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High-Pressure Ammonia System



Hollow-Cone Piezo Injector

• The injector has an annular nozzle which creates a hollow 

cone spray structure. 

• The piezo module acts directly on the needle which 

results in a highly reproducible spray pattern.

• Due to momentum exchange between the droplets and 

the air, a strong vortex of the fuel droplets is being formed, 

see red arrows. This fuel droplet vortex is moving 

downstream with the moving of the vortex.

Multi-Hole GDI Injector Hollow-Cone GDI Injector

• Outward-opening units distribute the fuel via an annulus 

giving a largely uniform, hollow cone spray. This 

uniformity insures an even and largely predictable spray 

structure. Alternatively, the inward-opening unit is 

configured with multiple holes in a variety of 

configurations; typically arranged asymmetrically with 5-

7 holes. 

https://www.researchgate.net/publication/313899525_A_comparison_of_n

on reactive fuel sprays under realistic but quiescent engine conditions for 

SGDI
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Optical Flow Velocimetry Method

• Optical flow is the name given to the machine-vision algorithm

put forth in a seminal paper by Horn and Schunck. It is a

variational calculus approach to determine the velocity field

linking two images via energy minimization.

• The basis of Horn and Schunck’s algorithm is a conservation

of brightness, I (defined at image coordinates x and y, for time

t1 and t2) which ensures that the same feature in both images

maintain their intensity.

Variables u and v are the x and y velocity 

components, respectively, and the I terms are 

derivatives of image intensity in the indicated 

direction.

• The brightness constancy constraint equation (BCCE) 
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Hollow-Cone Spray Evolution

• The vortices start to form very early, close to the nozzle. 

• The vortices travel along downwards the jet, driven by the liquid phase which is supplying the vortices with 

kinetic energy and – in case of non evaporating conditions – with liquid phase in the form of small droplets. 

• During the injection the main vortex grows and gains strength, as the fast jet passes along its side and 

transfers its momentum to the vortex

• While the vortices grow, they gain influence until they are strong enough to have a noticeable influence on 

the spray. 

• The main vortex grows and to builds up momentum and starts to bend the breakup region of the spray 

towards the inner side of the hollow cone. 

• The spray propagates in the axial direction, transporting the droplets away from the nozzle. The radial 

component has been transferred, to a great extend, to the vortex. 
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Hollow-Cone Spray Evolution

• In part A, during the linear 

penetration before the liquid 

breakup, the tip is pushed by the 

liquid core, large ligaments and 

blobs. 

• In part B the tip is formed by large 

groups of droplets which are 

slowed down by the surrounding 

gas in such a way that the curve 

of the tip penetration describes a 

square root-like shape.

• In part C, the tip seems to 

accelerate again and 

continues its propagation 

with constant velocity.

• As can easily be seen, 

the tip slows down its 

nominal expansion and 

starts becoming wider, 

while in the hollow cone a 

vortex travels further in 

axial direction.
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Effect of the Injection Pressure on the Ammonia 

Spray
• Larger recirculation zone for the 

higher injection pressure. 

• Before breakup, the spray tip 

propagates faster with higher 

injection pressure. 

• After the breakup, when the 

larger fragments have been 

broken up and only droplets are 

left, the spray is decelerated.

• Lower injection pressure cases 

decelerate faster 



Effect of the Injection Pressure on the Ammonia 

Spray



Effect of the Chamber Pressure on the Ammonia 

Spray
• Lower gas density is seen in higher spray penetration -

→ less aerodynamic drag

• Lower gas density leads to ‘finger’ –like structures in 

the spray. These fingers are vanishing with increasing 

gas density.

• Higher gas density leads to more confined spray cloud 

(e.g. at t=1.765 ms)



Effect of the Chamber Pressure on the Ammonia 

Spray

• With a low surrounding gas density, the spray 

tip penetrates much faster than under 

conditions with increased gas density. 

• This behaviour would be expected, as the drag 

is a linear function of the gas density. This also 

affects the breakup process. 

• Towards lower gas density, the forces which 

tear the liquid structures apart become weaker. 

Therefore, the core sustains longer and the 

larger structures in the spray can travel further 

until they break up. 

• The Weber number is also linearly dependent 

on gas density. Higher Weber number implies 

faster droplet breakup. As soon as the spray is 

broken up, the surface is drastically increased 

and the spray faces a higher resistance. 



Effect of the Needle Lift on the Ammonia Spray

• When the needle lift is low (35 µm), an evident 

two stage spray, the breakup and atomization can 

be observed. Meanwhile, increasing the needle 

lift leads to a longer breakup length and two stage 

is merged into one. 

• Towards smaller needle lift, the mass flow is 

reduced and the spray becomes less dense. 

• With bigger needle lift the spray is denser and 

has a higher momentum. 



Effect of the Needle Lift on the Ammonia Spray

• Initially there is almost no difference in the 

spray penetration as a function of the needle 

lift

• Increased needle lift implies higher mass flow. 

This is seen in the higher spray penetration.



Effect of the Fuel Properties on Spray

• With ammonia as fuel, the cloud tends to widen 

towards the side. The spray shape becomes 

asymmetric. The strings are more pronounced at 

the beginning of injection.

• The appearance of the recirculation is earlier than 

methanol and ethanol due to the lower density 

and viscosity of ammonia, which results in a 

smaller droplet size.

• Since the higher saturated vapor pressure than 

ethanol and methanol, the vapor phase can be 

observed in the spray edge.

• The is no significant difference in spray geometry 

between ethanol and methanol due to their similar 

physical properties.



Effect of the Fuel Properties on Spray



Conclusion and Discussion

• Increasing the injection pressure leads to a longer spray penetration and larger spray area. The

higher injection pressure also induces more turbulence in the spray.

• Increasing the chamber pressure results in a shorter spray penetration and smaller spray area. Since

the increase of the chamber pressure leads to a higher chamber density and larger air drag force,

which obstruct the spray propagation.

• The needle lift of the injector also shows dramatical effects on the ammonia spray characteristics.

Since the increase of the needle lift leads to a larger injection rate and higher momentum. Therefore,

increasing the needle lift results in a longer spray penetration and larger spray area.

• The comparison of the spray characteristics of ammonia, methanol and ethanol indicates that the

spray penetration and area of ammonia is larger than those of methanol and ethanol due to its lower

density and viscosity. Moreover, since the higher vapor pressure of the ammonia, it shows faster

evaporation rate than methanol and ethanol. This implies that the ammonia spray has more effective

fuel-air mixing process compared to methanol and ethanol.

• Ammonia has some properties that need to be taken seriously, e.g. reacts with copper, not

compatible with all rubber types and ammonia is poisonous in rather small amounts


