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Abstract

To further understand the processes and phenomena taking place in the pre-chamber (PC)
ignition concept, many studies under simplified conditions have been carried out in different
experimental facilities (e.g. constant volume chambers and rapid compression machines).
However limited information is provided about how the volume, orifice diameter and number of
orifices were defined, raising the question whether the results are representative of engine-like
conditions or not. This novel study arises from the necessity to determine a methodology to
reproduce a reference pre-chamber, preserving as much as possible its jet characteristics. A
theoretical development based on the first law of thermodynamics has been performed, and a
relationship between the effective flow area, pre-chamber volume and engine speed is proposed
as the governing parameter of the mass exchange between chambers. Besides, relaying on the
know-how of gas jets, a relationship between the orifice diameter, jet tip penetration and engine
speed is suggested as the criterion to preserve the relative jet penetration (respect to the distance
from the PC hole to the combustion chamber walls). A numerical validation of these assumptions
was carried out using a one-dimensional flow calculator to estimate the thermodynamic properties
and mass transfer between chambers, and a one-dimensional spray model to estimate the
penetration of the PC combustion products jets. Finally, preserving the ratio between the total
area of the PC holes and the product of the PC volume and the engine speed for two pre-chamber
geometries, an identical pressure rise rate, in an angular basis, is achieved in both pre-chambers.
Furthermore, the same relative jet penetration rate, in an angular basis, can be also achieved,
even under different engine speeds, when the ratio between the orifice diameter and the product
of the square of the jet free length and the engine speed is preserved.
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1. Introduction

The pre-chamber ignition concept, also known as Turbulent Jet Ignition (TJI), consists of a
small volume chamber, where the spark plug is located, connected to a bigger volume (main)
chamber through orifices. When this small volume (1 to 5% of the clearance volume) is ignited,
the combustion products are ejected to the main chamber, promoting a fast burn of the main
charge 1. This increment of the burn rate due to the increase of ignition spots, enables to shorten
the combustion duration up to 3 times 2, and also to increase the compression ratio 3.

Pre-chambers (PC) can have additional air and/or fuel supply or not. On the one hand, if the
pre-chamber scavenge process depends on the main chamber scavenge process, i.e. there is
not a dedicated air intake to promote the pre-chamber scavenge, it is called unscavenged PC.
On the contrary, if there is a dedicated air intake to scavenge the pre-chamber, it is referred as
scavenged PC. On the other hand, if there is an additional fuel supply directly into the pre-
chamber, enabling a richer mixture in this one, itis called an active system (otherwise, it is referred
as passive system). The active approach allows achieving ultra-lean conditions at the main
chamber without the ignitability problems of lean mixtures in the pre-chamber 5.

With these features, this concept becomes an efficient method to initiate the combustion
process of the main charge at unfavorable conditions, as diluted mixtures (either with air or EGR)
and/or large bore engines 7. Such conditions require a more powerful and spatially well-
distributed ignition source than the conventional spark plug to ensure a proper flame development
and combustion stability 4.

Collecting pre-chamber data under real engine conditions may be a challenge due to the lack
of physical space, making it difficult to place a pressure sensor or an optical access. For this
reason, to allow the access to such information, some studies are performed on experimental
facilities'58-15, rather than in real engines, with the drawback of reproducing the phenomenon
under simplified conditions. The main differences between the conditions in a real engine and an
experimental facility can occur in several aspects and levels, such as: on the thermodynamic
conditions, mixture composition (e.g. residual gas fraction), flow pattern (e.g. turbulence level and
orientation), geometrical aspects (e.g. pre- to main chamber volume ratio, surface area to volume
ratio and orifice diameter), etc. Regarding the geometrical aspects, limited information is available
in the literature about how the volume, orifice diameter and number of orifices were defined in
these simplified conditions, raising the question whether the results are representative of engine-
like conditions or not.

To start analyzing the concept and to define the better approach to emulate it, it is mandatory
to identify the main processes taking place in an unscavenged pre-chamber, which are: scavenge
and filling with fresh mixture, combustion, possible flame quenching at the orifices, jet ejection
and main chamber ignition. In real engine operation these processes are cyclic and
interdependent, as well as highly affected by the PC volume, orifice diameter, number of orifices
and engine speed. Thus, it is necessary to establish a criterion to define these parameters when
a baseline pre-chamber wants to be tested under simplified conditions (e.g. single orifice, and/or
different pre-chamber volume, and/or different engine speed, and/or different main chamber
characteristic length, etc.).

From a fundamental point of view, the mass transfer phenomena between the pre- and main
chamber, either during the filling or the jet ejection period, is governed by the pressure drop, the
effective flow area, and the local thermodynamic conditions. Taking the filling period as an
example, the main chamber thermodynamic conditions are determined, as a first approach, by
the compression ratio, whereas those in the pre-chamber depend on the incoming mass flow rate.
The latter, however, is affected by the rate of volume change, associated to the engine speed,
and may be limited if chocked conditions are reached at the orifices. In the meantime, the flow
area of the pre-chamber offers a resistance to the flow passage, causing a pressure difference
between the volumes connected by them. Therefore, there is a compromise between geometrical
pre-chamber aspects and engine operating parameters. During the combustion process,
however, the pressure rise will also change according to the energy delivered by the fuel, defined
by the chemical energy released (Q..), and the heat losses.

Geometrical pre-chamber aspects have been studied by some authors. Ashish Shah et al.
16,17 for instance, investigated the effect of the nozzle area ratio (defined as the ratio of the nozzles
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total area to the pre-chamber volume, in cm?) in two different engines: a heavy duty engine
operating at 1200 rpm and a large bore marine engine operating at 800 rpm. The authors found
discrepancies between the engines regarding main chamber combustion duration and flame
development angle, even preserving the nozzle area ratio. Corrections to compensate the
differences in terms of induced flow patterns (e.g. swirl and squish), caused by differences in
engine speed and combustion chamber geometry were applied too. The results, therefore, reveal
that the similarity of pre-chambers cannot be achieved only preserving this nozzle area ratio.

In another study, performed by R.B.R. da Costa et al. 18, a thermodynamic diagnostic model
was developed to determine the energy released to the main chamber, essentially during the
closed cycle. The combustion in the two chambers was modeled independently according to a
Wiebe function. The mass flow rate between the chambers was assumed as an isentropic and
compressible flow. The authors described how the energy flow between the chambers is, as well
as the angular evolution of the temperature and pressure in both chambers. Additionally, they
presented a parameter to relate the pre-chamber geometrical parameters (volume and nozzle
area) to the engine operating speed, the latter without any explicit reasoning.

S. Biswas et al. 1° studied the effect of the pre-chamber orifice diameter on the ignition
mechanisms, namely flame ignition and jet ignition. Flame ignition is considered when the hot jet
coming out from the pre-chamber contains flame kernels and intermediate species that promote
chain-branching (OH radical, for instance), whereas jet ignition is considered when the jet is made
of hot combustion products only, with very little or no OH radicals. The main result of this study
was that decreasing the orifice diameter switches the ignition mechanism from flame ignition to
jet ignition, provided that the volume and initial thermodynamic conditions are kept constant. This
result suggests that the higher turbulence intensity (higher jet velocity) and the lower integral scale
(smaller orifice diameter), both leading to a lower Damkdhler number, pushes the operating point
towards the broken reaction zone.

Many other authors investigated the pre-chamber performance by changing the pre-chamber
volume or orifice number and dimensions (diameter and length), observing either the global
engine performance 2°-23, or the jet characteristics (in this last case either in test rigs at low
pressure and temperature 224, or at engine-like thermodynamic conditions 1013.25),

G. Gentz et al. 12, M. Gholamisheeri et al. 192%6 and S. Biswas et al. *° studied the jet
characteristics and main chamber ignition of single orifice pre-chambers from a more fundamental
point of view. Although it goes in the opposite direction compared to the pre-chambers used in
production engines, single orifice pre-chambers studies are necessary to understand intrinsic jet
phenomena, isolating the effect of jet interaction. Nevertheless, to transfer this information to
engine applications, it is desired that these jets together with the boundary conditions are like
those found in engines. Hence, besides the thermodynamic conditions (high pressure and high
temperature), the jet flow pattern has to be scaled in terms of velocity and characteristic length.
Regarding the combustion process, the Damkodhler number is a useful ratio to quantify the
importance of the reaction rate in relation to the diffusion rate. Therefore, for the same fuel
composition, to maintain the Damkohler number of the jets (of the single orifice pre-chamber and
of the real engine pre-chamber, which are intended to be similar in terms of behavior), the local
values of the integral scale and the turbulence intensity must be scaled to maintain the diffusion
rate between these jets. This idea is, probably, the one that has promoted most of the current
research, the objective of which is to establish a relationship between the pre-chamber geometry
and the engine operating parameters, which later can be used to determine how some given pre-
chamber and operating point can be emulated in a single orifice pre-chamber for fundamental
research purposes.

Therefore, the present work aims to define a methodology to determine the geometrical
parameters of a pre-chamber to be designed for an experimental facility (e.g. Rapid Compression-
Expansion Machine), focusing on emulating a multi-orifice reference pre-chamber into a single
orifice configuration, due to the better visualization and to avoid jet interaction.

The structure of the paper is the following: first, the methodology and validation tools are
presented. Then, the PC filing and emptying processes are analyzed, where a relationship
between geometrical pre-chamber aspects and engine operating parameters is theoretically
presented. Next, this relationship is validated in terms of the thermodynamic conditions at both
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pre and main chambers. After that, the jet penetration and orifice quenching issues are briefly
discussed. Finally, the conclusions of this study are shown.

2. Research approach and validation tools

2.1. Research approach

The present study was divided in two parts: a theoretical development and a computational
validation. The theoretical development presents some relations that governs the pre-chamber
filling and jet ejection processes, as well as the jet tip penetration and the flame quenching in the
orifices, whereas two computational tools were used to validate the thermodynamic and mass
flow aspects (GT-Power) and the jet characteristics (DICOM), both explained in section 2.2.

Looking at the pre-chamber ignition concept processes separately, it is possible to identify
the crucial elements of each one, which are:

- Pre-chamber filing: During this phase, the fresh charge coming from the main chamber is
transferred to the pre-chamber in a rate defined by the flow velocity (note that this one
may be limited if sonic conditions at the orifice are reached) and the total orifice area. This
mass flow causes an increase in PC pressure.

- Pre-chamber scavenging: Concomitant with the PC filling process, the scavenge process
itself depends on the flow pattern generated by the orifices. Therefore, it is a process
completely related to three-dimensional phenomena.

- Pre-chamber combustion: Started by a sparkplug, it shares the same difficulties than a
conventional Sl engine, being highly affected by residual gases, equivalence ratio and
local turbulent kinetic energy. Besides, the higher surface to volume ratio in comparison
to the main chamber implies non-negligible heat losses to the walls.

- Pre-chamber ejection: Overlapped with the PC combustion, this process consists of the
ejection of gases into the main chamber. Initially the unburnt mixture acts as a turbulence
source, then the hot gases act as both an ignition and a turbulence source 27. The PC
flame front can be quenched or not at the orifice, depending mainly on its diameter and
equivalence ratio 819,

- Jet penetration: It is reasonable to think that different engine sizes (i.e. cylinder bore)
require different penetration rates (mainly governed by the momentum at the orifice exit)
to ensure a proper combustion duration. Thus, the expectation is that the orifice diameter
should be scaled with the distance between the PC and the cylinder walls.

Even though charge stratification (e.g. composition and temperature) and three-dimensional
phenomena (e.g. turbulence) do play an important role in the pre-chamber combustion process,
these factors are not going to be accounted for in the reasoning shown in this study. Moreover,
thanks to the possibility to completely scavenge the combustion chamber before a combustion
cycle on experimental facilities (e.g. Rapid Compression-Expansion Machine), the PC scavenge
process will also not be accounted for. Therefore, this work is going to discuss exclusively 0D
(and 1D for some aspects) phenomena, such as PC filling (section 3.1.1), PC ejection (section
3.1.2), jet penetration (section 4), and flame quenching (section 5).

2.2. Validation tools

2.2.1.Thermodynamic and mass flow validation

A GT-Power model was used to solve the continuity, momentum and energy equations during
the closed cycle (from inlet valve closing -IVC-, until exhaust valve opening -EVO-). The heat
transfer was modeled according to Woschni’s correlation. Additionally, since the prediction of the
main chamber ignitability is not necessary now, the main chamber combustion object was
neglected, and the downstream jet condition during ejection is simply a non-ignited hot chamber.
On the contrary, the pre-chamber combustion process needs to be correctly described, because
of its vital influence on the pre-chamber behavior. In this study, it was represented by a Wiebe
function (later it will be shown that this arbitrary choice does not affect the validity of the
conclusions), ensuring the same combustion profile for all cases, except when it was intentionally
changed to highlight its effect on the pressure rise rate. Both the duration and the shape of this
combustion law were determined based on some available experimental data 28.
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The initial conditions were imposed both in the main chamber and the pre-chamber at IVC,
and one single cycle was calculated using the explicit solver. The composition chosen was a
stoichiometric mixture between air and methane, and no residual or EGR gases were added.
More details about the engine geometry and initial conditions are described in Table 1.

Table 1. Engine specifications and initial conditions.

Engine 4-stroke Sl
Stroke x Bore [mm] 80 x 80.5
Compression Ratio [-] 13.4:1
IVC [CAD] -120 ATDC
EVO [CAD] 160 ATDC
Clearance Volume [cm3] 32.632
Temperature at IVC [K] 320.0
Pressure at IVC [bar] 1.0
CH4 =0.055
Composition at IVC [mass fraction] 02=0.220
N2 =0.725

The discharge coefficient of the pre-chamber orifices was set to 1 for all cases, avoiding the
effect of nozzle diameter variation in the discharge coefficient.

2.2.2.Jet characteristics validation

In addition to orifice mass flow rate, jet velocity and momentum, a more complete assessment
of the jet characteristics can be done by estimating a “hypothetical” jet penetration rate, which
gives some idea about how far and fast the jet leading edge could go at a given time. The term
“hypothetical” has been used intentionally because, in a real situation, the jet ignites the main
chamber charge while it is penetrating and entraining fresh mixture, which greatly increases the
complexity of the problem, requiring Computational Fluid Dynamics (CFD) calculations and
detailed chemical kinetics to more accurately predict it 2°.

To estimate this hypothetical jet penetration rate, a one-dimensional spray model was used.
This code, developed at CMT-Motores Térmicos, predicts the evolution of a steady or transient
turbulent jet or spray, either inert or reactive. The model development, solution procedure and
more details about the model can be found in 3032,

In the current study, the transient input data to this spray model were imported from GT-Power
and the same boundary conditions were imposed. The jet morphology (mainly cone angle) was
considered the same for all pre-chamber geometries, since it is intended to test similar orifice
geometries. Swirl and/or any other type of engine-induced air movement was not considered.

3. PCfilling and ejection processes

3.1. Theoretical development
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This section demonstrates some geometrical relations and combustion parameters that are
important in the frame of pre-chamber design, especially for reciprocating internal combustion
engine applications. At the same time, it develops a methodology to reproduce the same
characteristics, in terms of pre-chamber filling and jet ejection, of a multi-orifice pre-chamber in a
single-orifice pre-chamber, even if the engine speed is different.

Starting from the energy conservation equation, the objective is to point out the main variables
that affect the energy flow during the pre-chamber filling and combustion processes, and how
they are related to the pressure and temperature rise rate.

To perform this evaluation, two control volumes (open systems) were defined: the main
chamber control volume (CV,.) and the pre-chamber control volume (CVp:). The CVy is
surrounded by a moving control surface, which follows the piston movement, whereas the CV,.
is surrounded by a fixed control surface, due to its constant volume. No mass transfer beyond the
pre-chamber and the main chamber is assumed. Figure 1 shows schematically the control
volumes and their main properties.

e |

Figure 1 — Control volume scheme.

Considering that the energy in both control volumes is essentially thermal energy (both kinetic
and potential energy are neglected in the control volumes) and that the potential energy
associated to the mass flow is negligible too (but here the kinetic energy is considered), the
energy variation in the control volume (open system) can be defined as:

3.1

dEcy  dUgy dQcy dWg, dmgy v?
= = - + hk + e
dt dt dt dt dt 2

where E.y, is the total energy in the control volume, Uy, is the internal energy in the control volume,

Qv is the net heat added to the control volume, W, is the work done by the control volume, d’ztc"

is the mass flow rate across the control surface, h; is the enthalpy corresponding to the mass
being transferred, and v is the flow velocity at the orifice.

Moreover, the internal energy can be calculated as:
U =mc,T 3.2

where c, is the specific heat at constant volume. If the time derivative is performed, the internal
energy variation in a control volume is given by:
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The second term at the right-hand side can be rewritten using the equation of state (Equation
3.4) and its time derivative (Equation 3.5), as follows:

PCVVCV = mcvRTCV = TCV = 34

dTey Ve dPey _ PeyVey dmey Py dVey

= 3.5
dt meyR dt  Rmg,? dt meyR dt
dUCV _ T dmCV (@ dPCV _ PCVVCV dmCV @dVCV) 36
dt veVICY gt YO\ R dt  Rmg dt R dt

Thus, rearranging some terms, the internal energy variation in a control volume becomes:

dUCV Cv,cv dPCV dVCV 3.7
it R (ch a T PCVW)

Now, Equation 3.1 can be rewritten as:

3.8

dt R Vv =g + P, dt dt a \t g

dEcy Cv,cv( dPey chv) _ dQcy _ dWey n dmey ( Vz)
2

which represents the energy balance in a control volume. Now this equation will be applied to
both control volumes, CV, and CV,,, to obtain Egs. 3.9 and 3.10, under the following hypotheses:

l. No work is performed by CV,.
Il. No volume variation takes place in CVp,.

dE».  c dPpe  dQ dQ dm v?
pc _ Cvpc - PC _ ch,PC ht, PC " cv hy +— 3.9
dt R dt dt dt dt 2
dE c dPp, av,
mc _ Comc (VMC MC . Pyc MC_)
dt dt dt 3.10
_ dQch, MC _ tht, MC _ deistan + dmCV ho + v_z '
T dt dt dt dt kT2

where, Q, ; is the chemical energy released by the fuel combustion in the control volume i, @, ;

are the heat losses to the walls in the control volume i and Wp,;,,, is the work done by the piston
on the control volume. The enthalpy sub index k depends on the mass flow orientation: if it is a
positive value (i.e. mass entering into the control volume) the reference are the conditions at the
opposite control volume (for instance, when the mass is flowing to the pre-chamber, the enthalpy
reference are the main chamber conditions).

In the following subsections, particularizations of Equations 3.9 and 3.10 are going to be
presented for the pre-chamber filling process and the pre-chamber combustion (jet ejection)
process.

3.1.1.Pre-chamber filling process

The pre-chamber filling process is defined as the period between the IVC and the angle were
the PC pressure overcomes that in the MC. As a first approach, this last angle can be taken when
the start of combustion (SOC) in the PC takes place. Therefore, it comprises the period in which
the pre-chamber is filled with fresh mixture coming from the main chamber, and no combustion
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at all occurs nor in the PC, nor in the MC. For this reason, the following additional hypotheses for
the pre-chamber filling process can be taken:

l. No combustion occurs both in CVp and CVy.
Il. The mass is flowing from CVy,. to CVp., thus the enthalpy sub index would be k = MC.

With these hypotheses, equations 3.9 and 3.10 become:

Cy,pc dPpc dQpi, pc  dmyc v?
- = - . h — 3.11
R P dt at | dr met 5
Cy,MC (V dPyc L p dVMC) _ _ tht, Mc dWPiston _ dmyc S V_Z 312
R \'MC 4t MC - qt dt dt dt MET 2 '

These equations can be numerically solved using either implicit or explicit methods. However,
as the objective of the present study is to point out the main variables affecting the PC filing
process, an approximation of the mass flow rate between chambers can be made assuming an
isentropic flow through an orifice, calculated as:

d—mzA[Zp (Bp—P )]% ; A, = CpA 3.13
dt e up \‘up down @ Ae Dn .

where A, is the effective area, 4,, is the nozzle area (i.e. the sum of orifice cross section areas),
Cp is the discharge coefficient, p is the density, and ¢ is the compressibility factor, defined as
follows:

2 y+1 %
( )4 ) (Pdown>y _ (Pclown) L4
y—1 By By
P
1— down
l )

where y is the ratio of specific heats, and the subscript up and down refers to the conditions
upstream and downstream the orifice, respectively. Thus, the mass flow rate from CVy to CVp,
according to Equation 3.13, can be estimated as:

3.14

(p:

dmpyc
dt

1
= Ac[2pmc(Puc — Pec)z @5 A, = CpAy 3.15

Appling Equation 3.15 into Equation 3.11 and rearranging terms, the pre-chamber pressure
rise rate can be expressed in terms of the effective flow area and the PC volume:

dPrc A, R

= 3.16
dt Vpc cype

U2> R tht,PC

1
200 (Puc — Poc)2 @ [ hnge + =) —
[20mc (Puc — Prpc)]? (P( mc t > Voc Cope dt

The equations presented until now are all described in terms of time. However, in
reciprocating internal combustion engine applications, it might be more useful to describe them
in crank angle basis, which introduces an important characteristic time: the engine speed (N, in
rpm; n, in rps). Thus, the time variation can be written in terms of crank angle degrees (6) as
follows:

0 1 1 p 1
n(rps)360  N(rpm)

! 3.17
G .

If Equation 3.17 is differentiated, the relationship between dt and d8 can be found:
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Rewriting Equation 3.16 in crank angle basis:

dPpc 1 { A,

R 1 v? R tht,PC
0 " 6N —[2pmc(Puc — Pec)z @ (hMC + _> e } 3.19

Vec Copc 2 Vbc Copc dB

Therefore, the pre-chamber pressure rise rate is a function of the thermodynamic conditions
of both chambers, as well as the heat losses to the walls, the effective flow area, the pre-chamber
volume and the engine speed. Assuming that a given pre-chamber pressure rise rate is intended
to be reproduced in a new engine or a new PC configuration, and that the heat losses term is
small compared to the other terms in the equation (this will be demonstrated later, during the
validation section), the following actions might be taken. First, to preserve the angular evolution
of the main chamber thermodynamic conditions (p, h and P, all of them appearing in the equation),
the engine compression ratio must be kept the same. Then, to preserve the thermodynamic
conditions at the pre-chamber (P and dP/d#@), it is necessary to keep the parameter 4,/ (Vp¢c N).
With this last criterion the mass flow rate is scaled according to the pre-chamber volume and
engine speed, by introducing a variation in the effective flow area. Thereby, the energy flux in
terms of enthalpy and kinetic energy associated to the mass flow is scaled, and a similar pressure
rise rate is achieved in both pre-chambers with this new configuration.

3.1.2.Pre-chamber ejection process

As a complement to the previous sub-section, where the pre-chamber filling process was
studied, the following analysis will evaluate the period from the pre-chamber SOC until the EVO.
This phase comprises the period in which the pre-chamber mixture is ignited and the hot
combustion products are ejected to the main chamber.

Now, the following additional hypotheses for the pre-chamber combustion process can be
assumed:

l. No combustion occurs in CVyc.
Il. The mass is flowing from CVp to CVy,¢, thus the enthalpy sub index would be k = PC.

If the previous hypotheses are considered in Egs. 3.9 and 3.10, they become,
respectively:

Cv,pC dPpc  dQcppc  AQuypc  dmpe v?
- = - - — 3.20

R "P¢ dt dt dt ar \ret 3

Cy dP, av,
MC Vase MC + Py MC)
dt dt 391
_ dQch, Mc tht, mc deiston deC hor + v_z )
dt dt dt dt )

Using the approximation to the mass flow rate as an isentropic flow through an orifice
(Equation 3.13), the energy variation in CV,. becomes:

Cy.pc dPpc _ dQCh,PC _ tht,PC
R P¢ dt — dt dt

1 v?
— Acl2ppc(Ppc — Puc)1z ¢ (hPC + 7) 3.22

Rewriting in a crank angle basis and rearranging terms, the pre-chamber pressure rise rate
during pre-chamber combustion can be expressed as:
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dPpc R dxp pc
—prc (F/A)stoicn FRLHV —2—

o ¢, do
4, R1 B v?
- VPCNC_UE[ZPPC(PPC —Puc)lZ @ hpc + > 3.23
R dQpu pc

Vbe Copc dt
where R is the gas constant, Fy is the fuel-to-air equivalence ratio, LHV is the Lower Heating

Value of the fuel, and x, p¢ is the fuel mass fraction burned at CVp., which can be approximated
by a Wiebe function 32;

3.24

6 —6, Myiepetl
AY) ) ]

X, = 1—exp[—a(

where 8 is the current crank angle, 6, the start of combustion, A8 the total combustion duration
in CAD and my,;.,. and a are adjustable parameters. It is worth to indicate that this approximation
to the combustion profile is completely unnecessary for the conclusions derived from Equation
3.23 presented in the next paragraph, but it will be a very helpful choice to analyze the effect of
the combustion duration on the PC behavior, as will be shown later.

To conclude this theoretical development, Equation 3.23 is quite similar to Equation 3.19,
already seen in the previous subsection. The pressure rise is now represented by two terms: a
new term related to the heat introduced by the combustion process, and an energy flux associated
to the mass transfer (already presented in Equation 3.19). Therefore, to reproduce the jet
characteristics after the pre-chamber combustion, it is necessary to preserve both the relation
A./ (Vo N) previously discussed, as well as the pre-chamber mass fraction burning rate.

3.2. Validation and discussion

In the current section, the relation between geometrical and operating parameters presented
and discussed in the previous section will be validated. The pressure and temperature rise rate,
pressure drop and mass flow rate will be evaluated both during the pre-chamber filling and
ejection processes.

As depicted in the theoretical development, a similar pressure rise rate in the pre-chambers
that comply with the relation 4. /(Vpo¢ N) and exhibit a similar combustion process is expected to
be obtained. Therefore, changes in (a) the pre-chamber volume, (b) the effective flow area and
(c) engine speed will be performed to prove this assumption. Moreover, there will be one case
that purposely will not comply with the relation A./(Vp¢ N), highlighting the discrepancy.

As already discussed, the PC combustion process is greatly affected by the local turbulence
and residual gas fraction, which in turn are affected by the PC shape and orifice arrangement.
However, these phenomena will not be accounted for in this first approach. For this reason, the
center of combustion (CA50) is fixed at 10 crank angle degrees (CAD) before top dead center
(BTDC) and the combustion duration, defined as the crank angle degrees between 10 and 90%
of the PC burned fuel mass (CA10-90), is set to 5 CAD.

A multi-orifice pre-chamber configuration was taken as the baseline case, and it was tested
(with the calculation tools presented in Section 2) along with another four single-orifice pre-
chambers. Except for pre-chamber PC 2, all geometries comply with the aforementioned relation:
A./(Vpc N). Additional pre-chamber specifications are shown in Table 2.

Table 2. Pre-chamber specifications.

Pre-chamber

Baseline PC1 PC 2 PC3 PC 4




354

355
356
357
358
359

360

361
362
363
364
365
366
367
368
369
370
371
372
373
374

Nozzle diameter (mm) 0.70 1.71 0.70 2.10 2.42
Number of nozzles (-) 6 1 1 1 1
Vpe (Mm3) 600 600 600 900 600
A, (mm?) 2.31 2.31 0.38 3.46 4.62
N (rpm) 2000 4000
AE/(VPC oy (M/S)? 0.115 0.115 0.019 0.115 0.115
VPC/VMC (%) 1.84 1.84 1.84 2.76 1.84
Combustion duration 5
(CAD10-90)

The pre-chamber configurations (PC 1 to 4, all of them with single-orifice) were chosen as
follows: PC 1 preserve the baseline volume and the effective flow area. PC 2 preserve the nozzle
diameter and the baseline volume, evidencing the error when a multi-orifice pre-chamber is tried
to be reproduced in this manner. PC 3 increase both volume and flow area. PC 4 preserve the
baseline volume and adjust the effective flow area to compensate the engine speed variation.

3.2.1.Pre-chamber filling process

Figure 2 shows the pre-chamber pressure, pressure drop between chambers and the mass
flow rate (in kilograms per CAD) divided by the pre-chamber volume during the filling process.
The use of kilograms per CAD instead of per second helps not to confuse the interpretation under
different engine speed, since the energy flux and the thermodynamic properties are given in terms
of CAD. It is clearly seen that PC 2, the only geometry that do not satisfy the aforementioned
relation, presents a disparate pressure profile. This occurs due to the lower mass transfer to the
pre-chamber than the needed to increase its pressure in the same rate as the baseline. Therefore,
the energy associated to the mass flowing into the pre-chamber (here in terms of enthalpy and
kinetic energy) needs to be scaled with the pre-chamber volume. In other words, to reproduce
with a given pre-chamber the same pressure rise rate than a baseline, the mass flow rate (in
kilograms per CAD) to the pre-chamber (which is a function of the flow area and engine speed)
must be scaled with its volume and/or engine speed: this is the reason why when the mass flow
rate through the PC holes is divided by the PC volume, the same pattern is found for all PC’s that
satisfy the aforementioned relation (third column of Figure 2).
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Figure 2 - Pre-chamber pressure, pressure drop and normalized mass flow rate during the pre-chamber filling
process. * @4000 rpm.

375 Since the same initial conditions in the main and pre- chamber are imposed at IVC, and the
376 pressure rise rate is kept the same too, the temperature evolution in the pre-chamber, shown in
377 Figure 3, will naturally be reproduced for the scaled pre-chambers.
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Figure 3 - Pre-chamber temperature during the filling process. * @4000 rpm.

378 3.2.2.Pre-chamber ejection process

379 Since the geometrical aspects that govern the mass flow between chambers have just been
380 discussed in the previous subsection, here only the results regarding the pre-chamber
381  combustion and jet ejection will be presented. It is important to note that the burning mass fraction
382 rate (dx,/d6 from Equation 3.20) was equally imposed in all pre-chambers, i.e. the center of
383  combustion (CA50) and combustion duration (CA10-90) are equal in all cases.

384 Figure 4 shows the pre-chamber pressure, the pressure drop from PC to main chamber and
385  the mass flow rate (in kilograms per CAD) divided by the pre-chamber volume during the pre-
386  chamber ejection process. Once again, the pre-chambers that are designed with the same
387  A./(Vo¢ N) relation present a similar pressure rise rate. As well as in the filling process, the energy
388  exchange between chambers is associated to the mass transfer, which is governed by this
389  geometrical relation previously presented.
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390 Thus, since the rate of burning mass fraction is preserved, the volume necessary to satisfy
391  therelation A,./(Vpc N) to a given pre-chamber ensures that the amount of total heat released by
392  the fuel (given by the fuel mass) was the one needed to compensate the energy loss associated
393  to the mass flow rate to the main chamber. This can be seen in Figure 4 to the right, where the
394 mass flow rate divided by the pre-chamber volume (kg/deg-m3) is preserved in all pre-chambers,
395  except PC 2, evidencing that the heat released by the fuel is counteracted by the mass flow rate,
396 preserving the rate of pressure rise in the pre-chamber during the combustion process.
397 Although crucial for early flame kernel development and wall induced quenching?3, the PC
398 heat losses represent a small fraction of the total energy available in the pre-chamber.
399 Consequently, small differences in terms of PC geometry that could affect the heat transfer
400  coefficient (surface area to volume ratio, turbulence intensity, and so on) should not influence the
401 pressure rise rate as much as when not satisfying the A,/(Vpc N) relation, which is depicted by
402 PC 1 adiabatic in Figure 4.
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Figure 4 - Pre-chamber pressure, pressure drop and normalized mass flow rate during the pre-chamber
combustion process. * @4000 rpm ** Adiabatic.

The disparate PC pressure profile obtained for PC 2 already seen in the previous figure, leads
to a dissimilar jet velocity and momentum pattern, as can be seen in Figure 5, where the pre-
chambers that satisfy the relation A4, /(Vpc N) present the same curve shape for these parameters,
merely multiplied by a factor that depends on the orifice cross section area in the case of the jet
momentum.
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Figure 5 - Mach number and jet momentum. * @4000 rpm ** Adiabatic.

Likewise to the filling process, if the pressure rise rate is kept constant, the temperature
evolution in the pre-chamber during the combustion process, shown in Figure 6, will naturally be
reproduced for the scaled pre-chambers. Obviously, the adiabatic pre-chamber case presents a
higher post-combustion temperature. However, during jet ejection (concomitant with PC
combustion), the heat transfer does not seem to have a substantial effect.
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Figure 6 - Pre-chamber temperature during the pre-chamber combustion process. * @4000 rpm ** Adiabatic.

3.2.3.Effect of pre-chamber combustion duration

Here, a brief discussion about the effect of the pre-chamber combustion process is presented.
In the previous sub-section, the pre-chamber mass fraction burning rate was assumed to be equal
in all cases. However, this might not be the case in some conditions or for some designs,
especially when the engine speed of the reference case is quite different to the one of the
experimental facility. Thus, to highlight the contribution of the combustion term to the pre-chamber
pressure rise rate, as presented in Equation 3.23, a comparison between two combustion
durations for the same pre-chamber geometry was done.

Figure 7 presents the pre-chamber pressure, pressure drop and mass flow rate of the two
combustion duration cases. The rate of burned mass fraction was changed by means of the
combustion duration (the CA50 of this combustion, however, is kept the same), evidencing that a
lower rate of burned mass fraction (longer combustion duration) provokes a lower rate of pressure
rise in the pre-chamber. Since the total heat released by the fuel is preserved, the energy
delivered to the main chamber is preserved too, and only the rate at which this energy is released
changes. Thus, different start of jet ejection, ejection velocity and penetration rate are expected.

It can be concluded that the combustion duration must be kept constant when trying to
emulate a given reference PC configuration. However, how to ensure this is well beyond the
scope of the present research, since this parameter is governed by the local turbulence in the PC,
the PC scavenging process, the residual mass fraction, etc., which are not easy to be determined,
nor controlled.
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Figure 7 — Pre-chamber pressure, pressure drop and mass flow rate during the pre-chamber combustion process.
Effect of combustion duration.

433 4. Jet penetration

434 Since how to preserve the pre-chamber thermodynamic conditions was already discussed
435  and validated in previous sections, in this section the jet penetration issue is going to be
436  discussed. Conjointly with the pre-chamber thermodynamic conditions, the jet penetration do play
437  animportant role during the main chamber ignition process. Therefore, when a given pre-chamber
438 is emulated under simplified conditions (e.g. single orifice), the relative jet penetration (i.e.
439 normalized by the distance from the orifice to the walls) rate (i.e. penetration per CAD) should be
440  also reproduced.

441 As proposed by Desantes et al.3* the jet-tip penetration (s) for a turbulent iso-dense gas jet
442 (i.e. with the same density in both the injected and the ambient gas) can be described as:

s=ky(dy-uy-t)'/? 4.1

443  where k,, dy, up and t are a proportionality constant, the orifice diameter, the initial axial velocity
444  at the orifice exit and the time from start of injection, respectively. This equation is valid when the
445  environment is quiescent, the effective Schmidt number is 1, and the jet velocity, the cone angle,
446  the air density, and the jet density are constant during the injection process.

447 In order to preserve the relative jet penetration rate (per CAD), even under different engine
448  speed, the jet-tip penetration can be normalized by the distance to the walls (L, the distance from
449  the hole exit to the combustion chamber wall along the hole axis), and the time dependency can
450  be transformed into an angular dependency introducing the engine speed (N, in rpm). With these
451  two ideas, Equation 5.1 can be rewritten as:

1/2

Sok _(do-uo_i) 4.2
L " L2 N-6
452 Since the jet velocity (u,) is preserved when the relation A,/ (Vpc N) is satisfied, to preserve

453  the relative jet penetration rate (s/L), it is necessary to preserve the relation d,/(L? N). Thus,
454  even not knowing the exact value of the jet-tip penetration of a baseline PC, it is possible to design
455  a scaled pre-chamber according to the main chamber geometry and engine speed of both
456  configurations: the emulated PC and the PC to be studied in the experimental facility.

457 As previously discussed in Section 2.2.2, a hypothetical inert jet penetration rate was
458  calculated using a one-dimensional spray model. In this study a constant and equal angle was
459  assumed for all pre-chambers and configurations. Besides, the Schmidt number was assumed
460  as being equal to 1. The jet penetration was estimated for a baseline and two other pre-chambers,
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all satisfying the relation A./(Vpc N). PC 1 corresponds to the single orifice configuration with the
same volume as the baseline. PC 5 corresponds to the single orifice configuration that reproduces
the same relative jet penetration rate as the baseline with twice the engine speed, defined by
means of the relation d,/(L? N). Additional pre-chamber specifications are shown in Table 3.

Table 3 - Pre-chamber specifications. *Suitable chamber length.

Pre-chamber
Baseline PC1 PC5
Nozzle diameter (mm) 0.70 1.71 1.40
Number of nozzles (-) 6 1 1
L 40 62.6* 40*
Vpe (Mm?3) 600 600 200
A, (Mm?) 2.31 2.31 1.54
N (rpm) 2000 4000
AE/(VPC ) (/) 0.115 0.115 0.115
dO/(L2, ) (M/s)? 0.0131 0.0131 0.0131
VPC/VMC (%) 1.84 1.84 0.61
Combustion duration 5
(CAD10-90)

Figure 8 shows the jet penetration for the three tested geometries. Comparing the baseline
and PC 5, itis noticed that it is feasible to adapt the orifice diameter and the PC volume to achieve
the same jet penetration as a reference PC at a different engine speed. The requirements are:
(1) to apply the relation d,/(L? N) to identify the orifice diameter that compensates the engine
speed variation and (2) apply the relation A./(Vpoc N) to determine the pre-chamber volume.
Moreover, if it is necessary to adjust the total penetration according to the size of the combustion
chamber, the relation d,/(L? N) demonstrates that it is proportional to the square root of the
increment in orifice diameter, as verified by the case PC 1 ** in Figure 8, which is the penetration
of PC 1 divided by the square root of dp¢ 1/dpasetine-
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Figure 8 - Jet Penetration. * @4000 rpm. ** Normalized by the distance to the walls (L).

5. Pre-chamber flame quenching

In addition to the physical characteristics, the jet chemical characteristics are crucial for the
main chamber ignition process. The question here is whether the flame front can survive or not
to the high stretch rate as it passes through the orifice: if the flame can pass through, the jet would
be composed by active species that quickly promote the chain-branching in the main chamber;
on the contrary, if the flame is quenched, the jet would be composed by unreactive species.

Although the flame quenching is a complex chemical phenomenon and it is extremely
challenging to be properly predicted, this section aims to briefly review some criteria used to
quantify this phenomenon based on 0D and 1D aspects, and thus incorporate one more important
rule to the pre-chamber design process.

The approach traditionally used in Sl engines to determine the quenching distance in close to
wall regions or in crevices, which is estimated from the balance between the heat released within
the flame and the heat loss to the walls 3235, seems to be not valid to estimate the quenching
diameter in pre-chamber applications due to the very large velocity gradients.

Mastorakos et al. 7 observed, by means of experimental and CFD Large Eddy Simulation
data, that the flame quenching may be more related to the excessive stretch than to the wall heat
transfer in the orifice. In addition, the orifice diameter may lead to exceed the maximum curvature
tolerated by the flame front. Although the exact numerical relationship between radius of curvature
of the cylindrical flame and flame thickness is not clear at present, the orifice diameter needed to
prevent flame extinction is proposed to be at least twice the flame thickness 7.

T. Adams 3% suggested that for a flame to pass through an orifice without being extinguished,
the characteristic time of turbulence must be greater than the characteristic time of combustion,
leading to a relation between flame thickness (§), flow velocity at the nozzle (v,) and flame
propagation velocity (vy), given by:

dy > — 51
0= 2Uf

S. Biswas et al. 1° do not correlated the flame quenching at the orifice directly with its diameter.
However, they proposed to evaluate the Damkohler number at the orifice exit to characterize the
main chamber ignition mechanism. The two mechanisms proposed by the authors are based on
the presence or absence of active radicals (e.g. OH) in the jet, which evidence the flame passing
or flame quenching at the orifice, respectively. For methane, the authors found that the transition
between mechanisms occur at a Damkoéhler number range between 300 and 350. The use of a
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non-dimensional number such as the Damkdéhler number, allows to transfer this knowledge from
test rigs to engine-like conditions.

Therefore, the Damkéhler number calculated based on the orifice exit conditions can be used
as a flame quenching quantification parameter. For torch ignition systems, where there is no flame
quenching at the orifice, the Damkodhler number should be at least equal or greater than the
reference case, whereas for jet ignition systems, where there is flame quenching at the orifice,
the Damkdohler number should be at least less or equal than the reference case.

The Damkohler number is the ratio of the characteristic eddy turnover time (z;) to the
characteristic chemical reaction time (z,), as described by:

l
Da = I _ I/u’

_’[L _SL/S
L

5.2

where [, u’, §, and S, are the integral scale (proportional to the orifice diameter), the turbulence
intensity (proportional to the jet velocity), the laminar flame thickness and the laminar flame speed
(both depend on the composition and thermodynamic conditions), respectively.

When reproducing a multi-orifice reference PC into a single orifice PC using the methodology
presented at the previous sections, it is expected that the jet velocity would be preserved and the
orifice diameter would be increased. This approach leads to increasing the characteristic turbulent
eddy turnover time in comparison to the reference case and, in some cases, could prevent the
flame quenching at the orifice when it should occur. Therefore, one of the possibilities to preserve
the flame quenching at the orifice is to proportionally increase the characteristic chemical reaction
time by adjusting the equivalence ratio. In the previous example, a lower equivalence ratio would
provide a thicker and slower laminar flame, increasing the characteristic chemical reaction time
and recovering the Damkoéhler number of the reference case. However, it is worth to mention that
modifying the equivalence ratio also has some secondary, but important, effects (i.e. worse
conditions to flame propagation at pre- and main chambers) that could affect the PC pressure
rise rate.

6. Conclusions

In this work three relations between the geometrical and the engine operating parameters
have been identified and presented: A,/(Vpc N), do/(L? N) and the Damkohler number. The
conservation of the first relation between two pre-chambers, assuming a similar pre-chamber
combustion process, ensures an identical pre-chamber pressure rise rate in both cases, whereas
the conservation of the second relation allows to preserve the relative jet penetration rate even at
a different engine speed. This is possible as a result of a scaled mass flowing in and out of the
pre-chamber according to its volume, engine speed and distance to the walls, given by the
effective flow area determined from those relations. The fulfillment of the third relation, the
Damkohler number, guarantees that the flame quenching phenomenon is also reproduced.

Moreover, the following conclusions can be deduced from this study:

e The design criteria presented in this work serves as a guideline to reproduce
reference pre-chamber geometries under simplified conditions, keeping as much as
possible the flow conditions, the thermodynamic parameters and the jet
characteristics.

e Fortorch ignition systems the Damkdhler number calculated based on the orifice exit
conditions should be at least equal or greater than the reference case, whereas for
jet ignition systems the Damkoéhler number should be at least less or equal than the
reference case.

e The most convenient situation is when a “sector” (i.e. the volume and flow area are
divided by the number of orifices) of a multi-orifice PC is reproduced. Only in this way,
the Damkohler number and the thermodynamic conditions are preserved
simultaneously, maintaining the turbulence intensity and the integral scale, as well as
the characteristic chemical time. For any other choice, there will always be a
compromise between faithfully reproduce the thermodynamic conditions (preserving
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A./(Vpc N)) and the relative jet penetration (preserving d,/(L* N)), or the flame
quenching phenomenon (preserving the Damkdhler number). A possible way to
address this problem is to play with the PC parameters so as to correctly reproduce
both the thermodynamic conditions and the relative jet penetration, paying also
attention to increase the Damkdhler number if the reference case works in the flame
ignition regime, or to decrease this number if the reference case operates in the jet
ignition regime.

e Inthe case that the sector approach results in a unfeasible (i.e. too small) PC volume,
the recommendation is to stablish a minimum volume and then identify the orifice
diameter to satisfy the relation A,/(Vpc N) to preserve the PC thermodynamic
conditions. From this diameter, the Damkohler number needs to be calculated and
compared to the reference case, so as to assess if it is necessary any adjustment on
the chemical reaction time to maintain the Damkdéhler number as close as possible to
the range representative of its ignition mechanism.

e Although it was not the main objective of this research, the methodology approach
presented in this work can be used to transfer information among different engine
sizes. For instance, the knowledge of pre-chambers for large bore engines can be
transferred to pre-chambers of passenger cars, and vice versa, serving as a design
tool to new pre-chamber geometries, regardless of its application.
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Notations
A, Effective flow area
A, Nozzle flow area
a Wiebe constant
CA10-90 Crank angle degrees between 10 and 90% of the fuel mass burned
CAD Crank Angle Degrees
Cp Discharge coefficient
CVyc Main chamber control volume
CVpe Pre-chamber control volume
Cy Specific heat at constant volume
dy Orifice diameter
Ecy Energy of a given control volume
Fy F/A equivalence ratio
(F/A)stoich Fuel to air ratio (in mass)
hy, Enthalpy associated to the mass transfer
ky Proportionality constant
L Distance between orifice exit and cylinder walls/piston surface
L Integral length scale
m Mass transfer between control volumes
Myiche Wiebe constant
N Engine speed (rpm)
n Engine speed (rps)
Pey Pressure

Qcn Chemical energy released by combustion of the fuel



Qcv Heat added in a given control volume

R Gas constant

S, Laminar flame speed

t Time from start of injection
Tey Temperature in a given control volume
Ucy Internal energy of a given control volume
U Initial axial velocity at orifice exit

u' Turbulence intensity
Vev Volume of a given control volume

v Jet velocity at nozzle exit

Vf Propagation velocity

Vo Flow velocity at the nozzle
Wey Work done by a given control volume
Xp Fuel mass fraction burned

671 Greek letters

y Specific heat ratio ¢, /c,

é Flame thickness

or, Laminar flame thickness

A6 Duration of combustion (Wiebe)

0 Crank angle degree

6, Start of combustion (Wiebe)

p Density

T Characteristic turbulent eddy turnover time
Tr Characteristic chemical reaction time

) Flow compressibility function
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