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 A B S T R A C T

Green ammonia is a promising alternative fuel for future thermal propulsion systems. In its liquid form, 
ammonia provides an energy density by mass comparable to conventional hydrocarbon fuels. Already high 
levels of mass-production and widely available existing infrastructure enable a smooth transition from fossil 
fuels to ammonia on the supply side. However, on the application side, the evaporation and mixing processes 
of liquid ammonia in air, which are known to have significant impacts on the energy release and resulting 
emissions, differ notably from those of fossil fuels. Hence, existing spray models may not be applicable to liquid 
ammonia injection. This calls for a comprehensive experimental study of ammonia sprays under a variety of 
relevant test conditions in order to understand the nature of such processes and for model validation. In this 
work, liquid ammonia was injected into a constant volume chamber from a direct injector at three injection 
pressures (100 bar, 150 bar and 200 bar) at ambient pressures varying from 1 bar to 10 bar, with an increment as 
low as 0.5 bar. This selection of ambient pressures covers a range of flash boiling to non-flash boiling conditions. 
It was found that the flash boiling regime of ammonia sprays are much lower than its saturation pressure, 
indicating there exists a strong cooling effect presumably due to its high latent heat of evaporation. Also, the 
spray collapse phenomenon was observed in ammonia sprays, and the spray collapse point was determined 
by a morphological study. These tests provided a comprehensive validation dataset for spray models.
1. Introduction

Ammonia (NH3), which contains no carbon, is widely recognised 
as a suitable alternative to diesel and heavy fuel oil, which currently 
power a number of sectors, including maritime transportation, energy 
storage, and stationary power generation using internal combustion 
engines and gas turbine engines [1]. Ammonia is one of the energy 
vectors under serious consideration to decarbonise these sectors, which 
are significant emitters of carbon dioxide. For example, the marine 
sector emits over 1 billion tonnes of carbon dioxide each year [2], 
which represents ≈ 2.9% of the global total anthropogenic greenhouse 
gas emissions per year. Ammonia is one of the most-produced chemicals 
in the world, primarily for use as a fertiliser, via the Haber-Bosch 
process with 176 million tonnes being produced in 2019 [3]. Ammonia 
can be produced entirely from renewable resources using electrolysis 
and renewable electricity [1]. Ammonia is an excellent energy carrier, 
it has amongst the highest energy densities of any energy vector not 
containing carbon, including around 10 times higher than lithium-
ion batteries and 30% higher than liquid hydrogen (which must be 
liquefied cryogenically, a very energy intensive process) [4]. Indeed, 
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ammonia contains 50% more hydrogen by volume than liquid hydro-
gen [5,6]. Ammonia, on the other hand, can be stored as a liquid at 
a moderate pressure (above 8.5 bar at 20 ◦C [5,7]). Much of the work 
on ammonia in internal combustion engines has focused on gaseous 
ammonia injection [8–10]. This has numerous advantages including 
superior air–ammonia mixing locally, simplicity, and the ability to use 
injection equipment and engines previously developed for natural gas, 
as ammonia gas jets behave quite similarly to natural gas jets [11]. 
However, gaseous ammonia injection, particularly if injected into the 
inlet port (port fuel injection), substantially reduces the power density 
and volumetric efficiency of an internal combustion engine [12].

On the other hand, directly injecting (DI) ammonia as a liquid has 
advantages such as using the higher momentum of liquid ammonia 
droplets to improve air–ammonia mixing globally (fuel–air mixing 
is known to have a significant influence on emissions formation in 
internal combustion engines [13]) and enabling a much higher power 
density (liquid ammonia has a density ≈ 850 times higher than gaseous 
ammonia). Nevertheless, liquid ammonia has challenges evaporating 
in the combustion chamber due to its high latent heat of vaporisa-
tion, which can result in spray droplets still being present during 
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combustion, leading to less efficient combustion and higher emissions. 
Therefore, there is a significant body of work which needs to be done 
to understand the breakup and evaporation of liquid ammonia sprays 
under conditions which are representative of those found in an internal 
combustion engine.

The spray atomisation of hydrocarbon fuels, on the other hand, 
has been comprehensively studied for many years, with the aim of 
enhancing spray–air mixing within the combustion chamber and dis-
tributing the injected mass uniformly before ignition [14]. Among 
many methods attempted, flash boiling atomisation is recognised as a 
promising mechanism to generate finer droplets and potentially achieve 
a more uniform mixture, however with the risk of smaller droplets 
having less momentum leading to a less uniform mixture [15]. The 
concept of flash boiling sprays is closely related to pressure gradient, 
in-nozzle cavitation and primary breakup of the droplets near nozzle 
exit, which has been described in detail in many review articles [14,
16,17], and a short summary is provided here. The high speed flow 
induced by the large pressure gradient between the fuel upstream in 
the supply line (at injection pressure) and downstream at the nozzle exit 
(at ambient/chamber pressure), when passing through some in-nozzle 
features (such as sharp corners), may encounter a local pressure drop. 
This prompts a liquid-to-vapour phase change and gaseous fuel bubbles 
starts to form within the liquid stream (cavitation). When ambient 
pressure further drops, usually to below the saturation vapour pressure 
of the injected fluid, cavitation occurs much more readily, causing 
droplets to break up from their interior immediately after leaving the 
nozzle (flash boiling). The resulting external plume undergoes a more 
rapid radial expansion than a non-flash boiling case [18]. For a multi-
hole injector, when the expanded adjacent plumes are close enough to 
each other, a mechanism similar to the Coandă effect [19] occurs — 
the adjacent high speed plumes create an enclosure that has a lower 
pressure than the pressure on the side that is open to the nearly-
quiescent surrounding gases, and this pressure difference eventually led 
to the merge of multiple plumes into a single one. This drastic change 
in spray morphology is referred as ‘‘spray collapse’’, and it is one of the 
key features observed before in multi-hole hydrocarbon sprays [20–22].

Recently, researchers have started to perform experimental studies 
on the morphological behaviours of liquid ammonia sprays, which has 
a different fluid property from hydrocarbon or alcohols. Pelé et al. [23] 
undertook one of the first studies on liquid ammonia sprays (comparing 
them to gasoline and ethanol sprays) using a repurposed gasoline 
direct injection (GDI) fuel system. They found that at most condi-
tions, ammonia sprays exhibited substantially different behaviour to 
gasoline and ethanol (which behave similarly) — for example having 
a longer penetration length and a smaller spray cone angle. In ad-
dition, it was reported that ammonia spray morphology has a much 
higher dependence on the ambient conditions compared to gasoline 
and ethanol. Cheng et al. [24] also explored a repurposed gasoline 
direct injection (GDI) injector using liquid ammonia. They found that 
ammonia sprays mixed more rapidly than air compared to methanol 
or ethanol and that the ammonia sprays had higher spray angles. 
They also reported substantial sensitivity to the ambient conditions, 
similar to what was found by Pelé et al. [23]. Colson et al. [25], 
similarly using a repurposed GDI injector, found a transition region 
into flash boiling that was controllable, to some extent, with nozzle 
design. In addition to repurposed GDI injectors, ammonia sprays have 
also been studied from repurposed diesel injectors. Fang et al. [26] 
used a diesel injector with ammonia, at much higher pressures than 
the previous GDI studies (up to 1000 bar) and found that under flash 
boiling conditions, the penetration speed of the spray tip substantially 
reduced. Li et al. [27] also used a diesel injector at high injection 
pressure (300 bar) and investigated the effects of superheated degree 
and pressure ratio (either ambient-to-saturation or its reciprocal) on the 
characteristics of ammonia sprays. In their comprehensive tests, they 
found that the flashing regions of ammonia sprays can be split into 
different regions based on the morphological behaviour under various 
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pressure ratios, which is similar to hydrocarbon sprays [20]. However, 
the spray collapse phenomenon was not reported in their work as the 
setup was a single hole injector.

In this paper, a multi-hole GDI injector from a production vehicle 
combustion system is repurposed to inject liquid anhydrous ammonia 
at room temperature (around 20 ◦C) into a constant volume chamber. 
The injector operates at three injection pressures (100 bar, 150 bar and
200 bar) and at a fixed injection duration of 2ms. The ambient (cham-
ber) pressure is set between 1 bar to 10 bar with a minimum increment 
of 0.5 bar between neighbouring test points. The spray is recorded 
by a high-speed diffuse backlit imaging (DBI) technique at 10 kFPS. 
The effects of ambient pressures and injection pressures on ammonia 
sprays are examined. Spray morphological behaviour is quantified by 
macroscopic parameters such as tip penetration length and spray cone 
angle. Flash boiling region and spray collapse point of ammonia sprays 
are identified. The current tests provide a comprehensive data set for 
model validation.

2. Methodology

2.1. Test rig

Measurements of ammonia sprays were undertaken in a constant 
volume chamber filled with nitrogen at various ambient pressures. 
This chamber and the setup has been comprehensively described in 
previous work [28], but a summary and a schematic (Fig.  1) are given 
here, for convenience. The chamber has optical access along three 
axes, facilitated by five 80mm viewable diameter fused silica (quartz) 
windows, two pairs on the side and one at the bottom.

The injector used in this work is a Bosch six-hole injector, which 
has been previously described in [29,30]. This injector originated as 
a gasoline direct injector for a production light-duty vehicle combus-
tion system but has since been repurposed to inject liquid anhydrous 
ammonia, including by replacing the original o-ring seal with EPDM, 
a material which is compatible with ammonia. A recent measurement 
using an X-ray computed tomography (XCT) technique provided further 
details of the geometrical parameters of its nozzles. It has a distinctive 
spray pattern, with four plumes heading generally downwards (axially, 
nozzle holes 23◦ w.r.t. its axis) and two heading in a more orthogo-
nal (radially, nozzle holes 48◦ w.r.t. its axis) direction. All six holes 
are counterbored — upstream 210 μm diameter and 300 μm long, and 
downstream 440 μm diameter and 300 μm long. All of these parameters 
are subject to an error of ±2◦ or ±10 μm. The injector was driven with a 
driver provided by its manufacturer. The setting of injection duration as 
well as the synchronisation among the camera, laser droplet sizer and 
injector were achieved with a Berkeley Nucleonics Corporation BNC 725
pulse/delay generator.

Anhydrous liquid ammonia was pressurised with a Heypac GX40 se-
ries pump before feeding to the injector, and its pressure was measured 
with an in-line GEMS 3100 series transducer. The chamber was pres-
surised with nitrogen gas, whose pressure was measured with another 
GEMS 3100 series pressure transducer mounted at the bottom of the 
chamber. All data and individual trigger of each device, were recorded 
by a PicoScope 6000E Series data logger at 100 kHz.

Spray images were recorded by a high speed camera (Photron 
FASTCAM-1024PCI 100K), operated in these tests at 10 000 FPS with a 
resolution of 256 pixel × 272 pixel and an exposure time of 10 μs. The 
images taken were shadowgraph images by back-illuminating the spray 
with a white (i.e., broadband) LED shining through a diffusing screen 
giving a uniform backlighting to the images. The resulting pixel reso-
lution in each image was 0.25mmpixel−1, corresponding to a maximum 
error of 1.25% in all images.
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Fig. 1. Schematic of the experimental setup in two views.

Fig. 2. Test matrix. The blue markers show the test points, and the red dashed line 
illustrates the saturation vapour pressure (𝑃sat.) of ammonia under the test temperature 
(20 ◦C).

2.2. Test conditions

The test points in this paper were taken at three injection pressures 
(𝑃inj., at 100 bar, 150 bar and 200 bar) and in a range of ambient pressures 
(𝑃amb., 1 bar to 10 bar with various increments as small as 0.5 bar). The 
test matrix is illustrated in Fig.  2 — each blue marker refers to a test 
point, and the red dashed line shows the saturation vapour pressure 
(𝑃 ) of ammonia at the test temperature (8.5 bar at 20 ◦C [5]). The 
sat.
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top horizontal axis labels the (dimensionless) ambient-to-saturation 
pressure ratio, defined as [20]:

𝑟𝑃 =
ambient pressure

saturation vapour pressure =
𝑃amb.
𝑃sat.

The ambient pressure is lower than the saturation vapour pressure if 𝑟𝑃
falls below 1, and in this case flash boiling is more likely to occur.

At each point, the injector was triggered at 1Hz to perform 20 con-
secutive shots at 2ms injection duration. After each test, the chamber 
was vented completely and purged using nitrogen for at least five 
minutes, before it was recharged by nitrogen to the target ambient 
pressure for the next test point.

2.3. Image post processing and macroscopic spray parameters

Fig.  3(a) shows an example raw image taken at 1.0ms after the start 
of injection (ms aSOI). The injection pressure was at 150 bar and the 
ambient pressure being 9 bar. The two radial plumes pointed toward the 
camera (outwards the paper). To isolate spray plumes from stationary 
chamber features for further analysis, ten blank images without spray, 
such as Fig.  3(b), were recorded before each shot and, when they are 
subtracted from the raw images (Fig.  3(a)), the resulting background 
subtracted image (Fig.  3(c)) contains the spray plumes only.

These images (Fig.  3(c)) are then used to compute the macro-
scopic spray parameters using an algorithm based on the SAE J2715 
standard [31,32], summarised as follows and illustrated in Fig.  4 (a 
zoomed-in plot of Fig.  3(c)):

Tip penetration length The injector tip is labelled by a red dot 
(Point O), and among all the darker pixels that show the presence of 
spray plume (liquid), Point P (blue dot) is the furthest away from the 
injector tip. Hence, the tip (liquid) penetration length is defined by the 
length of line segment OP.

Spray cone angle A circle centred at the injector tip with a 5mm
radius can be drawn in each image (illustrated by the orange dashed 
circle in Fig.  4), and it intersects the spray plume at Point A (orange 
triangle marker) and Point A’ (orange rectangle marker). These two 
points define the plume edges at 5mm away from the injector tip. A 
similar procedure was repeated at a 15mm radius (teal dashed circle) 
to obtain the plume edges further downstream, denoted Point B (teal 
triangle marker) and Point B’ (teal rectangle marker). The spray cone 
angle is thus defined by the angle between line segments AB and A’B’ 
(purple dash-dotted lines). It should be noted that the spray must have 
penetrated for a long enough distance (at least 15mm, preferably longer 
for a stable result) away from the injector tip to enable the calculation 
of spray cone angle.

3. Results

3.1. Observations from raw images

Fig.  5 illustrates the ammonia spray images recorded at 150 bar
injection pressure at different timings and ambient pressures. Each 
row shows the images recorded at the same timing (value shown in 
the first column), and the images in each column are recorded under 
the same ambient pressure (i.e., the same test point). The ambient 
pressures (𝑃amb.) and the corresponding ambient-to-saturation pressure 
ratios (𝑟𝑃 ) are labelled at the top of each column. The injector tip 
defines the origin of each plot.

As the spray leaves the nozzle, the plumes gradually penetrate in 
the chamber. At 9 bar (column (a)), all six plumes from the six-hole 
injector can be seen, albeit that there are some inevitable overlay 
among them in these line-of-sight images due to the viewing angle of 
the camera. The four axial plumes roughly have an equal penetration, 
which matches with the injector design as all these holes have the same 
internal diameter and the same angle with respect to the injector axis 
(𝑧 axis). The two radial plumes point more out of plane, so they appear 
to have a shorter penetration length when imaged in this view.
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Fig. 3. (a) An example raw image recorded at 1.0ms aSOI, at 150 bar injection pressure 
and at 9 bar ambient pressure; (b) a blank image taken before the same injection shot 
as (a), used as a background; (c) background subtracted image of (a).

Under this pressure (9 bar), the plumes from each individual hole 
are clearly separated and the spray is non-flash boiling. The ambient 
pressure is still higher than the saturation vapour pressure (𝑟𝑃 > 1), 
the evaporation of the droplets only occurred at their outer edge, and 
within such a short period of time (from 0.6 to 1.8ms aSOI), there is 
limited ambient gas intrusion so the evaporation mainly happened near 
the plume boundaries.

When the ambient pressure drops (say, 3 bar in column (b)), as the 
density of the surrounding gases (mainly nitrogen) reduces — density 
of an ideal gas such as nitrogen is proportional to pressure at the same 
temperature — there is less drag applied on the penetrating spray, and 
this results in a longer penetration at the same timing. For instance, 
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Fig. 4. A zoomed-in plot of Fig.  3(c), superposed by labels illustrating the SAE J2715 
standard. Point O: injector tip; Point P: furthest point away from Point O in the plume; 
Points A and A’: plume edges at 5mm away from Point O; Points B and B’: plume edges 
at 15mm away from Point O.

at 1.2ms aSOI, the plume has not yet reached the line 𝑧 = −40mm
when the ambient pressure is at 9 bar (plot (a3)), but it has exceeded 
the line 𝑧 = −45mm at 3 bar ambient pressure (plot (b3)). Despite that 
the ambient pressure is below the saturation vapour pressure (𝑟𝑃 < 1), 
at 3 bar ambient pressure, the plumes are still separated in the images 
(column (b)). However, considering that the ambient pressure is much 
lower than the saturated vapour pressure (𝑟𝑃 = 0.35 when 𝑃amb. =
3 bar), a flash-boiling phenomenon [14] may have occurred. In addi-
tion to the gradual evaporation near plume boundaries, the droplets 
also undergo a more rapid cavitation process — bubbles containing 
evaporated (gaseous) ammonia are formed interior of the droplets and 
prompt the breakup (or even an exposure) of the original droplets into 
smaller ones.

The effect of flash boiling is not be obviously seen in spray images 
until the ambient pressure further dropped to 2 bar (column (d)), at 
which a so-called ‘‘spray collapse’’ phenomenon is observed — all 
six plumes merge into a single one as soon as the spray leaves the 
nozzle, and only a single stream is visible in the images throughout 
the injection event. As discussed in the Introduction section, the spray 
collapse is caused by the pressure difference between the sides of 
multiple high-speed plumes. The spray collapse is usually seen as an 
indication of the (flare) flash-boiling region in multi-hole hydrocarbon 
sprays [20–22], and it is in this paper observed in ammonia sprays as 
well.

When the ambient pressure is slightly higher, at 2.5 bar (column (c)), 
the images show a partially collapsed plume — the plumes merge to 
two plumes instead one at earlier timings (before 1.2ms aSOI, the third 
row) when the flash boiling has just begun and the plumes has not 
expanded enough. And, at a later timing (for instance at 1.8ms aSOI, 
the fifth row) the expansion of the individual plumes finally merge 
the two streams into a single one. This shows a transition between a 
milder flash boiling regime without spray collapse (observed at medium 
ambient pressures) and a flare flash-boiling regime with spray collapse 
(observed at low ambient pressures).

Under all the tested conditions, the complete spray collapse is only 
observed for ambient pressures lower or equal to 2 bar, or, more specif-
ically, at 2 bar, 1.5 bar and 1 bar ambient pressures — the images for 
the latter two conditions are not shown here for brevity but they look 
similar to the ones at 2 bar (column (d) in Fig.  5) and both have only one 
stream visible. This corresponds to an ambient-to-saturation pressure 
ratio (𝑟𝑃 ) below 0.23, and such a value, known as the ‘‘spray collapse 
point’’, is lower than the one for hydrocarbon fuels (0.3) reported in 
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Fig. 5. Spray images recorded at 150 bar injection pressure at different timings (rows) and ambient pressures (columns).
Zeng et al. [20]. This may be resulted from an evaporative cooling 
effect due to the excessively higher specific latent heat of ammonia 
(more than three times larger than iso-octane [5]). The evaporation 
of the liquid ammonia droplets reduces the surrounding temperature 
significantly [33], and hence the local saturation vapour pressure, 
evaluated at the local temperature of the surroundings of the spray, will 
be much lower than the value obtained from the injection temperature 
(fuel temperature). As a result, the local ambient-to-saturation pressure 
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ratio, which will drive evaporation behaviour, is likely to be higher 
than the reported values.

3.2. Temporal evolution of macroscopic spray parameters

The macroscopic spray parameters derived from the spray images 
give a quantitative insight of spray behaviour under a variety of test 
conditions. Fig.  6 reports the tip penetration length and spray cone 
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Fig. 6. Macroscopic spray parameters as functions of time at 150 bar injection pressure. 
(a) Tip penetration length (with a zoomed-in plot) and (b) spray cone angle.

angle as respective functions of time (in a unit of ms aSOI) at 150 bar
injection pressure and under five ambient pressures ranging 1 bar to
9 bar at a 2 bar increment. Each marker labels the median value of the 
results from 20 consecutive shots in a single test run, and the lower and 
upper bounds of the error bars are the 10% and the 90% percentiles, 
respectively.

At all tested conditions, the tip penetration lengths (Fig.  6(a)) 
increase monotonically with respect to timing as the spray travels away 
from the injector tip, until the values exceed the viewable limit of the 
window (above 60mm). In line with the observations from the images 
(Fig.  5), at any given timing, the penetration length is shorter at 9 bar
ambient pressure (teal markers in Fig.  6(a), column (a) in Fig.  5) than 
those at lower ambient pressures such as 3 bar (red markers in Fig.  6(a), 
column (b) in Fig.  5) or 1 bar (blue markers in Fig.  6(a), images not 
shown for brevity). Such a trend is again expected as due to the higher 
drag induced by higher density at higher ambient pressure. Also, the 
spray collapse appeared at extremely low ambient pressures (such as at 
1 bar), despite it drastically alters the plume shape (seen before in Fig. 
5), does not change the trend that higher ambient pressure (density) 
normally leads to a shorter penetration length.

Interestingly, this trend reverses at ambient pressures in the middle 
of the range — when ambient pressure reduced from 5 bar (orange 
markers in Fig.  6(a)) to 3 bar (red markers). The penetration lengths are 
about 3.5 percent longer at 5 bar compared to the ones at 3 bar when the 
spray has travelled for a sufficient distance within the chamber (after 
0.9ms aSOI). This may be a result from two competing mechanisms — 
the decreased ambient pressure prompts the spray to penetrate further 
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in the chamber as there is less drag (owing to a lower ambient density), 
but in the meantime it also reduces the ambient-to-saturation pressure 
ratio (𝑟𝑃 ) and enhances the flash boiling of the droplets within the 
plume. The latter leads to a more rapid evaporation of the droplets and, 
since the backlit imaging technique used in this paper only captures the 
liquid part of the plume, the liquid tip penetration length is reduced. 
In this medium ambient pressure range (around 3 bar), the enhanced 
evaporation is more dominant than the reduced drag, resulting in an 
overall shorter tip penetration length when ambient pressure is lower.

The spray cone angle, on the other hand, does not vary much after 
the spray left the nozzle at higher ambient pressures. As shown in Fig. 
6(b), when plotted as a function of timing (orange markers at 5 bar, 
purple markers at 7 bar and teal markers at 9 bar), the spray cone angle 
is always at 56◦ ± 2◦ regardless of timing.

At lower ambient pressures, however, the spray cone angle increases 
at a later timing as a result of plume expansion owing to a stronger 
evaporation mechanism under these conditions. At 3 bar (red markers 
in Fig.  6(b)), the value is similar to the value at higher pressures 
(about 56◦) at 0.7ms aSOI, but it increases to 63◦ within the next 
0.5ms (at 1.2ms aSOI) and the value remains stable subsequently. The 
plume expansion is much more obvious under extremely low ambient 
pressures when spray collapse occurs — at 1 bar (blue markers), the 
spray cone angle increases rapidly from below 45◦ at 0.7ms aSOI to 
65◦ at 1.2ms aSOI, and increases gradually to 68◦ after 1.6ms aSOI. 
This suggests that in this flare flash boiling region, the spray is firstly 
narrowed (from the side) due to the plume merging, and at a later 
timing, the merged plume starts to expand rapidly in a radial direction 
under a combined effect of low ambient density (low drag) at its outer 
boundary and the violent droplet breakup and evaporation happening 
in its interior.

3.3. Spray morphological behaviour in three regions of ambient pressures

These findings suggest that ambient pressure (or equivalently, at 
a fixed saturation pressure, the ambient-to-saturation ratio 𝑟𝑃 ) has a 
profound effect on morphology of ammonia sprays. The effect of ambi-
ent pressures can be viewed in a more detail from another perspective 
— when the macroscopic spray parameters are instead reported as 
respective functions of ambient pressures (and 𝑟𝑃  labelled on the top 
axis) in Fig.  7 (for tip penetration lengths) and in Fig.  8 (for spray 
cone angles) at various timings. In addition to the test points at 150 bar
injection pressure discussed previously in Fig.  6, these two figures also 
show the macroscopic spray parameters at all three injection pressures 
– at (a) 100 bar, (b) 150 bar and (c) 200 bar, as well as in a finer test point 
selection (0.5 bar increment for ambient pressure 1 bar to 5 bar).

For instance, Fig.  7(b) further reveals that, among all tested condi-
tions at 150 bar injection pressure, the penetration length is maximised 
when 𝑟𝑃 = 0.53 (4.5 bar ambient pressure), and from Fig.  8(b), the 
increase of spray cone angle (an indication of plume expansion due 
to flash boiling) also starts when ambient pressure falls below this 
pressure. This suggests that, from a morphology point of view, the 
relative importances of ambient drag (dynamic breakup, dominant at 
higher ambient pressure) and evaporation (thermal breakup, dominant 
at medium ambient pressure) swap when 𝑟𝑃 < 0.53 (or ambient 
pressure reduces to below 4.5 bar). The strong evaporation at low 
ambient pressures prevents the plumes from penetrating further and 
also expands each plume in its radial direction (i.e., wider and larger 
cone angle).

When the ambient pressure further drops (below or equals to 2 bar, 
or 𝑟𝑃 < 0.23), as illustrated before in Fig.  5(d), the spray collapses into a 
single plume, and such a drastic change leads to different aerodynamic 
properties. The penetration length (Fig.  7(b)) of the merged plume 
shortens as ambient pressure reduces — a phenomenon similar to the 
observations at higher ambient pressures (above 4.5 bar, or 𝑟𝑃 ≥ 0.53). 
However, the change of its spray cone angle (Fig.  8(b)) seems to be less 
ordered — the values fluctuate both with respect to ambient pressures 
and in different timings.
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Fig. 7. Tip penetration length at various timings as a function of ambient pressure at 
three injection pressures. (a) At 100 bar, (b) at 150 bar and (c) at 200 bar.

3.4. Spray morphological behaviour under different injection pressures

Inspired by the above findings at 150 bar injection pressure, one may 
split the tested conditions into three regions based on dominant mech-
anisms affecting the spray morphological behaviour, as summarised 
in Table  1. At high ambient pressures, the drag from the dense and 
quiescent ambient gas dominates, and the penetration length shortens 
392 
Fig. 8. Spray cone angle at various timings as a function of ambient pressure at three 
injection pressures. (a) At 100 bar, (b) at 150 bar and (c) at 200 bar.

at higher ambient pressure (density) while the cone angle remains 
almost constant. At medium ambient pressures, the evaporation of 
droplets and their thermal breakup becomes more important, so the 
trend of penetration length reverses — shorter penetration length is 
observed at lower ambient pressure, and in the meantime the cone 
angle increases due to plume expansion. In this evaporation dominant 
region, the flash boiling is mild and plumes from each hole are still 



L. Shen and F. Leach International Journal of Hydrogen Energy 126 (2025) 386–395 
Table 1
Summary of the three regions of spray morphological behaviour at 150 bar injection pressure.
 Region Ambient-to-saturation pressure ratio Penetration length trend Cone angle trend  
 (ambient pressure range)  
 Drag dominant 𝑟𝑃 ≥ 0.53 Decrease as 𝑃amb. ↑ Almost constant  
 (𝑃amb. ≥ 4.5 bar)  
 Evaporation dominant 0.23 < 𝑟𝑃 < 0.53 Increase as 𝑃amb. ↑ Decrease as 𝑃amb. ↑  or mild flash boiling (2.0 < 𝑃amb. < 4.5 bar)  
 Spray collapse 𝑟𝑃 ≤ 0.23 Decrease as 𝑃amb. ↑ Highly fluctuating  
 or flare flash boiling (𝑃amb. ≤ 2.0 bar)  
Table 2
Ranges of the three regions of spray morphological behaviour and evaporation mechanisms at different injection pressures.
 Region Evaporation 𝑃inj. = 100 bar 𝑃inj. = 150 bar 𝑃inj. = 200 bar  
 mechanism  
 Drag dominant External 𝑟𝑃 ≥ 0.59 𝑟𝑃 ≥ 0.53 𝑟𝑃 ≥ 0.47  
 heat transfer (𝑃amb. ≥ 5.0 bar) (𝑃amb. ≥ 4.5 bar) (𝑃amb. ≥ 4.0 bar)  
 Evaporation dominant Both 0.23 < 𝑟𝑃 < 0.59 0.23 < 𝑟𝑃 < 0.53 0.23 < 𝑟𝑃 < 0.47  
 or mild flash boiling (2.0 < 𝑃amb. < 5.0 bar) (2.0 < 𝑃amb. < 4.5 bar) (2.0 < 𝑃amb. < 4.0 bar) 
 Spray collapse Superheated 𝑟𝑃 ≤ 0.23 𝑟𝑃 ≤ 0.23 𝑟𝑃 ≤ 0.23  
 or flare flash boiling evaporation (𝑃amb. ≤ 2.0 bar) (𝑃amb. ≤ 2.0 bar) (𝑃amb. ≤ 2.0 bar)  
separated. At low ambient pressures, the spray enters the flare flash 
boiling region and the expanded plume finally merges, leading to the 
spray collapse phenomenon. The penetration length of merged plume 
again shortens at higher ambient pressures, and a large fluctuation in 
cone angle is observed under different ambient pressures as well as at 
different timings. The separation of regions is additionally shown as 
coloured background in Figs.  7 and 8 — green for the drag dominant 
region, blue for the evaporation dominant region and red for the spray 
collapse region.

The injection pressure has an effect on the spray morphological 
behaviour, too. At lower injection pressures, there is less momentum 
carried by the injected fluid. As a result, at the same timing and 
under the same ambient pressure, the tip penetration lengths at 100 bar
injection pressure (Fig.  7(a)) are shorter than those at 150 bar (Fig.  7(b)) 
and 200 bar (Fig.  7(c)) injection pressures. For instance, at 1.5ms aSOI
(purple markers) and 5 bar ambient pressure, the tip penetration length 
is about 50mm when the injection pressure is at 100 bar, while for 
150 bar injection pressure the value is about 55mm and for 200 bar
injection pressure the plume tip has exceeded the viewable limit of the 
window (above 60mm).

The spray cone angle, on the other hand, does not alter materially 
when the injection pressure changes. The maximum difference in spray 
cone angles among different injection pressures (Fig.  8) is less than 
2◦ when the timing and ambient pressure are kept the same, and if 
plotted on the same axis (not shown here for brevity), there would be 
an obvious error bar overlap. This observation indicates that, for this 
injector, the liquid momentum is concentrated along the axial direction 
of the nozzles.

A closer look at the spray macroscopic parameters at 100 bar (Figs. 
7 and 8(a)) and 200 bar (Figs.  7 and 8(c)) injection pressures reveals 
that their trends (with respect to the change of ambient pressures) 
of tip penetration length and spray cone angle are very similar to 
the one observed before at 150 bar injection pressure (Figs.  7 and 
8(b), summarised in Table  1). Indeed, one could use the same three 
regions to describe the spray morphological behaviour at each injection 
pressure, albeit that the ambient-to-saturation pressure ratios at which 
the neighbouring regions separated may be different.

As summarised in Table  2, the maximum tip penetration length 
occurs at a lower ambient pressure when the injection pressure is 
higher. This is potentially due to a strengthened atomisation process at 
higher injection pressures. The increased momentum at higher injection 
pressures enhances the interaction between the spray and ambient gas, 
and based on previous findings for hydrocarbon sprays [34], this nor-
mally leads to finer droplets. Each of these smaller droplets has a larger 
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surface-area-to-volume ratio and their trajectory is more sensitive to the 
change in ambient drag. In contrast, the strength of the flash boiling 
is mainly a function of ambient pressure, and it remains the same at 
various injection pressures. The combined result is visualised in Figs. 
7 and 8 by an enlarged drag dominant region (green background) and 
a squeezed evaporation dominant region (blue background) at higher 
injection pressures.

The ambient pressure below which the spray collapse occurred 
(i.e., the ‘‘spray collapse point’’), on the other hand, does not depend 
on the injection pressure. At all three injection pressures, the spray col-
lapse phenomenon is observed only when 𝑟𝑃 ≤ 0.23 (≤ 2.0 bar ambient 
pressure, red background in Figs.  7 and 8). As discussed before in Fig. 
8, the spray cone angle remains almost the same at different injection 
pressures, and this indicates that the extent of radial expansion of 
individual plumes may also remain unaltered when injection pressure 
is varied. As the spray collapse mechanism (discussed before) relies on 
adjacent plumes to be close enough to each other, if the individual 
plumes spanned similar radial distances, the injection pressure would 
not have a strong effect on when the spray collapse occurs. In fact, the 
spray collapse point would be more sensitive to hole pattern design.

4. Conclusions

Liquid anhydrous ammonia was injected from a repurposed multi-
hole GDI injector into a constant volume chamber filled with nitrogen. 
The ambient (chamber) pressure varied 1 bar to 10 bar; the injection 
pressure was set to be 100 bar, 150 bar and 200 bar and the injec-
tion duration was 2ms. Images of the resulting ammonia sprays were 
recorded at 10 kFPS by the diffuse backlit imaging technique. After 
post processing the images via a background subtraction algorithm, 
stationary chamber features were removed and spray plumes in each 
image were isolated. This enabled the computation of macroscopic 
spray parameters such as tip penetration length and spray cone angle 
following the SAE J2715 standard. The effects of ambient pressure and 
injection pressure on the morphological behaviour of ammonia sprays 
were examined, and the key findings are summarised below:

1. Ambient pressure (or its equivalent at a fixed saturation pres-
sure, the ambient-to-saturation ratio 𝑟𝑃 ) has a profound effect 
on the morphological behaviour of ammonia sprays.

(a) At high ambient pressures (large 𝑟𝑃 ), the plumes from 
each hole of the injector were separate and, due to higher 
drag from the quiescent ambient gases, the tip penetration 
lengths were shortened at higher ambient pressures, while 
the spray cone angles remained almost constant.
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(b) At medium ambient pressures (medium 𝑟𝑃 ), despite the 
plumes still being separate, the flash boiling mechanism 
became more dominant than the effect of reduced drag. 
Stronger evaporation prevented the spray plumes from 
penetrating further and resulted in a reversed trend of tip 
penetration lengths — the tip penetration lengths were 
shorter at lower ambient pressures. In addition, the spray 
cone angle increased as the ambient pressure dropped. 
Within a given injection, the spray cone angle was steady 
throughout the duration of injection.

(c) At low ambient pressures (small 𝑟𝑃 ), spray collapse was 
observed and all plumes merged into a single plume 
immediately after they left their respective nozzles. The 
trend of tip penetration length for the merged plume was 
similar to those at higher ambient pressures — the plume 
penetrated further when ambient pressure dropped. On 
the other hand, the merged plume showed an unsta-
ble and unsteady behaviour in its radial expansion — 
the spray cone angle fluctuated under different ambient 
pressures and its value rapidly increased within a given 
injection (with respect to timing). Additionally, when am-
bient pressure was slightly higher, the six plumes firstly 
partially collapsed into two streams at earlier timings and 
merged to a single stream subsequently.

2. Spray morphology can be split into three regions, namely drag 
dominant (at high ambient pressures), evaporation dominant (at 
medium ambient pressures) and spray collapse (at low ambient 
pressures). At 150 bar injection pressure, the separation points 
between neighbouring regions were at 𝑟𝑃 = 0.53 and 𝑟𝑃 = 0.23, 
respectively. The latter is usually referred to the ‘‘spray collapse 
point’’.

3. Spray morphology is also influenced by injection pressure.

(a) Spray penetrated further at higher injection pressures 
owing to more momentum carried by the injected fluid.

(b) Spray cone angle remained almost constant (within ±1◦) 
at different injection pressures. This indicates that the 
radial expansion of spray plumes are independent of in-
jection pressure.

(c) The spray was more sensitive to the change in ambi-
ent drag when being injected at higher pressures, as a 
result of stronger dynamic breakup and enhanced interac-
tion between the spray and ambient gas. The separation 
point between drag dominant and evaporation dominant 
shifted from 𝑟𝑃 = 0.59 at 100 bar, to 𝑟𝑃 = 0.53 at 150 bar
and 𝑟𝑃 = 0.47 at 200 bar injection pressures.

(d) However, the spray collapse point did not change when 
the injection pressure changed. For all three injection 
pressures tested, the point was at 𝑟𝑃 = 0.23. This value 
is lower than those reported in the literature for hydro-
carbon fuels, potentially due to the higher enthalpy of 
vaporisation of ammonia.
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