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Abstract — Experiments and numerical simulations have been carried out in order to understand the combustion of natural gas (NG)
under diesel cycle conditions. The study used a natural gas/air mixture with a pilot diesel fuel spray for ignition in a constant volume
combustion chamber. The experiments were carried out under conditions as close as possible to those existing in a gas engine
operating according to a diesel cycle. A three-dimensional (3D) numerical model incorporating complex interaction between the fuels
during combustion was used. Simulation results compare well with the experiments. It was shown that NG combustion in diesel
environments can be improved by using an injector with a great number of small holes and by increasing the injection pressure of

the pilot diesel fuel, in this case to about 60 MPa. [0 2001 Editions scientifiques et médicales Elsevier SAS
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Nomenclature

a; finite-difference coefficients

Ap  pre-exponential factor . . . .. .. .. m3-kg
Ags effectivearea. . . ... ... ... ..

Cq discharge coefficient

Cr reaction spread factor

D  diffusonflowrae. ... ... .. ..

Ep ectivationenergy .. ... ... ... kJ-
F  convectionflowrate. . . ... .. ..

M OMESS ..

P pressure . ... ...

Png,o0 stagnation pressure of natural gas

Rm fuel reaction rate in multi-fuel kg:m
Rs fuel reactionrateinsinglefuel . . .. kg-m

Rng gas constant of natura gas

Ry universal gasconstant . . . .. .. ..
Sc  linearised source term

Sy source term in the model

T  temperature
temperature of natural gas

Tng

* Correspondence and reprints.
E-mail address: MMbarawa@techpta.ac.za (M. Mbarawa).

°C
°C

Tng,o Stagnation temperature of natural gas
t time
X mass fraction

Vng injection velocity of natural gas . .
U, Ug,U; wvelocity .. .............
Zng natural gas compressibility factor
Greeks letters
¢ dependent variable
Yng specific heat ratio of natural gas
Ty eddy diffusivity . .........
o density . . . .............
Subscripts
C point indicator
E,W,N,S,T,B faceindicators
f fuel
g gaseous charge
ng natural gas
m mixture
O oxygen

stagnation value

single fuel
r,0,z cylindrical co-ordinates
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1. INTRODUCTION

A shortage of crude oil is expected during the early
decades of this century. In addition, air pollution is be-
coming more serious and tighter regulation of both ‘lo-
ca’ and ‘global’ emissions from engines is anticipated.
This has resulted in an increased interest to use natural
gas (NG) asfuel for internal combustion engines. Natural
gasresourcesare vast, are widespread geographically and
are not limited to politically sensitive locations as is typ-
ical for crude oil. Based on current consumption rates,
the estimated total, recoverable gas, including proven re-
serves, is adequate for almost 200 years [1]. To benefit
from the use of natural gas in internal combustion en-
gines, it is necessary to understand its combustion under
the appropriate conditions and to study the effects of var-
ious parameterson it.

Natural gas combustion is characterised by along ig-
nition time delay [2-5] and cannot be used directly as
afuel for an internal combustion engine using compres-
sion ignition (that is, working on a diesel cycle). Hence
some type of ignition aid isrequired. Dua fuelling (DF),
is one practical way to use natural gasin such an engine.
In this approach, NG and air are inducted into the en-
gine cylinder and the mixture is then ignited by a pilot
diesel fuel spray directly into the combustion chamber.
Theinclusion of natural gaswith the air modifiestheini-
tial combustion process of the pilot fuel spray which is
acting as the source of ignition. Although many studies
have been reported on the performance and emissions
of dual-fuel engines [2-10], the complex DF combus-
tion processes mechanisms which involve the modified
ignition delay, diffusion burning, flame propagation and
possible flame quench are unclear. The objective of the
present work is to study, at a fundamental level, these
combustion processes.

2. EXPERIMENTAL SETUP AND
PROCEDURES

A cylindrical, constant volume combustion bomb
(CVCB) was designed, in order to simulate in abasic ap-
paratus the conditions of high temperature and pressure
in diesel engines at the end of the compression stroke. It
allowed convenient observation of the combustion of the
pre-mixed natural gas—air mixture ignited by pilot fuel
injection. It is electrically heated and is pressurised so
that the pre-ignition conditions can be obtained in quies-
cent conditionsfor its natural gas—air mixture. Its dimen-
sions are 108 mm bore and 30 mm depth. Figure 1 shows
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the construction of the CVCB. A single shot diesel injec-
tion system was developed from an in-line fuel injection
pump giving characteristics identical to those in a diesel
engine injection system. A needle typeinjector with four
holes was mounted vertically on the centre of the upper
face with the spray from each orifice oriented with an
angle of 15° downwards relative to the horizontal. The
injection pressure and the needle lift signal were mea-
sured to determine the injection conditions. The tempera-
ture, which varies with location and time, and the instan-
taneous pressure which is uniform at any instant in the
chamber were measured, respectively, with athermocou-
ple (type K, 2 mm diameter) and a water-cooled piezo-
electric transducer. The thermocoupl ewas mounted at the
mid-radius on the upper face giving an approximate, av-
erage temperature. Acquisition and processing of these
signals were carried out on a computer.

Thetest conditionsused in the CVCB are summarised
below:

Initial temperature; 580-950 K.

Initial pressure: 1.5-4.5 MPa.

Four-hole injector: 0.2 mm diameter per hole.

Pre-set injector pressure: 20 MPa.

Diesel mass injected: 27-57 mg.

An illustration of the full CVCB set up is shown in

figure 2. A more detailed description of the experiment
and of the procedures has been given by Mbarawa [11].

3. NUMERICAL MODEL
3.1. Model description

A simplified 3D, finite volume model [12] has been
developed for simulation of the DF combustion in the
cylindrical constant volume combustion bomb. The model
incorporatesthe main processestaking placein the cham-
ber, i.e., fuel spray development, spray impingement on
the wall, droplet evaporation, heat transfer and combus-
tion which include the complex interaction between the
fuels. The NG may beincorporated into the system either
pre-mixed with air or injected in a separate spray near to
the diesel injector. In this study, only the DF combustion
with pre-mixed NG is reported. The diesel fuel is simu-
lated in a similar although simplified manner to that of
anormal diesel engine.

In the formulation, a cylindrical co-ordinate (r, 0, u)
system has been employed in which velocity components
are denoted by (U,, Uy, U;). The turbulence model is
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Figure 1. Dual-fuel constant volume combustion bomb: (1) cylinder head; (2) top outer casing; (3) combustion chamber; (4) middle
inner casing; (5) bottom outer casing; (6) heating element; (7) insulation blanket; (8) copper ring; (9) injector clamp; (10) injector;

(11) water-cooled injector holder.

described by means of the k—e eddy diffusivity model
of Launder and Spalding [13]. The governing equation
consists of equations for continuity, momentum and
energy in cylindrical co-ordinate expressed in general
form asfollows:

d(og9) n 13(pgrUrd) n 13(pgUs¢) | 3(pgUz¢)
ot r or r 00 0z
(o) LD (i)
r or or rog \ r a0
0 g\
—3—Z<F¢3—Z>—S¢ )

where:

e (¢) represents the dependent variables which denote
either the mass fractions of the chemical species, the
specific enthalpy or the momentum (U,, Uy, U;) due the
digtillate evaporation as required;

o [y isthe effectivediffusity;
e S, isthe sourceterm,
e p isthedensity.

In reality, diesel fuel consists of many different com-
ponents. However, because the diesel fuel in this dual-
fuelling application supplies only a small proportion of
the overall energy, it is, for simplification, considered
here only as a single substance C12H2g. This provides
an approximate, average value of its properties. In this
model, 16 chemical species are considered. They are
diesel vapour (C12H2g), the NG fuel components (CHyg,
C,Hg, C3Hg), 12 dissociated speciesof air, NG and com-
bustion products, H, O, N, Hz, OH, CO, NO, O, H20,
COy, Ho, and N».

3.2. Solution of the partial differential
equation

In the current model, equation (1) is discretised by
using a control volume, finite difference method as
suggested by Patankar [14]. The equation for ¢ can then
be expressed as follows:

acpc = awpw + aePE + angN + asps

+ar¢T + agPs + sc 2
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Figure 2. Experimental set-up: (1) compressed air; (2) com-
pressed gaseous fuel; (3) control panel; (4) air-gas line; (5) in-
let valve; (6) thermocouple; (7) water cooled injector; (8) con-
stant volume combustion bomb (CVCB); (9) heater power sup-
ply control; (10) oscilloscope; (11) PC; (12) data acquisition;
(13) charge amplifier; (14) fuel pump; (15) pressure transducer;
(16) fuel line; (17) outlet valve; (18) safety valve.

where, a; (i = E,W,N, S T,B) are finite difference
coefficients around the point. The convection—diffusion
flux is evaluated using the power-law scheme.

F \°
a; = D; [o, (1—0.1‘5) ]+[0,—Fi] 3

where, F is convection flow rate and D is the diffusion
flow rate.

3.3. Computational method

A finite-difference equation for each cell derived from
equation (2) is solved implicitly in terms of time and
space. All unknown variables at the next time step
in every grid point are obtained by a Gauss-Seidel
iteration [14]. The source or sink terms required in
the model are obtained from the sub-models of the
pilot distillate injection, dual-fuel combustion and hesat
transfer as described below.

The injector with its four equally spaced-holesis cen-
tred in the combustion chamber enabling the computation
to be confined to one quarter of the chamber. For this, the
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computational domain consisted of a single sector with
40 radial grid points, 44 in the azimuthal direction and 24
in the axia direction. Before the computational calcula-
tions were performed, a convergence grid study was un-
dertaken, details of which are provided in Mbarawa[11].

3.4. Sub-models

Many sub-models were required but only the most
significant will be discussed here.

3.4.1. Diesel fuel injection and its
trajectory

The approach, developed by Hiroyasu and Nishida
[15], was used for the fuel flow rate and spray penetra-
tion. The spray was assumed to be conical, divided ar-
bitrarily into many 3D parcels. The spray cone was seg-
mented at every calculation time step in the spray growth
direction (L), into 3 layersin the radial (M) direction and
8 divisions in the circumferential (N) direction. The ra
dial layer divisionin the N direction was staggered. The
evaporation process was modelled from a quasi-steady
analysis of a single droplet based on its heat and mass
transfer. Spray parcels reaching the wall were assumed
to move radialy along it from the impingement. The
dropletsin each spray parcel were assumed to be spheri-
cal with identical size, velocity and properties.

3.4.2. Mixed burning of diesel fuel and
natural gas

Chemical reaction schemes are available for simple
hydrocarbons but these are not readily applicable to
3D modelling of either diesel or dua-fuel combustion.
The basic model used is that given by Westbrook and
Dryer [16]. That is, a simple global model, equation (4)
of the fuel burning rate has been adopted.

_EA
Rs=—Anpg ™" X{ X0, exp(m) (4)

Values for the various constants (Aa, a, b, and Ea)
appropriate to the present study are givenin tablel.

The single fuel reaction rate of equation (4) considers
only one fuel and the oxygen mass fractions. In the
case of dual-fuel combustion, several fuel species react
simultaneously modifying the diesel fuel combustion
which is providing the ignition. All these fuel species
are involved in the oxygen reaction and will interact to
stimulate the chain reactions of others. Hence, a“reaction



Experiments and modelling of natural gas combustion

TABLE |
Data for combustion calculations: constants for single-fuel
reaction rates.

Fuel type Ap (Mm3kglst a4 b3 E, kImoll
Diesel (C2Hae) 6.96 x 10° 125 150 100000
Methane (CHa) 1.87 x 108 070 1.30 202000
Ethane (CoHs) 8.11 x 108 110 1.65 125000
Propane (C3Hs) 6.16 x 10° 110 165 12500

spread factor” CRr, [12] was introduced to evaluate the
effect of the individual fuel reaction rates on the multi-
fuel combustion. It applies to each fuel component i, i
varying from 1 to n, where n is the number of individual
fuels. To understand this, assume that the reaction rate of
each fuel parcel, which consists of one of the n different
fuelsinthe mixture, is Rm;, when burning in the presence
of all the other fuels. If it is defined such that the total
reaction rate of the mixture Ry, can be obtained by
summing the individual values, then:

Rm=7) Rm (5)
i=1

The value of Ry will not be identical to the reaction
rate Ry determined from equation (4) for the same
fuel reacting alone at its appropriate mass fraction.
To accommodate this difference, the presence of the
other burning speciesis approximated by introducing the
“reaction spread factor” which assumes that the principal
modifying effect of the other fuels stems from their mass
fractions. When applied to the global multi-fuel reaction,
it gives:

4
i—1 Z‘:lR&j
Rm=RsiCR; ",  Cri=="7—> (6)
S,i

Consider the burning of diesel fuel in a NG/air
mixture. If the NG proportions approach zero, al the
fuel species other than those of the diesel fuel become
negligible. The reaction spread factor for the diesel
fuel becomes unity (equation (6)) and its reaction rate
calculated by this method isidentical to that of the diesel
fuel from equation (4). The same argument appliesto any
of the other fuel species. However, when more than one
fuel isin significant quantities, the reaction spread factor
isnot unity and the overall reaction rate from equation (6)
is modified from that of equation (4).

Once an overall reaction rate has been determined,
the procedure within the computational domain is rela-
tively straightforward. That is, the temperature and hence

the equilibrium combustion products can be calculated
using well-known methods such as that of Olikara and
Borman [17]. Subsequently, the heat release rate follows
from the enthal py difference of the productsand reactions
depending on their compositionin each cell.

3.4.3. Pre-mixed NG addition

In the current research, only DF combustion with pre-
mixed NG isbeing studied. However, in the original code,
an injected NG option isavailable [18].

During the pre-mixed DF combustion studies, the
mass of gaseous fuel can be determined simply from
the ideal gas equation of state using the partial pressure
of each constituent at the beginning of the test. Thisis
because the pressureislow. In the case of DF combustion
studies with injected NG, the NG injection rate was
cal culated from theisentropic, compressible, choked flow
equation using a non-ideal gas equation (7). This is
because the NG was injected under very high pressure
into the chamber. The NG compressibility factor was
determined by the Benedict—Webb—Rubin eguation of
state according to the mole fraction of its constituents.
NG assumed to be 94.1% methane, 2.8% ethane, 0.1%
propane, 1.5% carbon dioxide and 1.5% nitrogen. The
mass injection rate of NG is calculated using:

dmng B CyAeff Png,o)/r?gs < 2 )(Vng+1)/(2(7/ng—1))

dr (anRnngg,o)0'5 Yng+1 @

7

The injection velocity is assumed to be equal to the local
speed of sound:

Vg = (¥ngZngRng Tng,o)o'5 (8)

4. RESULTS AND DISCUSSION

4.1. Model calibration against constant
volume combustion bomb
experiments

A number of dynamic pressure traces of combustion
within the combustion bomb were obtained for a series of
different initial conditions using both diesel fuel injected
into air only and diesel fuel injected into an NG/air
mixture. For comparative purposes, the numerical results
were computed for the same initial conditions as those of
the experiments.

Typical traces can be seen on figure 3 (a) and (b) for
diesel fuel only and for pre-mixed NG DF combustion.
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Figure 3. (@) Comparison of the calculated and measured
bomb combustion pressure of diesel fuel combustion. Initial
conditions: Py = 3.65 MPa, Tp = 773 K, diesel injected: mjy =
55 mg; (b) Comparison of the calculated and measured bomb
combustion pressure of pre-mixed natural gas combustion.
Initial conditions: Py = 2.5 MPa, Tp = 773 K, diesel injected:
min = 32.7 mg, partial pressure of natural gas = 0.13 MPa.

These differ from traces obtained in engine tests due to
the lower ignition conditions, the quiescent nature of the
combustion and fact that no volume expansion occurs
as the combustion progresses. The decay following the
combustion peak is predominantly dueto the heat transfer
only in the numerics while in the experiments the time
constant of the pressure transducer providesan additional
effect. The numerical heat transfer model may require
some improvement but the good agreement to the point
of maximum pressure indicates that it is adequate. Some
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TABLE 1l
Basic settings for the simulation.

Initial pressure (MPa) 3
Initial temperature (K) 800
Partial pressure of NG (MPa) 0.2
Number of nozzle holes 4
Nozzle hole diameter (mm) 0.2
Injected mass of diesel (mg) 32.76
Diesel injection pressure (MPa) 30
Diesel injection duration (ms) 155

pressure leakage from the bomb may have occurredin the
experiments but tests for this indicate that it is minimal.

Noticeable differences can be detected between the
diesel and DF trace. Comparing the two, it can be
seen that the typical pre-mixed DF trace has a longer
ignition delay, reaches maximum pressure later and is
a two stage process, where the burning begins slowly
and then accelerates before slowing again in the find
burnout. The acceleration in the combustion is where
the natural gas conditions become such as to support a
rapid flame development through the unburned mixture
away from the spray zone. The diesel trace shows a short
ignition delay followed by a sharp pressure rise with a
shorter time to reach the maximum combustion pressure.
Generally, the simulation results show good agreement in
both cases of DF and diesel fuel combustion.

A further, parametric study using the numerical simu-
lation was carried out to examine the effects of both pi-
lot injection pressure and number of nozzle holes on the
combustion of the pre-mixed natural gas—air mixture. For
this study, the dimensions of the combustion chamber for
the numerical analysis were taken as being identical to
those of the experimental constant volume combustion
bomb but the other parameters, such as air charge tem-
perature, pressure and diesel injection pressurewere sim-
ulated using higher values similar to those which apply in
real natural aspirated diesel engines. The basic conditions
taken for the study are shownintablell.

4.2. Effect of the pilot injection
pressure

The effects were evaluated in the present study by
examining four different injection pressures as shown in
tablelll.

Figure 4 shows pressure traces for different diesel
fuel injection pressures. In all four cases during the early
stages of combustion, the burning of the gaseous fuel is
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TABLE Il
Injection pressure settings.

CaseK1l CaseK2 CaseK3 CaseK4

Diesel injection 120 60 30 20
pressure (MPa)

Diesel injected 26.7 26.7 26.7 26.7
mass (Mg)

Nozzle hole 0.123 0.148 0.178 0.2
diameter (mm)

o

Bomb Pressure (MPa)

—e— P, .= 120 MPa
4 —_— Pos = 60 MPa
———— Pinj = 30 MPa
—a— P = 20 MPa

I||||I||||I||||I||||I||||I||||11n|3|||I||||I||||
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Elapsed Time (ms)

Figure 4. Effect of injection pressures on bomb combustion
pressure partial pressure of natural gas: Pgs = 0.2 MPa.

restricted to a small region near the injector. Thisis due
to the high combustion temperature resulting from the
initial, rapid combustion which tends to vaporise the fuel
spray so quickly that the liquid fuel is unableto penetrate
deeply into the combustion chamber. As the combustion
continues, a sowly propagating flame front carries the
combustion across the chamber. When the pilot-diesel
injection pressureisincreased from 20 MPato 120 MPa,
the rate of rise of the combustion pressure increases.

The methane starts to burn between 1 and 2 ms after
the diesel fuel injection is completed. Following this, the
flames from the variousignition centres originating from
the pilot diesel fuel propagate throughout the chamber.
Asthe pilot diesel pressure increases, the methane burns
faster. As shown on figure 5, at a time of 40 ms, about
26 mg of methane (case K1) has burnt compared with
the case K4, where only about 14 mg of methane has
burnt. The reason is that, with greater pilot injection
pressure, the outlet velocity and spray penetration have
increased. This produces alarger quantity of well-mixed
combustible gas before ignition consisting of the two
fuels. As a result, the pilot fuel will burn faster which
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4 8 12 16 20 24 28 32 36 40
Elapsed Time (ms)

Figure 5. Effect of injection pressures on the mass of unburnt
methane partial pressure of natural gas: Pgs = 0.2 MPa.

in turn will increase the activity of the partial oxidation
reactions by increasing the overall temperature, thereby
providing alarger combustion zone.

Spatial variations of gas temperatures are plotted
a 16 ms after injection to examine the combustion
and flame propagation through the air-NG mixture.
These contours plots are drawn aong the pilot distillate
spray axis (figure 6). It can been seen that the flame
propagatesinto theinner region of the diesel spray plume
while simultaneously progressing outwards across the
combustion chamber.

4.3. Effect of number of nozzle holes

Effects of number of injector nozzle holes on com-
bustion were evaluated by investigating three different
injectors with the same diesel mass flow rate. For this
to be achieved, the nozzle hole diameters were reduced
as their number increased. Three injector configurations
were used with two, four, and eight holes respectively as
shown on table V.

TABLE IV
Nozzle parameter settings.

CaseN1 CaseN2 CaseN3
Number of nozzle holes 2 4 8
Nozzle hole diameter (mm) 0.14 0.2 0.28
Diesdl injected mass (mg) 32.76 32.76 32.76
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Figure 7. Effect of number of nozzle holes on bomb combus-
tion pressure partial pressure of natural gas: Pgs = 0.2 MPa.

The effect of the number of such nozzle holes on the
combustion pressure is shown in figure 7. Only a small
change, if any, occursin the ignition delay. However, the
overall effect isthat the pressurerise rateisfaster with an
increasing number of holes. Thisis because more natural
gasisignited early in the combustion process.

As shown in figure 8, the mass of unburned methane
reduces as the number of holesincreases, alarger change
occurring between 4 and 8 holes than between 2 and
4 holes. This shows improved early ignition of the gas
phase occurswith more nozzle holes of smaller diameter.

934

5 F
E F
= 27F
o
g 24F
('] o
a C
P 21F
g -
18F
g .
a 15F
2 F—e— 8holes, d=0.14 m
& 12F—4— 4 holes, d = 0.20 mm
D F—=%— 2 holes, d = 0.28 mm
gbLL pl o b b b b b g
0 5 10 15 20 25 30 35 40

Elapsed Time (ms)

Figure 8. Effect of number of nozzle holes on the mass of
unburnt methane partial pressure of natural gas: Pgs = 0.2
MPa.

In addition to the effects of pressure which is constant
throughout the chamber at any one instant during com-
bustion, it is again informative to examine properties that
vary locally position. For this, the spatial variationsof gas
temperatures are plotted 8 ms after injection on figure 9.
These contour plots are drawn along the pilot diesel spray
axis. The differencesin plots between the 8 hole nozzle,
4 hole nozzle and 2 holes nozzle are due to the changein
symmetry for the ssimulation although all give compara-
ble information. From these, it can been seen that while
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Figure 9. Contour plots of gas temperature for different number of nozzle holes: (a) 8 holes nozzle; (b) 4 holes nozzle; (c) 2 holes
nozzle.

the radia penetration achieved by the flame is actually
lower with more nozzle holes, the proportion of the vol-
ume engulfed by it is larger. That is, the basic effect is
that each nozzle hole services a smaller volume of the
chamber.

5. CONCLUSIONS

This study was undertaken to improve the understand-
ing of how apilot injection of diesel fuel affectsthe com-
bustion of a natural gas—air mixture in an environment
approximating that of a diesel cycle. After calibration of
a 3D numerical model by combustion bomb tests, para-
metric studies were carried out which varied:

o the pilot injection pressures and

e the number and size of nozzles holes for afixed diesel
fuel flow rate.

Through an analysis of the combustion process, the
following conclusions were reached:

(i) The numerical model gives a very good agree-
ment with experimental results in predicating the com-
bustion pressure. However, at the tail of the burning pe-
riod, the experimental results fall more rapidly than do
those of the simulation.

(i) When the injection pressure increases from
20 MPato 60 MPa, the combustion pressure increases
by 30% at about 40 ms after injection. The higher fuel

injection pressure gives a faster combustion of the nat-
ura gas. The results show that a high injection pressure
has the beneficia effect of increasing the performance of
dual fuel combustion.

(iii) For the same mass flow rate of diesel fuel, an in-
creased number of holes of smaller diameter increases
the early, premixed combustion due better fuel distrib-
ution and fuel vaporisation. The rate of burning of the
natural gasis enhanced because the larger number of ig-
nition centres from the pilot diesel fuel are distributed
more widely throughout the chamber. As aresult the per-
formance of the dual fuel combustion improves.
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