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Abstract: Liquid ammonia is an ideal zero-carbon fuel for internal combustion engines. High-pressure
injection is a key technology in organizing ammonia combustion. Characteristics of high-pressure
liquid ammonia injection is lack of research. Spray behaviors are likely to change when a high-
pressure diesel injector uses liquid ammonia as its fuel. This study uses high-speed imaging with
a DBI method to investigate the liquid penetration, width, and spray tip velocity of high-pressure
liquid ammonia injection up to 100 MPa. Non-flash and flash boiling conditions were included in
the experimental conditions. Simulation was also used to evaluate the results. In non-flash boiling
conditions, the Hiroyasu model provided better accuracy than the Siebers model. In flash boiling
conditions, a phenomenon was found that liquid penetration and spray tip velocity were strongly
suppressed in the initial stage of the injection process, this being the “spray resistance phenomenon”.
The “spray resistance phenomenon” was observed when ambient pressure was below 0.7 MPa during
0–0.05 ms ASOI and was highly related to the superheated degree. The shape of near-nozzle sprays
abruptly changed at 0.05 ms ASOI, indicating that strong cavitation inside the nozzle caused by
needle lift effects is the key reason for the “spray resistance phenomenon”.

Keywords: liquid ammonia; NH3; zero-carbon fuel; high-pressure injection; flash boiling spray

1. Introduction

In recent years, there has been a global consensus to reduce carbon emissions. Re-
searchers on engine development and power engineering have been exerting considerable
effort to replace fossil fuels [1–3]. Liquid ammonia is an ideal fuel to achieve zero carbon
emissions for internal combustion engines and other power applications because ammonia
does not contain any carbon and is easy to store and transport [4–6]. Moreover, ammo-
nia can be synthesized using hydrogen, which can be produced using renewable energy
sources [7]. Ammonia contains nitrogen, which can cause NOX emission at low engine
loads, but in high engine loads, the NOX emissions decrease because of the low combus-
tion temperature of ammonia [8,9]. The NOX emissions of ammonia can be decreased by
optimizing injection strategies [10,11] and can be removed with unburned ammonia in
a selective catalytic reduction (SCR) system [12]. Therefore, the NOX emissions of liquid
ammonia are not a severe problem. In direct injection engines, fuel should be mixed
with air and distributed in the entire combustion chamber to realize superior combus-
tion performance. Hence, the injection pressure of liquid ammonia should be increased
to achieve rapid distribution and atomization in combustion chambers, particularly in
large-bore engines.
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Liquid ammonia is a liquefied fuel gas. Liquefied fuel gases, such as liquid ammonia,
liquid propane, and liquefied petroleum gas (LPG), have higher saturation pressure and
lower viscosity and density than diesel and gasoline. Differences in physical properties
can cause large differences in spray and evaporation [13]. Li et al. discovered the flash
boiling phenomenon and clarified the satiations of fuel and ambient temperatures that
cause flash boiling and significant spray expansion [14]. Soo et al. studied the spray
characteristics of LPG and other conventional liquid fuels using a GDI injector up to
15 MPa in addition to discovering the flash boiling phenomenon [15,16]. The expansion
caused by flash boiling changes spray characteristics significantly. Liquid CO2 can also
be superheated in high ambient pressure, in which the explosion of bubbles improves
atomization [17–19]. However, atomization quality decreases with the interaction of sprays
of multi-hole GDI injectors, causing the spray collapse phenomenon [20–24]. Zhang et al.
compared high-pressure liquid ammonia and diesel injection up to 50 MPa in non-flash
boiling conditions [10]. They found that there was no essential difference in non-flash
boiling conditions except liquid penetration and spray cone angle differences caused by
different fuel properties. Kim et al. investigated the spray characteristics of LPG with
different injection pressures [25]. The results demonstrated that spray penetration decreases
with an increase in injection pressure. Lee et al. compared the spray characteristics of
LPG, dimethyl ether, and dodecane [26,27]. Their experiments demonstrated that LPG
gasified faster than dodecane because of the flash boiling of LPG. Its spray characteristics
were more sensitive to ambient temperature and pressure than dodecane. Beroun et al.
tested LPG injection in the intake manifold of an engine and explained that the extreme low
temperature generated in the spray caused injector tip icing [28]. Angelilli et al. noticed that
liquid ammonia also has a cooling effect because of its large latent heat, preventing droplets
from boiling in hot environments [29]. Ainsalo et al. compared the spray characteristics
of liquid propane with other conventional liquid fuels [30]. They found that the spray
penetration of liquid propane is lower than other liquid fuels. High injection pressure
up to 100 MPa increases the difference in spray penetration between liquid propane and
other liquid fuels. Zhang et al. found that high pressure supercritical propane jets up to
12 MPa can generate Mach disks [31]. Flash boiling of fuel also causes injector tip wetting.
The closing time of LPG was shorter than other liquid fuels because of its low viscosity.
Yeom et al. conducted LPG injection up to 0.8 MPa using the GDI injector. They found that
vapor generated inside the rail causes the “vapor lock” phenomenon, making the engine
hard to restart [32]. Cheng et al. tested the spray characteristics of high-pressure liquid
ammonia injection up to 100 MPa using a hollow cone piezo injector [33]. The experiment
demonstrated that the spray penetration and area of liquid ammonia are higher than those
of methanol and ethanol because of its low viscosity and density. Zhang et al. used schlieren
technology to investigate gas ammonia injections up to 0.8 MPa [34]. They found that the
spray tip penetration of gas ammonia is similar to methane, while the equivalence ratio of
gas ammonia is lower than methane. Overall, liquid ammonia can be treated as a typical
liquefied fuel gas in the field of sprays. Experimental results in the literature have shown
that the flash boiling of liquefied fuel gas completely changes the spray characteristics.
Liquefied fuel gas also generates “vapor lock” inside the injection system, blocking the
injection process. Although liquid ammonia was not found to have essential differences
with diesel in non-flash boiling conditions, the spray characteristics still have differences
caused by different fuel properties. Furthermore, high-pressure injection enlarges the
difference in spray characteristics between liquefied fuel gas and conventional liquid fuels.
More studies are needed to clarify the effects of high injection pressure on liquefied fuel
gas spray.

Similar to liquid propane and LPG, liquid ammonia has come into view in recent
years. Owing to its high ignition temperature (651 ◦C) and narrow flammable limit (15%
to 28%) [6], most studies on high-pressure liquid ammonia injection are within the field
of dual fuel combustion. Scharl and Sattelmayer used a pilot diesel flame to ignite a
high-pressure liquid ammonia spray up to 53 MPa [35]. They found that the interaction



Energies 2023, 16, 2843 3 of 21

angle between the diesel jet and liquid ammonia jet strongly affected the ignition delay
and heat release rate of ammonia combustion. The visualized experiment demonstrated
more information on the spray and flame characteristics [36]. They also revealed that the
instability of ammonia flame is mainly caused by the difficulty of achieving a good quality
of the fuel-air mixture. Zhang et al. conducted diesel-ammonia dual fuel injections in
an optic engine [10]. Liquid ammonia was injected into the combustion chamber at high
pressure up to 65 MPa. The use of different injection timings of ammonia and diesel can
achieve premixed and diffusive combustion of ammonia and also strongly affect the heat
release rate and thermal efficiency. Ichikawa et al. designed and tested a unique injector that
can achieve a supporting fuel/liquid NH3/supporting fuel three-layer spray [37]. C16H34
was used as the supporting fuel and promoted the combustion of NH3. Mao et al. used
polyoxy-methylene dimethyl ethers (PODE) to replace diesel as a pilot fuel [38]. PODE
can ignite ammonia without producing large amounts of soot. In summary, the interaction
of diesel and liquid ammonia sprays and the mixture formation of ammonia and air are
keys to reaching high-efficiency ammonia combustion. Hence, models should be designed
to predict the spray characteristics of high-pressure liquefied fuel gas sprays, particularly
liquid ammonia.

For model predictions of liquefied fuel gas, Li et al. investigated high-pressure liquid
ammonia sprays up to 30 MPa and compared them with the Hiroyasu model [39]. The
results show that the spray penetration deviation of the modeled and experimental values
rapidly increased when the superheat degree exceeded 5. Kim et al. used the KH-RT
model coupled with the flash breakup and modified gas-jet models to predict the spray
characteristics of liquid propane sprays up to 10 MPa [40]. Details of the flash breakup
model are discussed in [41]. They found that only using the flash breakup model cannot
predict the spray shape of liquid propane sprays. The modified gas-jet model can improve
the accuracy of predictions, but the deviations in the model and experiment are still larger
than those for conventional liquid fuel. Guo et al. used the homogeneous relaxation
model (HRM) to analyze the shock structure of liquid propane sprays [42]. The shock
structure in simulation was found to be relatively similar to the experiment result. Scharl
et al. validated the Musculus and Kattke 1D control volume model in high-pressure liquid
ammonia injection up to 53 MPa [36,43]. Liquid and vapor penetrations fit well with the
1-D model. In current research, the applicability of spray models in high-pressure liquefied
fuel gas cannot be validated for lack of experimental data.

In summary, owing to the utility of ammonia in large-bore diesel engines, the re-
quirements for spray formations of liquid ammonia are different from other light fuels.
The injection pressure of liquid ammonia needs to be increased to rapidly reach adequate
atomization away from the nozzle. However, the characteristics of liquid ammonia sprays
under high injection pressures are not clear because most of the visualized research on
liquid ammonia and other liquefied fuel gases was conducted below 53 MPa. The effects
of flash boiling on high-pressure injections are not clear either. In the conducted research,
we visualized experiments of high-pressure liquid ammonia injection up to 100 MPa and
performed analysis under non-flash and flash boiling conditions. In non-flash boiling
conditions, the Siebers model and Hiroyasu model were chosen to be compared with the
experiment. In flash boiling conditions, the spray tip velocity was strongly suppressed in
the initial stage of injections, which is called the “spray resistance phenomenon” in this
paper. The reason of the “spray resistance phenomenon” is that the needle lift effect caused
cavitation inside the nozzle, generating a large amount of vapor that blocked the nozzle
hole. The results of these experiments are beneficial as numerical research and also towards
the design of injection systems.

2. Materials and Methods
2.1. Experimental Setup

A high-pressure chamber and high-speed camera were used to conduct the visualized
experiment in this paper. The experimental apparatus is shown in Figure 1. The product
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model of the high-speed camera was Photron SA-Z. The product model of the LED light
source was Godox VL300. A modified high-pressure pneumatic fluid pump was used to
achieve high injection pressure up to 100 MPa. The key parameters of the experimental
conditions are shown in Table 1. A diesel injector was used to inject liquid ammonia. The
diameter of the nozzle hole was 0.168 mm, which was provided by the manufacturer of
the injector (https://www.nydk.cn/, accessed on 20 July 2022). The visualized diagnostics
were conducted in a high-pressure constant volume chamber. The working pressure of the
constant volume chamber was 15 MPa and the volume was 1.7 L, which were enough for
the experiment.
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Figure 1. Schematic of the experimental apparatus.

Table 1. Key parameters of experimental conditions.

Items Parameters

Ambient temperature (Tamb, K) 300
Ambient pressure (Pamb, MPa) 0.1–4.0
Injection pressure (Pinj, MPa) 50–100
Injection duration (ms) 2
Fuel temperature (Tf, K) 300
Fuel Liquid ammonia (99.9999%)
Fuel saturation pressure (MPa) 1.06 (in room temperature 300 K) [44]
Injector type Single-hole diesel injector
Nozzle hole diameter (mm) 0.168
Visualized diagnostics technology Diffused back-illumination
Test chamber volume (L) 1.7
Chamber working pressure (MPa) 15

Experiments were carried out at room temperature (300 K). The experimental condi-
tions, including ambient pressure (Pamb), ambient density (ρamb), and injection pressure
(Pinj), are shown in Table 2. The fuel was high-purity liquid ammonia (99.9999%). The
saturation pressure of ammonia at room temperature is 1.06 MPa, according to the NIST
database [44]. Above the saturation pressure, liquid ammonia spray and droplets undergo
conventional evaporation. Below Pamb 1 MPa, the liquid core and droplets become super-
heated and generate a very large number of internal bubbles. The liquid ammonia spray
expands considerably because of rapid vapor generation and bubble explosion, defined as
flash boiling. Additionally, Pamb 1 MPa is classified as non-flash boiling conditions because
the local saturation pressure in the nozzle is lower than 1.06 MPa. The cooling effect of
ammonia evaporation in injector fuel return decreases the local saturation pressure of

https://www.nydk.cn/
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liquid ammonia. The experimental result in this paper also demonstrated non-flash boiling
behaviors at Pamb 1 MPa. As a result, cases 1–9 and 22–23 are flash boiling conditions, and
cases 10–21 are non-flash conditions. The distribution of Pamb is more intensive between
0.1 and 1.0 MPa because flash boiling changes the spray characteristics significantly. In
order to find the transition point caused by flash boiling, Pamb is more intensive between
0.1 and 1.0 MPa. Furthermore, each case was repeated 10 times to ensure the repeatability
of experiments.

Table 2. Experimental cases.

Cases Pamb
(MPa)

ρamb
(kg/m3) Pinj (MPa) Ambient

Gas Spray Condition

1 0.1 1.1233 100 N2
2 0.2 2.247 100 N2
3 0.3 3.371 100 N2
4 0.4 4.4954 100 N2
5 0.5 5.6202 100 N2 Flash boiling
6 0.6 6.7453 100 N2
7 0.7 7.8707 100 N2
8 0.8 8.9965 100 N2
9 0.9 10.122 100 N2

10 1.0 11.249 50 N2
11 1.0 11.249 75 N2
12 1.0 11.249 100 N2
13 2.0 22.523 50 N2
14 2.0 22.523 75 N2
15 2.0 22.523 100 N2 Non-flash boiling
16 3.0 33.808 50 N2
17 3.0 33.808 75 N2
18 3.0 33.808 100 N2
19 4.0 45.087 50 N2
20 4.0 45.087 75 N2
21 4.0 45.087 100 N2

22 0.1 1.773 100 CO2 Flash boiling
23 0.158 1.773 100 N2

24 1.111 1.773 100 He Non-flash boiling

2.2. Images and Data Processing Method

Spray characteristics can be obtained via image processing [22,31,39]. The image
processing process is shown in Figure 2. The raw images were processed using black-white
inversion and background subtraction. After that, the nozzle and speckles were removed
from the image. Then, the image was binarized using the adaptive threshold. The liquid
penetration and spray width were measured as shown in Figure 2c.

The spray tip velocity (V) is calculated by liquid penetration (L) as Equation (1).

V(t) =
L(t + ∆t)

∆t
(1)
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2.3. Modeling

Given the limited validation of the applicability of spray models towards high-pressure
liquefied fuel gas, the Siebers and Hiroyasu models were selected to be tested in this paper.

The correlation of the Siebers model is presented as Equations (2)–(4) [45].

t̃ =
L̃
2
+

L̃
4
·
√

1 + 16 · L̃2 +
1

16
ln
(

4 · L̃ +

√
1 + 16 · L̃2

)
(2)

The short time limit is as follows:

lim
t̃→0

L̃ = t̃ (3)

The long time limit is as follows:

lim
t̃→∞

L̃ = t̃1/2 (4)

where t̃ and L̃ represent the dimensional time and dimensional spray liquid penetration,
respectively, which are calculated using Equations (5) and (6), respectively.

t̃ =
t

t+
(5)

L̃ =
L

L+
(6)

where t+ and L+ are the time and coordinate scales presented as Equations (7) and (8):

t+ =
df
√

ρf/ρamb

a · tan(θ/2) ·Vf
(7)

L+ =
df
√

ρf/ρamb

a · tan(θ/2)
(8)

where
df =

√
Ca · d0 (9)

Vf = Cv ·
√

2 · ∆P
ρf

(10)
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In the preceding equations, θ is the spray cone angle, Ca is the contractive coefficient,
Cv is the velocity coefficient, and a is a constant value, which is 0.66.

Apart from the Siebers model, the Hiroyasu model is another well-known 1D model in
predicting liquid penetration. The Hiroyasu model is presented as Equations (11)–(13) [46].
In particular, L (m) is the liquid penetration, ∆P (Pa) is the pressure difference of Pamb and
Pinj, ρf (kg/m3) is the density of fuel, ρamb (kg/m3) is the density of ambient gas, d0 (m) is
the nozzle hole diameter, and t (s) is time, which is time after the start of injection (ASOI).

When 0 < t < tbreak,

L = 0.39

√
2∆P

ρf
t (11)

When t ≥ tbreak,

L = 2.95
(

∆P
ρamb

)1/4√
d0t (12)

where
tbreak = 29

ρfd0

(ρamb∆P)1/2 (13)

3. Results and Discussion
3.1. Non-Flash Boiling Spray

Several experiments were conducted under non-flash boiling at the ambient pressure
of 1–4 MPa. The group of spray images at different time ASOIs is shown in Figure 3.
The pattern of high-pressure ammonia spray is similar to that of high-pressure diesel
injection. In this regard, liquid penetration was measured and examined using the Siebers
and Hiroyasu models.
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3.1.1. Discussion of the Siebers Model

The penetration predictions using the Siebers model are compared in Figure 4. After
injection, the spray continues to grow until the liquid penetration exceeds the visible area
of the window. Liquid penetration increased with an increase in Pinj and decrease in Pamb.
The Siebers model predicted higher liquid penetration when Pamb ranged from 1 MPa to
4 MPa. Sprays were fully developed when approaching the window limit of 70 mm. At that
time, the error of the Siebers model changed from 37% to 28% when Pamb changed from
1 to 4 MPa at Pinj 50 MPa. When the Pinj equaled 100 MPa, the error of the Siebers model
changed from 20% to 23% with the increase in Pamb from 1 to 4 MPa. When Pamb and Pinj
increased, the error of the Siebers model decreased. That means the Siebers model can
predict more accurately in high Pamb and Pinj conditions than low Pamb and Pinj conditions.
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3.1.2. Discussion of the Hiroyasu Model

The Hiroyasu model gave different accuracies at different ambient pressures. Liquid
penetration and model-predicted liquid penetration are shown in Figure 5. When Pamb
ranged from 1 MPa to 3 MPa, the model prediction value of penetration was lower than
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the experiment penetration. When the spray moved to 70 mm away from the nozzle, the
error of the Hiroyasu model changed from 17% to 1% when Pamb changed from 1 to 3 MPa
at Pinj 50 MPa. When the Pinj equaled 100 MPa, the error of the Hiroyasu model changed
from 18% to 5% with the increase in Pamb from 1 to 3 MPa. When Pamb was equal to 4 MPa,
the Hiroyasu model could precisely predict the penetration, and the error was less than 3%
in all of the Pinj. The accuracy of the Hiroyasu model was highly dependent on ambient
pressure. Comparison of model predictions and experiment results found that the accuracy
of the Hiroyasu model highly depends on Pamb. Furthermore, injection pressure did not
affect the model accuracy obviously. Compared with the Siebers model, the Hiroyasu
model presented better accuracy under all experimental conditions in this paper.
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However, the Hiroyasu model could not provide optimal prediction using default
model parameters when Pamb was equal to 1 MPa and 2 MPa. The Hiroyasu model could
better fit the experiment data with a slight modification [47]. The modified Hiroyasu model
is presented as Equations (14)–(16). As shown in Figure 6, the modified Hiroyasu model
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demonstrated better accuracy than the default model. The error was less than 10% under
all of the Pinj.
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tbreak = 29
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ρ0.52
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(16)

3.2. Flash Boiling Spray and “Spray Resistance Phenomenon”

The liquid penetrations of flash boiling and non-flash boiling conditions are shown
in Figure 7. Flash boiling happens when Pamb is equal to 0.1 MPa, and other Pamb create
non-flash boiling conditions. Obviously, the trend in Pamb 0.1 MPa is different than that
in Pamb 1–4 MPa. In the initial stage of spray development from 0 to 0.2 ms ASOI, the
liquid penetration under flash boiling conditions was lower than under non-flash boiling
conditions, although the ambient density under flash boiling conditions was markedly
lower than under non-flash boiling conditions. The trend in Pamb 0.1 MPa was different for
all injection pressures because Pamb 0.1 MPa created flash boiling conditions. The possible
reason for this is that, at Pamb 0.1 MPa, liquid ammonia experiences strong cavitation inside
the injector nozzle in the initial stage of injector needle lifting, which blocks the nozzle,
resulting in a different tendency with a shorter penetration than other non-flash boiling
conditions in the initial stage. In this paper, the phenomenon of the liquid penetration
becoming abnormally shortened at lower ambient density is hereafter called the “spray
resistance phenomenon”. The details of the “spray resistance phenomenon” are discussed
in Sections 3.2.1 and 3.2.2.
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3.2.1. Results of Different Conditions

As shown in Figure 7a–c, Pinj is easily excluded from the possible factors of the “spray
resistance phenomenon” because it happens in a large range of Pinj from 50 MPa to 100 MPa.
The key factor of the “spray resistance phenomenon” is Pamb.

The spray development process under flash boiling conditions is shown in Figure 8.
At ASOI from 0 to 0.16 ms, liquid penetration became longer with an increase in Pamb.
After ASOI 0.21 ms, liquid penetration became shorter with an increase in Pamb. Moreover,
the near nozzle region of the spray substantially expanded in the flash boiling conditions,
particularly in Pamb equal to 0.1 MPa. Detailed information regarding flash boiling liquid
penetration is shown in Figure 9. The liquid penetration curves are completely separated
into two areas. The “spray resistance phenomenon” happened when Pamb was below or
equal to 0.7 MPa, which is only 0.3 MPa lower than the saturation pressure of ammonia. In
addition, the reach-up times in Figures 8 and 9 are different from that in Figure 7c because
the frame rates in Figures 8 and 9 are 100,000 FPS, relatively above 20,000 FPS in Figure 7.
This resulted in better accuracy in terms of original time.



Energies 2023, 16, 2843 12 of 21Energies 2023, 16, x FOR PEER REVIEW 13 of 22 
 

 

 
Figure 8. Spray images in flash boiling conditions, Pinj = 100 MPa; fuel: liquid ammonia. 

 
Figure 9. Liquid penetration in flash boiling conditions in detail; Pinj = 100 MPa; fuel: liquid ammo-
nia. 

We compare the results in this paper with the literature of Ainsalo et al. [30], Li et al. 
[39], and Kapusta et al. [48] in Figure 10. These experiments in the literature were con-
ducted under the same Pamb as this research. The fuels in the literature are liquefied fuel 
gases that are comparable with the liquid ammonia in this research, also capable of pro-
ducing flash boiling. In Figure 10a, Ainsalo et al. [30] investigated high-pressure propane 
sprays using a diesel injector. As we put their data together, results demonstrate that the 
“spray resistance phenomenon” also happened because the liquid penetration of Pamb 0.1 
MPa being lower than Pamb 3.1 MPa in the initial state. However, they did not conclude or 
analyze the phenomenon in detail. In Figure 10b, Li et al. [39] and Kapusta et al. [48] stud-
ied liquid ammonia and propane sprays using GDI injectors. Although all the Pamb were 
in flash boiling conditions, results in the literature indicated different trends in this re-
search. Although Pinj in this research is higher than that in the literature, the spray pene-
tration is shorter than that in the literature in the initial state of injection. The reason for 
this difference is that the experiments in the literature used a GDI injector, but this 

Figure 8. Spray images in flash boiling conditions, Pinj = 100 MPa; fuel: liquid ammonia.

Energies 2023, 16, x FOR PEER REVIEW 13 of 22 
 

 

 
Figure 8. Spray images in flash boiling conditions, Pinj = 100 MPa; fuel: liquid ammonia. 

 
Figure 9. Liquid penetration in flash boiling conditions in detail; Pinj = 100 MPa; fuel: liquid ammo-
nia. 

We compare the results in this paper with the literature of Ainsalo et al. [30], Li et al. 
[39], and Kapusta et al. [48] in Figure 10. These experiments in the literature were con-
ducted under the same Pamb as this research. The fuels in the literature are liquefied fuel 
gases that are comparable with the liquid ammonia in this research, also capable of pro-
ducing flash boiling. In Figure 10a, Ainsalo et al. [30] investigated high-pressure propane 
sprays using a diesel injector. As we put their data together, results demonstrate that the 
“spray resistance phenomenon” also happened because the liquid penetration of Pamb 0.1 
MPa being lower than Pamb 3.1 MPa in the initial state. However, they did not conclude or 
analyze the phenomenon in detail. In Figure 10b, Li et al. [39] and Kapusta et al. [48] stud-
ied liquid ammonia and propane sprays using GDI injectors. Although all the Pamb were 
in flash boiling conditions, results in the literature indicated different trends in this re-
search. Although Pinj in this research is higher than that in the literature, the spray pene-
tration is shorter than that in the literature in the initial state of injection. The reason for 
this difference is that the experiments in the literature used a GDI injector, but this 

Figure 9. Liquid penetration in flash boiling conditions in detail; Pinj = 100 MPa; fuel: liquid ammonia.

We compare the results in this paper with the literature of Ainsalo et al. [30], Li
et al. [39], and Kapusta et al. [48] in Figure 10. These experiments in the literature were
conducted under the same Pamb as this research. The fuels in the literature are liquefied
fuel gases that are comparable with the liquid ammonia in this research, also capable
of producing flash boiling. In Figure 10a, Ainsalo et al. [30] investigated high-pressure
propane sprays using a diesel injector. As we put their data together, results demonstrate
that the “spray resistance phenomenon” also happened because the liquid penetration of
Pamb 0.1 MPa being lower than Pamb 3.1 MPa in the initial state. However, they did not
conclude or analyze the phenomenon in detail. In Figure 10b, Li et al. [39] and Kapusta
et al. [48] studied liquid ammonia and propane sprays using GDI injectors. Although all
the Pamb were in flash boiling conditions, results in the literature indicated different trends
in this research. Although Pinj in this research is higher than that in the literature, the spray
penetration is shorter than that in the literature in the initial state of injection. The reason
for this difference is that the experiments in the literature used a GDI injector, but this
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research used a diesel injector. The cavitation generated inside the sac volume of diesel
injectors is a possible reason for the difference in spray penetration.
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Flash boiling can generate substantial expansion of near-nozzle sprays, resulting in
larger spray width than in non-flash boiling conditions. Aerodynamic resistance becomes
larger with increase in spray width. The spray widths in flash boiling conditions are shown
in Figure 11. Moreover, spray width increased sharply when Pamb was below 0.3 MPa.
When Pamb ranged from 0.3 MPa to 1 MPa, spray width changed slightly. Spray width
can affect liquid penetration but it is not a key factor. Although spray width increased
with a decrease in Pamb, the “spray resistance phenomenon” still could not be explained
by the increase in spray width. The reason for this is that the Pamb turning point of liquid
penetration and spray width do not match. At 0.2 ms ASOI, the spray width increased 17%
when Pamb decreased from 1.0 MPa to 0.5 MPa, but it increased 39% when Pamb decreased
from 0.5 MPa to 0.1 MPa.
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Spray tip velocity can provide additional information on the differences between
flash boiling and non-flash boiling conditions because it fundamentally controls the liquid
penetration. Spray tip velocity under different Pamb at the initial stage of 0–0.1 ms is shown
in Figure 12a,c. Moreover, spray tip velocity clearly separated into two areas from ASOI
0–0.06 ms. At 0–0.05 ms ASOI, sprays under Pamb 0.8–1.0 MPa kept accelerating, while
sprays under Pamb 0.1–0.7 MPa kept fluctuating at low velocity. Velocity differences in
Pamb 0.1–0.7 MPa and 0.8–1.0 MPa resulted in immense liquid penetration difference at the
initial stage of injections. Figure 12b,d present the spray tip velocity at ASOI 0.1–0.29 ms, at
which time the sprays were fully developed. The spray tip velocity decreased normally
with the increase in Pamb.
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The separation of Pamb is more distinct under average velocity, which is calculated
as Equation (17). The average spray tip velocities in the acceleration and stable stages are
shown in Figure 13. The turning point is highly visible in Figure 13a, which is between
Pamb 0.7 and 0.8 MPa. In the initial acceleration stage of spray development, spray tip
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velocity is mainly dependent on the situation of flash boiling. In the fully developed stable
stage, spray tip velocity is mainly dependent on ambient density.

Vavg =
L(t2)− L(t1)

t2 − t1
(17)
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3.2.2. Analysis on “Spray Resistance Phenomenon”

Ambient pressure and density change simultaneously for the same ambient gas com-
ponent, so the effect of each factor cannot be clearly revealed. To address such a defect, three
different ambient gases (i.e., CO2, N2, and He) were used to separate the effects of pressure
and density. Figure 14 shows the liquid penetration and spray tip velocity under the same
ambient density. In this section, ambient density (ρamb) equal to 1.773 kg/m3 throughout
the three experiment conditions excludes the effect of ρamb on spray characteristics. Hence,
the change in Pamb only affects the superheat degree (Rp). The Rp is expressed by Equation
(18). If Rp > 1, then sprays will enter the superheat state and become flash boiling spray.
The higher the Rp, the stronger expansion is produced to change the spray characteristics.

Rp =
Psat

Pamb
(18)

As shown in Figure 14a, liquid penetration becomes shorter with an increase in Rp. The
effect of Rp on the spray tip velocity in Figure 14b is considerably clear. For the non-flash
boiling condition under Rp equal to 0.90, spray tip velocity increased mainly when ASOI
ranged from 0 to 0.1 ms. For flash boiling conditions under Rp equal to 6.3 and 10, spray
tip velocities were strongly suppressed in ASOI 0–0.05 ms. During ASOI 0.05–0.15 ms,
the degree of velocity suppression increased with Rp. When ASOI reached 0.2 ms, spray
tip velocities under three different Rp became closer because spray tip velocity mainly
depended on ρamb at that time. In summary, the “spray resistance phenomenon” is highly
related to Rp. A strong suppression of spray tip velocity happened during the initial stage
when ASOI ranged from 0 to 0.05 ms.

The pattern of spray tip velocity can be explained by near-nozzle spray structures.
The initial stage of spray development during 0–0.1 ms is shown in Figure 15. The shape
of the near-nozzle spray suddenly changed during ASOI 0.4–0.6 ms. At ASOI 0.4 ms, the
near-nozzle spray behaved similar to a hemispheric shape. That is, the spray significantly
expanded at the nozzle exit. At ASOI 0.6 ms, the near-nozzle spray behaved similar to a bell
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shape, meaning the spray expansion intensity decreased. The near-nozzle shape changed at
ASOI 0.5 ms. The turning point of the spray tip velocity was also ASOI 0.5 ms. That is, the
spray suddenly accelerated when the near-nozzle spray shape changed. Furthermore, the
tremendous expansion of near-nozzle spray in ASOI 0–0.5 ms is the most possible reason
for the “spray resistance phenomenon”.
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Given the information we obtained, we can locate the fundamental reason for the
“spray resistance phenomenon” in the needle lift effect of the diesel injector. Soteriou
et al. reported that a diesel injector can produce cavitation inside the nozzle [49,50]. Guo
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et al. used a transparent nozzle to conduct a visual study of the flow state of the diesel
injector [51]. In the initial and end stages of fuel injection, the low needle lift was found to
cause cavitation inside the nozzle. Bubbles exploded at the exit of the nozzle, significantly
enlarging the spray cone angle. Gavaises et al. used a transparent nozzle to investigate
the cavitation of cylindrical and tapered nozzle holes [52]. They found that the tapered
nozzle hole can suppress the geometry-induced cavitation, but it also generates another
type of cavitation called “string cavitation.” String cavitation can extend to the nozzle exit
to change the flow behavior significantly. In summary, cavitation is often produced at the
initial and end stages of the injection process because of low needle lift. Furthermore, fluid
inside the cavitation area is mainly composed of fuel vapor. Fuel vapor takes up a large
part of the cross-section area, causing a mass flow rate decrease.

On the basis of the preceding information, we speculate that cavitation appeared
inside the nozzle because the saturation pressure of ammonia is markedly higher than
gasoline, diesel, or other familiar liquid fuels. In the flash boiling process, the diesel injector
generates a large amount of bubbles inside the nozzle hole. Moreover, at the initial stage of
the flash boiling spray, cavitation appeared inside the sac volume and nozzle hole increased
the vapor generation inside the nozzle. A huge amount of vapor generation took up a large
part of volume inside the nozzle and blocked the liquid ammonia flow, causing the “spray
resistance phenomenon”. Lastly, the near-nozzle flow drastically expanded because of the
explosion of a massive amount of bubbles.

3.3. Uncertainty of Results

The uncertainty of the liquid penetration was evaluated by Moffat’s method in Equa-
tion (19) [53], where the total uncertainty of liquid penetration (UL) consists of bias limit
(B), precision index (S), and multiplier (tp). The multiplier tp is a value of t-distribution of
N − 1 freedom degree in a 95% confidence interval, where N is the number of experiment
repetitions. In this paper, each case of experiments was repeated 10 times, and tp is equal
to 2.262.

UL =

√
B2 +

(
tpS
)2 (19)

The B and S are expressed as Equations (20) and (21), where Xi is the variable of liquid
penetration (L), Bi is the bias limit of the variable Xi, SL is the standard deviation of L, and
n is the number of variables. The ∂L(Xi)/∂Xi term represents the sensitivity of variable Xi
to L.

B =

√√√√ n

∑
i=1

(
∂L(Xi)

∂Xi
Bi

)2
(20)

S =
SL√

N
(21)

For the precision index S, the maximum SL in the initial stage (0–0.2 ms) is 1.8 mm, so
that S is equal to 0.57 mm. For the bias limit (B), the variables of L include the error in spray
edge recognition, reference meter, injection pressure (Pinj) and ambient pressure (Pamb).
The error in spray recognition was less than 5 pixels, which resulted in a 0.55 mm deviation
in liquid penetration (L) because the image scale was 0.11 mm per pixel. The measurement
error in the reference meter was 0.02 mm, which resulted in a 0.02 mm deviation in L. The
error in injection pressure (Pinj) was ±5 MPa, resulting in a 0.22 mm deviation when Pinj
was 100 MPa. The error in ambient pressure (Pamb) was±0.001 MPa, resulting in a 0.15 mm
deviation. Based on the above analysis, the total uncertainty in liquid penetration (UL) was
1.60 mm. That means the deviation of L was about 5.3% in the initial stages of the injections.

4. Conclusions

High-pressure liquid ammonia injection is a key issue in mixture preparation for
combustion, especially in large-bore engines. Liquid ammonia very easily forms flash
boiling sprays, which causes a large amount of spray expansion and significantly changes
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spray characteristics. However, the effects of the flash boiling of liquid ammonia are not
clear under high injection pressures. To understand the sprays of liquid ammonia clearly,
high-pressure liquid ammonia injections up to 100 MPa were investigated, both in non-
flash boiling and flash boiling conditions. In the non-flash boiling condition, the Hiroyasu
model demonstrated better accuracy in liquid penetration predictions. In the flash boiling
condition, the spray tip velocity was strongly suppressed in the initial stage of injections,
which is called as the “spray resistance phenomenon”. The “spray resistance phenomenon”
was observed when Pamb was below 0.7 MPa and was highly correlated with Rp. The
reason for the “spray resistance phenomenon” is that the needle lift effect caused cavitation
inside the nozzle and generated extra vapor in flash boiling sprays. A large amount of
vapor generation blocked the nozzle hole so that the mass flow rate and spray tip velocity
decreased significantly in the initial stage.

The discovery of the “spray resistance phenomenon” reminds us that liquid ammonia
can produces strong cavitation inside the nozzle in the initial state of injection, particularly
in diesel injectors. The results of these experiments also provide valuable experimental
data for high-pressure liquid ammonia injections. The effects of the “spray resistance phe-
nomenon” are important in designing fuel supply systems. Injectors should be optimized
to eliminate or suppress strong vapor generation inside the nozzle. In future research,
visualized experiments using transparent nozzles will be helpful to reveal the mechanism
of the “spray resistance phenomenon” more clearly.
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Nomenclature

ASOI After start of injection
a Constant value in Siebers model
B Bias limit
Bi Bias limit of variable Xi
Ca Contractive coefficient
Cv Velocity coefficient
DBI Diffused back-illumination
d0 Nozzle hole diameter
df Effective nozzle hole diameter
L Liquid penetration
L̃ Dimensional liquid penetration
L+ Coordinate scale
N Number of experiment repetitions
n Number of variables
Pamb Ambient pressure
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Pinj Injection pressure
Psat Saturation pressure
Rp Superheat degree
S Precision index
SL Standard deviation of L
Tamb Ambient temperature
Tf Fuel temperature
t Time
tbreak Breakup time
tp Value of t-distribution
t̃ Dimensional time
t+ Time scale
UL Uncertainty of L
V Spray tip velocity
Vavg Average velocity
Vf Fuel velocity
Xi Variable that affects L
∆P Pressure difference
∆t Time interval
θ Spray cone angle
ρamb Ambient density
ρf Fuel density
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