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Abstract

A high-pressure combustion system able to provide stable continuous combustion of a liquid fuel spray under closely c
reproducible steady conditions at pressures approaching those of diesel engine operation is described. The system provides r
and time for gaseous and particulate samples to be taken for analysis from the exhaust and selected locations inside the flame. Me
provide data for comparison with available mathematical models. A relatively fast and efficient spray combustion model, includ
formation and oxidation, has been used to compare the predicted values with the results of the experimental tests at a gauge
2 MPa.

The computer programme qualitatively predicted the influence of pressure and input equivalence ratio on the formation and dist
soot inside the combustion chamber. Increasing peak soot concentration at higher pressure and higher input equivalence ratio wa
and predicted, with off-axis maximum values in an annulus around the axial peak value. Measurements of primary-particle diamet
agglomerates sampled at different operating conditions and locations in the spray flame gave number-mean primary-particle diam
range 20 to 50 nm. Larger values were measured at the highest chamber pressures and input equivalence ratios.
 2003 Éditions scientifiques et médicales Elsevier SAS. All rights reserved.
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1. Introduction

Soot particulate emissions from diesel engines ar
major factor limiting the more widespread adoption of th
engines as automotive power plant. The processes ta
place in a diesel engine during combustion of a fuel spray
complex and computer models describing them need t
experimentally validated with precise data. Prediction of
exhaust smoke levels requires a knowledge of the forma
and oxidation mechanisms of carbon particulates and
understanding of the effect of the governing properties
the kinetics.

Measurements of particulate matter inside the comb
tion chamber of a running diesel engine are difficult to ma
while measurements in the exhaust need to be carefully
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E-mail addresses: r.j.crookes@qmul.ac.uk (R.J. Crookes),
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hobina@dmu.ac.uk (H. Rajakaruna).
1290-0729/03/$ – see front matter 2003 Éditions scientifiques et médicales
doi:10.1016/S1290-0729(03)00029-2
related with in-cylinder events. It is necessary, therefore
validating computer models, to have experimental data
der carefully controlled steady conditions. Laboratory
burners usually operate at conditions remote from thos
diesel engines and combustion bomb, shock-tube and r
compression machine experiments have similar spatial
temporal limitations to engine tests. Soot volume fracti
may also be so high, at elevated pressures, that light ob
ration limits optical measurement techniques and reso
physical sampling is necessary.

A high-pressure combustion system designed to pro
stable continuous combustion of a liquid spray under
producible conditions, at pressures approaching those o
diesel cycle, is described. The system provides sufficien
cess and time for samples to be taken for analysis from
exhaust and selected locations inside the flame. Mea
ments from this system provide data for comparison w
available mathematical models. A relatively rapid, effici
spray combustion model has also been developed, to
dict the effect of pressure and input mixture strength on s
Elsevier SAS. All rights reserved.
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particulate emissions from the experimental system at ga
pressures up to 2 MPa.

2. Experimental

The high-pressure combustion installation (Fig. 1),
focused on a specially developed combustion cham
shown in Fig. 2, which has evolved from earlier, low
pressure variants [1]. The chamber, designed for a wor
pressure of up to 10 MPa, is constructed of interlock
and inter-changeable stainless-steel units with a varia
area exhaust (nozzle-plunger) system (Fig. 2) for pres
regulation. When fully assembled the overall length is 0.
with diameter 0.15 m.

Air is supplied from a three-stage compressor at 6.5 M
to a high-pressure receiver through a condensate rem
and drier arrangement. The fluctuation-damped, press
regulated air stream passes through a flow straighten
ensure plug-flow conditions along the chamber. A gravim
ric balance with a digital read-out and a digital flow me
monitor the fuel flow rate to a standard multi-cylinder die
fuel pump. All outlets of the pump are connected to a hi
pressure accumulator to provide a low-fluctuation comm
rail fuel supply to a single injector. The injector nozzle ha
throat diameter of 0.2 mm and a length/diameter ratio o
A fully atomised spray at an injection pressure of 24 M
gives a diesel fuel mass flow rate of 3.4 g·s−1 in a single
continuous spray along the chamber axis in the same d
tion as the air-flow. This is the lowest sustainable (blocka
free) flow rate though other flow geometries are possi
including swirling air flow and radial fuel injection. The in
put equivalence ratio can be varied from about 0.7 to
by regulation of the air flow for constant fuel supply ra
High-pressure nitrogen gas cuts off the fuel supply to the
jector before and after each test to prevent leakage into
chamber at lower pressures. The fuel used was Shell
Oil with composition (percentage by mass):C (85.44),H
(12.49), andS (0.43). The spray is ignited initially by mean
of a gas-turbine igniter after which continued combustio
self-sustaining.

Two 12 mm diameter water-cooled, stainless-steel pro
have been used: an axial probe located inside the mo
plunger of the exhaust nozzle-plunger system, and a ra
probe through a sampling port in the sampling sect
which is relocateable along the chamber. Soot is colle
on fibre-glass filter papers in one of two parallel sea
units, after stable conditions have been established.
concentration of soot in the sampled gases is determ
from the mass collected in a recorded time at the ste
conditions, together with the metered flow rate of
sample. Measurements are normalised1 to conditions of

1 ‘Normalised’ is used here to indicate that measurements of conce
tion have been presented for a common standard condition of 101.3 kP
288 K and not non-dimensionalised.
l
-

l

Fig. 1. High-pressure combustion chamber and fuel supply system

Fig. 2. Soot particle agglomerate size distribution in confined spray fl
at different chamber axis locations at 2.1 MPa and stoichiometric i
equivalence ratio.

standard temperature and pressure or, where approp
given at local chamber conditions. Small quantities of s
have also been collected on special grids for examinatio



R.J. Crookes et al. / International Journal of Thermal Sciences 42 (2003) 639–646 641

era
The
s, a
sing

stion
with
up t

ults
ide
the
cal
g,
ber
the

atur
ete
ity
tion
The

plet
as-
l is
ase
rty
uid
the
the
].
ss,
an-
the
re

the
s a

-
he
ns-
ut

ved
e-
da-
del
ud-
is,
ich

here
lit-
een
sure

ed
r) to
for

tes,
sure
r-
tor.

am-
, rela-
s of
and

ary-
l po-
the
Pa.
oot
re
us-
ber
me-
ag-

rom
ar-
ures
ntal
nd 4

der
wn

le,
n-
id-

rt of
lite

ase
hout
uel
ray
the

be

n of
a transmitting electron microscope fitted with a CCD cam
able to produce images at 500 000 times magnification.
gas sample is passed either through heated or chilled line
appropriate, to the standard, regulated emissions analy
instrumentation. Tests have been conducted at combu
pressures between 0.5 and 3 MPa. Results of tests
exhaust gas sampling and in-chamber measurements
1.6 MPa have been reported elsewhere [2–4].

3. Predictive model

The computer model used to obtain the predicted res
can be applied, with wide parametric variation, to prov
rapid feedback [3,5]. In the model it is assumed that
system is a continuous liquid-fuel spray (axi-symmetri
with circular cross-section) burning within a co-flowin
uniform air stream inside a cylindrical combustion cham
under steady conditions. The boundary conditions are
same as the experimental values for pressure, temper
and air and fuel flow rates. A selected Sauter-mean-diam
droplet value and empirically determined droplet veloc
are used, based on the experimental injector specifica
The properties of gas oil, where available, are used.
model is of theLocally Homogeneous Flow (LHF) Type,
where the liquid phase is taken into account via a dro
evaporation sub-model, which runs in parallel with the g
phase Navier–Stokes solver. The novelty of the mode
that, it accounts for the changes in the bulk gas-ph
(due to liquid fuel evaporation) via an effective prope
approach, where the property changes resulting from liq
evaporation are allowed to propagate according to
k–ε turbulence model. A comprehensive description of
model and its applicability ranges are given elsewhere [5

To allow for liquid heating during the evaporation proce
the droplet sub-model contained in the code is of a tr
sient heating, spatially unsteady type [6]. The use of
LHF approach for modelling this type of spray is mo
suitable than the more rigorousdiscrete-droplet formula-
tion due to the high-density gradients encountered in
near injector regions [7,8]. Combustion is considered a
post-processed event, in amixed-is-burnt quasi-adiabatic ap
proach in which, to limit complexity and execution time, t
effect of combustion on mixing is neglected and heat tra
fer is treated indirectly by empirical adjustment of the inp
enthalpy.

The combustion product-species mole fractions, arri
at by minimising the total Gibbs function for each finit
volume cell, are used in the soot formation and oxi
tion kinetics sub-models, [9,10]. The soot formation mo
employed involves semi-empirical kinetic equations incl
ing functions of mixture fraction and temperature. In th
Narasimhan [9] arrived at a single first order equation wh
combined the rates of nucleation and surface growth. T
are, of course, many other soot formation models in the
erature and two more recent formulations [11,12] have b
compared elsewhere [3,4] by the authors at gauge pres
s

o

e
r

.

s

of 1.0 and 1.5 MPa and at 2.0 MPa [13] with the modifi
model of Narasimhan. This shows it (as is discussed late
be satisfactory for incorporating into the present model
spray combustion.

4. Results

4.1. Experimental measurements

Fig. 2 shows a sequence of soot-particle agglomera
sampled from within the combustion chamber at a pres
of 2.1 MPa and stoichiometric input conditions for diffe
ent axial locations at increasing distances from the injec
Measured primary particle-size distributions for these s
ples, based on several hundred particles are presented
tive to chamber location. Distributions and mean value
diameter are given in relation to both particle number
mass in the samples. A standard deviation,σ , on the former
basis, indicates the spread of diameters.

Fig. 3 illustrates the measured number-mean prim
particle size in agglomerates sampled at axial and radia
sitions (at a cross-section 0.41 m from the injector) in
chamber, again at the stoichiometric condition and 2.1 M
Corresponding variations of experimentally derived s
volume fraction2 and primary-particle number density a
also shown in relation to the sample position in the comb
tion chamber. While the soot volume fraction and num
density decline down the chamber the mean particle dia
ters seem to remain relatively constant. The measured m
nitude of all three parameters decrease slightly radially f
the axial value. Broadly, similar trends in number-mean p
ticle diameter at lean and rich conditions and other press
are shown in Fig. 4. The ranges of variables in experime
tests necessary to produce the comparisons in Figs. 3 a
are listed in Table 1 [13].

Two examples of particulate samples collected un
non-stoichiometric input conditions at 2.1 MPa are sho
in Fig. 5. The first is a highly magnified primary partic
sampled at mid-chamber, axial position with rich input co
ditions showing a turbostratic structure. The second at m
chamber, off-axis, under lean input conditions, shows pa
an agglomerate with particles exhibiting a wider crystal
spacing, possibly resulting from internal oxidation.

4.2. Computer model predictions

Fig. 6 shows the predicted contours of local vapour-ph
equivalence ratio and combustion temperature throug
the combustion chamber for a stoichiometric input air-f
ratio and a pressure of 2.1 MPa with diesel fuel. The sp
appears to remain rich, on the axis, for well over half
chamber length with the highest temperature shown to

2 Soot volume fraction is computed from measured soot concentratio
local conditions, assuming a value of 2× 103 kg·m−3 for the soot density.
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Fig. 3. Measured number-mean particle diameter, primary particle number density and soot volume fraction in agglomerate samples from differenal and
radial locations inside combustion chamber at 2.1 MPa and stoichiometric input equivalence ratio.

Fig. 4. Measured number-mean particle diameter in agglomerate samples from different axial and radial locations inside combustion chamberrent
chamber pressures and input equivalence ratios.

Table 1
Range of experimental tests

Controlled variable Pressure [MPa] Equivalence ratio Sampling location

Axial [m] Radial [mm]

Range 1.1; 1.6; 2.1 0.8; 1.0; 1.2 0.29; 0.41; 0.65 20; 40; 60

Measured parameter Soot conc [g·m−3] Particle size Standard deviatio

(volume fraction) distribution [nm] mean dia [nm] [nm]

Range 0–90 10–120 20–60 10–20
(0–45× 10−6)
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just outside the stoichiometric contour, off-centre. Fig
illustrates the effect of changing the input equivalence r
on the predicted soot distribution at 2.1 MPa. At the r
condition, soot concentration builds up and then redu
along the axis though the highest soot concentratio
predicted in an annulus around the axis. Burn-out is m
faster at the lean condition. The effect of changing
chamber pressure from 1.6 to 2.1 MPa on the predi
soot distribution at the stoichiometric equivalence ratio
illustrated in Fig. 8. While the patterns are alike and a
similar (though less intense) to the rich condition in Fig.
the concentration (at local conditions) is increased at
higher pressure and peak values are more focussed i
annular region around the axis.

4.3. Comparison between measurement and prediction

In Fig. 9, a comparison is made between experime
data at 2.1 MPa for input equivalence ratios of 0.8, 1.0
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Fig. 5. Primary particle (rich conditions) and agglomerate (lean conditi
showing crystallite structure at 2.1 MPa.

1.2 with computed axial values of local vapour-phase eq
alence ratio and soot concentration normalised to stan
conditions of temperature and pressure. The mixture is
all cases, rich initially on the axis of the spray, subseque
falling to the input value at the exhaust. There is exp
mental evidence in some cases, of a marginally leaner
chamber value, which is commented upon in the next
tion. The predicted variation of vapour-phase equivale
ratio is in favourable agreement with experimental data.
effects of both pressure and input equivalence ratio on
cal soot concentration shown in Figs. 9 and 10 are predi
to raise the peak value. When normalised to standard co
tions, for comparison with the experimental measurem
the curves in Fig. 10 fall closer together at the two pr
sures. There is qualitative agreement with experimental
at both pressures.
Fig. 6. Computed iso-contours inside combustion chamber of l
vapour-phase equivalence ratio and temperature at 2.1 MPa and sto
metric input equivalence ratio.

Fig. 7. Computed iso-contours inside combustion chamber of local
concentration at 2.1 MPa and input equivalence ratios of 0.8 and 1.2.

5. Discussion

The effects of input mixture ratio and chamber pr
sure are qualitatively predicted and illustrated, at the c
ditions of the experimental tests (Figs. 7–10) using the
rent model. The local conditions early in the spray, on
axis, are always rich relative to the input values and su
quently reach these values further along the spray. Co
tions favouring soot formation but not oxidation appear
prevail in the rich input spray-flame and soot concentrati
are predicted to remain relatively high towards the end of
chamber. At the lean input condition the predicted stoich
metric mixture contour rapidly closes on the spray axis
lean, high temperature conditions result in near total s
burn-out and low net soot concentrations. Burn-out is a
predicted to be well advanced at stoichiometric conditi
at the end of the chamber. In practice, experimental m
surements show chamber exit values to be relatively low
all the input conditions. This burn-out might account for
ultimate small rise in the measured local equivalence rat
the end of the chamber to the value of the overall input c
dition. At this location, measured values at 1.6 MPa [4] a
particularly at 1.1 MPa [3] were higher showing a lesser
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Fig. 8. Map of computed local soot concentration distribution inside combustion chamber at 1.6 and 2.1 MPa with stoichiometric input equivalenio.
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Fig. 9. Comparison of experimental data at 2.1 MPa and input equival
ratio of 0.8, 1.0 and 1.2 with computed axial values of local vapour-ph
equivalence ratio and standardised soot concentration.

gree of burn up. This follows logically from considerati
of relative flame length and residence time at the differ
pressures.

Soot concentration measurements at the position of
maximum magnitude in the tests—in the annulus at 20
radius, 0.41 m from the injector—showed an increasing
cus in this annulus with increasing pressure. For rich in
conditions, at 2.1 MPa, maximum measured soot volu
fractions (or concentration at local conditions) were 5
higher than at 1.6 MPa [13,14] and as much as six tim
Fig. 10. Effect of chamber pressure on axial values of local vapour-p
equivalence ratio and local and standardised soot concentration at sto
metric input equivalence ratio.

higher than at 1.1 MPa. For the rich input conditions, v
ues were more than an order of magnitude higher than
the stoichiometric condition. This is consistent with the s
concentration contours in Fig. 7 where the highest value
tour also passes through a radial displacement of 20 m
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mid-chamber length. At the lean input condition, the val
were several times lower. Experiments on spray [15–17]
vapourised hydrocarbon flames [18,19], mainly at press
below 1MPa demonstrated the influence of pressure an
put mixture composition, with the pressure dependence
ing an index higher than unity, becoming linear as press
increased [19,20]. This was attributed largely to fuel sp
preparation in the case of a kerosene spray [16] at pres
up to 1.2 MPa, though unlike in the present work, the sp
atomization was air-assisted by part of the combustion
Present tests indicate a stronger dependence.

In general, predictions indicate lower axial peak val
and steeper decay profiles of soot concentration as i
conditions become leaner. At the different pressures,
predictions (Fig. 10) produce normalised axial profiles w
similar peak height and length showing the results to s
with pressure as in [16]. A comparison of the predic
net soot concentration distribution along the chamber
using the soot formation models of Moss et al. [11], Nish
and Hiroyasu [12] and Narasimhan [9], has been made
the authors. For each pressure and input mixture ratio
cumulative soot formation and oxidation were compu
using a modified version of the in-house spray combus
model [3,4] with the three soot models with the sa
oxidation mechanism [10]. In all cases, the effect of mixt
strength and pressure on the net concentration were sim
and qualitatively predicted though there were quantita
differences and the model of Moss et al. was consiste
highest [13]. For the range of experimental data availa
the models of Narasimhan and Nishida and Hiroyasu w
relatively close, whereas that of Moss et al. varied fr
closest [3] to farthest [4] as pressure increased. On bala
the predictions using the modified model of Narasimh
were judged not to be significantly improved upon by u
of the tested alternative models [13]. The predicted p
values of net concentration are not exactly located by
limited experimental data available and the true maxim
values, which are predicted to be off-centre (Fig. 8),
course are not represented in axial diagrams. This is t
addressed by further experimental tests with more, clos
spaced measurements in the expected region of peak
concentration identified by the predictions.

The particle agglomerates in Fig. 2 have number-m
primary particle diameters in the range 20–50 nm (Fig.
This is also true for most conditions [3,4] and locations
amined (Fig. 4); such a size consistency follows if nuc
ation is the dominant formation mechanism at elevated p
sures [20,21]. The sizes are in line with those of diesel
gine exhaust particles, while the primary-particle size d
tributions (within an agglomerate) cover a range from 10
over 100 nm. Mean values were observed to be highe
the higher pressure and richer conditions. These are h
than the values found by Fang et al. [22] in a swirl-stabilis
spray burner under lean overall conditions at atmosph
pressure. That the mean value increases very slightly
tween mid-chamber and the exhaust is in agreement with
s

t

,

t

r

findings of Fang et al. They attributed an increase in m
particle size over this span of chamber length-to-radius
tio to a particle growth region. In the present tests, howe
this region is one of predominant oxidation and the proba
mechanism is one of a self-sustaining size distribution w
a net reduction in concentration. This results from a co
plete consumption of the smaller particles and gradual
reduction of the largest.

The high magnification electron microscopy reveal
regular pattern of crystallite spacing in Fig. 5 of the ord
of 0.38 nm, a value similar to that found in graphite [2
There is some evidence of inner nuclear particles and
face layers adjoining primary particles. The spacing in so
of the agglomerate particles has been found to be as
as 0.62 nm which could result from internal oxidative
action under certain conditions [24]. This observation
been associated with carbon black oxidation rather than
diesel particulates. Penetrative as opposed to ablative
dation would result in different agglomerate morphologi
histories and mean particle diameters and this is the su
of further examination by the authors and others [13,25]

6. Conclusions

Experimental measurements of steady-state value
local vapour-phase equivalence ratio and soot conce
tion, at locations inside a high-pressure combustion ch
ber are presented. Results are for a continuous diese
spray flame, at input equivalence ratios from 0.8 to
and combustion pressures up to 2.1 MPa. An integra
two-dimensional (locally-homogeneous flow) computer p
gramme, capable of describing the behaviour of a ste
confined burning liquid-hydrocarbon fuel spray at pressu
up to 2.1 MPa and air-fuel ratios from lean to rich has b
used to illustrate property variation in the spray.

(1) Measured and predicted soot concentration rose sh
to a peak value and subsequently decayed along the
of the spray.

(2) Increasing peak soot concentration was measured
predicted at higher pressure (at local conditions)
higher input equivalence ratio. Off-axis maximum v
ues were measured and predicted in an annulus ar
the position of the axial peak.

(3) Predictions were shown to be in general qualita
agreement with experimental data.

(4) Measured number-mean primary-particle diameters
in the range 20–50 nm while wide primary-particle s
distributions (approx. 10–100 nm) were found in a
glomerates at all locations and conditions. Mean dia
ters increased with increase in pressure and equival
ratio.

(5) High magnification transmitting electron micrograp
of soot particles and agglomerates show graphite-
crystallite spacing 0.38 nm with evidence of enlarg
values up to 0.62 nm possibly due to oxidation.
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