
Large-eddy simulation of methane direct injection using
the full injector geometry

M. R. Yosria,∗, J. Z. Hoa, M. Meulemansa, M. Taleia, R. L. Gordona,
M. J. Breara, D. Cosbyb, J. S. Laceyc

aDepartment of Mechanical Engineering, University of Melbourne, Parkville, VIC 3010,
Australia

bContinental Automotive Systems, Inc., Auburn Hills, MI, USA
cDepartment of Mechanical Engineering, KU Leuven, 3001 Leuven, Belgium

Abstract

Understanding the mixing process of under-expanded gaseous-fuel jets from an

outward opening injector is essential for developing Direct Injection (DI) inter-

nal combustion engines. This paper presents a Large-Eddy Simulation (LES)

study of the DI of methane into a Constant Volume Chamber (CVC), consider-

ing the full, internal geometry of a prototype injector. Four cases at conditions

relevant to Compressed Natural Gas (CNG) DI engines are investigated, with

methane as a surrogate for CNG. A new post-processing method permits the 3D

LES field to be projected into a 2D density gradient field that can be compared

to a schlieren image. The LES results are then validated against high-speed,

schlieren imaging experiments, demonstrating that the simulations are able to

reproduce experimental trends. Three main regions of the external flow are

observed: a recirculation zone just downstream of the injector tip, a stagnation

zone and a far-mixing zone. The location of the stagnation zone increases as

the CVC pressure decreases, consistent with a theory presented in the literature.

The modelling of the full internal geometry of the injector leads to a determi-

nation of the injector pressure losses. Once the pressure loss within the injector

is considered, a short version of the injector can reasonably represent the full

injector for prediction of the external flow.
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1. Introduction

Internal Combustion (IC) engines dominate the transport sector. One path-

way to reduce their emissions is through the use of low carbon, alternative fuels

such as Compressed Natural Gas (CNG). This fuel has significant potential as a

long-term solution because of its favourable properties when compared to con-5

ventional fuels, including low Particulate Matter (PM), nitrogen oxide (NOx),

and CO2 emissions, and high antiknock resistance [1–4]. An in-depth under-

standing of CNG injection processes is required in order to optimise fuel mass

flow and air/fuel mixing to obtain these benefits.

The most common fuel injection methods for natural gas Spark Ignition10

(SI) engines are Port Fuel Injection (PFI) and Direct Injection (DI). In Port

Fuel Injection, CNG and air are mixed before entering the cylinder, whereas

for Direct Injection CNG is injected directly into the cylinder. CNG DI leads

to higher volumetric efficiency and power output than PFI for a given engine

displacement [5–7]. To achieve sufficient mass flow rate and fast air/fuel mixing,15

CNG DI requires higher rail pressures [8], typically from 16 to 20 bar compared

to 2 to 10 bar for PFI [9, 10].

In the DI system, the Nozzle Pressure Ratio (NPR) is defined as the ratio

of rail pressure to cylinder or chamber pressure. The NPR is one of the critical

parameters affecting the fuel mass flow rate and air/fuel mixing. Donaldson20

and Snedeker showed that by increasing the NPR, the gas jet transitions from a

subsonic jet to moderately under-expanded (1.1 < NPR < 2) and eventually to

a highly under-expanded jet (2 < NPR) [11]. With DI rail pressures of 20 bar

and chamber pressures from 0.4-4 bar at the start of the injection, moderately

to highly under-expanded jets are expected to be present in CNG DI. These jets25

display complex flow phenomena such as shock waves and expansion fans which

affect the mass flow rate and air/fuel mixing [12].
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In addition to NPR, the geometrical features of the gas injector can have

an impact on the mass flow rate and air/fuel mixing. Early generations of

CNG direct injectors had a similar design to gasoline direct injectors, featuring30

an inward opening valve. This kind of gas injector suffers from issues such as

fuel leakage. The newest generation of CNG direct injectors feature an outward

opening poppet valve which can be sealed by the cylinder pressure [13]. However,

the geometry of outward opening injectors is complex. Phenomena such as

choking, shock waves and boundary layer separation can occur as compressible35

gas flows through the small passages [14].

Swanteka et al. investigated the quasi-steady-state behaviour of CNG DI

by varying the fuel rail pressure from 10 bar to 15 bar [15]. They showed

that for an outward opening injector, the external flow could be divided into

recirculation, stagnation, and mixing regions. Keskinen et al. showed that the40

shape of the jet of the outward-opening injector is strongly affected by changes

of the injection timing, NPR, and the protrusion angle of the injector’s poppet

valve [16]. Vuorinen et al. and Hamzehloo et al. carried out LES to investigate

the transient development of highly under-expanded gaseous jets of methane

(CH4), nitrogen (N2) and hydrogen (H2) in a wall-bounded closed system with45

a single hole nozzle [12, 17–20]. They showed that increasing NPR can increase

the Mach disk location and width, the penetration length and the volumetric

growth of the jet. They also found that increasing the chamber temperature

at a given NPR results in an increase of both the jet penetration and volume.

A comprehensive transient simulation of CNG DI through a realistic injector50

geometry has not yet been reported.

One key parameter in the modelling of these types of injectors is considering

the valve lift at the start of injection. Baratta et al. compared the jet shape of

the CNG DI qualitatively with schlieren images with and without considering

the needle valve movement [21–23]. They showed that the movement of the55

injector’s needle valve causes pressure waves to propagate within the injector,

affecting the injector mass flow rate. Deshmukh et al. used LES to study the

transient development of an outward opening injector in an open ambient con-
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dition without considering the poppet valve motion [14, 24, 25]. The transient

injector movement was shown to have a significant impact on the gaseous jet60

formation and air/fuel mixing parameters such as penetration length, maximum

width and volumetric growth of the jet. Up to 30% over-prediction compared

with experimental results can be observed if the valve lift movement is not

considered.

This study therefore undertakes LES of methane direct injection with simula-65

tion of the full internal geometry and valve lift of an outward opening, prototype

injector. The simulation results are compared with experimental results from

a Constant Volume Chamber (CVC) [26]. Different conditions are considered

by varying the chamber pressure and temperature. The flow field inside the

injector and the external jet characteristics are studied in detail to determine70

the requirements for high-fidelity simulation of CNG injection.

2. Experimental setup

2.1. DI CNG injector

The injection hardware is a prototype DI CNG injector provided by Conti-

nental [27]. A cross-section of this injector is shown in Figure 1. It consists of75

two main sections, which are intended to reduce gas leakage. There is an inter-

nal, inward opening “cold” valve that is actuated by a solenoid, and an outward

opening “hot” valve that is spring actuated and is driven by the gas pressure

force. The gas delivered by this injector is in a hollow cone configuration with a

50◦ angle poppet valve. The cold valve has an asymmetric geometry, with two80

holes downstream of the valve whose axes are in the y-direction.

2.2. Constant Volume Chamber (CVC) and operating conditions

The Constant Volume Chamber (CVC) was recently used in a series of ex-

perimental studies performed by the group [26, 28–31]. The CVC is a stainless

steel cube with the intersection of three 90 mm diameter holes and fused silica85

windows, providing optical access to the chamber.
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Figure 1: Sectional view of the prototype Continental DI CNG injector, indicating the flow

passage in blue, and the inward (“hot”) and outward opening (“cold”) valves [27].

In the study by Lacey et al., methane (a surrogate for CNG) was injected

into quiescent, non-reacting nitrogen to examine the fundamental mechanisms

governing the development of methane jets [26]. They investigated several ther-

modynamic states relevant to modern DI engines by varying the CVC tempera-90

ture and pressure, and the fuel temperature. The two temperatures are intended

to emulate a cold engine at 298 K, and a fully warmed up engine at 360 K. The

pressures used in their study represent a range of in-cylinder pressures that the

fuel jet could encounter, based upon different levels of boosting or different in-

jection timings. The rail pressure was kept constant at 20 bar, as this value is95

relevant to what would be expected in DI CNG engines. The experimental and

numerical test conditions, shown in Table 1, will be investigated in this work.

Table 1: Operating conditions of cases considered.

Case No. Condition CVC Pressure CVC Temperature

1
Changing

CVC Pressure

0.4 bar 298 K

2 1 bar 298 K

3 3 bar 298 K

4 Changing Temperature 1 bar 360 K
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2.3. Valve lift profile

The valve lift profile is required as a boundary condition in the LES injection

modelling. A set of experiments were carried out using high-speed imaging with100

a Photron SA1.1 Fastcam and a 150 mm focal length macro lens to obtain this

profile for different CVC conditions. The injector was pulsed for 2 ms and

movies were recorded at 30,000 frame per second (fps) with a physical scaling of

approximately 25 µm per pixel. The edge of the poppet valve is determined in

each image through a post-processing routine, and valve lift profile versus time105

can then be determined.

The valve lift profiles are shown for two cases in Figure 2. There is a 700

µs delay between sending the “open” signal to the solenoid and the opening

of the valve. The valve opens over approximately 300 µs until it reaches its

maximum height. The injector’s hot, inward opening valve then fluctuates until110

it reaches a stable condition after approximately a further 500 µs. When the

signal is turned off, the valve gradually closes and experiences a bounce before

completely closing. There are small differences between the valve lift profiles

across the range of tested chamber pressures (PCV C). With increasing chamber

pressure, the amplitude and duration of the fluctuations increases. This may115

affect the injector mass flow rate, particularly for the case with the highest

chamber pressure.

0 500 1000 1500 2000 2500 3000 3500 4000
0

100

200

300

400
P
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Figure 2: Experimental valve lift profile for PCV C=1 bar (solid black line) and PCV C=3 bar

(dashed blue line) with Prail=20 bar.
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2.4. Validation mass flow rate measurement

Validation data for the mass flow rate through the injector was obtained by

measuring a long-duration static mass flow rate of a nitrogen injection into air120

at ambient conditions. The rail pressure was kept constant at 20 bar by using a

bottle of pressurised nitrogen connected to a pressure regulator. The gas is then

stored in an accumulator to provide enough gas during the time of injection. A

Coriolis mass flow meter (Micro Motion CMF010M) was used to measure the

mass flow rate, and a pressure transducer was installed before the injector to125

record the pressure during the injection. The injector was pulsed for 1 second to

ensure the Coriolis mass flow meter could record a steady-state measurement.

At each tested condition, the injection event was repeated five times to ensure

the data were repeatable. The results of this experiment will be discussed in

section 4.1.130

3. Numerical methods

LES was performed using the CONVERGE CFD software package [32].

CONVERGE uses a finite volume method to discretise the conservation equa-

tions with a second-order-accurate spatial discretisation scheme. The Pressure

Implicit with the Splitting of Operators (PISO) algorithm was then used to135

solve the governing equations [33]. Shock treatment was undertaken with a step

flux limiter [32]. A variable time step, calculated based on the maximum of the

Courant Friedrich Lewy (CFL) number was used. The time step varied from

1e−9s to 5e−8s with the total injection duration of 2 ms.

3.1. Governing equations140

LES decomposition is based on spatial filtering, accomplished by Favre

density-weighted filtering, defined as:

φ̃(x, t) =
ρφ

ρ
. (1)
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The quantity φ can then be decomposed into its filtered and sub-grid terms:

φ = φ̃+ φ′, (2)

where φ̃ is the filtered (or resolved) variable and φ′ is the Sub-Grid Scale (SGS)

variable. The momentum equation is used here to explain the LES decomposi-145

tion:

∂ρ‹ui
∂t

+
∂ρ‹ui‹uj
∂xj

= − ∂P
∂xi

+
∂σij
∂xj

− ρ∂τij
∂xj

, (3)

where ρ is the density of the mixture, u is the velocity, P denotes the pressure

and σij is the resolved shear stress tensor. The sub-grid stress term (τij) is as

follows:

τij = (fiuiuj − ‹ui‹uj). (4)

The term τij cannot be computed directly and needs to be modelled. The one150

equation, non-viscosity based Dynamic Structure model was used to model τij

[34]. In this method, a transport equation for the sub-grid kinetic energy is

additionally solved,

∂ρk

∂t
+
∂ρ‹ujk
∂xj

=
∂( µ

Prsgs
∂k
∂xj

)

∂xj
+ ρτijSij − ρε, (5)

where Prsgs is set to be 0.87 and µ is the dynamic viscosity [34]. The term Sij

denotes the filtered strain rate tensor, k is the sub-grid kinetic energy and ε is155

the sub-grid dissipation rate, defined as follows, respectively:

Sij =
1

2
(
∂‹ui
∂xj

+
∂‹uj
∂xi

), (6)

k =
1

2
(fiuiui − ‹ui‹ui), and (7)

ε = Cε
k1.5

∆
. (8)
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The variable Cε is a model constant and ∆ is the grid size. In this study, Cε = 1

following the approach of [35].

Dynamic LES models require a second filtering operation using a test filter,

which is twice the grid size (Ù∆). The test level filtered stress tensor, Tij is160

defined as:

Tij = (fīuiuj − Ù‹uiÙ‹uj). (9)

Germano’s identity [36] relates the grid level tensor to the test level tensor by:

Lij = Tij −ıτij = (‹̄ui‹uj − Ù‹uiÙ‹uj), (10)

where Lij is the Leonard stress term [36]. In the dynamic structure model, the

SGS stress tensor is modelled as a function of SGS kinetic energy which are

given by:165

τij = cijk, (11)

Tij = cijK, (12)

where cij is the coefficient tensor and K denotes the test level kinetic energy

which is defined by:

K =
1

2
(fīuiui − Ù‹uiÙ‹ui). (13)

The trace of the Leonard term relates the test and grid level kinetic energies by:

K = Ûk +
1

2
Lii. (14)

Using equations 14, 11 and 12, Germano’s identity (Equation 10) can be written

as:170

Lij =
1

2
cijLii. (15)
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The tensor coefficient cij can now be obtained from Equation 15 and be substi-

tuted into Equation 11 to calculate τij :

τij = 2k
Lij
Lii

, (16)

3.2. Computational domain and grid parameters

Figure 3 shows the computational domain, including the internal geometry

of the injector, a portion of the CVC, and the boundary conditions. In order175

to reduce the computational cost, Adaptive Mesh Refinement (AMR) was em-

ployed [32]. AMR was activated based on thresholds on velocity and methane

mass fraction (YCH4) fields. The base grid-size of this study is 1 mm, and the

smallest grid size is 0.03 mm. Further details on the AMR algorithm can be

found in Ref [32]. The minimum grid size was chosen follwoing Baratta et al.,180

who propose that to obtain an accurate mass flow rate, the critical section of

the injector should have at least 10-15 grid points [22]. In this geometry, this

location is taken to be the throat at the choking location, which has 12 grid

points. Moreover, for Case 1 (highest NPR), a simulation with a finer grid

was performed, which resulted in negligible difference (5-7%) compared to the185

penetration and cone angle results achieved with the original grid.

3.3. Boundary Conditions

A fuel rail pressure of 20 bar, methane mass fraction of 1 and temperature

of 298 K or 360 K were used as the inlet condition. Depending on the operating

regime, different wall boundary conditions can be used. The maximum Knudsen190

number was less than 0.1 for this injector, therefore the velocity slip boundary

condition was applied to the walls, as proposed by [37]. At the tip of the

poppet wall, as the boundary layer separation is essential, the no-slip boundary

condition was applied [14]. All walls were adiabatic.

3.4. Initial Conditions195

The initial conditions were imposed in three different regions. The flow path

in the cold valve was initialised using the conditions at the injector inlet. As
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Figure 3: Sectional view of the computational domain.

it takes more than 500 µs to completely close the injector after the closing of

the cold valve (see Figure 2), the flow path in the hot valve was initialised with

the pressure and temperature of the CVC, but with a mass fraction of methane,200

YCH4
= 1. The third region is the chamber itself, which is initialised with

the pressure and temperature of the selected case and pure nitrogen as a mass

fraction YN2 = 1.

3.5. Post-processing method

3.5.1. Numerical representation of schlieren images205

Lacey et al. reported the results for the axial penetration of the jet and the

jet spreading angle, which is defined as the cone angle 5 mm downstream of

the injector [26]. These two values characterise the jet development. The axial

penetration was recorded for 500 µs After the Start Of Injection (ASOI), where

the fuel exits from the injector (0 ASOI µs ≈ 700 µs in Fig 2) up until the jet210

leaves the imaging window at 37 mm. The cone angle is calculated from 500 µs
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to 2000 µs ASOI, which is the period when the jet operates in a quasi-steady

state condition.

To find these two parameters from the LES results, a new post-processing

technique is required. The experimental schlieren images visualise the volumet-215

ric inhomogeneities in the gas by showing the variations in the refractive index

projected onto a two-dimensional plane. The two-dimensional schlieren images

are a set of lighter and darker regions representing the positive and negative

density gradients in the direction normal to the knife-edge [38]. The z-type

schlieren imaging configuration used in Lacey et al. images the projected den-220

sity gradient corresponding to the z-direction in the computational domain. In

order to find the density gradient from the LES results, the three-dimensional

data must first be projected onto the same two-dimensional plane as the focal

plane of the schlieren imaging system. A post-processing code was written to

approximate the density gradient in each grid point as:225

∂ρ

∂xi
=
ρxi+d − ρxi

d
, (17)

where ρ is the density, xi is the Cartesian coordinates and d denotes the mesh

size. The values on the original grid were linearly interpolated onto a grid

of uniform spacing to determine the density gradients because AMR was used

to generate the original grid. The linear Delaunay triangulation method was

employed for this interpolation [39]. The density gradient values were then230

spatially ensemble-averaged in the y-direction with a number of planes. The

distance between each two planes, ∆, was equal to the smallest grid size.

3.5.2. Cone angle and penetration length

The projected density gradient field was analysed to determine the jet bound-

ary, so that the cone angle and penetration length could be determined. A fluid235

element with a density gradient greater than 0.1% of the maximum value in the

domain was considered to be inside the jet, provided that the mass fraction of

methane is also greater than 0.1%. These threshold values were found appro-

priate based on visual inspection of the jet, and conditioning with the fuel mass
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fraction avoids identification of density gradients from pressure waves.240

4. Results and discussions

Validation results are presented for the injector mass flow rate, penetration

length, jet spreading angle and location of the Mach disk using both experimen-

tal results and empirical correlations for all cases. Then, for Case 2 (PCV C = 1

bar and T = 298 K) as a reference case, the flow within the injector and its effect245

on the external flow features such as penetration length and jet spreading angle

is investigated. Finally, for Case 2, the transient development of the external

flow and the mixing process is discussed.

4.1. Injector mass flow rate

The injector mass flow rate under steady state conditions was measured

experimentally in Subsection 2.4, and compared with those obtained from ana-

lytical and LES results. In this injector, the flow is choked when the downstream

pressure (i.e. PCV C) falls below a critical pressure, P ∗, determined by:

P ∗

Pt
= (

2

γ + 1
)

γ
γ−1

, (18)

where γ is the specific heat ratio of the gaseous jet and pt indicates the upstream250

static pressure (i.e. the fuel rail pressure). At a 20 bar fuel rail pressure, the

value of p∗ is 10.56 bar for a nitrogen jet and 10.88 bar for a methane jet. The

maximum CVC pressure is 3 bar in this study, hence the flow is choked for all

cases. Therefore, the mass flow rate (ṁ) can be calculated using the following

formula [40]:255

ṁ =
Pt√
RTt

A∗
√
γ(1 +

γ − 1

2
)

γ+1
2(1−γ)

, (19)

where Tt is the upstream static temperature (Tt = 298K), R is the gas constant

and A∗ is the choked cross-sectional area. The mass flow rate was calculated

analytically using Equation 19, and numerically from the LES results. For the
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Table 2: The injector mass flow rate obtained from experimental, numerical and analytical

results; Prail=20 bar, T=298 K

Approach Mass flow rate (g/s) Difference %

Experiments 11.07 -

Analytical 11.38 2.8%

Numerical 10.57 4.5%

analytical solution, A∗ was determined from the LES results. These values are

compared with the measured data in Table 2.260

The time-averaged steady-state Mach number field obtained from LES is

shown in Figure 4. In order to illustrate the choking area within the injector,

the iso-surface of Mach = 1 is used. The flow is choked inside the injector just

upstream of the nozzle exit when the valve is fully open. As can be seen from

Table 2, both analytical and numerical results show a very good agreement (less265

than 5% difference) with the experimental data.

Choked Area

Iso-surface 
Mach=1

Z*=0.45

1
Mach

0 0.5 1.5 2

Y

ZX

Figure 4: Time-averaged steady-state Mach field within the injector for nitrogen PCV C=1

bar, Prail=20 bar and T=298 K, Z∗ is the non-dimensionalised injector length.

4.2. Pressure loss inside the injector

Figure 5a shows the area-averaged pressure at various streamwise locations

through the injector under quasi-steady state conditions (500 µs to 2000 µs

ASOI) for Case 2. A significant pressure loss within the injector is observed270
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from 20 bar in the rail to 10 bar at the nozzle exit. The variable Z∗ is the

axial distance from the injector inlet, non-dimensionalised by the total length

(See Figure 4). Figure 5b shows the area-averaged pressure at Z∗ = 0.45 ob-

tained from the simulation of the entire injector under transient conditions. The

pressure is initialised at 1 bar and then increases to 12 bar at 300 µs. After275

that, it reaches a quasi-steady-state condition (see Figure 5b). The observed

fluctuations are due to the pressure waves travelling inside the injector.
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(b)

Figure 5: a) Area averaged pressure with respect to non-dimensionalised injector length (Z∗),

b) Area averaged pressure at Z∗ = 0.45 with respect to time PCV C=1 bar, T=298 K.

In order to investigate the impact of the injector internal geometry on global

external flow parameters, a short version of the injector is modelled from Z∗ =

0.45 for Case 2. Two additional simulations with input pressures of 20 and 12280

bar and a CVC pressure of 1 bar are performed for comparison. Figure 6 shows

the penetration length and the jet spreading angle for all simulations and the

experimental results. When the full injector geometry is considered, a very good

agreement with the experimental penetration length is achieved. For the short

injector with the 20 bar input pressure, an over-prediction of at least 25% at285

each instant is observed for both the penetration length and cone angle. The

penetration length for the 12 bar case shows a slight over-prediction (around

7%) at the beginning of the injection. This is because the pressure in the hot

valve is still below 12 bar before approximately 300 µs ASOI. Once the injector

is fully open, the difference between the results with the full injector and the290
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Figure 6: Experimental vs. numerical a) penetration length and b) jet spreading angle for the

long and short injector with different rail pressure as labelled, PCV C=1, T=298 K, methane.

short version is less than 5% for the penetration length. A better agreement

between the results of the full injector and the short version is observed for the

cone angle in this case.

4.3. Injector internal flow

Figure 7 illustrates the pressure and Mach development within the injector295

for different instants during injection for Case 2. At 5 µs, the gas from the

cold valve at 20 bar is entering the hot valve at 1 bar. At 90 µs, the Prandtl-

Meyer expansion fans can be observed just upstream of the hot valve. The total

pressure in the hot valve increases to around 6 bar at 150 µs. The jet features

diamond shape structures due to the reflection of compression waves from the300

walls and a formation of oblique shock waves [20]. These structures are present

up to the point that the flow reaches subsonic conditions. At later times up to

300 µs, the supersonic region in the hot valve increases in length while the total

pressure in the hot valve increases as well. After that, the boundary between the

supersonic and subsonic regions retreats back as the pressure ratio between the305

hot and cold valves decreases. At 350 µs, this ratio is below two, and therefore

the shock waves dissipate quickly within the injector. As demonstrated in Figure

6, neglecting these complex dynamics during the injection process can lead to

inaccurate results at the early stages of injection.
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Figure 7: Mach and pressure fields within the injector at different instants as labelled, Case

2: PCV C=1 bar, T=298 K.
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Figure 8: Instantaneous external flow features for Case 2 during the injection, shown with

schlieren imaging (first row) and simulation results using the density gradient method (second

row).

4.4. Injector external flow310

4.4.1. Comparison with experimental results

Figure 8 shows a comparison between schlieren images and the LES results

using the projected density gradient method (see Section 3.5.1) at different

instants for Case 2. Jet features such as the penetration length and cone angle

are shown. Qualitatively, the experiments and simulations appear consistent.315

A region featuring high density gradients with shock structures such as Mach

disks, shown as vertical lines, are present close to the poppet valve. Further

downstream much smaller values of density gradients are observed.

Quantitative comparison between experimental and simulation results is per-

formed using the Mach disk location, the penetration length and the cone angle.320

The Mach disk location, Hdisk, the distance from the Mach disk to the nozzle

exit, is presented in Table 3 for Cases 1,2 and 4. Case 3 with PCV C = 3

bar has a lower NPR and is in the moderately under-expanded jet regime

(NPR = 3.34 < 4.05), which does not feature a Mach disk. The variable

Hdisk can also be obtained empirically from the correlation proposed by Crist325
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Table 3: Location of the Mach Disk.

Case
Hdisk/D

Numerical

Hdisk/D

Experiment

Difference

to Experiment

Difference

to Empirical

Correlation

1) PCV C=0.4 bar

T=298 K
3.05 3.15 4.12% 2.00%

2) PCV C=1 bar

T=298 K
1.98 2.02 4.01% 2.90%

4) PCV C=1 bar

T=360 K
2.06 2.15 4.87% 8.01%

et al. [41]:

Hdisk/Deq = 0.67
√
NPR, (20)

where Deq denotes the equivalent diameter of the annulus flow pathway. The

difference between Hdisk/Deq obtained from the LES and experimental results

is less than 5%. The agreement with the empirical correlation is slightly higher

for Case 4 with a higher CVC temperature.330

The results for the jet spreading angle are compared with the experimental

results in Figure 9. The jet spreading angle was measured 500 µs ASOI when

the jet had a sharp edge. An agreement to within 2% at each instant was

observed for all cases.

Figure 10 shows the comparison between LES, experimental and analytical335

results for the penetration length. An updated version of the Hill and Ouellette

correlation by Hajialimohammadi et al. was used to calculate the analytical

penetration length [42, 43]. The analytical solution was developed for a single

hole injector considering the conservation of momentum, and can be described
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Figure 9: Experimental (circle) vs. numerical jet spreading angle (solid line) for case 1 to 4

as labelled.

as:340

Zt = ΓDeq
1
2 [
γaπ

4

Peff
Pa

RaTa(
2

γa + 1
)(

γa
γa−1 )]

1
4 t

1
2 , (21)

where Zt is penetration length, t denotes time, Γ = 3 and the subscript “a”

corresponds to the ambient chamber pressure [42]. The variable Peff is the

effective pressure at the nozzle exit, which is less than the fuel rail pressure.

As shown in Fig 10, the analytical solution predicts much higher penetration

at the early stages. This is not surprising given that this solution is developed345

for a fully open single hole injector. While there is a good agreement with

the experimental results for Cases 2 and 4 with chamber pressure of 1 bar, the

agreement is not as good for Cases 1 and 3 at 250 µs ASOI.

Several factors contribute to this. For Case 1, with the highest NPR, the ex-
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perimental uncertainty is largest (see Figure 10). Further, the simulation results350

are expected to be more sensitive to the geometrical features of the injector and

boundary conditions for such a high NPR. Therefore, any small discrepancy is

expected to have a large impact on the results. This is also observed in the level

of uncertainty in the experimental results. For Case 3, although the bouncing

of the valve at the early stages of the opening is considered in the simulations,355

the valve lift profile is an ensemble average, and the raw profiles show notable

fluctuations.

Figure 11 shows the simulation results, highlighting the effect of changing

the CVC pressure and temperature on the jet spreading angle. Increasing the

chamber pressure from 0.4 to 3 bar changes the time-averaged cone angle from360

115◦ to 66◦. Increasing the CVC temperature by about 60 K does not have

much impact on the jet spreading angle. Increased amplitude of fluctuations

are observed for higher NPRs.

Figure 12 depicts the effect of changing the chamber pressure and temper-

ature on the penetration length using both simulation and analytical results.365

Increasing the chamber pressure from 0.4 to 3 bar, changes the penetration

length by about 50% at 500µs ASOI. Changing the fuel and chamber tem-

perature changes the penetration length by 14% at 500µs ASOI. LES results

show that the penetration rate results up to 800 µs ASOI have an almost lin-

ear dependency with time. Previous studies using a similar injector showed370

that the penetration length has a 0.8 power-law dependency with time after

approximately 500 µs ASOI [14, 44]. The constants A1 to A3 have an inverse

relation with CVC pressure to the power of 0.25. Equation 21 also shows that

Zt ∝ 1/PCV C
0.25.

Collectively, the results of Figures 11 and 12 show that the penetration length375

and the cone angle both have an inverse relationship with the chamber pres-

sure, and a direct relationship with temperature, consistent with the theoretical

argument of Lacey et al. [26].
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Figure 11: Numerical jet spreading angle for a) different CVC pressures b) different CVC

temperatures as labelled.

4.4.2. Analysis of the jet development

Figure 13 shows the iso-surfaces of YCH4
= 0.01 at different instants for Case380

1. 20 µs ASOI, a three dimensional toroidal vortex ring initiates at the tip of

the jet. It is not axisymmetric, due to asymmetric holes downstream of injector.

At later times, as the hollow cone jet increases in size, it collapses into a single

jet (250 µs ASOI).

Figure 14 shows the transient development of the hollow-cone jet for the385

under-expanded jet (PCV C=1 bar) in the Y −Z plane. At the start of injection,

boundary layer separation occurs as the flow passes over the poppet valve at

the tip of the injector. The annular bow shock is formed close to the tip, and

initial annular tip vortices at 20 µs ASOI are observed. At later times, as the

high-speed methane enters the CVC, the jet entrains the quiescent nitrogen,390

both from inside and outside the hollow cone. This causes the development

of a low-pressure zone in front of the poppet valve. The tip vortices in the

inner region grow in size, forming large scale eddies, impinging onto the poppet

valve. This creates a recirculation zone, enhancing methane/nitrogen mixing.

At 120 µs ASOI, the Mach disk is formed when the poppet valve is partially395

open. The presence of the Mach disk and shock cells region postpones mixing.
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Figure 12: Jet penetration results of a) numerical at different CVC pressures b) numerical at

different CVC temperatures c) analytical at different CVC pressures c) analytical at different

CVC temperatures labelled.
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Figure 13: Iso-surface of YCH4 = 0.01 at different instants for Case 2

Downstream of these features, viscous forces become dominant and the shock

cells region disappear [12]. By 350 µs ASOI, the hollow cone jet has collapsed

into a single jet. A stagnation zone is formed downstream of the recirculation

zones, and a far-mixing region is present, as seen at 450 µs ASOI [15]. At this400

time, the injector is fully open, with the far-mixing region featuring subsonic

turbulent mixing.

Figure 15 shows a comparison between all cases in terms of the mean and

standard deviation of the methane mass fraction under quasi-steady state con-

ditions at the mid Y-Z plane of the jet. Both inner and outer mixing layers are405

formed downstream of the injector tip with their thickness increasing up to the

point that they merge into a one mixing layer. After this point, high fluctua-

tions of YCH4
are observed, consistent with the results presented in [14]. The

CVC pressure has an impact on the formation and the shape of these mixing

layers. By increasing the CVC pressure, the mixing layers merge closer to the410

nozzle exit. This is expected because when the CVC pressure is increased, the
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Figure 15: Mean (Top) and standard deviation (bottom) of the fuel mass fraction at the mid

Y − Z plane at quasi steady state condition (500 to 2000 µs), as labelled.

NPR is decreased and consequently, the shock affected region is reduced in size

[12].

To further examine the jet development, Figure 16 shows the flow streamlines

and the field of YCH4 for different cases at t=600 µs ASOI when the quasi-415

steady state is reached. While the recirculation zone enhances mixing in the

inner region, mixing dominantly occurs in the outer region for the far-mixing

zone. The recirculation zone evidently increases in size as the CVC pressure

decreases, pushing the far mixing zone further downstream.

Considering the stagnation point as the streamwise location on the jet axis420

at the which the streamwise velocity is zero, a recirculation zone length (LR)

can be obtained. The mean value of LR is reported in Table 4 showing that the

size of the recirculation zone is strongly dependant on the CVC pressure.
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Figure 16: Stream plot of the velocity vector field for different cases superimposed on the

mass fraction field, 500 µs ASOI, as labelled.

28



Table 4: Size of re-circulation zone (LR) for different cases.

No.
CVC pressure

(bar)

Temperature

(K)

Mean size of

the re-circulation zone LR (mm)

1 0.4 298 18.39

2 1 298 12.23

3 3 298 6.94

4 1 360 12.33

Massey et al. developed a scaling law for the recirculation zone length behind

the bluff body using the equation for the conservation of momentum [45]. For

a fixed geometry, this scaling can be written as follows:

LR ∝
Ub
P
, (22)

where Ub is the nozzle exit bulk velocity in the direction normal to the bluff body

and P is the chamber pressure. For our cases, the nozzle is choked and therefore

the resulting velocity is constant. Therefore, Equation 23 can be rearranged as,

LR ∝
cos(θ/2)

P
, (23)

where θ is the spreading angle. Figure 17 shows that the scaling has a reasonable

performance for the cases studied here. Once again, these results highlight the425

impact of the CVC pressure on the external flow dynamics.

5. Conclusions

Large-eddy simulations (LESs) of methane direct injection into a Constant

Volume Chamber (CVC) considering the full internal geometry of a prototype,

hollow-cone injector were performed. Three cases with different CVC pressures430

of 3, 1 and 0.4 bar at 298 K were considered with fourth case featuring a gas

and CVC temperature of 360 K with a CVC pressure of 1 bar. All cases had

the same rail pressure of 20 bar. These conditions were all relevant to CNG DI

engines considering different injection strategies.
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The results were first validated against high-speed schlieren imaging from435

Lacey et al.’s experimental work using a new post-processing concept [26]. An

excellent agreement for the jet spreading angle was achieved while a varying

degree of agreement was observed for the jet penetration length. The jet pene-

tration length showed an excellent agreement for the case with the CVC pressure

of 1 bar while overprediction and underprediction of the experimental results440

were observed for the CVC pressures of 0.4 and 3 bar at later stage of injec-

tion. This was attributed to the higher sensitivity of the results to the input

parameters and modelling assumptions for the highest NPR case (0.4 bar) and

the fluctuations of the poppet valve in the lowest NPR case (3 bar).

The impact of the injector internal geometry was also investigated by com-445

paring the results for the CVC pressure of 1 bar and those using a short version

of the injector featuring a part of the hot valve only. It was shown that once the

pressure loss inside the injector is accounted for in imposing the inlet boundary

conditions of the short injector, a good agreement with the experimental results

can be achieved.450

The LES results also showed that the external flow consists of three main

regions: A “recirculation” zone where mixing is dominant and is present just

downstream of the injector tip. This is followed by a “stagnation zone” where
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the axial velocity is almost zero. Downstream of this region is a “far-mixing”

zone with a strong mixing occurring outside the jet. The existence of these455

regions has been reported in previous studies of underexpanded jets. It was also

shown that the length of the recirculation zone increases as the CVC pressure

decreases. This could be explained using a theory recently developed in the

literature for flow behind a bluff body, and highlights the importance of the

CVC pressure on the jet dynamics.460
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