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ABSTRACT 

The design of fuel injectors is key to achieving high-efficiency engine combustion with low tailpipe emissions. The 

small dimensions of injector nozzle holes make the manufacturing of real-size optical injectors aimed at fundamental 

understanding of in-nozzle processes at design stage very challenging, especially for operation under realistic in-

cylinder thermodynamic conditions. Therefore, faithful numerical predictions based on complete multiphase flow 

simulations upstream and downstream of the nozzle exit of a real injector geometry are highly sought after. In this 

paper, numerical studies of a Diesel injector nozzle with moving needle were performed using transient Reynolds 

Averaged Navier-Stokes (RANS) modelling with compressibility of all phases accounted for. A Volume of Fluid 

(VOF) method was employed, coupled to cavitation and evaporation submodels, along with a complete set of pressure 

and temperature dependent thermophysical fuel properties. The aim was to understand the flow inside the nozzle 

both during injection and after the end of injection, including fuel dribble and air backfilling effects. A range of fuel 

injection and air chamber pressures and temperatures were simulated, namely 400 and 900 bar upstream and 1, 35 

and 60 bar downstream. Fuel, air and wall temperatures were varied in the range 300 K to 550 K. The results showed 

that the flow during injection carried hysteresis effects. After the end of injection, the state of the nozzle varied from 

being filled with a large amount of liquid to being filled mostly with air. Some form of immediate fuel dribble existed 

in all test cases, whilst late liquid fuel mass expulsion was also predicted under certain conditions. The latter 

prediction highlighted sensitivity to the models enabled. The use of a transient pressure outlet based on an engine’s 

expansion stroke pressure trace affected the process of late fuel expulsion by pulling fuel out of the nozzle in 

multiphase form faster. These processes are of particular importance as they can contribute directly to unburned 

hydrocarbon emissions and/or the formation of deposits inside the holes. Starting a second injection from the resulting 

state of the nozzle at the end of the original injection resulted in a deformed liquid jet tip without the classic mushroom 

shape and a temporarily lower liquid jet penetration. 
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1. INTRODUCTION 

1.1. Background 

Concerns over global warming and public health, as well as international obligations to focus on sustainability, 

constantly call for higher engine efficiency and stricter tailpipe emission regulations. Diesel engines are a source of 

pollutants, including unburnt hydrocarbons and particulate matter that are both particularly toxic. Their formation is 

related to non-optimum fuel atomisation, mixing and combustion, including pool fires that originate from fuel spray 

impingement onto the liner walls and piston crown, or poorly atomised fuel that enters the chamber late in the 

combustion process. A source of the latter can be low-velocity fuel dripping from nozzle holes after the end of 

injection that does not mix sufficiently with in-cylinder air [1, 2]. After the end of combustion, increased temperatures 

may also cause fuel that has been left in the injector nozzle sac and orifice to evaporate and move into the cylinder. 

The lighter compounds evaporate first, leaving back the heavier ones, which can then create nozzle deposits that 

affect the spray and efficiency of the engine [3]. Although an injector can be designed with a smaller sac volume to 

reduce HC emissions, the presence of a sac is typically important to equalize the pressure of the fuel at nozzle hole 

inlets and produce good quality sprays with low hole-to-hole flow variations and low respective variations in 

individual spray plume penetration, cone angle, etc. [4, 5]. At real engine conditions, to promote atomisation, Diesel 

fuel is injected with very high pressures that lead to cavitation inside the nozzle [6–8]. In the case of consecutive 

injections, gas bubbles have been observed inside the nozzle before the start of injection [9, 10]. These can be of a 

random pattern distribution in the nozzle, with bubbles coalescing and forming one large gas pocket that fills most 

of the hole, reaching as far back as the sac’s volume. Such pockets are thought to be created by cavitation in the last 

stages of the previous injection event, as well as by air entrained inside the nozzle orifice from the outlet [10]. 

Some of the first comprehensive experimental studies in the literature provided basic visualisation of scaled-up 

optical injector model geometries at steady-state conditions, some of which allowed even quantitative flow field 

information to be extracted by Particle Image Velocimetry [11, 12]. Real-size optical injector nozzles, manufactured 

as faithfully as possible (but still with various limitations) [9, 13–16], enabled more relevant research studies. For 

example, the existence of vapour bubbles at the end of injection has been noticed in [17] and attributed to the inertia 

of the flow while the needle was still open. This caused the pressure inside the nozzle to drop abruptly when the 

needle closed, promoting cavitation. The end of injection has also been associated with bubbles forming in the sac 

of the injector, composed of fuel vapour and undissolved gas [18]. Although such elaborate optical studies on real-

size nozzles have been very informative, they mostly allowed interpretation of events on the basis of mere 

observation, not by truly quantitative information of the flow field, amount of in-nozzle vapour, pressure, 

temperature, etc., neither by providing conclusive evidence on the exact mechanism of nozzle emptying and air back-

filling [19, 20]. In recent years, X-ray techniques of real all metal injectors have provided further insights into these 

complex multiphase flow problems [21, 22], including some interpretation of needle motion effects on the in-nozzle 

flow during injection and at the end of injection with quantification of fuel dripping (e.g. [23, 24]). The challenge of 

dealing experimentally with very small real-size nozzle holes (of the order 100 m or less in diameter) at high 

injection pressures (in the thousands of bar) with high flow velocities (many hundreds of m/s) at elevated fuel and 

air temperatures is still an on-going research topic and it expected that more useful quantitative experimental data 

will emerge in the future. 

In the context of such challenges, Computational Fluid Dynamics (CFD) simulations have provided useful 

quantification that has not been possible by typical in-situ experimentation. Simulations with finer meshes, smaller 

time steps and more detailed multiphase modelling methods enabled further interpretation of in-nozzle phenomena, 

assisting the design of new injector nozzles. However, considering computational power and memory requirements, 

despite the transient flow and motion of the needle, it has been common practice to simulate the flow as steady state 

at different fixed needle lifts [25–28], or only at full needle lift [29], at isothermal flow conditions with constant fuel 

properties, and with computational domains that extended only up to the nozzle exit. Some researchers have included 
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a small part of the combustion chamber in their simulations, e.g. [30–32]. This was done specifically to understand 

in-nozzle cavitation effects on the near-nozzle atomisation process, as well as air entrainment effects. Most often the 

Volume Of Fluid (VOF) model is used for in-nozzle modelling [30, 33, 34], which provides liquid-gas interface 

tracking. In combination with Large Eddy Simulation (LES) on a sufficiently dense grid, this method may also be 

able to predict the primary breakup [32, 35]. Alternative multiphase flow simulation methods include the 

Homogeneous Relaxation Model (HRM) [36, 37]. Other gases can be included in the calculation, such as air. In [33] 

it was noticed that during the injection event, air entered the orifices through flow recirculation at the nozzle exit. 

Some work has been done on the effect of the needle’s motion on the flow. For example [38] used a single-hole 

injector and simulated a 90° sector of the real geometry due to symmetry, whilst [39, 40] employed multi-hole 

injectors but also only modelled one orifice due to symmetry. Moving needle simulations that included a part of the 

injection chamber have also been performed. In [41] the injection chamber was modelled as full of liquid fuel, whilst 

in [42, 43] an injection chamber full of air was used for single-hole injectors. It has been shown that the flow during 

the opening and closing stages of the needle’s motion leads to hysteresis effects [38, 40, 41]. Hysteresis effects may 

be less evident with high inlet pressures in comparison to more significant effects related to needle off-axis motion 

[44]. The flow at the end of injection has also been given more computational attention recently. Multiphase effects 

have been noticed after the closing of the needle, along with fuel dribble and nozzle back-filling by ambient gas [45, 

46, 47]. Effects of bulk cavitation at the end of injection, as well as air bubbles present in the nozzle affecting 

subsequent injection events have recently been studied both experimentally and computationally, e.g. see [19, 20, 

48–52]. These highlighted the complexity of such phenomena and their diverse behaviour between single-hole and 

multi-hole injectors, with multi-hole nozzles associated with larger amount of fuel dribble and ingested air at the end 

of injection. 

1.2. Present Contribution 

A large amount of research has been carried out on the flow inside fuel injectors and the subsequent spray formation 

process in order to understand the complex multiphase flow physics involved and the coupling between in-nozzle 

and outside-nozzle phenomena. However, the effect of in-nozzle multiphase flow conditions during injection on the 

status of the fuel nozzle just after the end of injection (i.e. after the needle has gone back down onto its seat), and all 

subsequent effects on the remaining liquid fuel inside the nozzle holes and sac upon interaction with the air 

downstream the nozzle exit, are still mostly unknown from a quantitative perspective, particularly for a combination 

of realistic fuel and in-cylinder air temperatures and pressures. This is particularly true in terms quantifying the heat, 

mass and momentum transfer mechanisms that may induce fuel dribble or nozzle emptying between injections, 

contributing to engine unburnt HC and affecting the spray’s initial formation at the next injection event, or leading 

to fuel film formation inside the nozzle that may gradually lead to nozzle coking. With these aims in mind, particular 

effort was put into setting objectives on various levels for this paper, covering the necessity for as a complete 

modelling approach of the whole injection process as possible, from start of injection to after the end of injection, 

over a useful range of temperature and pressure conditions, as summarised below: 

• Devise a computational procedure with all necessary validated submodels and thermophysical fuel properties to 

enable multiphase simulations of a real-size multi-hole injector nozzle with moving needle and with an air 

chamber coupled to the exit of the injector’s nozzle  to allow liquid fuel, fuel vapour and air to be all tracked 

simultaneously on the solution domain during injection and well after the end of injection. 

• Study the mechanism of injection and ‘immediate’ fuel dribble/expulsion after the end of injection over a range 

of realistic fuel injection and air back pressures, including nozzle-emptying and air-backfilling effects, focusing 

on differences when applying various temperatures to fuel, air and nozzle walls. 

• Extend the study using a transient pressure boundary on the air chamber side, mimicking the gradual pressure 

decrease during the expansion stroke of an engine and identifying ‘late-cycle’ fuel dribble phenomena.  



5 
 

• Investigate the effect of the state of the in-nozzle multiphase fluid after the end of injection on the next injection 

event, e.g. typical effects of pilot-main injection sequence or of injection from one cycle to the next. 

Analysis of the results involved comparison with relevant experimental data, both qualitatively and quantitatively 

where possible, to provide validation and physical understanding of the multitude of phenomena involved. It is noted 

that the paper makes an attempt to bring together in a single document a wide range of conditions. It was the authors’ 

intention from the outset to publish and discuss these data in one entity rather than in a series of separate smaller 

papers. Therefore, it is acknowledged that this paper may be longer than usual. However, it is believed that this 

approach can be more useful to the relevant research community, as it contributes notably towards a coherent database 

of observations which are essential for developing our knowledge of the underlying fundamental mechanisms to 

underpin the development of cleaner thermal propulsion systems. 

2. METHODOLOGY 

2.1. Modelling Formulation 

The set of modelling equations consisted of the continuity equation, the momentum equations and the energy 

equation. The Reynolds Averaged Navier-Stokes (RANS) approach was used with compressibility of all phases 

accounted for. RANS solves only for the ‘mean’ velocity. The second-order correlations of the instantaneous 

fluctuating terms in the RANS equations, so-called Reynolds stresses, are modelled typically by the eddy viscosity 

concept. The k-ε turbulence model [53–55] and the k-ω model [56] are the most common models in RANS, where k 

is the turbulent kinetic energy, ε the dissipation of turbulent kinetic energy and ω is the specific dissipation rate of 

turbulence. The Shear Stress Transport (SST) version of the k-ω model, developed by [57] was employed for most 

of the current study. This model combines the k-ω with the k-ε model. In the free stream it uses the k-ε because it is 

considered to perform better. However, for near wall regions, or at high pressure gradients, and in cases of flow 

separation and reattachment, it uses the k-ω formulation which has generally better performance. The k-ε model was 

only employed for some initial sensitivity analysis of the predicted flow rate of the injector, as detailed later.  

2.2. Multiphase Flow Modelling & Species Transport 

The Volume of Fluid (VOF) method was employed. VOF was originally mentioned by [58], however the first 

publication was by [59]. With this methodology, when cavitation occurs, vapour areas are not quantified by a distinct 

bubble population but as an average vapour volume fraction inside the cell. The VOF conservation equation is: 

𝛼 𝜌 𝛻 𝛼 𝜌 𝑼 𝑆 ∑ 𝑚 𝑚     (1) 

where αq is the volume fraction of phase q, ρq is the density of phase q and 𝑚 is the mass transfer from phase q to 

phase p. 𝑆 represents any source of phase q that might exist. The phase that is not being solved for will be calculated 

based on the constraint that the sum of volume fractions in a cell must be equal to 1. The discretization scheme used 

was a modified High Resolution Interface Capturing (HRIC) scheme [60, 61]. 

The VOF method assumes that the liquid and gas phases are immiscible and tracks the interface that separates them. 

During a typical injection of Diesel two separate gases are present; vapour and air. In some cases these two gases 

never mix with each other in the nozzle, as the air usually has higher pressure and cavitation bubbles collapse before 

the nozzle outlet. When super-cavitation is present though, the cavitation region extends to the nozzle exit and vapour 

originating from cavitation is transferred further downstream and can mix with the in-cylinder air. Also, after the end 

of injection, air can enter the nozzle and mix with vapour. For such cases, provision should be made so that numerical 

predictions are realistic by enabling the use of a species transport model. This means that the two gases, vapour and 

air, are considered to be different species of the same phase. They are defined as active scalars, each of which has its 

own properties. A scalar transport equation is solved for each one but they share the same interface that separates 

them from the liquid. Scalar transport is based on a convection-diffusion equation that is solved for n–1 species: 

𝜌𝑌 𝛻 ∙ 𝜌𝑼 𝑌 𝛻 ∙ 𝑱𝒊  𝑆       (2) 

where Si is any source of the ith species that might exist.  
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2.3. Cavitation and Evaporation Modelling 

Cavitation is modelled as a mass transfer mechanism which converts liquid to vapour. This happens when specific 

criteria are met, typically when the pressure drops locally below the saturated vapour pressure. The vapour then is 

one of the species that is governed by equation (2). When the pressure rises again, vapour turns back into liquid. The 

cavitation model of Schnerr and Sauer [62] was used in the current study after some initial sensitivity studies that 

also tested the Zwart-Gerber-Belamri (ZGB) [63], as will be detailed later. In the Schnerr-Sauer model, the vapour 

source term is given by: 

𝑅         (3) 

where: 

𝛼         (4) 

with nb the number of bubbles per volume of liquid (typically set as a constant of the order 1013) and RB the bubble 

radius calculated by the Rayleigh-Plesset equation [64, 65]. 

The evaporation process was modelled as another mass transfer mechanism converting mass from liquid to its vapour 

with a purposely implemented submodel. Evaporation as a process occurs at the surface of a liquid continuously. At 

the same time, vapour condenses into liquid at the surface at a different rate. The rate at which each process takes 

place depends on the partial pressure of vapour, as defined by Dalton’s law. When the partial pressure of vapour is 

equal to the vapour pressure, then evaporation and condensation are in equilibrium. If the partial pressure of vapour 

is lower than the vapour pressure, then evaporation is higher than condensation, leaving a net flux of mass from liquid 

to vapour. The rate of evaporation for a single component liquid as derived in [66] is equal to: 

𝜔
∇ →|

        (5) 

where 𝜌  is the density of the gases, 𝐷  the mass diffusivity of the gases, ∇𝑌 → |  is the gradient of the vapour 

concentration in direction normal to the interface and: 

𝑌       (6) 

where 𝑝  is the vapour pressure at the interface. The surface area of the interface was calculated by the VOF 

gradient. As described in [67, 68], the magnitude of the VOF gradient is equal to the surface density (i.e. the 

magnitude of the interfacial area inside a cell) and its direction is normal to the surface. The evaporation model was 

implemented by user coding into ANSYS Fluent [69] and the code was then used for the solution of the system of 

transport equations, employing also ideal gas equations of state for vapour and air. 

2.4. Fluid Properties 

Diesel fuel is a mixture of a large number of organic compounds without a strictly fixed unique composition, hence 

it can come in various types of blends with a range of distillation curves between 150–300 °C. Use of appropriate 

thermophysical fuel properties with full temperature and pressure dependence is particularly important in modelling 

high-pressure fuel injectors because of the large gradients that exist in very small spaces. Measuring real Diesel fuel 

properties over a wide range of temperatures and pressures is a challenging task and no fixed set of properties has 

been unanimously agreed by researchers as the best for in-nozzle simulations, hence one can find a variety of 

suggested properties in the literature. Within the objectives of the current paper, it was considered reasonable to 

select fuel properties that would match the fluid that had been used for injection flow rate measurements of the 

injector under study. The fluid used in the experiments was a calibration liquid with specifications defined by 

ISO4113, called “Normafluid”. A formulation for the density and viscosity of this fluid that was consistent with the 

properties provided by the experimentalists was found in [70], whilst other properties like the specific heat, bulk 

modulus, coefficient of compressibility were found in [71]. For the thermal conductivity and the speed of sound, the 

formulation suggested by Kolev [72] was selected; most other properties suggested by Kolev [72] were properties of 
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n-octane and not considered. After intense study, it was found that the properties of n-tridecane were a good match 

for the properties of Normafluid. This approach was followed because according to [70, 71] 25.7% of the molar mass 

of Normafluid comes from isomers of tridecane. Also, another 30% comes from isomers of dodecane and tetradecane 

which have similar molar masses. Several researchers have used n-dodecane in their simulations, e.g. to compare 

with Spray A, B, D experiments of the Engine Combustion Network (ECN) [46, 48, 49]. However, n-dodecane was 

not considered directly suitable within the scope of the current work due to this not being the best match for 

Normafluid’s properties and due to the high vapour pressure at increased temperatures that could lead to excessive 

cavitation. The thermophysical properties of n-tridecane were obtained from [73] over a wide range of temperatures 

and pressures and implemented for liquid and gas phases by user-coding respective temperature and pressure 

dependent correlations (density, viscosity, surface tension, thermal conductivity, heat capacity, latent heat, vapour 

pressure, diffusion coefficient, bulk modulus, speed of sound). 

2.5. Injector Geometry, Needle Motion and Grid 

The geometry of a real multi-hole Diesel injector with sac volume, designed for vertical installation inside the engine 

head of a light duty vehicle, was used. The total length of the geometry in the direction of the axis of the needle was 

7 mm. The injector carried 7 holes with a length of 0.6 mm and diameter of approximately 0.12 mm. The inlet 

curvature radius was 0.02 mm and the inclination angle of each orifice was 84°. The symmetric geometry allowed 

the use of only one 1/7th sector of the injector for the simulations; periodic boundaries were employed on the sides to 

save computational time. The geometry is illustrated in Figure 1. In order to allow simulations of the fluid motion 

after the end of injection, an extra volume of cylindrical shape with length equal to 10 nozzle diameters was attached 

to the nozzle exit, mimicking a part of the combustion chamber.  

A moving mesh strategy was used by adopting a layering technique. The computational domain consisted of two 

regions. One was the non-moving region, which represented the geometry when the needle was at its fully closed 

position. The moving region was made out of the volume that was created as the needle lifted. When the needle 

moved, the layer of cells in touch with the needle changed size in order to account for this motion. When the size of 

the cells exceeded certain limits, the cells either divided into smaller ones, thus creating a new layer, or combined 

with the neighbouring layer. The needle was a moving no-slip wall boundary. Practically, for all simulations, the 

needle never actually touched the needle seat. This is because the code cannot handle two different wall boundaries 

when two surfaces are in direct contact. Therefore, in order to seal the high-pressure zone from the sac and nozzle 

area at needle closure, a wall interface was enabled. Specifically, an interface that connected the needle seat area with 

the needle itself existed throughout the simulation. While the needle was in motion, this interface was considered 

‘interior’, so it had no effect on the flow. Just before the start of the needle’s lift motion, or when the needle descended 

to 0.5 μm lift during closure, this interface was switched to ‘wall’ and resulted in two disconnected domains [45], 

interrupting the flow passing through and sealing the high-pressure from the low-pressure zone. During the period 

that this interface was defined as wall, it consisted of 4 cells in thickness. 

The needle lift curve is illustrated in Figure 2. This defined how the needle moved with respect to time. The injection 

duration was 1.86 ms long, during which the needle was ascending for 0.88 ms and descending for 0.98 ms. Compared 

to the maximum lift of 256 μm, the 0.5 μm threshold of needle closure was considered negligible. The measured 

volumetric flow rate at the injector’s inlet has also been included in Figure 2 (total flow rate for all 7 holes). The 

measurements were obtained with 400 bar injection pressure and 60 bar back pressure at isothermal room temperature 

conditions using Normafluid. Start Of Injection (SOI) is at 0.72 ms and corresponds to the start of the hydraulic 

motion of the needle excluding injector driver and other delays recorded from the start of time. The End Of Injection 

(EOI) is at 2.58 ms and corresponds to the time the needle returned back to its seat. The flow exhibited some leakage 

due to needle bounce past 2.58 ms; these effects were not considered in the simulations. It is also noted that, when 

the needle starts lifting, a pressure drop is typically noticed on the injector’s fuel line, which recovers later in the 

injection process. Therefore, the measured flowrate exhibits typically an asymmetric profile when comparing pre- 
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and post- maximum needle lift periods, clearly indicating a slower rate on the early period. A typical event of this 

type can also be seen in other publications, e.g. in [10] where the line pressure dropped abruptly at the beginning of 

the injection by ~13% of the nominal value and did not recover completely till the end of injection. Comments on 

the predicted profiles of flow rate shown in Figure 2 with k- and k- models for fixed injection pressure of 400 bar 

into 60 bar back pressure will be provided in the validation section later. 

A block-structured mesh was used for discretising the domain. Details of the mesh have been included in Figure 1. 

When the needle was closed, the mesh consisted of 611,478 cells. 391,878 of these were part of the nozzle, while the 

rest were part of the air chamber. At full lift there were 1,130,094 cells in total. 50 cells were typically placed along 

the nozzle diameter. In the core of the orifice the typical cell size was ~4 μm, while the first cell at the wall was ~0.15 

μm. The average size in the sac area was also ~4 μm. The achieved wall y+ was less than 1 in the region of the sac 

and nozzle orifice. For grid sensitivity analysis, three more meshes were created and tested. A coarse one, with 

120,000 cells at minimum needle lift (excluding the air chamber), a medium one with 250,000 cells and a very fine 

mesh with 1,500,000 cells. Aspects of this analysis were performed at the conditions of the measured flow rate with 

400 bar inlet, 60 bar outlet. The k- SST model was used. Second-order discretisation was employed. The core of 

the grid sensitivity results have been discussed in [74] and are not reproduced here in graphical form for brevity. It 

is summarised though that the predicted volumetric flow rate throughout the whole injection event showed a 

maximum difference of just 0.5% between the coarse and very fine meshes. Velocity profiles of all four meshes were 

studied inside the orifice where flow separation and recirculation occurred. The length of the recirculation zone 

showed differences between the fine and the medium mesh of the order of 4–5%, while for the fine and the very fine 

meshes this was of the order 2%. Therefore, the rest of the simulations in this paper were performed with the fine 

mesh that provided good balance between grid independence and available computing power.  

2.6. Boundary Conditions and Test Cases 

At the beginning of the injection, the flow field was considered to be at rest. The nozzle was full of liquid fuel, while 

the injection chamber was full of air. The main vertical sides of the injector geometry were defined to be periodic. A 

total pressure boundary condition was applied to the inlet where fuel entered the domain and absolute static pressure 

was applied to the outlet surfaces of the cylindrical air chamber. The test matrix of simulated cases is summarised in 

Table 1. The conditions were selected by a systematic approach to examine specific effects as shown in the last 

column and detailed below. 

Three different pressure sets were used. The first one corresponded to the measured flow rate conditions of 400 bar 

injection pressure into 60 bar chamber pressure. The second one related to a limited data set of optical nozzle injection 

images captured at 400 bar injection pressure into 1 bar chamber pressure (see [19] for a sample set). The third one 

referred to the operating conditions of a single-cylinder research engine based on a DI Diesel Puma configuration 

with a Ford TDCi production multi-cylinder head, run on a dynamometer in-house [75]; this was 900 bar injection 

into 35 bar chamber pressure.  

The temperatures for fuel, air and walls were carefully considered. According to [76], fuel temperatures were 

measured as high as 363 K at the common rail and 373 K at the nozzle tip. However, the nozzle tip itself has been 

known to reach higher temperatures, which is one of the reasons that injector fouling/coking takes place. The work 

of [3] refers to typical temperatures of 523–573 K at the nozzle when firing, whilst [77] measured 473 K at motoring. 

The work of [76] referred to 463–473 K which dropped to 363–373 K with cooling and insulation. The work of [78] 

measured 440–500 K at the nozzle tip, similar to the ones of [79, 80]. It was decided to use fuel temperatures in the 

range 300–353 K. The walls were considered adiabatic for the majority of the simulations but for one case the wall 

was set to a constant temperature of 473 K. The fluid temperatures were uniform everywhere and equal to the 

temperature of the inlet, except from one case where a higher temperature of 550 K at 35 bar was applied to the air 

chamber region to represent air at compression based on the in-cylinder measured data obtained in-house. The 

Reynolds numbers were calculated for all simulated test cases when the needle was at maximum lift (using averaged 
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quantities at the nozzle exit). These were found to be in the range 10,000–40,000, with the larger values corresponding 

to higher fuel temperatures with lower fuel viscosities and slightly higher flow rates. The review work of [81] was 

also considered for comparison with the general literature on cavitating injectors. The discharge coefficient of this 

nozzle was found in the range 0.7–0.8 for cavitation parameters 𝐾 𝑝 𝑝 𝑝 𝑝   in the range 1–

1.4, following literature trends. 

Test 
Case 

Injection 
Pressure 

[bar] 

Chamber 
Pressure 

[bar] 

Injection 
Temperature 

[K] 

Chamber 
Temperature 

[K] 

Wall 
Temperature 

[K] 
Examined Effect 

1 400 60 300 300 Adiabatic Validation case 

2 400 1 300 300 Adiabatic 
Reduced back pressure to 
study effect on cavitation 

3 900 35 300 300 Adiabatic 
Increased injection pressure, 
intermediate back pressure 

4 900 35 353 353 Adiabatic 
Increased fuel and air 

temperature 

5 900 35 333 550 Adiabatic 
Highly increased chamber 

temperature 

6 900 35 333 333 473 High wall temperature 

7 900 3510 300 300 Adiabatic 
Transient decrease of air 

chamber pressure  

8 900 3510 333 550 Adiabatic 
Transient decrease of air 

chamber pressure  

9 400 1 300 300 Adiabatic 
Needle relift after the end of 

injection 
Table 1 Boundary conditions and type of properties for the test cases that were simulated. 

It is noted here for completeness that in Diesel engines, depending on operating regime, injection and in-cylinder 

pressures and temperatures can be higher than the ones investigated within the parameter space of this paper. Certain 

operating regimes for Diesel engines can approach the critical point on the saturated vapour pressure curve and then 

the determination of all fluid properties and modelling of thermophysical behaviour has to be reconsidered by using 

real fluid equations of state. Transcritical and supercritical conditions are under study by the current authors but not 

included in this paper. Therefore, the conditions in Table 1 were selected specifically to stay clear off such issues. 

Nevertheless, they still cover a quite wide range of engine operation, including typical pilot and main injection events, 

and are also representative of novel injection strategies targeted at partially premixed charge compression ignition 

operation with quite advanced injection timings. For example, typical pilot injections start well in advance of the 

main injection, about 20–40° crank angle before top dead centre [82–84], or even 90° crank angle before top dead 

centre for highly premixed charge operation, e.g. [85], hence in-cylinder pressures in such cases can be significantly 

lower than the main injection event. 

2.7. Validation 

Validating in-nozzle flow simulations at realistic engine operating conditions can be a quite challenging. This 

challenge is primarily associated with the lack of available experimental data, particularly of optical nature and of 

quantitative type from faithful real-size optical injector nozzles at high-pressure high-temperature fuel and air 

conditions. Several levels of validation processes were performed within the bounds of the current work. The first 

one aimed at studying the flow rate during the injection process and comparing this against the measured flow rate 

of this injector for 400 bar injection pressure and 60 bar back pressure at 300 K to study the effect of turbulence 

model. The second one was based on published studies of cavitation imaging in optical nozzles obtained from the 

literature using water fluid at different temperatures and pressures. The third one focused on simulations of 

evaporating droplets using various test cases in the literature with water and n-dodecane over a range of temperatures 
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and pressures. Considering the extensive nature of validation, results are not reproduced here in graphical form for 

brevity but can be found in [74, 86]. Key validation points are provided below though for the benefit of the reader. 

2.7.1. Injector Flow Rate  

A satisfying agreement with the measured flow rate of Figure 2 was observed at the very early stages of needle 

opening (0.6–1 ms) with both the k- and k-ω SST models. The latest stages of closing (2.2–2.6 ms) where predicted 

very well by the k-ω SST model. The period of 1–1.5 ms was predicted better with the k- model whilst the period 

1.7–2.2 ms better with the k-ω SST model. This was associated with the imposed fixed inlet pressure boundary 

condition of 400 bar that was used in the simulations in contrast to the injector’s inlet lowered pressure effect on the 

measured flow rate upon needle opening during the first half of injection as mentioned earlier. To examine this 

hypothesis, a test simulation with a pressure inlet of 360 bar, i.e. 10% lower than the nominal of 400 bar, was 

performed. The resulting flow rate predicted by the k-ω SST model was found to match well the flow rate of the 

experiment in the first half of the injection event. A similar type of behaviour has been noticed in [87, 88]. The k-ε 

model that appeared to be in better agreement with the experimental results in the first part of the simulation when 

the nominal pressure of 400 bar was applied, produced much lower flow rate with 360 bar than that shown in Figure 

2. Detailed study of the in-nozzle flow field predicted by the k- model revealed much different recirculation zones 

than those predicted by the k-ω SST model, which could be directly linked to the different discharge coefficient of 

the k- prediction. Therefore, the k-ω SST was employed for the rest of the simulations reported hereafter. 

2.7.2. Validation of Cavitation Modelling  

The predicted flow rate curve of the k-ω SST model was independent of cavitation model; both the Schnerr-Sauer 

and the Zwart-Gerber-Belamri models led to the same flow rates as this case was associated with very minimal 

presence of cavitation (to be shown in detail later). Therefore, it was decided to identify a couple of optical nozzle 

geometries with sufficiently wide range of measured data that could be used for validation of the two cavitation 

models. The experimental work of [89] has been used by some authors to validate simulated cavitating flows. 

However, conflicting observations have been reported. For example, it was found in [90] that the Schnerr-Sauer 

model underestimated the size of the cavitation zone but matched better the velocity profiles than the Zwart-Gerber-

Belamri model. After extensive survey, the experimental optical geometries of [91, 92] were finally selected for 

validation here as they offered all necessary dimensions to faithfully model their relatively simple geometries with 

water as the working fluid, using cell resolution of similar level to that used in the real injector simulations. The 

geometry of [91] as a 4-mm-wide quasi-2D optical nozzle operated with fluid temperatures in the range 293–333 K 

and Reynolds numbers as low as 50,000. The simulations showed that the Schnerr-Sauer predictions were closer 

overall to the experiments than the Zwart-Gerber-Belamri in terms of cavitation length over the full range of 

temperatures [74]. Then this cavitation model was selected to model the 3D step optical nozzle configuration of [92] 

that provided experimental data of cavitation imaging and in-nozzle velocities measured by Laser Doppler 

anemometry. A range of different inlet pressure boundary conditions were simulated, with cavitating conditions 

spanning from incipient cavitation to super-cavitation. Good agreement between experiment and simulations was 

observed for both the length and the width of the cavitation region at most conditions of relevance to the real injector. 

Moreover, the predictions matched the measured profiles of both mean and standard deviation axial velocities at 

three different locations downstream the orifice inlet within 5–10% at most conditions [86]. The main challenge 

involved capturing highly transient incipient cavitation phenomena observed in the experiments. However, this was 

expected by RANS. Adoption of LES showed better match with the experiments at such challenging conditions but, 

considering the much greater running times required with LES, the combination of the selected RANS models was 

considered sufficient to provide analysis of the cavitation phenomena in the real Diesel injector for the range of 

conditions of interest in the current study. 
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2.7.3. Validation of Evaporation Modelling 

The evaporation methodology that was implemented by user coding was studied by running several test cases to 

validate the calculation of the surface area of the liquid and evaporation rate [86]. Initially various geometrical shapes 

of liquid were studied with dimensions similar to those of the injector’s nozzle hole (e.g. in the range 10–100 μm in 

radius or thickness), using cell densities comparable to those used to resolve features of the in-nozzle flow. For 

arbitrary shapes the surface area is not known, hence the VOF gradient calculated by the code was employed. The 

calculation of the overall surface area of the simple shapes was validated to be within fractions of 0.1% of the 

nominal. Then the evaporation rate was validated by using as reference cases the studies of [66, 93]. These were 

selected from the literature to match the range of thermodynamic conditions used in the current study. The case of 

[66] referred to water droplets of 75 m in initial radius at an initial temperature of 353 K with the temperature of 

the gas set to 373 K or 573 K. The simulated results matched those of [66] in the evaporating mass of the droplet 

within 1–4 %, with the larger difference recorded for the higher gas temperature. The temperature of the droplet was 

also predicted sufficiently well, with a maximum difference of ~7 K recorded on the interface of the droplet. The 

work of [93] referred to various n-Dodecane droplet test cases relevant to Diesel injection, typically with initial 

droplet radius of 10 m at initial temperature of 300 K in an environment of air at 650 K, or slightly larger droplets 

with initial radii in the range 16–18 μm at a higher initial temperature of 380 K with the surrounding air at 707 K and 

a pressure of about 60 bar. Good agreement was recorded between the simulations of the current methodology and 

those presented by [93], typically again within 1–4% in terms of the droplet’s radius reduction during evaporation. 

3. RESULTS – PART I: Flow Behaviour during Injection 

Various plots are shown in the following sections to provide a global view of the state of the nozzle in terms of 

cavitating flow. Two main views of the geometry have been selected. One is the middle/symmetry plane that cuts 

through the sac and the orifice, giving a view of the interior flow and the injection chamber so that the state of the 

liquid jet can be evaluated. The second view is made out of 5 planes vertical to the axis of the orifice, one of these 

being the orifice exit. During injection the contours are plotted mainly at three different timings: at 25 µm ascending 

needle lift (0.18 ms After the Start Of Injection, ASOI), at maximum lift of ~250 µm (0.88 ms ASOI), and at 25 µm 

lift during the needle closing period (1.78 ms ASOI). Contours for the period After the End Of Injection (AEOI) till 

the point where the flow has been brought to a halt were also studied at various timings and are shown in respective 

parts of results in later sections of this paper. 

3.1. Test Case 1: 400 bar inlet at 300 K and 60 bar outlet at 300 K 

At this condition cavitation was limited to very small areas in the vicinity of the nozzle orifice inlet, confined to 

highly transient incipience points and appeared only temporarily, therefore no cavitation can be seen at the orifice 

entrance or the rest of nozzle area within the resolution of Figure 3. At 0.1 ms ASOI one can observe the typical 

‘mushroom’ shape forming at the tip of the liquid jet that has been captured experimentally by [9, 94–96] at conditions 

of nozzle orifice full of liquid at SOI. This flattens out quite quickly by 0.14 ms ASOI. At 0.18 ms ASOI, the velocity 

magnitude inside the orifice had a maximum value of around 175 m/s. The flow field is not presented here because 

aspects of this have been discussed by the current authors in [74] and have also been found similar to what reported 

by other authors, e.g. see [29, 30, 36, 97, 98]. However, it is noted that the flow has formed a region of separation at 

the top corner of the orifice inlet by 0.18 ms ASOI with a vortex pair present in the upper area of the orifice on the 

circular cross section of the orifice. At full needle lift, 0.88 ms ASOI in Figure 3, the flow is ‘quasi-steady’ with 

minimal disruption of the liquid phase within the resolution of the simulation; velocity levels were as high as 290 

m/s. The flow was linked with a clear system of four vortices inside the orifice forming a helical pattern of motion, 

similar to those reported by [27, 29, 88, 99] and linked with the sac volume. At 1.78 ms ASOI with 25 m needle lift 

before closure, wavy fluctuations are seen on the liquid jet’s surface with a size 10–20% of the nozzle diameter. Such 

behaviour was not observed at 25 m ascending needle lift, indicating flow hysteresis effects. No vapour from 

cavitation was predicted at this condition, most probably because of the inability to capture highly transient cavitation 
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incipience phenomena that would require an LES framework of prediction. It also noted that string cavitation within 

helical flow fields cannot be captured properly by existing cavitation models as it is highly unstable and can occur at 

local ‘mean’ pressures higher than the vapour pressure [88]. Overall the temperature inside the nozzle increased due 

to shearing and strain effects. The areas with higher temperature were the wall boundaries, the recirculation or 

significant secondary flow zones, and at full needle lift the outer edges of the liquid jet. At 25 m ascending and 

descending needle lift the temperature inside the orifice was about 10–20 K higher than the inlet. This increase 

occurred mostly downstream of the needle seat, with higher values just downstream the sharp orifice inlet corner. 

A word of caution applies here. Although there is no phase change inside the nozzle and no major fluctuations are 

seen on the surface of the liquid jet outside the nozzle in Figure 3 at full needle lift, some diffusion of the liquid 

interface can be seen in the air chamber, growing larger downstream. This behaviour is related to the increasing 

size of cells towards the outlet of the domain that leads to numerical deviation from a totally sharp interface 

between liquid and gas phases, hence it is not physical phase change. When creating the grid, great effort was 

put into enabling sufficient spatial and temporal resolutions that minimised this effect within the bounds of 

reasonable computing power requirements, especially inside the nozzle and in the vicinity of the orifice exit in 

the air chamber at high needle lift with the highest velocities. The outcome has been quite good on balance 

throughout the results of most test cases, particularly in areas of interest inside the nozzle, hence the spatial 

resolution was kept fixed for all test cases within the objectives of this paper. 

3.2. Test Case 2: 400 bar inlet at 300 K and 1 bar outlet at 300 K 

By 0.18 ms ASOI with 25 m needle lift, cavitation has already formed as seen in Figure 4. The cavitation region 

appears attached to the orifice entrance and extends to about one third of the orifice length; some vapour reaches the 

nozzle outlet and cavitation patterns are found inside the body of the liquid jet. Sensitivity analysis showed that this 

effect was not predicted with incompressible simulations and constant fluid properties. At the beginning of injection 

the area downstream of the needle seat has pressure equal to the chamber pressure, while upstream of the needle seat 

the pressure is equal to the injection pressure. When the needle starts lifting, the total volume of the nozzle increases, 

thus the pressure drops, and in areas of low pressure even inside the chamber cavitation can be found. The in-nozzle 

circular cross-section planes reveal that the vapour phase exists near the nozzle inlet in two separate void regions, 

connected to respective vortical flow structures. At full needle lift, 0.88 ms ASOI, limited cavitation was seen 

initiating at the orifice inlet moving downstream despite the presence of a system of four vortices persisting along 

the orifice with a well-defined structure of helicity. The liquid jet’s structure is not intact like in Test Case 1 but 

appears multiphase on this plane, linked to the highly swirling motion of the jet. At 25 m descending needle lift, 

1.78 ms ASOI, phenomena similar to those at 0.18 ms ASOI are seen but with more intense cavitation inside the 

nozzle. With the needle about to close, the pressure decreases as the flow decelerates and drops locally to values 

below the vapour pressure, intensifying the formation of cavitation. Downstream, there is no cavitation present on 

this vertical plane; however, the cross-section plots indicate that there are again two separate cavitation regions that 

extend throughout half the orifice hole. Contrary to what was predicted at 25 m ascending needle lift, 0.18 ms ASOI, 

the cavitation regions at 25 m descending needle lift are related to a pair of counter rotating vortices on the lower 

side of the orifice that later grow and occupy the whole orifice cross-section, but with quite low levels of helicity 

overall. The experimental work of [10] has shown similar behaviour. Regarding temperature, there was a marginal 

increase to what predicted with 60 bar chamber pressure, indicating the balance of viscous diffusion and phase change 

effects. 

The total volume of vapour inside the orifice is plotted in Figure 5 for both chamber pressures of 1 bar and 60 bar. 

The injection into 60 bar displays very little cavitation, only at ~1.1 ms and at 2.3–2.5 ms of elapsed time. The 

injection into 1 bar cavitates heavily almost throughout the whole injection event, except for a period of time in the 

region of highest needle lift. During the needle closing stage the presence of cavitation is higher overall than that of 



13 
 

the opening stage, reaching a maximum value 2.5 times higher. At the very end of injection, the total volume of 

vapour was ~40% of the total orifice volume. The wavy nature of the traces in this figure is indicative of the 

unsteadiness of the flow and cavitation voids that grow and collapse continuously. 

Figure 6 shows the presence of air in the orifice during injection. The points of interest are the beginning and the 

very end of injection. When the needle starts lifting, the pressure inside the sac drops as the overall volume of the 

nozzle increases. This pressure drop pulls the fluid inside the orifice backwards, and this in turn pulls air from the 

chamber inside the orifice. Immediately afterwards, as the fuel starts flowing towards the nozzle exit, air is pushed 

back and leaves the orifice completely. The injection into 1 bar chamber pressure pulls in 6 times more air, equivalent 

to ~10% of the orifice volume. A very small quantity of air is also present in the orifice during the last 80 μs before 

needle closure. This is air that remained very close to the nozzle exit and, as instabilities grew on the surface of the 

jet, entered the orifice when the interface of liquid and gases separated from the nozzle wall. 

3.3. Test Case 3: 900 bar inlet at 300 K and 35 bar outlet at 300 K 

The maximum flow rate at full needle lift was calculated to be ~60% higher than in the case of 400 bar injection into 

60 bar back pressure. Figure 7 shows that the cavitation regions on the central vertical symmetry plane are generally 

small. The most significant change in the flow, in comparison to the 400 bar injections, is the cavitation pocket that 

is noticed on the lower side of the orifice at 0.18 ms ASOI. In general, due to high momentum, a part of the flow 

passes through the sac area and then enters the orifice; this results in flow separation on the lower side of the nozzle 

entry and consequently cavitation pockets. As can be seen on the circular cross-section planes, there is an amount of 

cavitation out of the central vertical plane. A form of primary breakup is observed and a quantity of gas is engulfed 

within the liquid core of the jet. At full needle lift, 0.88 ms ASOI, no cavitation is present inside the orifice, similarly 

to the findings of [97]. At 1.78 ms ASOI, a ligament that has detached from the liquid core can be seen just next to 

the orifice exit. The different cavitation patterns between the 25 m descending needle lift at 1.78 ms ASOI and the 

25 m ascending needle lift at 0.18 ms ASOI suggest again strong hysteresis effects. The velocity inside the orifice 

exceeded values of 450 m/s at full needle lift, with strong helicity. Analysis of the fuel temperature field showed 

higher values than at 400 bar injection, reaching 50 K higher than the nominal injection temperature, particularly at 

the early and late injection phases. 

3.4. Test Case 4: 900 bar inlet at 353 K and 35 bar outlet at 353 K 

The higher fuel and air temperature enhanced most of the effects noticed in Test Case 3. The lower fuel viscosity and 

decreased air density led to an increased flow rate of the order 2%. The higher vapour pressure led to more cavitation 

overall in Figure 8 than the injection of 300 K. The increased injection temperature caused a more intense secondary 

flow, especially in the early and late timings of 25 m ascending and descending needle lift. Specifically, at low 

needle lift, a pair of vortices was seen on the lower side of the orifice, close to the orifice inlet, which moved upwards 

in the downstream direction and approached the top side. At 25 m needle lift before closure there was one large 

vortex throughout the orifice and a large volume of cavitation in the core of the nozzle, extending to the outlet. The 

flow throughout injection carried greater helicity than at 300 K. The surface of the jet presented more intense 

instabilities that led to breakup close to the domain outlet. 

3.5. Test Case 5: 900 bar inlet at 333 K, 35 bar outlet at 550 K 

The increased temperature in the chamber results in reduced density of air, by almost half; this implied reduced drag 

on the surface of the jet. Therefore, a small increase in the flow rate compared to Test Case 3 was found. In Figure 

9, at 0.18 ms ASOI a small cavitation region at the entrance of the nozzle is seen. This was related to the fact that the 

recirculation zone in that region had reduced in size and was observed in general for runs with fuel temperature set 

to 333 K, highlighting that the vapour pressure increase was not sufficient to promote cavitation within the smaller 

recirculating field. At maximum needle lift, weak but symmetric cavitation patterns are seen along the length of the 

nozzle and the liquid jet has heavily ruptured. The last timing of Figure 9 presents significant cavitation that reaches 

the outlet of the nozzle and large voids are formed inside the core of the liquid jet. The fuel temperature increased to 
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levels of 380 K inside the nozzle at the beginning of injection, cooling down by about 30 K during the main injection 

event and increasing again to levels of 360–370 K towards the end of injection. 

3.6. Test Case 6: 900 bar inlet at 333 K, 35 bar outlet at 333 K and injector walls at 473 K 

The injection with the nozzle wall temperature set to 473 K showed a slightly increased flow rate in comparison to 

adiabatic walls. In Figure 10, at maximum needle lift, there is almost no cavitation because the high flow velocities 

don’t allow the fluid to heat up locally to much greater temperature than the nominal. However, at the late timing of 

25 m descending needle lift 1.78 ms ASO, the reduced flow velocity resulted in increased temperature and increased 

levels of cavitation both at the top and on the lower side of the orifice. The liquid jet is completely fragmented and 

very clear hysteresis effects can be seen between the first and last time instances. One main vortex was seen at the 

early part of injection, similar to Test Case 3, and by the timing of maximum needle lift two pairs of counter rotating 

had formed stabilising the flow. At the late timing of 1.78 ms ASOI though there was again one main vortex but with 

the opposite rotation direction to that of the early injection phase. It is also noted that at the early phases of injection 

the fuel temperature inside the nozzle reached levels of 400 K due to heat soak. Later, at full needle lift the 

temperature dropped to levels of 350–380 K. This case exhibited slightly higher flow rate (1–2%) throughout the 

injection, particularly close to the end. To put things into perspective, a change in temperature from 350 K to 470 K 

would cause the fuel viscosity to drop by ~75% and the density to drop by ~15%. 

3.7. Comparing vapour/air volumes during injection for all cases 

The volume of vapour inside the orifice for all 900 bar injections is plotted in Figure 11. The case of 900 bar, 300 K 

lies between the volume traces calculated for the two injections of 400 bar (consult Figure 5 as well and note the 

different vertical scale). There is a lot of cavitation early in the injection, with a peak at ~250 μs ASOI. This peak is 

20% higher than the corresponding one of the 400 bar injection into 1 bar but it is present for half the time period. 

At the needle closing stage, cavitation is present for the same time period as for the 400 bar injection into 1 bar air, 

but it is significantly lower, at a level of ~10%. At 900 bar, the highest temperature of 353 K shows more intense 

cavitation than at 300 K, especially at the late stages, reaching levels similar to those of the 400 bar injection into 1 

bar chamber pressure. At the early stages of injection, the case with 333 K fuel and 550 K air temperature presents 

vapour volume in the order of 50–60% of the case with 300 K and the injection with 333 K fuel/air and 473 K wall 

temperature even smaller. As mentioned earlier, at 333 K flow separation and recirculation zone at the entrance of 

the orifice had reduced in size and the parallel increase in vapour pressure was not sufficient to promote cavitation 

in that field. Later through the injection, and while the needle is close to its highest lift, it is the injection into 550 K 

air that produced the highest level of cavitation, but in low volume equivalent to ~1.5% of the total orifice volume. 

Close to the end of injection, the case with 473 K walls produced the highest volume of vapour, followed closely by 

the case of 353 K and then by the case with 550 K air. 

The volume of air inside the orifice is plotted in Figure 12. It is shown that the case with 333 K fuel/air and 473 K 

walls had the highest volume of air in the orifice at needle closure and beyond, reaching levels of up to ~75% of the 

total volume of the orifice. This followed the increased vapour volume and indicated condensation of the latter. The 

473 K walls case was followed closely by the case of 353 K fuel-air with adiabatic walls, showing vapour volume 

about 55% of the total orifice volume. The injection into 550 K air showed no really different amount of air in the 

orifice in comparison to 300 K. The initial volume of air that entered the orifice for 900 bar injection was between 

the two 400 bar injections shown earlier in Figure 6 (note the different abscissa scale), being ~65% higher than that 

of the 400 bar injection into 60 bar air. 

4. RESULTS – PART II: Flow Behaviour Immediately after the End of Injection 

The following sections present results from about 50 μs before EOI (i.e. before the needle touches the needle seat) to 

about 200 μs after EOI. As shown in all previous sections, the in-nozzle flow decelerated during the descending phase 

of the needle. When the needle finally closed, the in-nozzle flow was gradually brought to a halt. The final timing of 

200 μs AEOI was chosen as the time when the velocity magnitude inside the orifice had dropped below 4–5 m/s. 
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This may be an arbitrary threshold value but it was considered a good indication that the flow had practically 

‘stopped’. To put this into context, the time needed to travel the distance of one nozzle diameter with such low 

velocity is ~25 μs, which is quite large, specifically ~10% of the total duration of injection. Contours of volume 

fraction of liquid, vapour and air are presented at various instances to demonstrate the evolution of the in-nozzle 

status. It is also noted that 200 μs correspond to about 2 crank angle degrees for an engine running close to 1650 

RPM. For completeness, it is also noted that the simulations after EOI presented here were performed with the 

turbulence model always enabled. It can be quite challenging to isolate a single value of Reynolds number that one 

could consider as critical for full laminarisation under such transient conditions, particularly in the presence of 

complex multiphase phenomena and flow hysteresis effects. However, it is noted that the Reynolds number did not 

drop to values below 1000–2000 as despite the fact that the flow velocity gradually reduced inside the nozzle in the 

predominant direction of injection after needle closure, when the air back-filling process started, the velocity 

increased again in the opposite direction. The eddy viscosity in the nozzle did not fall to levels lower than ∼5 times 

the fluid's viscosity, even at the slowest bulk flow stages. 

4.1. Test Case 1: 400 bar inlet and 60 bar outlet at 300 K 

In Figure 13, at 50 μs before EOI, there is no cavitation and the surface of the liquid jet in the chamber area is quite 

smooth macroscopically with no apparent instabilities within the resolution of the numerical domain. The liquid jet 

broke up in the middle of the chamber domain just 10 μs before the EOI. The mass of liquid that remained attached 

to the nozzle formed a thin ligament and part of this started moving backwards towards the nozzle exit, a combination 

of shearing effects and the liquid’s deceleration gradually ‘propagating’ from the needle seat area. The flow inside 

the orifice comes gradually to a halt, while the liquid that is in the chamber area is still in motion, resulting in a 

contraction of the jet’s diameter at the nozzle exit. A throat is created that forces the interface between the liquid and 

the gas to separate from the orifice wall, giving space to the surrounding air to enter the orifice. By 30 μs AEOI the 

body of liquid that is located inside the nozzle had detached from that in the chamber area. The latter had the form 

of a long ligament that grew thinner with time and moved slowly further away from the nozzle, leaving the domain 

outlet located ~10 diameters downstream the nozzle exit by 1 ms AEOI. As the long ligament detached from the 

main body of liquid, the interface inside the nozzle formed a strongly concave shape. At 10 μs AEOI, air has already 

started entering the nozzle around the liquid core. The last subfigure of Figure 13 shows by a set of circular cross 

sections of the orifice that there is no liquid on the walls of the orifice for approximately half diameter close to the 

nozzle outlet. Upstream of that point there is liquid fuel film present whose thickness increases towards the orifice 

entrance. Air enters the orifice in Figure 14 with higher speed on the top side, causing asymmetric flow that leads to 

a small pocket of air engulfed by liquid. Later this pocket resurfaces and connects with the main volume of air.  

The ligament that appeared very soon after the end of injection was the type of dribble that was described by [100] 

as immediate dribble. The flow behaviour outside the nozzle also bears some resemblance to the experimental results 

of [23] for 1000 bar injection into 10 bar chamber pressure. In general though it does not fully resemble the dribble 

captured by the LES studies of [101] for 500 bar injection into 10 bar chamber pressure via an axial single-hole 

Diesel injector nozzle. The multi-hone injector dribble captured by the experiments of [102] for 200 bar injection 

into 1 bar was qualitatively similar to that in Figure 13; however, the experiment exhibited dribbling for longer time 

at such low injection and chamber pressure. The last ligament detached from the injector 0.8 ms AEOI in the 

experimental study, whilst in the current simulation the ligament had already detached by 0.03 ms. At the 1000 bar 

injection of [102] detachment of thin ligaments was observed between 0.03–0.25 ms AEOI.  

4.2. Test Case 2: 400 bar inlet and 1 bar outlet at 300 K 

The lower air chamber pressure led to higher fuel velocity which took longer time to decelerate. The respective higher 

momentum required higher pressure drop after needle closure in order to be brought to a halt. However, with the 

ambient pressure being significantly lower than in Test Case 1, even a small in-nozzle pressure drop would lead to 

local pressure values lower than the vapour pressure and lead to cavitation. The presence of vapour inhibited further 
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local pressure drop but the momentum of the liquid fuel was not reduced as quickly as in the case of the higher 

chamber pressure, causing the creation of further vapour. Figure 15 presents the evolution of the flow from 20 μs 

before EOI. The bulk of the flow inside the nozzle is cavitating before the end of injection and the jet shape in the 

chamber is highly unstable. At 10 μs before EOI the jet is already fragmented into long ligaments that gradually thin 

out and get detached from the body of liquid that is located inside the nozzle. A cavitation region is also formed in 

the area downstream of the needle seat and upstream of the sac. The interface of liquid and gas separates from the 

nozzle wall initially at the top and air starts entering the orifice from that point at about 10 μs AEOI, pushing the 

moving liquid towards the lower side of the orifice. The cavitation region upstream of the sac has reached its 

maximum size. As air moves further inside the orifice 20 μs AEOI, the pressure rises and the vapour starts condensing 

back to liquid, pulling more air inside the orifice. The work of [101] predicted similar results with their LES work at 

500 bar injection pressure into 10 bar chamber pressure. At 30 μs AEOI there is a large pocket of vapour inside the 

nozzle and an equally large volume of air, separated by a thin volume of liquid. This indicates that the pressure level 

in there is still equal to the vapour pressure, despite the fact that air has entered the nozzle. As the main liquid volume 

moves towards the sac, a thin film of liquid remains on the orifice walls. The air that enters the orifice creates a shear 

layer that pushes the thin film towards the sac and also creates instabilities on the film’s surface. 20 μs later, at 50 s 

AEOI, the two gases have mixed already and the vapour has condensed. The small ligament of liquid that exists 

outside the nozzle exit at this timing, gets totally detached from the nozzle later at ~100 μs AEOI. Moreover, for 

about one nozzle diameter upstream of the nozzle exit on the top side of the orifice, there is no liquid present. The 

body of liquid fuel inside the nozzle comes to a halt and the last detached ligament moves further away from the 

nozzle exit. Eventually, the nozzle volume is occupied only by liquid fuel and air. The pressure everywhere equalizes 

to the ambient pressure. The fluid motion comes to a halt forming a thin liquid film on the orifice walls with the rest 

of the orifice being almost full of entrained air. The fluid domain at the end of this simulation, 190 s AEOI, is also 

shown in the last subfigure of Figure 15 where it can be seen that the liquid film exists circumferentially along the 

full length of the orifice. This state resembles the initial conditions that were reported by the 300 bar into 1 bar optical 

nozzle experiments of [10], where large air pockets occupied the orifice at the start of injection in a series of 

consecutive injections as a result of prior-injection effects. All in all, the major part of the process presented here 

appears similar to what described by [100] as immediate dribble, and belongs to the first mode of dribbling process 

of [102] with some air ingestion. Practically it resembles well both the experiments of [102] for 200–1000 bar 

injection into 1 bar pressure and the experiments of [23] for 1000 bar injection in 10 bar pressure. Moreover, there is 

a good agreement with the findings of [103] for injection with 400 bar pressure, who reported that at the end of 

injection the spray width had increased and the liquid jet was converted to a liquid sheet structure that broke into 

ligaments. The predicted dribble resembles the one captured by the experiments in [45] for a single-hole injector with 

1500 bar injection pressure into 1 bar ambient.  

Figure 16 shows the vapour and air volume fractions at 30 s AEOI. The total volume of vapour inside the orifice 

from ~80 μs before EOI and for a short period after EOI is shown in Figure 17 for both 400 bar injections. The 

injection into 60 bar chamber pressure has no vapour present in the orifice throughout this period, as seen previously 

in Figure 5. The injection into 1 bar has a different behaviour. There is an increasing volume of vapour present in 

the orifice until the needle closes. After needle closure the volume of vapour decreases. At 30 μs AEOI the amount 

of vapour diminishes in an abrupt way; this coincides with the entrainment of air in the orifice, as can be seen in 

Figure 16 and Figure 17, and the rise of pressure in the orifice that condenses the vapour into liquid creating space 

for air. These results are qualitatively close to the results of [101] and follow the same trend for overall ingested air 

as a function of chamber pressure. However, the values are about one order of magnitude lower; this quantitative 

difference is expected as the orifice used here has approximately 5 times smaller volume than that used by [101]. At 

100 μs AEOI all motion has settled, resulting into 40% of the orifice filled with air for the case of injection into 60 

bar chamber pressure and 63% for the case of injection into 1 bar chamber pressure. 
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4.3. Test Case 3: 900 bar inlet and 35 bar outlet at 300 K 

Figure 18 shows that the jet is fragmented into ligaments even before the EOI. As the needle closes, there is cavitation 

downstream of the needle seat and as the liquid decelerates the diameter of the jet is reduced at the nozzle exit. The 

part of the jet that had not exited the domain forms thin long ligaments. This is similar to what was seen in previous 

sections for 400 bar injection pressure and described as immediate dribble according to [100]. Specifically, [100] 

reported that higher injection pressure resulted in more droplets in the immediate dribble, something that is also true 

here, especially in comparison to the 400 bar injection into 60 bar chamber pressure. At 10 s AEOI air enters the 

orifice domain from both the top and bottom in the shown 2D vertical section of the nozzle exit; this is all around the 

tip of the liquid core in 3D. The liquid retreats, pulling more air inside the nozzle. At the end of this process the 

computational domain looks similar to the one produced by Test Case 1. The presence of vapour is minimal as it has 

condensed due to high pressure. The experiments of [23] showed similar in-nozzle flow field with 1000 bar fuel 

injection into 1 bar chamber pressure. The shape of the fuel film in Figure 18 is different to the one shown earlier in 

Figure 13 for Test Case 1 of 400 bar injection into 60 bar chamber pressure. Specifically, in Figure 13, there was a 

very thin film close to the nozzle exit whilst upstream at about half-length of the orifice the film thickness increased 

sharply. In the present case, there is a shorter wall surface area close to the nozzle exit with no liquid present whilst 

upstream of that there is a thicker film, quite uniformly distributed along approximately half the length of the orifice. 

4.4. Test Case 4: 900 bar inlet and 35 bar outlet at 353 K 

The higher fuel temperature increased the vapour pressure and produced increased levels of in-nozzle cavitation. 

Figure 19 shows that at 20 μs before EOI a cavitation area occupies about half of the nozzle orifice. The continuous 

liquid core of the jet ends about one diameter downstream the nozzle exit; two long thin ligaments are present, 

extending towards the outlet of the air domain. The dribble at this point resembles the experiments of [104] with 

1500 bar injection. At 10 μs before EOI the size of the cavitation zone has decreased and the liquid fuel inside the 

orifice is already moving backwards. Air starts entering the orifice from the lower side of the nozzle exit, backfilling 

gradually the nozzle, whilst some liquid fuel is being expelled at the same time from the top side of the orifice. At 

EOI air has reached the orifice inlet, see also Figure 20 for the air fraction, and by 270 μs AEOI air has already made 

it upstream the orifice inside the nozzle sac. By about 10–30 μs AEOI the predicted flow appeared quite similar to 

the results of [101] at 60 μs AEOI for 500 injection pressure. The interface between liquid and gases was diffused 

and vapour was present at ~10 times lower volume fraction than the liquid. Once more, the form of the immediate 

dribble of this injection, when compared to the lower pressure injections, matches the findings of [100] and compares 

well with the results of [23, 102], but does not fully agree with the findings of [45, 101]. The last subfigure of Figure 

19 shows a non-axisymmetric behaviour; some ‘lumps’ of fuel appear at various points on the orifice wall in quite 

pronounced manner. 

4.5. Test Case 5: 900 bar inlet at 333 K and 35 bar outlet at 550 K 

The resulting flow in Figure 21 resembles in general the injection of Test Case 3 with 300 K. Immediate dribble is 

again present. At 20 μs before EOI there is wide-spread cavitation in the vicinity of the orifice’s entrance including 

the sac. The liquid core has decelerated and a large ligament is moving away from the core, albeit still thinly attached. 

10–20 μs later, more ligaments of liquid have detached from the liquid core. The latter has started moving back 

towards the nozzle, and its cross-section area has reduced at EOI, forming a throat similar to the one seen in previous 

injections into high pressure. The state of the nozzle orifice is similar to the images acquired by [104] for 1500 bar 

injection. Air has started entering the orifice at ~10 μs AEOI, from the top side of the nozzle exit. 20 s after that, 

air pushes further inside the orifice, reaching gradually the orifice entrance by about 100 s AEOI. The liquid that 

moves back towards the sac leaves a relatively smooth thin liquid film on the wall with the air’s shearing actions 

inducing wavy patterns on the film. In the last two subfigures of Figure 21 at 220 s AEOI, the vertical and circular 

cross sections of the orifice reveal a film of quite uniform thickness reaching the orifice entrance and sac. The vapour 

in the domain remained at levels lower than 2% and mostly confined to the vicinity of the liquid-gas interface. At the 
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end, the predicted flow field resembled the one predicted by the LES work of [101] for 1500 bar injection, and the 

experiments of [23]. However, the field is different to the results of [45] obtained by RANS. 

4.6. Test Case 6: 900 bar inlet and 35 bar outlet at 333 K, walls at 473 K 

The effect of heated nozzle walls is quite pronounced and changes the dynamics of the in-nozzle flow at EOI. In 

Figure 22, at 20 μs before EOI there is already a very small amount of liquid inside the orifice. There is also a large 

volume of vapour and an equivalent one of air that have not yet mixed, see also Figure 23. The experimental work 

of [102] did not capture similar behaviour as it mentioned that air never entered the orifice before EOI; however, 

their injections were performed at 298 K. Here, by about 10 μs AEOI, all vapour has condensed into liquid, leaving 

an area that is occupied by air and liquid, each with volume fraction of order 0.5. The mixture of liquid and air moves 

deeper inside the nozzle and mixes further with the liquid in the area of the sac. The pressure in the sac area rises 

locally and pushes the multiphase flow back towards the nozzle’s outlet. This way a small quantity of this mixture is 

expelled from the orifice at about 90 μs AEOI, which is again in the category termed immediate dribble, despite the 

fact that it has been created by a mechanism that appears different to all the ones noted before. At the same time, the 

instabilities that grew on the surface of the wall fuel film, gradually developed into a form that has engulfed a pocket 

of air at 370 s AEOI. Similar instabilities grow at various places along the orifice but not as pronounced to further 

block the whole of the cross-sectional orifice area closer to the nozzle exit. The last two subfigures of Figure 22 

resemble the distribution of liquid volume fraction of the injections at higher fuel temperature and the one shown in 

[101] for higher injection pressure.  

4.7. Comparing vapour/air volumes and liquid fuel discharge after needle closure for all cases 

Figure 24 shows the volume of vapour inside the orifice before and after needle closure for the 900 bar injections. 

For 900 bar 300 K injection the vapour volume lies between the two 400 bar 300 K injections shown earlier in Figure 

17. The behaviour is quite different to the 400 bar injection into 1 bar chamber pressure though in the sense that the 

amount of vapour for 900 bar has diminished before needle closure. This happens 20 μs before the EOI and coincides 

with the time that the average pressure inside the sac reaches the chamber pressure. As seen earlier in Figure 11, the 

volume of vapour inside the nozzle orifice in the final stages of injection increases with temperature. In Figure 24, 

at 5 μs before EOI, the case of 353 K exhibits still presence of vapour with decreasing level, while the case of 300 K 

does not exhibit vapour at all. Then, at 2 μs before EOI, there is no vapour in both cases. The 333 K fuel injection 

into 550 K air resulted in higher values of vapour volume than the 300 K case, but broadly lower values of vapour 

volume than the 353 K case. In contrast, the injection of 333 K fuel-air temperature with 473 K wall temperature 

shows similar levels of vapour volume in the last stages of needle closure to the injection with 353 K fuel-air 

temperature and adiabatic walls. However, it then exhibits the highest peak of vapour volume amongst all case just 

before vapour condenses at about 20 μs before EOI, broadly at the same timing that air fills approximately 73% of 

the orifice volume in Figure 25. It is also noted that in the case of 333 K with 473 K walls, air not only reached the 

highest level amongst all cases but started appearing in the orifice the earliest before EOI too. The case of 333 K 

injection into 550 K air chamber shows air starting to enter the orifice after needle closure; up to 20 μs after EOI the 

curve of 550 K is identical to the 300 K one. Later, however, air continues to enter the orifice in the former case, 

filling about 62% of the orifice volume by ~200 μs after EOI. For the case of 353 K, air started entering the orifice 

about 50 μs later and in the end it reached the second highest total volume. The volume of air that entered the orifice 

with 900 bar injection at 300 K is about 34% of the orifice volume, ~6 percentile units lower than the 400 bar injection 

into 60 bar chamber pressure at 300 K shown earlier in Figure 17. The higher temperature injections have a clearly 

different shape to those of 300 K, and to the one reported by [101] at 300 K with a single-hole injector where air 

started entering the orifice after EOI. The levels of air volume in Figure 25 appear in reasonable agreement with the 

volume of void in the orifice of Spray A and in each one of the 3 nozzle holes of Spray B presented recently by [48] 

for 1500 bar injection into 20 bar back pressure with 343 K fuel temperature and 303 K air. However, the results of 

[48] did not exhibit void volume before EOI either.  
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The average pressure in the sac during the processes of vapour volume decay and air backfilling is shown in Figure 

26 for the 400 bar and 900 bar injections at 300 K. The pressure is decreasing, reaching a level before EOI that is 

slightly lower than that of the chamber pressure. The pressure for both 400 bar injections drops roughly with the 

same rate. Their difference is approximately 30–40 bar, smaller than the absolute difference between the two air 

chamber pressures. Thus, while the first injection reaches 60 bar pressure ~40 μs before EOI, the pressure in the sac 

of the injection into 1 bar keeps on dropping until about 4 μs before EOI. Furthermore, when the needle closes, the 

pressure in the sac of the 60 bar chamber case drops instantly to 20 bar, a 66% drop. 4 μs later the pressure level has 

recovered but for an extra 4 μs there is an oscillation of decreasing amplitude, not higher than 10 bar around the 

nominal level of the chamber pressure. These results are close to the findings of [45, 101], albeit with a smaller 

pressure drop at the time that the needle closes and a smaller volume of ingested air. The modelling work of [101] 

predicted pressures about one order of magnitude lower than the chamber pressure at needle closure but, like here, 

pressure values recovered very quickly. The case of 900 bar exhibited qualitatively the same trend to the 400 bar 

injections but with much steeper rate. In addition, at ~20 μs before needle closure, the pressure in the sac is lower 

than the chamber pressure. At the closing of the needle, there is a drop in pressure similar to the one that was seen 

for the 400 bar injection into 60 bar. This is a drop of 67% compared to the pressure in the sac at that time. 

Figure 27 shows the liquid volume in the air chamber just before needle closure and immediately after, over a time 

domain of 300 s. This, when studied in conjunction with the air volume inside the nozzle (Figure 17 and Figure 

25) can provide an understanding of the measure of immediate fuel dribble. EOI is at 2.58 ms in Figure 27 and it is 

reminded that the air chamber is only about 1.2 mm long, hence the amount of liquid fuel in the chamber diminishes 

quickly over the time domain of 300 s as fuel leaves the chamber. The smallest liquid volume is shown for the case 

of 900 bar with 473 K walls because the nozzle has already almost emptied and backfilled by air at the timing of 

needle closure in Figures 22–23. The test case of 550 K air chamber shows that the dribble volume continues stronger 

than the other cases after EOI as the amount of cavitation in the nozzle is fairly small at EOI and the orifice is full of 

liquid fuel in Figure 21. The case of 353 K shows the second lowest fuel dribble because it is associated with the 

nozzle emptying quickly in the last stages of needle closure in Figure 19. The 900 bar case at 300 K shows the largest 

initial amount of dribble as the nozzle is full of liquid just before needle closure and the liquid jet carries a strong 

core in Figure 18, leading to the slowest rate of air backfilling thereafter in Figure 25. The two 400 bar cases show 

consistent behaviour. The interested reader may compare Figure 27 qualitatively with recently measured fuel dribble 

quantities in [24]. Quantitative comparison is not directly possible because the length downstream the nozzle exit 

over which the dribble was measured in [24] was about 1.7–5 mm long and the dribble was recorded over 1.4 ms 

AEOI. It is also noted that [24] used a 3-hole injector nozzle of 91–93 m hole diameter with ~500 m maximum 

needle lift and n-dodecane injection at 500–1500 bar with 308–363 K, and gas pressures broadly in the range 7–60 

bar with temperatures 300–900 K, in comparison to the 7-hole injector nozzle of 120 m hole diameter, ~250 m 

maximum needle lift and n-tridecane injection at 400–900 bar with 1–35 bar gas and 300–550 K used here. Despite 

these differences, the scale of dribble volume shown in [24] is of the same order to that in Figure 27 (10-3–10-2 mm3) 

as the injection and back pressure conditions were broadly within the same range to those studied here. Moreover, 

the dribble volume in [24] was measured to be larger for a gas temperature of 473 K than at 293 K, which is a 

qualitatively consistent trend with that of the current study. 

5. RESULTS – PART III: Flow Behaviour Longer after the End of Injection 

The following sections present the evolution of the liquid and gaseous phases inside the nozzle orifice over a 

significant amount of time after the end of injection. The effect of evaporation and cavitation models on the predicted 

multiphase phenomena after needle closure was studied in some detail. Phase change due to evaporation is a process 

that is slow compared to phase change from cavitation. The phase change from liquid to gas is quite small overall as 

the driving force is the partial pressure of vapour, but mostly because it takes place just on the liquid-gas interface. 

Due to the small transfer rate compared to cavitation, and the larger timescales involved, it was considered reasonable 
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not to have both evaporation and cavitation models active at the same time. All runs were conducted primarily with 

the evaporation model enabled only. In some test cases the cavitation model was enabled instead for comparison. 

The simulations started at the last time instance AEOI of the results shown in Part II. The length of these simulations 

was set to 8 ms, i.e. about 4 times the injection duration. 

5.1. Test Case 1: 400 bar inlet and 60 bar outlet at 300 K 

In Figure 28, at the beginning of the simulation, half the volume of the nozzle orifice is already full of air and there 

is a thin liquid film on the walls in the region where air has backfilled the orifice. This film provides a large surface 

area available to evaporation. As time passes though, under the effect of surface tension, this film forms small lumps 

of liquid in a wavy pattern and eventually develops into separate droplets. This is displayed in Figure 28 by the 

circular cross-sections at 0.93 ms AEOI. Specifically it can be seen that the droplet that has been formed on the lower 

wall of the nozzle does not obstruct a wide section of the circumference of orifice. Instead, two additional droplets 

of similar size can be seen on the orifice wall, which are located off the symmetry plane. A similar behaviour was 

also reported by [102]. In addition, the surface of the main body of liquid becomes gradually normal to the axis of 

the orifice and parallel to the outlet. The interface between liquid and gases gets diffused by evaporation over time; 

vapour volume fraction data, indicated that there was vapour present, primarily in the vicinity of the main liquid-gas 

interface but its fraction was typically lower than 1%. In areas where the film had formed localised small droplets on 

the surface of the orifice, concentration of vapour was also evident. At the end of simulation this high concentration 

has diffused over a larger area towards the nozzle orifice exit. The surface of the liquid is reduced and is about equal 

to the orifice cross section. The overall mass of vapour has reached a constant amount. In order for more liquid to 

evaporate, the existing vapour must leave the orifice. Since the flow is stagnant, the only way for this to happen is 

through diffusion. This procedure is very slow and resolving it with further physical running time within the 

limitations of available computational resources was not considered of further practical significance, particularly 

when considering that under real engine running conditions another injection could follow within that physical time. 

5.2. Test Case 2: 400 bar inlet and 1 bar outlet at 300 K 

An interesting observation in Figure 29 is that the liquid film under the force of surface tension is developing locally 

into liquid lump formations which are larger than the ones predicted under the conditions of Test Case 1. At the 

beginning of the simulation, the liquid film is already thicker close to the nozzle exit. By 1 ms AEOI, a volume of 

liquid has been formed that occupies the whole cross section of the orifice acting as a plug, trapping a pocket of air 

and vapour behind it, similarly to what has been reported by the experiments of [102]. This quantity of liquid is 

gradually moving towards the nozzle exit. In addition, evaporation produces extra vapour inside the trapped region 

of gases, increasing the local pressure and inducing further force to the volume of liquid ahead.  

To study the prediction of the formation and motion of this liquid plug further, the simulation was repeated with the 

cavitation model enabled and the evaporation model disabled. Figure 30 shows that the same type of multiphase 

dynamics was initially predicted and a large droplet in plug form was found inside the orifice close to the nozzle 

outlet at a timing of about 0.9 ms AEOI in this simulation as well. However, while the evaporation simulation 

predicted droplet motion towards the nozzle outlet in subsequent time steps, the cavitation model predicted the droplet 

starting to move slowly backwards towards the nozzle interior. The explanation for this difference in behaviour is 

that when the liquid plug was formed, a quantity of gas containing both vapour and air was trapped behind the droplet. 

The evaporation model was producing vapour, thereby increasing the pressure inside the void behind the droplet, 

pushing the droplet outwards. In contrast, the cavitation model condensed the existing vapour. This way the overall 

volume of gas decreased and the pressure dropped in turn, thus pulling the droplet further inside the nozzle orifice. 

These results are proof that the models work as they should and that the actual physics should be considered in the 

mechanisms and submodels involved with the simulations, as the predicted outcome can be quite different. Moreover, 

the results reveal that small variations in the predicted pressure field locally may end up having considerable impact 

on the overall filling or emptying mechanism of the nozzle orifice, even well after needle closure. 
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Figure 31 shows the transient evolution of the total volume of vapour inside the nozzle orifice with evaporation 

modelling enabled for both cases of 400 bar injection. At the end of injection, Test Case 2 with 1 bar chamber pressure 

exhibits already a large amount of vapour. The rate at which vapour increased AEOI is higher than Test Case 1 due 

to the surface area available for evaporation being higher. Moreover, the volume of gases inside the orifice is also 

larger, so there is more space available for the vapour to diffuse. Figure 32 shows the liquid volume fraction of Test 

Cases 1–2 at 0.42 ms AEOI as some evaporation still takes place, along with the area density and mass transfer rate. 

The two driving forces of evaporation are also illustrated separately for better clarity: the interfacial area (in the form 

of area density mm2/mm3) and the mass transfer rate (dependent on the partial pressure of vapour). The overall area 

of the wall boundaries in the orifice and sac regions was 4.61×10-1 mm2 and the predicted interface area for Test Case 

1 and Test Case 2 was 9.18×10-2 mm2 and 1.98×10-1 mm2, respectively, i.e. of the same order. The rate is quite low, 

except in some small areas, implying that saturation of the gaseous phase is impeding further evaporation. 

The effect of the liquid plug motion inside the nozzle orifice with evaporation modelling enabled was studied further 

by running the simulation for longer time AEOI. Figure 33 shows the evolution of the in-nozzle plug past 19 ms 

AEOI. The droplet eventually makes it to the nozzle outlet with its main body remaining inside the orifice but also 

wetting a region of the external nozzle wall as well. A view of the external nozzle wall has been included in Figure 

33 to illustrate clearer this behaviour. At the same time, at the top of the nozzle exit, a small gap between nozzle wall 

and droplet enables gases inside the orifice behind the droplet to leak outside. Detailed study of these data showed 

that there was clear evaporation of the droplet and local diffusion. A word of caution applies here: the coarser grid in 

the chamber area, together with the large time-step that was used to predict the transport of this droplet, have probably 

affected the prediction of the detailed droplet interface, but the key physical behaviour is still clear. In fact, this 

behaviour appears very close to the one captured by the experiments of [105] with the same injection and back 

pressures. It is noted though that the nozzle orifice diameter used by [105] was approximately 20% larger than the 

one used here and the circular area of the external wall that was covered by fuel was about 470 μm in diameter, whilst 

in the present simulations a circular area that was about 45% smaller in diameter (about 250 μm) was measured. 

Similar behaviour was observed by [66], where a vaporising droplet in quiescent environment was captured moving 

due to its location with respect to the wall boundaries; in case of transient temperature fields the mechanism of plug 

motion may also be coupled to thermocapillary effects [106]. Such a form of late fuel discharge can be described as 

‘late cycle’ dribble according to [100] who reported late cycle dribble with 5–20 bar back pressure. 

5.3. Test Case 3: 900 bar inlet and 35 bar outlet at 300 K 

The distribution of liquid volume fraction inside the nozzle from EOI to 7.5 ms AEOI, as well as the state of the 

vapour volume fraction at 7.5 ms AEOI, are shown in Figures 34–35. The overall fluid behaviour is similar to that 

shown earlier, with the liquid fuel retracting into the nozzle. There is a large droplet on the upper side of the nozzle 

orifice that is left behind as the main liquid film retreats. This was not found to move towards the nozzle exit by 

running the simulation further. The simulation was also run by enabling the cavitation model and the result was the 

same to that with the evaporation model enabled. This behaviour is different to what was observed by the simulations 

of Test Case 2 where the liquid droplet moved towards the nozzle orifice exit when the evaporation model was 

applied and backwards towards the inlet when the cavitation model was applied. In the current case the stagnant 

droplet can be explained by the fact that the droplet does not fully block the whole orifice cross-section and the 

increased (or decreased) pressure of gas behind the inside can be balanced. 

5.4. Test Case 4: 900 bar inlet 35 bar outlet at 353 K 

The use of higher fuel and air temperature resulted in a quite different status of the nozzle at the beginning of this 

simulation. Specifically, the liquid interface appeared diffused without clear film on the orifice walls soon after needle 

closure, as shown earlier in Figure 19 by 0.27 ms ASOI. Liquid occupied a large part of the orifice volume, but this 

was distributed over the first half of the orifice, starting from the orifice inlet. Over time this diffused further, as 

shown in Figure 36 at 7.5 ms AEOI, with vapour produced not only in the orifice region but also in the area just 
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downstream of the needle seat and upstream the sac. It is noted that with the cavitation model enabled instead of 

evaporation the diffused vapour region inside the orifice was much shorter and confined closer to the orifice inlet. 

5.5. Test Case 5: 900 bar inlet at 333 K and 35 bar outlet at 550 K 

The higher chamber temperature resulted in a higher volume of air entering the nozzle. At the beginning of the 

simulation there is a large area of liquid film present on the walls of the orifice, see Figure 37. On the basis of the 

dynamics discussed in previous simulations, two droplets are created. One of these gets connected to the main liquid 

body, while the second stays detached having formed a plug already by 4.5 ms AEOI, separated from the liquid in 

the sac by a gas region, similarly to what [102] reported. Analysis of vapour fraction contours showed that this gas 

region consisted of air and vapour. Downstream the plug there was much lower concentration of vapour as air 

dominated gas presence. 

5.6. Test Case 6: 900 bar inlet and 35 bar outlet at 333 K, walls at 473 K 

Increasing the wall temperature had a strong effect on the dynamics of the flow and amount of vapour produced 

towards the end of injection. Soon after EOI there is a gas pocket already trapped inside the liquid body in the sac 

region, as shown earlier Figures 22–23. Figure 38 shows that the liquid plug and film on the walls gradually 

evaporate and as fluids expand, a quantity of liquid reaches the nozzle outlet and extends outside the nozzle orifice. 

This behaviour resembles the one noticed for Test Case 2 in Figure 33, albeit with weaker late liquid expulsion, and 

the experimental results of [23].  

5.7. Comparing vapour/air volumes long after needle closure for all cases 

The transient evolution of the total volume of vapour inside the nozzle orifice is shown in Figure 39. The curve of 

the 300 K case lies between the 400-60 bar and 400-1 bar curves presented earlier in Figure 31, with less than 1% 

of the total orifice volume being filled with vapour at the end. The volume of vapour increases rapidly in the first 

200 μs but from then onward it increases only slightly. This is because the presence of liquid at the nozzle exit 

separates the orifice from the rest of the environment and saturation conditions are reached. Injection at 353 K does 

not show the same behaviour as the 300 K case, i.e. a high evaporation rate in the first 200 μs and a lower one later, 

but a vapour volume that is steadily increasing. This is mostly related to the behaviour of the diffused interface in the 

orifice region at 353 K. Moreover, the presence of liquid and gases in the same region leads to vapour saturated 

conditions faster. Indicatively, at ~110 s AEOI, the overall evaporation rate for 300 K was 4.9 mm3/s, while for 353 

K this was 2.1 mm3/s. About 300 μs later, the respective values were 1.98 mm3/s and 0.4 mm3/s, showing that despite 

the higher temperature the evaporation rate had dropped quickly. For cases with 550 K air chamber and 473 K walls 

the evaporation simulations started at a later time AEOI. Therefore, in the first part of the simulations the volume of 

vapour drops as the cavitation model forces it to condense. For the 550 K air temperature, soon after the initial dip, 

evaporation leads to a two-stage increase in vapour volume. The 300 K case showed similar behaviour, i.e. a two-

stage increase in vapour volume, one of large rate over the first 200 s and a second of lower rate thereafter. The 

case of 474 K walls displays a flat curve past the short initial dip due to diffused interface and saturation effects. 

6. RESULTS – PART IV: Flow after the End of Injection with Chamber Pressure Decrease 

In a running engine the fuel injection is followed by the expansion stroke, during which the pressure inside the 

cylinder decreases. The effect of such pressure decrease was investigated by applying a transient pressure boundary 

condition at the chamber outlet. The transient pressure boundary was imposed by means of an in-cylinder pressure 

trace that was measured in a single-cylinder Diesel research engine at motoring conditions [75], as shown in Figure 

40. Test Cases 7 and 8 were simulated with this dynamic boundary condition to study the effect of realistic transient 

in-cylinder air pressure conditions in comparison to constant air back pressure studied earlier. The timescales present 

in a fuel injection are vastly different from the timescales involved with the piston motion of a typical engine. The 

pressure decrease occurs over a much longer period of time compared to the duration of injection. Therefore, the 

following simulations started at 35 bar and were run up to the point that the pressure in the chamber had decreased 

to 10 bar. Still, this is a period of time equal to about four full injection events. In real life the air temperature would 



23 
 

decrease simultaneously with the pressure during expansion. However, it was decided to run two cases with this 

pressure boundary, one at 300 K and a second at 550 K, to decouple pressure-temperature effects. 

6.1. Test Case 7: 35 bar initial chamber pressure at 300 K 

Figure 41 shows the evolution of the multiphase flow inside the injector and chamber for the case of 900 bar, 300 K 

injection with the air chamber pressure decreasing from 35 bar. This can be compared with the predicted nozzle status 

at constant air pressure of 35 bar shown earlier in Figure 34. The results of the first four timings look very similar to 

the simulations with constant pressure as the decrease in pressure is not significant over this period. From then on, 

the air pressure decreases steadily and this has a significant impact on the droplet that is close to the nozzle exit as it 

starts moving towards the air chamber. This is affected also by the presence of a quantity of gas upstream of this 

droplet which starts to expand due to pressure drop and starts pushing the droplet outwards. The fact that the droplet 

only partially blocks the orifice, allows for trapped gas to also escape towards the chamber. Eventually a quantity of 

liquid makes it out of nozzle. This behaviour can be termed ‘blow down’ dribble according to [100]. Such effect was 

not seen in Figures 34–35 with constant air pressure of 35 bar as even at 7.5 ms AEOI the liquid fuel resides well 

within the orifice. 

6.2 Test Case 8: 35 bar initial chamber pressure at 550 K 

Figure 42 shows the evolution of the multiphase flow inside the injector and chamber for the case of 900 bar, 333 K 

injection with the air pressure decreasing from 35 bar. This can be compared with the predicted nozzle status at 

constant air pressure of 35 bar shown earlier in Figure 37. After the end of injection, the liquid films on the nozzle 

walls develop into two main formations, one being a droplet on the lower surface of the nozzle closer to the nozzle 

exit and a pair of drops closer to the nozzle inlet. In the constant 35 bar chamber pressure simulation of Figure 37 

the liquid drop formations at 0.92 ms AEOI are not too dissimilar to those at 1.1 ms AEOI in Figure 42. However, 

the decreasing pressure in Figure 42 leads gradually to a nozzle state where the single droplet on the lower surface 

closer to the orifice exit persists in size, whilst the pair of drops closer to the orifice inlet evolve into a single drop 

attached to the upper surface of the orifice, providing no obstruction to the gases inside the nozzle. Hence, trapped 

air sees a passage to move towards the chamber, transporting away part of the diffused droplet interface. A direct 

comparison of the liquid fraction at 2.5 ms AEOI in Figure 42 with Figure 37 shows that the fuel has moved close 

to the orifice exit for the case with decreasing pressure whilst for constant pressure the fuel is mostly in the form of 

a plug located in the first half of the orifice. 

7. RESULTS – PART V: Relifting the Injector Needle 

Test Case 9: 400 bar inlet and 1 bar outlet at 300 K 

The state of the flow field inside the injector at the end of a pilot injection is very important as this sets the initial 

condition for the next injection. The simulations of the injections that were studied earlier used as initial condition a 

nozzle full of liquid and a chamber area full of air, both at rest. This might be a good idealised approximation but not 

as realistic representation of the in-nozzle conditions at the start of the injection over a series of consecutive injection 

events. Therefore, it was considered useful to simulate a second injection starting from the predicted state of the 

nozzle AEOI. The evolution of the second injection event can be seen in Figure 43, together with the original 

injection at the same timings ASOI for direct comparison. One of the differences between the two cases is that in the 

original injection event cavitation appeared in the needle seat area, while in the second injection no such prediction 

occurred. The hypothesis for such cavitation occurrence is that when the needle was lifted the internal nozzle volume 

increased and the pressure dropped in turn. The low pressure also forced the liquid to move towards the interior of 

the nozzle. The high density of the liquid however, implies that a lot of energy is needed for such motion and, in 

combination with the high liquid viscosity, the fluid doesn’t accelerate fast enough to compensate for the needle’s 

motion. In the test case of the second injection, such behaviour is clearly not present anymore as the orifice is full of 

gas. At 90 s ASOI and 7 m needle lift, the tip of the jet in the original condition has advanced more in space than 

the one in the second injection. In addition, the shape of the jet’s tip is not the same for both injections. The original 
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one displays a sharp interface and rounded mushroom shape, whilst the second one exhibits an abstract pointy shape 

and a more diffused interface at 110 s ASOI, despite showing generally marginal difference in penetration length. 

However, by 130 s ASOI the second injection exhibits the formation of a wide dilute mushroom structure. 

Cavitation appears mainly at 150 s ASOI for both injections, but it is more developed in the second injection. At 

260 s ASOI the cavitation pattern appears to have started from both the top and bottom sides of the orifice inlet for 

the original injection but for the second injection there is a single larger stronger cavitating region in the vicinity of 

the top side only of the orifice inlet. The liquid jet inside the chamber appears equally fragmented for both injection 

events. The early spray formation of the second injection appears to resemble the multi-hole injector experiments of 

[94, 95] for injections before the beginning of which the nozzle was full of a mixture of liquid and gas. Moreover, 

recent single-hole Spray D experimental data with an optical nozzle [50] showed a qualitatively similarly disturbed 

spray tip pattern to the one shown here after relifting the needle. 

8. SUMMARY AND CONCLUSIONS 

The present work focused on numerical modelling of the flow inside an injector nozzle with a moving needle, coupled 

to an air chamber. Transient RANS simulations were performed with compressibility of all phases accounted for and 

with submodels for cavitation and evaporation. Fluid properties were functions of pressure and temperature based on 

Tridecane. The validated computational methodology was used over a range of injection and back pressures, namely 

400 bar into 1 and 60 bar, and 900 bar into 35 bar. All cases were run initially with initial temperature field at 300 K 

for both fuel and air. The injection case of 900 bar into 35 bar was also run at 353 K fuel and air, 333 K fuel and 550 

K air, as well as 333 K fuel and air with injector walls at 473 K. The results were studied initially during injection to 

understand the state of the nozzle orifice at needle closure and then monitored after the end of injection to identify 

the mechanism of immediate and late fuel discharge. The main conclusions of this study can be summarised as 

follows: 

• The 400-1 bar chamber pressure resulted in greatly increased presence of cavitation compared to the 400-60 bar 

case. Cavitation initiated at the orifice inlet and was more pronounced at lower needle lifts. This also resulted in 

higher instabilities on the surface of the liquid jet. 

• At 900-35 bar the volume of vapour from cavitation was generally lower than the 400-1 bar case for most of 

injection, with only exception being at early needle lift. 

• At 900 bar, 353 K, the volume of vapour was higher than at 300 K, particularly at the latest stages of injection. 

The highest amount of vapour inside the nozzle at the end of injection was noticed at the 473 K wall temperature 

case, followed by the injection case of 353 K and then the one of 333 K fuel into 550 K air chamber.  

• The 473 K wall temperature did not result in increased vapour volume from cavitation throughout the injection 

event, but only at the last stages of injection. Cavitation originated at both the top and bottom sides of the orifice 

inlet. It also resulted in air from the chamber entering the orifice before the end of injection. 

• At the early stages of needle lift, air entered the nozzle. The quantity of air reduced at higher temperature. The 

lower chamber pressure resulted in higher quantity of air entering the nozzle.  

• All injections resulted in some form of immediate fuel dribble after needle closure and air backfilling the orifice. 

After an amount of liquid fuel had left the orifice, a film formed on the walls. A higher chamber pressure resulted 

in thinner film close to the orifice exit but a larger part of the orifice was occupied by liquid fuel with thicker film 

upstream. Higher temperatures led to a thinner liquid film. 

• The quantity of air that entered the nozzle orifice after needle closure was linked to the amount of vapour from 

cavitation during injection, particularly when the nozzle orifice emptied at the most intense cavitating conditions. 

The quantity of air was also linked to the type of liquid film that formed on the orifice walls, as thicker films 

halfway inside the orifice were associated with less air backfilling. 

• The liquid volume leaving the nozzle after needle closure was larger at 550 K air chamber than at lower 

temperatures because the orifice was almost full of liquid fuel at needle closure and air backfilling was slower. 
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The smallest volume of liquid discharge was observed with heated walls because the nozzle orifice had almost 

emptied and partially backfilled by air by needle closure. The case of 353 K showed the second lowest volume of 

liquid fuel discharge because it was associated with the nozzle emptying quickly and back filling already with air 

in the last stages of needle closure. The 300 K case showed the largest volume of liquid fuel discharge just before 

needle closure as the orifice was full of liquid and the liquid jet carried a strong core, leading to the slowest rate 

of air backfilling thereafter. 

• The liquid film formed soon after the end of injection tended to develop into large droplet formations on the wall, 

particularly in the case of 400-1 bar and 900-35 bar injections at 300 K. Such droplets merged and formed a liquid 

plug a couple of orifice diameters upstream the nozzle exit, trapping air inside the orifice. The plug gradually 

moved toward the nozzle outlet, manifesting itself as late dribble and wetting the outer surface of the nozzle. 

Evaporation modelling accelerated this process while cavitation modelling led to the plug moving backwards into 

the nozzle. This was linked to the gas pressure increasing by evaporation or decreasing by vapour condensation 

behind the plug, highlighting the necessity for enabling appropriate models during different phases of in-nozzle 

simulation. 

• The use of a transient pressure outlet based on an engine’s expansion stroke pressure trace affected the process of 

late fuel expulsion by accelerating phase change and pulling fuel out of the nozzle in multiphase form faster. 

• Starting a second injection from the resulting state of the nozzle at the end of the original injection resulted initially 

in a deformed liquid jet tip without the classic mushroom shape and a temporarily lower liquid jet penetration, 

with greater cavitation. 

Some preliminary LES simulations were also conducted during the work of the current paper where it was noticed 

that enhanced cavitation phenomena were predicted, particularly in cases of incipient cavitation, and associated 

effects on the status of the nozzle after the end of injection. Recent work by [19] with an injector of similar geometry 

to the one discussed here demonstrates some of these effects by experiments at 300 K and LES simulations. 
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Figure 1. Geometry of the multi-hole injector, sector of a single hole with air chamber attached, details of the 
mesh at the orifice inlet and outlet areas. 
 

 

 

 

Figure 2. Needle lift and flow rate of injector, 400 bar inlet, 60 bar outlet. 
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Figure 3. Liquid volume fraction and flow during injection, 400 bar inlet, 60 bar outlet, 300 K (Test Case 1). 
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Figure 4. Liquid volume fraction and flow during injection, 400 bar inlet, 1 bar outlet, 300 K (Test Case 2). 
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Figure 5. Total volume of vapour in the orifice during the 400 bar injections. 

 

 

 

 

 

Figure 6. Total volume of air in the orifice during the 400 bar injections. 
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Figure 7. Liquid volume fraction and flow during injection, 900 bar inlet, 35 bar outlet, 300 K (Test Case 3). 
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Figure 8. Liquid volume fraction during injection, 900 bar inlet, 35 bar outlet, 353 K (Test Case 4). 
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Figure 9. Liquid volume fraction during injection, 900 bar inlet at 333 K, 35 bar outlet at 550 K (Test Case 5). 
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Figure 10. Liquid volume fraction during injection, 900 bar inlet, 35 bar outlet, 333 K, injector walls at 473 K 
(Test Case 6). 
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Figure 11. Total volume of vapour in the orifice during the 900 bar injections. 

 

 

 

 

 

 

 

Figure 12. Total volume of air in the orifice during the 900 bar injections. 
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Figure 13. Liquid volume fraction AEOI, 400 bar inlet, 60 bar outlet, 300 K (Test Case 1). 

 

 

 

 

  
Figure 14. Air volume fraction and backflow velocity AEOI, 400 bar inlet, 60 bar outlet, 300 K (Test Case 1). 
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Figure 15. Liquid volume fraction AEOI, 400 bar inlet, 1 bar outlet, 300 K (Test Case 2). 

 

 

 

 

  
Figure 16. Vapour and air volume fraction AEOI, 400 bar inlet, 1 bar outlet, 300 K (Test Case 2). 
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Figure 17. Total volume of vapour and air in the orifice before and after needle closure, 400 bar, 300 K. 

 

 

 

 

  

  

  
Figure 18. Liquid volume fraction AEOI, 900 bar inlet, 35 bar outlet, 300 K (Test Case 3). 
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Figure 19. Liquid volume fraction AEOI, 900 bar inlet, 35 bar outlet, 353 K (Test Case 4). 

 

 

  

  

Figure 20. Vapour and air volume fraction AEOI, 900 bar inlet, 35 bar outlet, 353 K (Test Case 4). 
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Figure 21. Liquid volume fraction AEOI, 900 bar inlet at 333 K, 35 bar outlet at 550 K (Test Case 5). 
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Figure 22. Liquid volume fraction AEOI, 900 bar inlet, 35 bar outlet, 333 K, walls 473 K (Test Case 6). 

 

 

 

 

  

  

Figure 23. Vapour and air volume fraction AEOI, 900 bar, 35 bar outlet, 333 K, walls 473 K (Test Case 6). 
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Figure 24. Total volume of vapour in the orifice before and after needle closure, 900 bar. 

 

 

Figure 25. Total volume of air in the orifice before and after needle closure, 900 bar. 

 

 

Figure 26. Average pressure in the sac before and after needle closure, 400 bar, 900 bar, 300 K. 
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Figure 27. Total volume of liquid in the air chamber just before and after needle closure, 400 bar and 900 bar. 

 

 

 

 

  

  

  
Figure 28. Liquid volume fraction at later timings AEOI, 400 bar inlet, 60 bar outlet, 300 K (Test Case 1). 
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Figure 29. Liquid volume fraction at later timings AEOI, 400 bar inlet, 1 bar outlet, 300 K (Test Case 2). 

 

 

 

 

   
Figure 30. Liquid volume fraction at later timings AEOI with cavitation model, 400 bar inlet, 1 bar outlet, 300 
K (Test Case 2). 
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Figure 31. Total volume of vapour in the orifice AEOI, 400 bar, 300 K. 

 

 

  

  

  

Figure 32. Liquid volume fraction, area density, mass transfer rate AEOI, 400 bar inlet, 60 bar outlet, 300 K 
(left, Test Case 1), 400 bar inlet, 1 bar outlet, 300 K (right, Test Case 2).  
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Figure 33. Liquid volume fraction at final stage AEOI with evaporation, 400 bar inlet, 1 bar outlet, 300 K (Test 
Case 2). 
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Figure 34. Liquid volume fraction at later timings AEOI, 900 bar inlet, 35 bar outlet, 300 K (Test Case 3). 

 

 

 

 

 
 

Figure 35. Liquid and vapour volume fraction at late timing AEOI, 900 bar inlet, 35 bar outlet, 300 K (Test 
Case 3). 
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Figure 36. Liquid and vapour volume fraction at late timing AEOI, 900 bar inlet, 35 bar outlet, 353 K (Test 
Case 4). 

 

 

 

 

  

  
Figure 37. Liquid volume fraction at later timings AEOI, 900 bar inlet at 333 K, 35 bar outlet at 550 K (Test 
Case 5). 
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Figure 38. Liquid volume fraction at later timings AEOI, 900 bar K inlet, 35 bar outlet, 333 K, walls at 473 K 
(Test Case 6). 

 
Figure 39. Total volume of vapour in the orifice AEOI, 900 bar. 

 
Figure 40. Engine expansion pressure trace used as dynamic outlet boundary condition. 
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Figure 41. Liquid volume fraction at later timings AEOI with transient pressure outlet boundary, 900 bar 
inlet, 35 bar outlet, 300 K (Test Case 7).  

 

 

 

 

  

  
Figure 42. Liquid volume fraction at later timings AEOI with transient pressure outlet boundary, 900 bar 
inlet at 333 K, 35 bar outlet at 550 K (Test Case 8). 
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Figure 43. Liquid volume fraction at the beginning of injection by relifting the needle (left, Test Case 9) 
compared to the original needle lift with nozzle full of liquid fuel (right, Test Case 2). 
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