As the effect of fuel preheating was to be investigated, three
different fuel temperatures were selected: Tf = 373.15 ,
448.15 and 523.15K. The test conditions of the present
study are summarised in Table 1.

Condition No. p5 [bar] T5 [K] ρ5 [kg/m3]
I 10.0 ± 0.05 952 ± 6 5.1 ± 0.04
II 27.5 ± 0.04 951 ± 5 13.6 ± 0.09
III 35.0 ± 0.16 949 ± 8 17.5 ± 0.14

Table 1. Chamber conditions of the experiments performed in the
present study. Test pressures, temperatures and densities were de-
rived from the incident shock Mach number Ms. The uncertainties
quoted are the standard deviations of different experiments.

Two fuels n-dodecane and n-hexane were tested using
a nozzle with a rounded inlet, an inner diameter of D =
236µm and a length to diameter ratio of L/D = 4 . In
order to thermodynamically characterise the experimen-
tal conditions, the reduced temperature and pressure are
introduced. They are defined as the ratio of the actual
to the critical fuel temperature (Tr = Tf/Tc), the ra-
tio of the chamber pressure to the critical fuel pressure
(pr = p5/pc) respectively. In the case of n-dodecane, pr

varies in the range 0.55 ≤ pr ≤ 1.91, while Tr lies between
(0.57 ≤ Tr ≤ 0.79). For n-hexane, the reduced tempera-
ture varies in the range of 0.73 ≤ Tr ≤ 1.03 and the reduced
pressure between 0.33 ≤ pr ≤ 1.15. The most significant
difference between the two experimental campaigns is that,
for n-hexane, an excursion above the critical point is possi-
ble both in temperature and pressure, while for n-dodecane
the initial fuel temperature is below its critical value.

4.2 Results for n-Dodecane

The influence of the chamber pressure p5 (density ρ5) on
the spray dispersion and penetration is shown in Figure 6.
As a first remark, note that the results for p5 = 27.5 bar
and p5 = 35bar are generally very similar, whereas those
for p5 = 10bar differ considerably. In terms of redu-
ced thermodynamic parameters, this means that as soon
as Tr ≥ 0.79 and pr ≥ 1.50, subcritical jet disintegra-
tion starts to deviate from ”standard” atomisation. The
term ”standard” atomisation refers to the fact that sprea-
ding angle increases with an increase in chamber den-
sity. This represents an established trend for the atomi-
sation regime, in agreement with the experimental obser-
vations of e.g. Hiroyasu and Arai (1990), Naber and Sie-
bers (1996), Chehroudi et al. (1985). The most striking
difference is traceable in axial distribution of the time ave-
raged (t = 2 − 4.5 ms) jet spreading angle, shown in Fi-
gure 6(a)-6(b). For a reduced pressure much smaller than
one (pr ≈ 0.5), the spray angle is almost constant for the
whole observable distance and only a very faint increase
is found. As the reduced parameters are increased, but
still remaining in the subcritical region (i.e., pr ≥ 1.5 and

0.68 ≤ Tr ≤ 1), the jet disintegration can be divided in
two distinct zones. In the near-nozzle region (up to about
x/D ≈ 40), fairly constant angles are observed. In the
downstream region, the spray angles increase with a nearly
linear slope. As a general trend, higher pressures and den-
sities lead to larger spray angles at all axial positions. The
position at which the curves start to diverge coincides ap-
proximately with the onset of the breakup region at t = t0
(breakup time, following the terminology of Hiroyasu and
Arai (1990)). For t > t0 the spray is slowed down and the
influence of higher chamber pressure becomes more rele-
vant through the enhanced gas entrainment. This region,
further downstream of the nozzle tip, is dominated by tur-
bulent shear-layer mixing effects.

Concerning the region near the nozzle tip, ”standard”
atomisation is observed for pr = 0.55 and Tr ≤ 0.68.
However, at supercritical chamber pressures and higher
(but subcritical) reduced temperatures (Tr ≥ 0.79), the
jet angles appear to diverge from the density dependence
observed at lower pressures. As can be clearly seen in
Figure 6(b), the spray angle (near the nozzle tip) hardly
changes as the chamber pressure is increased from 27.5
to 35 bar. Furthermore, as the reduced temperature is
increased to ≈ 0.8 (i.e. Tf = 523.23 K), the spreading
angle approaches the lower limit of incompressible, fully
developed jets (i.e. tan(θ) ≈ 0.2), already at values of
the ambient-gas to fuel density ratio of the order of 0.02
(i.e. ρch/ρf ≈ 0.02 − 0.03). A similar behaviour was also
found experimentally by Chehroudi et al. (2002) for the
transition from the second-wind induced breakup regime
and marked as the onset of supercritical disintegration.
Note that for atomisation experiments performed at much
lower reduced temperatures (Tr ≈ 0.4), the transition to-
wards incompressible jet behaviour is predicted for much
larger density ratios ((i.e. ρch/ρf ≈ 1) (see e.g. Naber
and Siebers (1996)). This seems to suggest that, in the
near-nozzle region, the spray disintegration in the subcri-
tical regime start to resembles more and more that of an
incompressible jet, as soon as the injection/chamber con-
ditions approach the critical values of the injectant.

The spray tip length during the first phase of fuel injec-
tion is given in Figure 6(c). During the first 300 − 400µs,
the penetration and thus the velocity of the spray tip is
very similar for all three pressures investigated. At this
point, the spray tip gets noticeably decelerated for the two
higher pressures, while it remains on a fairly constant ve-
locity for the lower pressures 10 bar. After about 800µs,
an observable difference is also found for 27.5 and 35 bar.
Spray tip velocities can thus be assumed to be constant
in the initial stage of jet propagation (inertia-dominated).
After a certain time t0, to which Hiroyasu and Arai (1990)
refer to as the break-up time of the spray, the spray is re-
markably slowed down. This deceleration is stronger for
higher chamber pressure (density) and occurs noticeable
earlier as the resistance of the gas is higher the denser it
gets. The spray tip penetration, as well as the time of the
transition between the linear behaviour and the attenuated
growth, decreases with increasing chamber pressure.

During this deceleration phase, the spray penetration
is attenuated and follows a power function of the form
Lspray ∼ tc (c < 1). The spray tip velocities vspray, de-
rived from the temporal evolution of tip lengths, are all
smaller than 90m/s, which is significantly smaller than
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the calculated ideal theoretical velocity vtheo ≈ 230m/s for
a differential pressure ∆p = 200 bar at the orifice outlet.
This leads to the conclusion that the spray disintegration
already starts shortly after or directly at the nozzle outlet.

As can be seen in Figures 6(d) and 6(e) the dark core
length Lcore, indicated by the 2%-intensity contour of the
spray, reflects similar behaviour at the beginning of the in-
jection as the spray tip length. After about 1ms, it then
abruptly comes to rest and stays constant for the rest of
the test time. As an effect of the reduced aerodynamic
resistance, these (constant) values are larger for smaller
chamber densities. For the highest temperature, the dis-
crepancies of the dark core penetration vanish and, for all
chamber pressures (densities), virtually equal lengths are
found.

In addition to the chamber pressure, the influence of the
fuel temperature was investigated. Its influence on the lo-
cal spreading angle is shown in Figures 7(a) and 7(b). As
can be seen, the fuel temperature has only a marginal influ-
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time, Tf=523.15 K

Figure 6. Influence of the chamber pressure on the jet
spreading angle θ, the spray tip length Lspray and the dark
core length Lcore (fuel: n-dodecane).

ence on the jet spreading angle. For low reduced pressures
(pr = 0.5 , i.e. p5 = 10 bar), differences are observed in
the upstream region close to the nozzle, which follows the
”classical” atomisation behaviour. It is not surprising that
the fuel temperature has only an indirect impact on the
jet spreading angle. In fact, the fuel temperature affects
indirectly the ambient-gas to fuel density ratio by redu-
cing the fuel density. This circumstance implies slightly
larger spreading angles for increasing fuel temperatures,
as confirmed by a visual inspection of Figure 7(a). At
high reduced pressures (pr = 1.9 , i.e. p5 = 35bar) and
for Tr ≥ 0.68 (Tf ≥ 448.15K), the fuel temperature has
practically no impact at all on the lateral spreading of the
jet. In fact, at these reduced thermodynamic parameters,
the spray behaviour (in the near-nozzle region) evolves to-
wards the behaviour of an incompressible jet and therefore
it is completely insensitive to variations in the ambient-
gas to fuel density ratio. Concerning the region further
downstream of the nozzle, aerodynamic forces and turbu-
lent mixing dominate the lateral spreading of the jet. This
explains the convergence towards a similar value regardless
of the specific value of the fuel injection temperature.

The spray tip velocity is hardly influenced by the fuel
temperature. All spray tip traces develop very similarly
and almost collapse to a single curve. This holds for all
chamber pressures investigated, i.e. the rate of spray tip
propagation Lspray is dominated by the resistance due to
aerodynamic forces and the kinetic energy of the fuel at the
nozzle outlet. As expected the dark core length Lcore in
turn is strongly influenced by the initial jet temperature,
as increased temperatures lead to enhanced evaporation
and thus to shorter penetration of the dense spray core.
Similar behaviour is observed for all chamber pressures.

4.3 Results for n-Hexane

The most significant difference between the two experimen-
tal campaigns is that, for n-hexane, an excursion above
the critical point is possible both in temperature and pres-
sure as the critical temperature of n-hexane (507.9K) is
noticeably below that of n-dodecane (658.7K). More spe-
cifically, reduced temperatures were varied in the range
of 0.73 ≤ Tr ≤ 1.03 and reduced pressures between
0.33 ≤ pr ≤ 1.15.

Figure 8 provides an overview of the influence of the
chamber gas pressure (density) on the jet break-up pro-
cess for a subcritical (Tr = 0.73 ) and a supercritical
(Tr = 1.03 ) reduced temperature. At subcritical tempe-
ratures and low subcritical (see Figure 8(a)) ”standard”
atomisation behaviour is observed in the near-nozzle re-
gion, i.e. the spreading angle increases with increasing
chamber densities. In the region further downstream of
the nozzle, the lateral spreading of the jet is controlled
by turbulent mixing and gas entrainment and, similarly to
the n-dodecane experiments, much more sensitive to the
chamber density.

Figure 8(b) shows the pressure dependence of the jet
spreading angle at a (supercritical) reduced temperature
Tr = 1.03. As can be seen, the jet lateral spreading in the
near-nozzle region is independent of the chamber pressure
and tends to the limit of tan(θ) ≈ 0.2 already at a re-
duced (subcritical) pressure of pr = 0.91. As for all other
experiments, the downstream region (x/D ≥ 40) resembles
the behaviour of a turbulent mixing layer and the lateral
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Figure 7. Influence of the fuel temperature on the jet
spreading angle θ, the spray tip length Lspray and the dark
core length Lcore (fuel: n-dodecane).

spreading is a function of the chamber density.
The spray length during the initial phase of the injec-

tion process is plotted in Figure 8(d) for the (supercritical)
fuel temperature Tf = 523.15K (Tr = 1.03 ). At the very
beginning, the penetration and thus the velocity of the jet
is virtually equal for all pressures investigated. Thereaf-
ter, the tip gets decelerated and the penetration depth is
shorter for increasing chamber pressure. Comparing these
observations with those for subcritical injection (fuel tem-
perature Tf = 373.15K, Tr = 0.73 ) does not show any
qualitative differences (see Figure 8(c)). This implies that
the propagation of the spray tip is governed solely by in-
ertia and aerodynamic forces.

For n-hexane, the dark core length is only influenced
slightly by the chamber pressure and more noticeably for
cooler fuel temperatures. For Tf = 373.15K (Tr = 0.73 )
slightly longer dark core lengths are observed for p5 =
10bar (pr = 0.33 )(see Figure 8(e)), whereas for p5 = 27.5
or higher (pr ≥ 0.91), the dark core length levels out at
a constant value regardless of the chamber pressure value.
If the reduced temperature Tr is increased to values > 1
(see Figure 8(f)), no major difference is observed in the
dark core lengths. Similarly to the results obtained for n-
dodecane, the fuel temperature, rather then the chamber
pressure, seems to be the controlling parameter for the
dark core length.

For n-hexane, the fuel temperatures were varied from
subcritical to supercritical values, as possible differences in
the disintegration mode were to be investigated. The in-
fluence of the fuel temperature is shown in Figure 9. The
axial variation of the jet spreading angle θ is given in Figu-
res 9(a) and 9(b), for subcritical (pr = 0.91) and supercri-
tical (pr = 1.15) reduced pressures. For both reduced pres-

0 10 20 30 40 50

0

2

4

6

8

10

12

14

16

18

20

Axial position [mm]

Je
t s

pr
ea

di
ng

 a
ng

le
 
θ

 [°
]

p
5

 = 10 bar

p
5

 = 27.5 bar

p
5

 = 35 bar

(a) Time averaged spreading an-
gle θ versus axial distance,
Tf=373.15 K

0 10 20 30 40 50

0

2

4

6

8

10

12

14

16

18

20

Axial position [mm]

Je
t s

pr
ea

di
ng

 a
ng

le
 
θ

 [°
]

p
5

 = 27.5 bar

p
5

 = 35 bar

(b) Time averaged spreading
angle θ versus axial distance,
Tf=523.15 K

−500 0 500 1000 1500 2000 2500
0

5

10

15

20

25

30

35

40

45

50

Time t [µs]

Sp
ra

y 
le

ng
th

 L
Sp

ra
y

 [m
m

]

p
5

 = 10 bar

p
5

 = 27.5 bar

p
5

 = 35 bar

(c) Spray tip length Lspray ver-
sus time, Tf=373.15 K

0 500 1000 1500 2000 2500
0

5

10

15

20

25

30

35

40

45

50

Time t [µs]

Sp
ra

y 
le

ng
th

 L
Sp

ra
y

 [m
m

]

p
5

 = 27.5 bar

p
5

 = 35 bar

(d) Spray tip length Lspray ver-
sus time, Tf=523.15 K

0 1000 2000 3000 4000
0

5

10

15

20

25

30

35

40

45

50

Time t [µs]

D
ar

k 
co

re
 le

ng
th

 / 
2%

−
C

on
to

ur
 p

en
et

ra
tio

n 
L

C
or

e
 [m

m
]

p
5

 = 10 bar

p
5

 = 27.5 bar

p
5

 = 35 bar

(e) Dark core length Lcore ver-
sus time, Tf=373.15 K

0 1000 2000 3000 4000
0

5

10

15

20

25

30

35

40

45

50

Time t [µs]

D
ar

k 
co

re
 le

ng
th

 / 
2%

−
C

on
to

ur
 p

en
et

ra
tio

n 
L

C
or

e
 [m

m
]

p
5

 = 27.5 bar

p
5

 = 35 bar

(f) Dark core length Lcore versus
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Figure 8. Influence of the chamber pressure on the jet
spreading angle θ, the spray tip length Lspray and the dark
core length Lcore (fuel: n-heptane).

sures, two distinct zones can again be identified (close to
the nozzle exit (up to x/D ≈ 40) and further downstream).
In the near nozzle region, the standard atomisation process
evolves slowly towards gas jet behaviour, identified by the
limit tan(θ) ≈ 0.2, as soon as the fuel temperature is incre-
ased beyond the critical value Tr = 1.03. The downstream
zone in turn is quite insensitive to the initial fuel tempera-
ture, equal values are found for different fuel temperatures
and equal chamber conditions.

No influence on the spray tip length and its velocity was
observed for all fuel temperatures for both subcritical (Fi-
gure 9(c)) and supercritical (Figure 9(d)) chamber pressu-
res p5. This also shows that the dominating parameter for
spray propagation is the chamber pressure/density, as this
provides the resistance to the penetrating jet. Variations
in the evaporation rate due to different fuel temperatures
only play (if any) a minor role.

The dark core length, in turn, exhibits a strong depen-
dence upon the fuel temperature. In general, an increase in
the fuel temperature leads to shorter dark core lengths (see
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Figure 9. Influence of the fuel temperature on the jet
spreading angle θ, the spray tip length Lspray and the dark
core length Lcore (fuel: n-heptane).

Figure 9(f)), regardless of whether the chamber pressure is
below or above the critical value. This can be clearly seen
by comparing Figures 9(e) and 9(f).

As a concluding remark, we would like to point out
the limitation of the shadowgraph imaging technique of
not being capable to distinguish between liquid phase and
dense gas. It is therefore not clear whether the similarity
between near critical and supercritical conditions can be
extended beyond geometrical parameters (e.g. jet sprea-
ding angle or dark core length). With reference to Figure
9(f), for example, it is impossible to ascertain whether the
inner core of the spray consists of a liquid, dense gas, super-
critical fluid or a mixture of all as the reduced temperature
is increased from pr = 0.73 to 1.03.

5 CONCLUSION

Hydrocarbon fuel injection experiments have been conduc-
ted in a shock tube to experimentally investigate jet disin-

tegration in the subcritical (atomisation) and supercritical
regime. The fuel was injected into an inert test gas en-
vironment (argon), whose temperature was set to a fixed
supercritical temperature while the gas pressure was va-
ried from sub- to supercritical values. The injection and
breakup processes were visualised by means of high-speed
shadowgraphy. The experiments show that for a reduced
pressure much smaller than one, the spray atomises in the
”standard” way. As soon as the reduced parameters ap-
proach the critical point, the disintegration process can be
divided in two distinct zones: specifically, the near nozzle
region (up to x/D ≈ 40) and the downstream region. In
the region further downstream of the nozzle, the lateral
spreading of the jet is controlled by turbulent mixing and
gas entrainment and is therefore much more sensitive to
the chamber density. In the near-nozzle region, the experi-
mental results support the hypothesis that the jets behave
similar to an incompressible gas jet, provided that one of
the two parameters pr or Tr is larger 1 and the other one
is above a specific value ≈ 0.8−0.9. This statement is cor-
roborated by the quantitative agreement of the jet growth
rate measurements with those predicted by the theoretical
equations for incompressible gaseous jets.
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