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Soot Formation Study in a Rapid
Compression Machine
A rapid compression machine was used to study the soot formation process under diesel
enginelike conditions. The apparatus creates accurately controlled conditions at the end
of compression (uniform mixture, temperature, and well-defined mixture composition)
and, by decoupling chemistry with mixing, provides an unambiguous data interpretation
for kinetics study. The soot evolution was studied by the line-of-sight absorption method
(at 632.8 nm), which measured the soot volume concentration evolution in the initial
stage of soot growth before the optical path became opaque. For a rich butane mixture at
fuel equivalence ratio of 3, the ignition delay showed a negative temperature dependence
at intermediate temperatures. The soot volume fraction showed an initial exponential
growth, with a growth rate depending on the compressed charge fuel concentration. A
substantial amount of soot was formed after the soot cloud became opaque. By weighing
the total soot particles after the experiment, only �10–15 % of the soot mass was formed
when the beam transmission was reduced to 5%. The final soot mass was �15–18 % of
the total carbon mass for compressed charge density of 250 mol/m3 and temperature
from 740 to 930 K. �DOI: 10.1115/1.2180279�
ntroduction
Airborne particulate matter �PM� is a major air-quality concern

ecause of its health effects and its impact on visibility �1�. As a
esult, the U.S. Environmental Protection Agency has established
trict standards for the atmospheric PM levels �2�. A substantial
ource of PM in urban areas is vehicles, especially those powered
y diesel engines. The PM emission from diesel engines originate
rom soot particles generated during the combustion process.
hese particles serve as condensation nuclei for low vapor pres-
ure exhaust species, such as unburned or partially burned fuel
nd engine oil, where the particles grow further in mass �3�.
herefore, to effectively control PM emissions, it is important to
nderstand the processes by which soot is formed in combustion.

Much of the current understanding of diesel combustion pro-
ess was obtained from optical engine studies, such as those done
t the Sandia National Laboratory �4�. Figure 1 shows a schematic
f the combusting fuel jet. There are two major characteristics that
re pertinent to the soot formation process:

1. The fuel goes through a two-stage oxidation process. The
first stage is in the fuel-rich premixed zone just downstream
of the liquid spray; then the products of this fuel-rich com-
bustion are oxidized in the diffusion flame at the periphery
of the plume.

2. Soot is first formed in the fuel-rich premixed zone where
fuel-air equivalence ratio ��� is in the range of 2–4. Soot
then grows in the environment of high-temperature fuel-rich
combustion products by surface growth and agglomeration
as it is convected toward the end of the plume.

Thus, soot formation is governed by the chemistry of the pre-
ixed fuel-rich mixture at � values of 2–4.
There are two classes of diesel soot formation studies:

�a� The observation of the process in a fuel jet that undergoes
evaporation, mixing, ignition, and burning processes. The
experiment could be done in an actual diesel engine, in a
constant volume combustion vessel, in a burner, or in a
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rapid compression machine �RCM� �5–12�. Although the
process is realistic in theses studies, it is difficult to ex-
tract quantitative kinetics information on soot formation
because of the inherent nonuniformity and uncertainties
in species concentrations and temperatures.

�b� The study of a reacting premixed mixture. The reaction is
initiated by a shock wave in a shock tube, or by rapid
compression in a rapid compression machine. In these
studies, the operating environment is well controlled and
quantitative data can be obtained for soot formation rates.

Data on soot formation rate and yield under premixed fuel-rich
conditions have been obtained in shock tube studies at pressure
and temperatures comparable to those found in diesel combustion
�13–15�. Because of the low specific heat ratio of a fuel-rich hy-
drocarbon mixture, however, the shock tube studies were custom-
arily done under heavily diluted conditions with a mixture con-
sisting of 95–99.5 % argon so as to produce the correct thermal
environment. As a result, the species concentrations were unreal-
istically low, and there was negligible heat release from the mix-
ture in the process. To create a thermal and species concentrations
environment that is representative of diesel combustion, rapid
compression of a homogeneous fuel-rich mixture in an RCM is
employed in this study.

The RCM is a single-stroke device which rapidly compresses a
uniform mixture of fuel and air. The piston is locked at the end of
the stroke to produce constant volume combustion. Figure 2 sum-
marizes the temperature and fuel carbon concentration �in the
combustible mixture� regimes of various experimental setups. It is
apparent that the temperature and fuel carbon conditions achieved
in an RCM are much more representative of those found in the
soot formation process in a diesel engine compared to all other
alternatives.

Soot detection in a combustion process can be achieved either
with direct sampling or optical techniques. Molecular beam sam-
pling combined with electron microscopy has been successful in
identifying critical intermediates in burner types of experimental
setups. Though sampling methods have been used directly in die-
sel engines �6�, they are intrusive and it is difficult to obtain time-
resolved data using the technique. The advancement of laser tech-
nology, on the other hand, made available nonintrusive tools for
combustion diagnostics. The most common optical methods used

for soot detection are the line-of-sight �LOS� absorption �7–11�
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nd laser induced incandescence �LII� �12�. The latter method,
owever, could not provide the time resolution required for the
ingle-shot RCM experiment. Therefore, LOS absorption was
sed to monitor the soot formation process.

The aim of the present work is to demonstrate the ability to
tudy soot formation under diesel enginelike conditions created in
n RCM using the LOS absorption technique. The RCM, which
rovides well-controlled conditions �pressure, temperature, and
ixture composition�, along with the nonintrusive technique of
OS absorption, are tools that could shed light on soot formation
nd provide valuable data for chemical kinetics modeling efforts.

apid Compression Machine
The RCM is a single-stroke device, which rapidly compresses a

niform mixture of fuel and oxidant to conditions similar to diesel
ngine operation. In contrast to an engine, the piston of the current
CM is locked in the compressed position to produce a constant
olume environment. The mixture remains at these conditions for
longer period of time compared to a shock tube ��10 ms versus
1 ms�; this time is only limited by heat losses. Thus, the thermal

nd composition conditions of the mixture under study are well
efined.

The RCM, shown in Fig. 3, has a cylindrical combustion cham-
er with 5.08 cm bore and 1.27 cm clearance height. The piston
tarting position can be adjusted by changing the effective length
f the hydraulic chamber with spacers �not shown in Fig. 3�. The
ompression stroke then ranges from 15.24 cm to 20.32 cm, re-
ulting in a compression ratio between 12.5 and 16.5. These val-
es have taken into account the 3.1% crevice volume �compared
o the clearance volume� in the piston and windows at the end of

ig. 1 Schematic of a diesel fuel spray illustrating the com-
ustion processes †4‡
Fig. 3 Schematic of the rapi
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compression. For the data shown in this paper, the compression
ratio was set to 16.5. The geometry and dimension of the current
machine is comparable to others in the literature �16–18�.

The piston is pneumatically driven and uses a pin-and-groove
mechanism in a hydraulic chamber to decelerate the piston at the
end of the stroke �19�. In its retracted position, the pneumatic
piston is pressurized �from the right of Fig. 3� to 17.5 bar gage
pressure by a large tank of nitrogen, but it is locked in position by
the highpressure oil �at 90 bar gage pressure� in the hydraulic
chamber. When the oil pressure is released by a small solenoid
valve, the piston moves forward, and thereby releases the locking
hydraulic piston and starts the compression process.

During much of the stroke, the piston accelerates almost freely
since the friction forces of the seals and oil are modest, and the
pressure rise in the combustion chamber is not yet significant. The
piston starts to decelerate significantly when the “pin” on the hy-
draulic piston enters the groove near the end of the stroke. The
clearance between the pin and the groove is only 0.7 mm so that
there is a large back pressure buildup that is responsible for stop-
ping the piston with a reasonable cushion.

The calculated piston velocity and combustion chamber pres-
sure �p� are shown in Fig. 4. The piston motion was obtained by
using Newton’s law; the substantial resistances to motion were the
pressure buildup in the combustion chamber and the significant
back pressure when the pin hit the groove. The latter value was
obtained by a simple one-dimensional �1D� viscous flow calcula-
tion. The peak piston velocity was more than 30 m/s, and the total
compression time was 15 ms. The effective compression time �de-

ig. 2 Conditions for soot formation in diesel engines and in
arious experimental studies
F
b

F
v

d compression machine
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ned as p / �dp /dt� at the inflection point of the pressure trace� was
ms. The final compression time �defined as p / �dp /dt� at the end

f compression� was 0.4 ms. The calculated pressure �from adia-
atic compression� agrees well with the experimental value except
t the end of compression because of heat transfer. Because of the
igh deceleration ��3000 g� when the pin enters the groove, the
nite impact velocity ��5 m/s� at the end of the stroke, and the

arge moving mass �6 kg�, it is necessary to substantially anchor
he RCM to prevent significant vibrations.

After reaching its final compression point, the piston was kept
n place by the high-pressure driving gas so that constant volume
ombustion can be realized. For the driving pressure of 17.5 bar,
he piston can hold a maximum combustion chamber pressure of
10 bar with the designed area ratio of the driving and the com-
ustion chamber pistons.

The combustion chamber is equipped with four fused silica
indows 1.27 cm dia around the circumference of the combustion

hamber for line of sight measurements and a fully transparent
ylinder head for imaging studies. Because the compression is
apid, the heat transfer to the wall is limited to a thin boundary
ayer so that there is a substantial adiabatic core in the charge.
hen the compression temperature �Tcomp� of this core may be
btained from the measured compression pressure �Pcomp� and the
nitial condition �Pini and Tini� via the isentropic relation

�
Tini

Tcomp

cP�T�
dT

T
= R ln�Pcomp

Pini
� �1�

ere, cP�T� is the heat capacity per mole of the mixture at tem-
erature T, and R is the universal gas constant. A Kistler 6125A
iezoelectric pressure transducer was used to measure the com-
ustion chamber pressure at sampling frequency of 100 kHz.

The mixture was prepared manometrically. The combustion
hamber was evacuated before the gaseous mixture components
ere introduced. A Baratron 622A pressure transducer with accu-

acy of 0.1 Torr was used to meter each mixture component. The
ombustion chamber, connecting lines and fuel reservoirs were all
nsulated, heated, and temperature controlled to accommodate
onvolatile fuels, which required an initial temperature to be
igher than the highest dew point corresponding to the partial
ressure of the respective component in the mixture.

To obtain high compression temperatures, an argon/oxygen
ixture was used instead of air as the oxidant. The Ar/O2 molar

atio was fixed at 3.773, which is the same as the N2/O2 ratio in
ir. Then, at the end of compression, a relatively wide range of

ig. 4 Calculated piston velocity and comparison of calcu-
ated and observed pressure traces. N-butane/oxygen/argon

ixture; Ar/O2=3.773, �=3; precompression pressure and
emperature: 0.4 bar, 49°C.
onditions similar to the range found in diesel engines

44 / Vol. 128, OCTOBER 2006
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�10–30 bar, 700–900 K� was accomplished by varying the initial
temperature and pressure before compression commenced.

After each run, the soot in the combustion chamber was col-
lected and weighed, although there might still be trace amount of
soot left on the O-rings and crevices. Then the combustion cham-
ber, window, and piston surfaces were cleaned with acetone. Spe-
cial care was taken at the crevices where soot could accumulate.
Then all O-rings were cleaned with acetone, dried, and lubricated
with vacuum grease before reassembly. The piston ring was
cleaned only after every 20 runs because the procedure involved
substantial disassembly of the apparatus. After the apparatus was
reassembled, the combustion chamber was heated to the desired
temperature and evacuated before the new mixture was intro-
duced. Because of the high vapor pressure of acetone �normal
boiling point 56.6°C�, there should not be any substantial solvent
materials left after the system was pumped down.

Laser Extinction Measurement of Soot Volume Concen-
tration

Real-time line-of-sight �LOS� absorption using a helium-neon
laser beam at a wavelength ��� of 632.8 nm is used to determine
the soot volume concentration evolution. The method is well es-
tablished �20,21� and briefly summarized as follows.

Since the soot particle sizes at the nucleation and initial growth
stages are less than, or of the order of, 50 nm �21–23�, which is
much less than � /�, the interaction of the particles and the light
beam is in the Rayleigh regime; the extinction of the laser beam is
predominantly due to absorption rather than scattering. Assuming
that the particles are spherical with diameter D, the absorption
cross section is proportional to D so that the extinction coefficient
is proportional to D3 and, hence, proportional to the soot particle
volume. Then the attenuation of the laser beam may be related to
the LOS integral of the soot volume fraction

ln� I

I0
� =

6�

�
Im�m2 − 1

m2 + 2
��

0

L

fvdx �2�

In Eq. �2�, I0 and I are the incident and transmitted laser beam
intensities, m is the complex refractive index of the soot particles,
L is the path length, and the soot volume concentration fv is de-
fined by

fv = n�
0

�
�D3

6
p�D�dD �3�

where n is the soot particle number per unit volume and p�D� is
the probability distribution of the particle diameter. If the soot
cloud is uniform in space, the value of fv may be obtained from
the measurement of I / I0 as

fv =
� ln�I/I0�

6�L Im�m2 − 1

m2 + 2
� �4�

It is assumed that the refractive index m is known and remains
constant during the course of soot evolution. The refractive index
of soot has only been determined in the bulk. Chang and
Charalampopoulos �24� measured the complex refractive index
based on dynamic light scattering at a wavelength of 632.8 nm to
be 1.8–0.58i at 10 mm above the burner surface and 1.62–0.47i
at 6 mm. Lee and Tien �25� calculated the complex refractive
index based on the multivariable dispersion model to be 1.9–0.55i
at 632.8 nm without finding any significant temperature effect.
The maximum difference in the calculated soot volume concen-
tration using any of the above values is ±6%. To be consistent
with most recent studies, the value suggested by Chang and
Charalampopoulos at 10 mm above the burner was used in this

study.
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Optical Setup. The schematic of the optical setup is shown in
ig. 5. A 30 mW He–Ne laser beam passes through the combus-

ion chamber, where it is attenuated by fuel-rich combustion gen-
rated soot particles. The attenuated beam is then connected to the
hotodiode detector at a rather large distance ��0.6 m� by relay
enses, baffles, and spectral filter.

The above optical arrangement is necessary because there is a
ignificant amount of combustion-generated light. During com-
ustion, light emission takes place due to chemiluminescence and
oot luminosity. The former arises from radicals decaying back to
quilibrium energy levels after being raised to an excited energetic
tate. In hydrocarbon oxidation, such species are OH �310 nm�,
2 �516 nm�, CH2O �368–470 nm�, and especially CH �390,
30 nm� �26�. Dec and Espey, after conducting experiments in a
iesel engine, found that chemiluminescence peaks at around
30 nm and is almost zero above 620 nm, with HCO speculated
s the only possible species responsible at higher wavelengths
27�. By using a laser light at 632.8 nm, the chemiluminescense
nterference can be eliminated. Soot luminosity, on the other hand,
rises from soot particles, which act as radiating gray bodies after
eing generated. The emission of this light has a broadband spec-
rum, and for typical rich combustion temperatures of
800–2000 K, the emissive power can be significant at 632.8 nm.
he level is comparable to that of the laser light during the later
tage of combustion since the latter is strongly attenuated by the
oot particles.

To minimize soot luminosity detected by the photodiode, a nar-
ow band �FWHM of 1 nm� interference filter was used and the
etector was moved away from the test section, since the soot
uminosity contribution drops with the square of distance. The
ignal improvement is shown in Fig. 6, in which the detected
ignals under the same compression conditions are compared.
urve A shows the transmission signal with the optical setup of
ig. 5; curve B shows the one obtained with photodiode and in-

erference filter at �5 cm from the combustion chamber window.
he significantly higher apparent transmission in curve B is due to

he contribution from soot emissions. Experiments were also run
ith the optical arrangement of Fig. 5 with the laser beam off. No

uminosity was detected; thus, the arrangement was sufficient to
educe the soot luminosity contribution to a negligible level.

With a long optical path, significant noise is induced at the
etector due to beam wander. The beam motion is caused by me-
hanical vibrations of the optical train and by beam steering due
o the refractive index gradients inside the combustion chamber.

Fig. 5 Schematics of optical setup
o alleviate these effects, an integrating sphere is used to collect

ournal of Engineering for Gas Turbines and Power
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the laser light so that the detector signal is not sensitive to beam
wander. Note also that since the interference filter is partial to the
angle of incidence, it has to be placed in front of the integrating
sphere; a collimating lens is further used to direct the whole beam
at normal incidence to the filter.

Confirmation of Absorption Signal due to Soot Particles.
There are reports in the literature that query whether light absorp-
tion at 632.8 nm is evidence of soot particles presence. Micros-
copy studies suggest that there are large molecules other than soot
particles that may absorb light at this wavelength �28�. Other stud-
ies suggested that very young soot particles may not absorb light
at this wavelength �29,30�. Though the distinction between soot
precursors �which are large molecules� and soot particles is arbi-
trary; there does not seem to be any gaseous species �i.e., mol-
ecules that are not large enough to exhibit macroscopic properties,
such as black-body radiation� that absorb light at 632.8 nm �31�.
Then absorption at this wavelength may be interpreted as an indi-
cation of soot presence. To confirm this point, a photomultiplier
tube �PMT� was placed above the top window of the RCM with
an interference filter at 780 nm �FWHM �full width at half maxi-
mum� =10 nm�, as shown in Fig. 5. Laser light scattering is
blocked by the filter, and, as already explained earlier, there is no
chemiluminescent at this wavelength. Thus, the only light that can
be detected by this PMT comes from particle gray-body radiation,
which indicates the presence of a “particle.” Figure 7 shows the
PMT detected signal and the light transmission simultaneously.
The luminosity signal starts at the same time as light absorption.
This fact confirms that the absorbing media is indeed in the par-
ticulate phase.

Results
In the following, typical results from the RCM are used to

demonstrate the performance of the machine and the type of data
it provides. Comprehensive data sets and comparison of data with
models of ignition delay and soot formation kinetics will be pre-
sented in later publications.

Figure 8 shows the pressure trace and light transmission for five
consecutive tests of a typical fuel-rich mixture. All tests were
conducted with n-butane/O2/Ar mixture, at Ar/O2=3.773 and
�=3. The conditions at the end of compression were the same for
all tests: Pcomp=14 bar, Tcomp=765 K, and total molar concentra-
tion ncomp=250 mol/m3. After a total compression time of
�15 ms, there is a period of preignition reaction, during which

Fig. 6 Effect of soot luminosity on apparent transmission: „a…
signal with optical arrangement of Fig. 5 and „b… with detector
and filter at 5 cm from combustion chamber window
the rate of heat release cannot keep pace with the heat losses and
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he pressure drops slightly before the mixture ignites at �8 ms
fter the end of compression. The heat release is in two stages,
ith a slower rate first followed by a rapid one. These observa-

ions are consistent with what is reported in the literature for most
ydrocarbon fuels �32�. The pressure drop from the peak value is
ue to heat transfer to the cold walls when the combustion is over.
ote that the repeatability is excellent for both the pressure trace

nd the light transmission; for example, the variability of the ig-
ition delay is ±0.15 ms at 95% confidence level.

Ignition Delay and Combustion Time. The ignition delay and
ombustion time may be derived from the pressure curve as illus-
rated in Fig. 9. The ignition delay is defined as the time from the
nd of compression to the time at the 10% heat release point. To
ssess the combustion rate, the 5–20% and the 20–80% burn du-
ation are chosen to reflect the early and later parts of combustion.
he threshold levels used in these definitions are somewhat arbi-

rary but are chosen to give well-defined results. �For example,
ecause of the uncertainty in the heat release curve, the 80% heat
elease point is much better defined than the 90% one.� Although
he main purpose of the experimental study is on soot formation,

Fig. 7 Soot luminosity and light transmission

ig. 8 Repeatability of data; five repeats.
-butane/oxygen/argon mixture; Ar/O2=3.773, �=3; com-

3
ressed conditions: 750 K, 14 bar, 250 mol/m .
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the ignition delay, and the combustion times are essential for vali-
dating the chemical kinetics of the soot formation process. These
values are also archival since there is not very much fundamental
data on ignition delay and combustion times for hydrocarbon fuels
under fuel-rich conditions.

The ignition delay data for n-butane at fuel equivalence ratio
��� of 3 and a compression molar density of 250 mol/m3 are
shown in Fig. 10. Note that to vary the compression temperature,
the set of experiments was done at different initial temperatures;
the initial pressures were adjusted to produce the same compres-
sion molar density. The Arrhenius plot is typical of data from
hydrocarbons: at low temperatures, the ignition delay decreases
rapidly with increase of temperature. At intermediate tempera-
tures, the delay stays fairly constant or even increases slightly
because of the well-known negative temperature coefficient
�NTC� regime of the chemistry involved. At higher temperatures,
the delay decreases again with increase in temperature. The re-
peatability of the ignition delay value is ±2%.

The 5–20% and 20–80% burn times are plotted in Fig. 11. The
early burn time followed an Arrhenius temperature dependence
with activation energy of 3.38 kcal/mol. Both values are of the
order of a fraction of to 1 ms. The repeatability of the burn times
is ±12%.

Fig. 9 Ignition delay and combustion times.
N-butane/oxygen/argon mixture; Ar/O2=3.773, �=3; com-
pressed conditions: 765 K, 14 bar, 250 mol/m3.

Fig. 10 Ignition delay as function of compression tempera-
ture. N-butane/oxygen/argon mixture; Ar/O2=3.773, �=3; com-

3
pressed molar density: 250 mol/m .
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Soot Evolution. The instantaneous soot volume concentration
fv may be calculated the transmission signal according to Eq. �4�.

ecause of the beam wander noise �see Fig. 8� and that the signal-
o-noise ratio was not favorable at high beam attenuation, the
ignal was only deem valid when the transmission was between
0% and 5%. It should be noted that the 5% transmission point
oes not mark the end of soot formation. Since the mixtures are
ufficiently rich, the combustion chamber can become almost
paque well before the soot formation process ends. Collecting
nd weighing the soot after the end of the experiment and con-
erting the mass to an equivalent final soot volume concentration
using a nominal density of 1.8 g/cm3�, it was found that, depend-
ng on the operating conditions, the value of fv at the 5% trans-
ission point corresponds to only 10–15 % of the final value. The

bsorption experiments, therefore, only provide information about
he initial stage of soot formation. This information, however, is
ritical for validating the soot formation kinetics.

The time evolutions of the soot volume concentration are
hown in Fig. 12, in which the value of fv is normalized by the
olar concentration of carbon atoms at end of compression �de-

oted by �C�comp� to obtain a soot yield �SY�. Specifically, the
efinition of SY is

SY =
�sfv

WC�C�comp
�5�

here �s=1.8 g/cm3 is the presumed density of soot, WC
12 g/mol is the atomic weight of carbon, and �C�comp is the

ig. 11 Combustion time as a function of compression tem-
erature: „a… 5–20 % burn time and „b… 20–80 % burn time.
-butane/oxygen/argon mixture; Ar/O2=3.773, �=3; com-
ressed molar density: 250 mol/m3.
olar carbon concentration of the charge at end of compression.

ournal of Engineering for Gas Turbines and Power
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The time zero corresponded to the point of 90% transmission,
while the end point corresponded to 5% transmission. For the data
in case A �at �=3, compression temperature and density of 765 K
and 250 mol/m3�, SY grew exponentially in time. For case B
�same condition as case A, except that the compressed density was
lower, at 190 mol/m3�, the exponential growth was observed for
the initial part of the trace. The growth rate was then slower at a
later time. The initial exponential growth was observed in all the
test cases with � ranging from 2.5 to 4.5 over a large range of
compression temperatures and densities.

The empirically observed exponential growth of SY cannot be
simply explained. If it is assumed that in this period, the particles
are predominantly in the growth stage �i.e., nucleation is complete
and agglomeration is not yet important so that the particle number
density �n� is approximately constant�, then the growth of soot
particle is governed by the condensation of the gaseous hydrocar-
bon �HC� species, such as polycyclic aromatic hydrocarbons
�PAH� and C2H2, derived from the fuel molecules. These species
have a higher C/H ratio than the parent molecule; they act as
building materials to the surface growth of the young soot par-
ticles �33�. For a spherical soot particle of diameter D that is
smaller than the mean free path, the growth in volume should then
be proportional to the collision area

d

dt
���D3

6
� =

��D2�
4

�HC�WHCvHC �6�

where � is the density of the soot particle, �HC� and WHC are the
molar concentration and molecular weight of the condensing soot
precursors, and vHC is the relative velocity between the precursor
molecules and the soot. If the values of �, �HC�, WHC, and vHC are
constant, the soot volume concentration fv, which is proportional
to nD3, should, according to Eq. �6�, increase as t3, which is much
slower than exponential.1

Since the soot particles are known to be porous, one may make
the tacit assumption that the density decreases as the particle
grows, where ��1/D. Then D grows exponentially in time and
the soot yield �SY� is:

SY � exp	�aWHCvHC��HC�t
 �7�

where a is a proportional constant. Thus, the growth rate would be
proportional to the precursor concentrations �HC�. Equation �7�

1At a charge density of �200 mol/m3, the mean free path is �10 nm. The large
particles may approach the continuum limit. Then the growth rate is proportional to
3/2

Fig. 12 Soot formation history at two different gas densities.
N-butane/oxygen/argon mixture; Ar/O2=3.773, �=3; com-
pressed temperature: 765 K. Time zero corresponded to point
of 90% light transmission.
t , which is even slower.
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xplains qualitatively the features in Fig. 12:

�i� The growth is exponential in time,
�ii� The slope of the plotted lines increases with charge density

increase, which supplies a higher value of �HC�.
�iii� For Case B, which has a lower charge density, the growth

rate at a later time is slower than exponential because of
the depletion of �HC�. �Similar behavior was not observed
in case A because the optical path had become opaque
before the slow down in the growth rate.�

Quantitative, however, it is much more difficult to reach agree-
ent. We expect that �HC� should be proportional to the amount

f fuel present, so the growth rate should be proportional to the
uel concentration �which, for fixed � value, scales with the com-
ressed charge density�. Experimentally, the ratio of the two
lopes in Fig. 12 is 2.90; this value disagrees with the ratio of the
harge density at end of compression: ratio=250/190=1.32.
hus, the dependence on the fuel concentration is complex and

here is no simple closure. Quantitative comparisons could only be
ought through detailed modeling of the formation and oxidation
f both the precursors and soot �34�.

Since the observed initial growth of the soot volume concentra-
ion is exponential, a soot formation time constant �equal to the
nverse of the logarithmic soot yield growth rate� may be ob-
ained. The time constant is shown in Fig. 13 as a function of
ompression temperature at �=3 and compression density of
50 mol/m3. The values are below 0.1 ms at compression tem-
eratures above 740 K.

Final Soot Yield. As mentioned before, the soot cloud becomes
paque as time progresses so that the LOS absorption measure-
ent could not provide information about the later part of the soot

volution process. The total final soot mass, however, could be
btained by carefully collecting all the soot particles from the
nside of the apparatus after the experiment and weighing them
ith a microbalance �Ohaus Model EP214 with resolution of
.1 mg�. Depending on the experimental condition, the collected
oot mass was of the order of 5–30 mg. In spite of the crudeness
f the method, repeatability was excellent; the uncertainty was
5% �based on five repeats�. The final soot yield �total final soot
ass normal by total mass of carbon atoms in the combustion

hamber� for a mixture at �=3, and compressed charge density of
50 mol/m3 is plotted in Fig. 14 as a function of temperature.
xcept for the experiment at the lowest temperature �722 K�, the
nal soot yield at these conditions is not sensitive to temperature

ig. 13 Soot formation time constant as a function of com-
ression temperature. N-butane/oxygen/argon mixture; Ar/O2
3.773, �=3; compressed molar density: 250 mol/m3.
740–930 K�; the value is �15–18 %.
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Conclusions
The rapid compression machine �RCM� was demonstrated to be

an appropriate apparatus for studying soot formation under fuel-
rich conditions in an environment similar to that in actual diesel
engines. Unlike engines studies, however, the RCM provides a
uniform charge with well-defined temperature and pressure so that
the results can be interpreted quantitatively. Unlike shock tube
studies, the fuel/air mixture is not diluted so that soot formation
process can be studied under realistic levels of fuel carbon con-
centrations. The soot volume concentration evolution was ob-
served in real time by line-of-sight absorption measurement at
632.8 nm. Luminosity from the soot radiation interfered with the
measurement; the interference was alleviated by placing the de-
tector far from the test section and the use of baffles and a nar-
rowband pass-interference filter. Data were reported from com-
pression ignition of a n-butane/oxygen/argon mixture with argon
to oxygen molar ratio of 3.773 �equal to that of nitrogen to oxygen
ratio in air� under fuel-rich condition at a fuel equivalence ratio of
3. The ignition delay versus temperature data showed a negative
temperature coefficient region at intermediate temperatures. The
combustion was in two stages: a slower one followed by a rapid
one.

For all the experiments, the instantaneous volume concentration
grew exponentially in time, initially. When the fuel concentration
of the compressed charge was sufficiently low, slower growth rate
was observed in a later stage before the soot cloud became
opaque. There was, however, no simple model that would explain
the initial exponential growth behavior. The time constant associ-
ated with this growth was fast—less than 0.1 ms for temperatures
above 740 K at fuel equivalence ratio of 3 and charge density of
250 mol/m3. There was significant further soot formation after
the laser beam was blocked by the soot cloud. The soot concen-
tration at 5% transmission was �10–15 % of the final soot con-
centration obtained by weighing the soot particles collected from
the combustion chamber after the experiment. The final soot mass
was �15–18 % of the carbon mass in the charge.
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