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Abstract

Autoignition of acetylene and pre-vapourised heptane plumes in hot turbulent air has
been visualised by monitoring OH* chemiluminescence with a fast intensified camera and
a photomultiplier. Autoignition occurred randomly in isolated spots whose location moved
downstream with increasing air velocity or lower air temperature. The timescales associated
with the repeated occurrence of these spots, the rise of the OH* signal due to localised au-
toignition, and its subsequent decay due to the propagating flamelets around these localised
ignitions have been quantified. The mean duration between autoignition events decreased
with increasing air temperature and velocity. The OH* timeseries and the fast-camera visu-
alization reveal the emergence of secondary spots immediately adjacent to a primary event,
which result in a long integral timescale of the OH* signal when autoignition happens close
to the injector. Examination of the films identified the location of individual spots and it
was found that the r.m.s. of the axial position of the spots was in quantitative agreement
with our expectations from the combination of turbulent dispersion of fuel and the inlet air
temperature fluctuations. The data are consistent with insights from DNS and can provide

a useful validation test for advanced unsteady turbulent combustion models.



1 Introduction

The autoignition of turbulent inhomogeneous mixtures when the air is hotter than the fuel
controls the operation of diesel engines and is important in some modern lean-burn gas tur-
bines, where autoignition in the premixing ducts must be avoided. To illustrate how turbulence
can affect the emergence of autoignition in such flows, and the difficulties involved in theoreti-
cally predicting these effects, consider first a laminar strained layer between hot air and colder
fuel. Ignition will occur at a preferred mixture fraction, denoted as the “most reactive mixture
fraction”, &y [1, 2]. This mixture fraction is determined by the chemistry, the dilution, the
temperatures of the two streams [1-4] and the scalar dissipation rate N (N = D(9¢/0x;)?),
with high values of N shifting {ysr to richer values [4-6]. As a paradigm of what may happen in
turbulent flows, calculations showed that autoignition of a non-premixed flame in the presence
of a vortex can occur in the strained layer or in the centre of the vortex depending on the relative
magnitude of the chemistry and the vortex timescale [7]. In addition to vorticity, turbulence
creates regions of high and regions of low scalar dissipation rate and the DNS data [1, 2] showed
that the latter regions autoignite first. It was also evident that autoignition is likely to occur
in the centre of vortical structures in a turbulent flow because the conditional scalar dissipation
can become very low there due to the intense mixing achieved [2]. These findings have been
substantially extended by many simulations with simple and complex chemistry in two- [8—12]
and three-dimensional turbulence [13] and in vortical laminar flows [14]. It seems that all sim-
ulations agree that autoignition occurs at £37r and at the lowest value of the scalar dissipation
rate conditional on &yrr, N|€arr, which could be located either inside a vortex or in a layer with
low strain rate.

There is less agreement concerning how the turbulent velocity and integral lengthscale can
affect the time of the first appearance of an autoignition site. Mastorakos et al. [1] conjectured
that both these quantities affect the ignition delay time through their action on the mean value
and the fluctuations of N|{y/r. Steep initial gradients of mixture fraction cause high initial
values of N|[€yr. These values may remain high throughout the induction period, with a
resulting prolongation of the autoignition delay time relative to the ignition time of the most

reactive homogeneous mixture, or they may decay quickly if the turbulence is intense or the



scalar lengthscale small, hence reducing this prolongation effect.

There have been very limited experimental investigations on how turbulence can affect au-
toignition location and timing. In an experiment with spray injected in hot air, background
turbulence accerelated autoignition [15], consistent with diesel engine data [16] that show a
reduced ignition time with increasing engine speed. Modelling of spray autoignition with Con-
ditional Moment Closure (CMC) [5] reproduced the conjecture of Refs. [1, 2] that although
N|&arr may be higher initially in the turbulent flow, it decays faster and hence autoignition is
facilitated. A turbulent counterflow between hot air and diluted fuel has been studied exper-
imentally with hydrogen [17, 18] and heptane [19]. Both these experiments showed that the
minimum air temperature necessary to observe autoignition increases as the turbulent velocity
fluctuations increase, which suggests a retardation of the pre-ignition reactions.

The experiments in the opposed-jet flow did not directly measure autoignition times, because
the experimental observable was the limiting condition at which ignition was precluded, rather
than a quantification of where and when ignition may occur in a turbulent flow. In an effort
to provide additional experimental data that can further our understanding and can assist the
validation of theoretical models, autoignition of hydrogen in a turbulent co-flow of hot air in
a duct was examined [20]. The fuel and air velocities were independently controlled, as was
the air temperature. The novelty of that experiment lied in the use of a turbulent flow reactor
with autoignition happening in the non-premixed, rather than in the well-mixed region. (The
latter arrangement would provide data only for chemical kinetics validation.) The main findings
of Ref. [20] were that: (i) there is a range of air and fuel velocities and temperatures where
a statistically-steady situation exists with individual autoignition spots appearing in random
locations, with flamelets growing from them that then decay; and (ii) the length along the duct
where these spots occur increases fast with the flow velocity, suggesting that the mean residence
time until autoignition increases with velocity.

The latter result is consistent with the counterflow experiments [17] and is further explored
in this paper. It can be explained by the increasing scalar dissipation when the velocity increases
and has been successfully reproduced with CMC modelling of this flow [6]. The former result
comprises a new observation in autoignition in inhomogeneous flows and this regime of operation

was called “random spots” [20]. The flamelets that emanated from the autoignition sites did not



result in full flame establishment, unlike in virtually all the DNS studies where a flame along the
whole mixing layer always followed localised autoignition and unlike the fuel jets in hot vitiated
air that stabilise a lifted flame [21]. The existence of randomness in the location of autoignition
spots in turbulent flows may be expected, since the spatial locations where N|{prr is small are
expected to be spread out and since we expect a statistical distribution of local curvature of
the fuel-air interface that promotes the focusing of radicals [8, 10, 19]. Autoignition spots have
also been visualized in diesel engines [16] as a function of air speed and temperature and a large
scatter in ignition location along the spray was found.

In the present paper, some further characteristics of the random spots regime are presented
to assist our understanding and to quantify better the randommness of ignition location. It
is expected that the availability of such data will help the validation of advanced turbulent
combustion models such as those based in transported PDF and LES methods. In addition,
hydrocarbon fuels are tested to avoid differential diffusion effects that have been shown to be
important for hydrogen autoignition [8, 22|, but not so much for heptane [23]. The particular
objectives are: (i) to investigate the autoignition behaviour of acetylene and pre-vaporized
n-heptane in inhomogeneous turbulent flows; (ii) to report more details on the statistics of
autoignition site locations; (iii) to characterize the timescales involved with the evolution of an
autoignition spot; and (iv) to provide data that can assist model validation. The rest of the
paper is organised as follows. In the next Section, the experimental arrangement is described and
the measurement methods explained. Results concerning the ignition location and timescales
are then presented and discussed. The paper closes with a summary of the most important

conclusions.



2 Experimental Methods

Details of the apparatus, velocity, temperature, and mixture fraction measurements have been
reported in Refs. [20, 24-26] and only the main features are repeated here. Figure 1 shows the
experimental arrangement schematically. Filtered air from a compressor was heated electrically
with feedback control so that the temperature at the exit of the heaters was kept within 1°C
from the set value. A perforated plate with 44% solidity and circular holes of diameter M =3 mm
was placed before the test section to enhance the turbulence and to provide a uniform velocity
profile and a better controlled integral lengthscale. The test section comprised a 0.5 mm long
quartz pipe of D=25 mm inner diameter. The pipe was vacuum sealed in a second concentric
quartz pipe to minimize heat losses and was open to the atmosphere.

The fuels used were acetylene and pre-vapourised n-heptane. A mass flow controller was used
for acetylene, while vapourised n-heptane was provided by a positive displacement peristaltic
pump and a small electric heater. The fuel was mixed with nitrogen and was injected into the
quartz tube axially and continuously through a 2.274+0.03 mm inner (d) and 2.96+0.02 mm outer
(dy) diameter, stainless steel tube, whose exit was 62 mm downstream of the perforated plate.
For a few experiments presented in Section 3.5, a smaller injector of 1.03 mm inner diameter
has also been used. The dilution is described by the mass fraction of fuel Y},¢;. For most of its
length, the injector was encased in a 2.0 mm thick ceramic sheath to keep the fuel stream as cool
as possible and hence minimize thermal decomposition. The fuel stream injection temperature
(T'fyuer) was measured with a 0.25 mm diameter Chromel/Alumel thermocouple that was placed
through the injector all the way to the injection location. Tf,¢ was in the range 600 to 1100 K.

At the inlet of the quartz tube (26 mm upstream of the injector nozzle), a 0.2 mm diameter
Pt/Pt&13%Rh thermocouple was used to measure the mean air temperature (Tj;-). At the
exit of the tube, a second thermocouple was used to monitor heat losses and detect combus-
tion. The raw Tg;- reading was corrected for both radiative and conductive heat losses from
the thermocouple wires. Typically, after correction for these losses, the reported T,; has an
indeterminate uncertainty of +0.3% and a determinate uncertainty of +0.6%. Air with T,;. up
to 1200 K has been used. Despite the elimination of conduction losses in the vacuum-sealed

tube, the centreline temperature drops linearly by 10 K in the first 100 mm.



The bulk air velocity (Ug) varied between 10 and 35 m/s, while the fuel velocity (Uyyer)
was set approximately equal to Uy so that viye = Upyer/Uair = 1+ 0.2. A Dantec constant
temperature hot wire was used to measure the axial velocity at cold conditions, but at the same
bulk Reynolds number (Ug;»D/p) as the hot flows, with and without flow from the injector. In
order to estimate the turbulent temperature fluctuations that may be present in the air stream,
a 76 pum diameter, K-Type thermocouple wire was employed with compensation for the time
constant of the wire (=40 ms) performed in the frequency domain. The rms of the temperature
fluctuations, (W)l/ 2 was hence found to be about 0.25% of T, for the conditions of this
paper [24]. This corresponds to about 2.5 K in actual autoignition conditions. We will refer
to this estimate later when we discuss the reasons for the observed randomness of autoignition
locations.

After T,; reached the desired temperature, the fuel and nitrogen flow rates were adjusted
and autoignition was detected in the tube. A Hamamatsu photomultiplier tube (PMT) with a
307+10 nm filter was used to collect OH* chemiluminescence from the whole flow and the PMT
voltage was amplified, sampled at 100 kHz and stored on a computer. Sampling times varied from
10 s to 80 s in order to capture enough events and ensure adequate convergence of statistics. A
high-speed, 10-bit Phantom v.4.2 CMOS camera and a C9546-04MP46 Hamamatsu intensifier
was used to provide planar chemiluminescence images. Typically, 512x152 pixel images were
collected at frame rates of up to 12 kHz. A UV-lens (focal length 105 mm) and two optical filters
(Melles Griot UG11 and a filter at 307+£10 nm) were used. The raw images from the CMOS
camera were first processed to remove noise. Some of the fast movies were examined manually
from which the following information was extracted: (i) the location of the first appearance
of light emission from a completely dark background; and (ii) the speed of propagation of the
flamelet emerging from the autoignition spot. Item (i) is discussed in detail later in this paper,
while Item (ii) has been presented in Ref. [25].

Pressure fluctuations in the tube were measured with a Briiel&Kjser microphone assembly,
consisting of a 1/4" Type 4135 free-field acoustic transducer, a 1/4" 2633 preamplifier and a
2807 power supply. The microphone was placed at the inlet of the quartz tube. The signal
was taken from the microphone to the power supply, after which it was amplified, low-pass

filtered and recorded by the PC. The microphone measurements were made simultaneously with



the PMT. The autocorrelation coefficient of the PMT instantaneous voltage V() was used to
calculate the integral timescale and the Taylor microscale using the method of Ref. [27]. Tt will
be apparent from the results that both V(¢) and the microphone pressure signal, P(t), were
highly intermittent, which in most cases allowed the identification of individual autoignition

events. The statistics of the temporal spacing between such events were determined.



3 Results and Discussion

3.1 Initial conditions and mixing

The velocity measurements showed that U /Uy, ~ 1.10 — 1.15 away from the tube and injector
walls. Similarly, u//U (u’ is the rms of the axial velocity fluctuations) was found to be around
0.12 — 0.15 at the inlet, decaying to 0.10 at a distance of x = 42 mm downstream and was
relatively uniform across the pipe. The integral timescale in the air flow was measured and,
using Taylor’s hypothesis, provided an estimate of Ly, between 3 and 4 mm across the tube
at the inlet, i.e. of the order of the grid hole size, increasing by approximately 1 mm in the first
42 mm downstream. The turbulent Reynolds number (Repyp = @ Liyp/v) varied between 50
and 100.

Previous acetone PLIF measurements [26] showed that the mixture fraction, defined as unity
in the fuel stream and zero in the air stream, decayed as expected from analytical results for
the diffusion from a point source in uniform mean flow with homogeneous turbulence, for axial
distances at least up to about 50 mm downstream of the injector, which was where the fuel
plume reached the walls. Downstream of this, the confinement was evident. The mean mixture
fraction field did not depend on Uy, since Upyer = Ugir, the diffusivity scaled with Uggy., and Ly
was independent of Ug;-. The mean and r.m.s. of the mixture fraction have been successfully

predicted with standard CFD methods [6].

3.2 Qualitative observations

The results reported in this section are similar for all fuels studied and repeat some findings from
Refs. [20, 24] to clarify the phenomena. Depending mostly on the air velocity and temperature
and the fuel velocity, different behaviours were observed. At very low temperatures, no autoigni-
tion was observed. At very high temperatures, flashback and the establishment of an attached
non-premixed flame was unavoidable. For a range of operating conditions, randomly-located
spots were observed. This is the “Random Spots” autoignition regime. Operation in this mode
resulted in continuous, recurring autoignition spots accompanied by a popping sound. Figure 2
shows direct photographs of these spots taken with a conventional digital camera. It is evident

that flamelets appear randomly spread across and along the tube. There is no continuous flame



sheet and the base of the individual flamelets may be thought to resemble triple flames, which
have been previously observed in simulations of various autoignition problems [1, 28].

From long-exposure images similar to that in Fig. 2c, the minimum axial location where
autoignition occurs, X7y, has been reported as a function of air temperature and air and fuel
velocities for hydrogen [20] and for hydrocarbon fuels later in this paper. As Ty increased or
Uyir decreased, the ignition location moved closer to the fuel nozzle and the radiated chemilu-
minescence was intensified and the associated noise increased in pitch and loudness. The global
appearance shifted from blue to bright yellow for acetylene or more orange-yellow for heptane.
Emission spectra revealed peaks associated mainly with OH*, CH* and Cy*, while a broad con-
tent associated with formaldehyde was also detected for Ty;, slightly lower than that necessary
to cause autoignition inside the tube [24].

High-speed images (Fig. 3) showed the following. For conditions where autoignition hap-
pened downstream in the tube, individual regions of high light intensity emerged from a com-
pletely dark background and a spherical flamelet seemed to emanate from the spots. For exam-
ple, Frames 2 and 4 in Fig. 3 show the individual, small spots, while the larger region in Frame
3 is the flamelet around the spot of Frame 2. These flamelets were convected with the flow and
their luminosity decreased with time from autoignition or as they approached the wall. There
could be a period of inactivity (e.g. the completely dark Frame 1, Fig. 3), and then another
spot emerged elsewhere, e.g. compare Frame 2 with 4 and Frames 14 to 15 in Fig. 3. For
conditions for which autoignition happened closer to the nozzle, the spots were less separated in
space and time, but kept their individual nature. Even at conditions where ignition was closest
to the injector, the high-speed images show individual sites, although they were now occurring
simultaneously at different locations and were in close proximity, as in Frame 16 of Fig. 3.

Such high-speed movies have been analyzed manually to measure the axial (X;gy) and
radial (Y7gn) coordinate of individual autoignition spots, which are taken to be the locations
of the first emergence of a small luminous spot from a dark image (e.g. the circled spots of Fig.
3, Frames 2, 4, 15). The statistics of these locations quantify the randomness in autoignition
location. Note that since these are line-of-sight images, Y7qn is the cross-stream projection of
the radial location. These results are presented later in the paper. Although the particular

images shown in Fig. 3 were taken with the small injector, all qualitative observations discussed
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here were identical with the larger injector too.

3.3 Autoignition lengths

Figure 4 shows that autoignition of acetylene occurs between 30 and 120 mm from the nozzle,
depending on the air velocity and temperature. As Tg;. increases, the minimum autoignition
length, Xasrn, decreases, whereas as U, increases, X /7y increases. For lower temperatures
than the ones used here, no autoignition was observed at all in the tube. Decreasing Yy,
increases the ignition length, as expected.

A residence time until Xy;;n can be calculated as X v /Ugir and both the hydrogen [20]
and the present acetylene data show that this time increases with Ug;-. This is also evident
from Fig. 4 where, for example for 7,;.=869 K, X7y increases from 30 mm to 90 mm for
an increase in Uy, from 16 m/s to 24 m/s. Part of this increase may be understood by the
reduction in mean air temperature along the tube. For example, if there was no retardation of
the ignition delay time with Uy, we would expect, for the same example, that at Ugy;r=24 m/s,
Xy would be 24/16 x 30 mm = 45 mm. At this axial location, the mean air temperature
may have decreased relative to x=30 mm by about 1.5 K due to heat losses. From the sensitivity
of length to the air temperature (1.5 mm per K; Fig. 4b), this temperature reduction would
correspond to an increase in length of about 3 mm. This accounts only for a small part of the
observed increase. Hence, the conclusion of Ref. [20] that fast flow seems to delay autoignition of
hydrogen is extended here to acetylene. The same conclusions have been reached by calculating
a mean residence time from the average location of the autoignition spots, (X;an)/Uair-

Similar trends have been found for heptane, Fig. 5. For example, in the neighbourhood
of T,;=1115 K, Xp/7n approximately doubles for an increase in Uy from 13.8 to 17.6 m/s.
Modelling of the heptane data [6] showed that in these experiments, the conditional scalar
dissipation (N|&prg) is higher than the critical value necessary to preclude autoignition only for
about the first 20-30 % of the length along the tube until the ignition point. This region where
the scalar dissipation is higher than the critical value is longer for the data at the higher Uy,

used, which explains why X7y /Uy increases with velocity.
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3.4 Chemiluminescence and pressure

Figure 6 shows the OH* chemiluminescence registered with the PMT simultaneously with a high-
speed movie. Immediately before the explosion event, the camera records a dark background
and the PMT records zero signal. Following autoignition, flamelets propagate radially outwards
in all directions and the size of the reacting region grows, but the chemiluminescence intensity
decreases. The explosive emergence of chemiluminescence occurs in around 0.5 ms. The post-
ignition decay takes about 3 ms to reach 10% and 6 ms to reach 3% of the peak value.

Figure 7 shows typical timeseries of OH* and sound recorded for a situation with long and
short X;on. The experiment with short X;on produces spotting more often, hence called “fast
spotting”. It is evident that the “slow spotting” flow produces well-defined autoignition events,
which are detected by both a sharp rise in the global OH* emission and a pressure burst above
a relatively quiet background. Quite often, each spot has secondary peaks coming very close
after the primary rise. We believe that some of these secondary peaks in the OH* signal are due
to localized autoignition triggered by the narrow proximity of an earlier autoignition event, i.e.
autoignition assisted by the flamelet propagation following from autoignition elsewhere. This is
better shown in the sequence of Fig. 3, where an independent small spot is evident in Frame
15, the flamelet growth around it in Frame 16, and a second explosive spot next to the flamelet
in Frame 16. Autoignition events separated by a large distance are also evident, e.g. Frame 4
in Fig. 3, which may also produce OH* peaks quite closely spaced in time.

In the “fast spotting” regime, it is difficult to distinguish between individual events, although
a close examination of the time-series shows the same features of an explosive rise of OH* and
a slower decay, which is interrupted by another sharp rise. Note the much higher pressure
fluctuations and the higher instantaneous OH* intensity of each spot in the “fast spotting”
flow, which is perhaps due to the fact that, since “fast spotting” occurs at short Xj;rn, the
autoignition spots are convected in the field of view for a longer time and have ample time to
burn all fuel available, at least in their immediate vicinity. This, together with the fact that more
spots appear per unit time at short ignition length conditions, explains why the time-averaged
OH* signal decreases quickly with increasing Xy;;y (Fig. 8). The r.m.s. also decreases. A

higher air velocity (and hence fuel flow rate since in these experiments Uj,e ~ Ugir) gives
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higher mean OH* due to the larger amount of fuel that is burning.

The time distance between spots can be characterized by measuring the time delay At;gy,
between peaks of the OH* signal (see Fig. 7). These have been located by a peak-detection
algorithm. Figure 9 shows that all experiments (i.e. for all X/rn) show a similar shape for
the probability distribution function (PDF) of the time delay between peaks. The PDF peaks
at about 0.5 ms and has a long tail at longer delays, which increases substantially as we move
from a “fast spotting” to a “slow spotting” flow. It is also evident that the probability of peaks
closer than about 0.2 ms is negligible and that this limit seems to be independent of the flow
conditions. The mean frequency (1/(At;g,)) decreases very fast as Xy increases (i.e. air
temperature decreases), Fig. 9b, and ranges from about 2 Hz to about 2 kHz for the conditions
tested. Increasing the air velocity makes the mean time distance between the spots to decrease.

The autocorrelation of the OH* signal (Fig. 10a) decays to zero for long and intermediate
Xarrn, while a periodicity becomes evident for some very “fast spotting” experiments. This
may be due to a weak coupling between the pipe acoustics and the combustion, not evident at
intermediate or long Xpsry. Visualization at these conditions (i.e. very high T,;,) showed that
it is difficult to distinguish individual spots and that the flame now resembles the lifted flames
in vitiated air of Ref. [21], although a continuous flame sheet is still not clearly evident.

The integral timescale and the Taylor microscale have been calculated from the autocorre-
lation coefficient. It is evident that both decrease as ignition moves away from the nozzle, with
the integral timescale showing a more substantial change than the Taylor microscale (Fig. 10b).
For short Xj;;n, the OH* timeseries remains correlated over a longer period of time, which is
about 3 ms. This decreases to about 1 ms at long ignition lengths. The Taylor microscale is
between 0.3 and 0.5 ms for all experiments, values very close to the duration of the initial OH*
rise when autoignition appears (i.e. the peak OH* in Fig. 6).

For the experiments with Ug;=11.1 m/s in Figs. 8 to 10, the turbulent integral timescale is
about 4 ms and changes little with downstream distance. In contrast, the OH* integral timescale
and the frequency at which the autoignition events appear depend strongly on ignition location.
A possible explanation for these observations is as follows. Firstly, at short X;7n we observe
more secondary ignitions following a primary event, which suggests a longer time of coherence

of the OH* signal than at long X;;n. Secondly, recall the finding from DNS that autoignition
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is preferred at low values of the conditional scalar dissipation N|{y/r. Long Xy implies that
ignition occurs at locations where the mean and variance of the mixture fraction have decreased
and hence N|€yr is low. The spot size is hence large, since the mixture fraction gradients are
small. At short X /7w, the scalar dissipation is higher and hence the spot is smaller; this implies
that a larger number of spots occurs per unit volume, and the combustion across the flow can
show a coherence over a longer period of time. This is consistent with the high-speed images
that show many simultaneous, but smaller, initial kernels at short X;7n.

As U, increases, the scalar dissipation increases at the same location, which causes faster
flamelet propagation following autoignition. The faster flamelet speed at high N is readily
predicted by mixture fraction based modelling and has also been measured directly from the
present images [25]. This argument explains why the integral timescale of the OH* signal
decreases slightly as the air velocity increases for the same X7y (Fig. 10b).

The fact that autoignition events can be triggered by an earlier nearby autoignition is relevant
to HCCI engines, as this phenomenon has been considered responsible for the quick growth of the
combustion zone across the cylinder visualised in such engines [29]. In the present experiments,
the minimum time delay between such primary and secondary events is about 0.2 ms. With
a speed of sound of about 650 m/s for the conditions tested, this corresponds to a distance of
13 cm. This is much longer than the physical distance between the spots, which is not longer
than 25 mm. Hence, the induced ignition from the primary to a secondary spot is probably not
due to a localised pressure wave, e.g. as in engine knock or a developing detonation, but due to

diffusion or convection of heat associated with a propagating flamelet.

3.5 The randomness of autoignition sites

Figure 11 shows scatter plots of the axial and projected radial location of the first emergence of
heptane autoignition. These measurements are not contaminated by the possibility of flamelet
propagation from the kernel or from internal reflections because they have been manually as-
sembled from play-back of the high-speed films such as those in Fig. 3 and it has been ensured
that only the first appearance of light emerging from a completely dark background region is
included, i.e. we sample only primary autoignition sites. Only spots smaller than about 2 mm

have been included in Fig. 11 and isolated so that no light was evident at a distance closer than
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10 mm from the spot. So, for example, only the single circled spots in Fig. 3 are considered.
Figure 11 shows that significant scatter in the ignition location exists. The axial r.m.s. of ig-
nition position, oy ign, is between 8 and 11 mm for the heptane experiments with d=2.27 mm,
with no clear trend with velocity or temperature (Table 1). The cross-stream r.m.s. oy g is
about 5 mm and occasionally spots are found close to the wall, since at these long lengths the
fuel plume has grown to fill the whole pipe. Possible explanations for these observations are
discussed below.

Assume that all fluid particles that eventually ignite to comprise Fig. 11 have “lived” in
the flow for the same time. Their spatial distribution could then be readily calculated from
the turbulent dispersion of matter from the fuel source (e.g. the “Taylor dispersion” problem
at long times). The PLIF mixture fraction data [26] showed that a simple diffusion process is
adequate to describe mixing in this flow and numerical simulations [6] showed that the decay of
the mixture fraction in the pipe is reproduced with a turbulent diffusivity of D; = 2.16 x 1073
m? /s for the high velocity conditions of Fig. 11 and 1.65 x 1072 m?/s for the lower velocity. The
expected r.m.s. of the axial and radial locations is hence ox = (2Dyt)"/2, with ¢ the residence
time taken as (Xrgn)/Uqir. So, for the conditions of Fig. 11, this calculation gives an r.m.s.
of the fluid particle location between 3.7 and 4.8 mm. These estimates are consistently smaller
than the measured axial spread and similar in magnitude to the cross-stream one (Table 1).
Hence, the observed randomness in the axial direction is probably not only due to turbulent
dispersion.

Consider now the initial air temperature fluctuations. They have an r.m.s. of about 2.5 K
and can result in fluctuations of ignition length. As discussed in Section 3.3, Fig. 5 shows a
sensitivity of ignition length to air temperature of about 3 mm per K for heptane and so the
inlet temperature fluctuations would result in an r.m.s. length fluctuation of about o7=7.5 mm,
which accounts for a large part of the observed axial scatter in Fig. 11.

The above arguments suggest that the observed randomness in the radial position are only
due to turbulent dispersion, while the scatter in the axial position is about twice that and can be
understood by considering turbulent dispersion and the inlet temperature fluctuations. Despite
the fact that the temperature fluctuations are small in absolute terms, they are sufficient to

provide an observable randomness in ignition location. Interestingly, the measured axial variance
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agrees quite well with aiign = 0%+ 0%, which suggests that the two reasons above are sufficient
to explain the measured ignition spot scatter.

The data of Figs. 4 and 5 show an increasing residence time until the mean location of
ignition, consistent with the observations in Ref. [20], and explained by the delaying effect of
the high scalar dissipation rate at high Uy;,.. This delaying effect is restricted to the early regions
of the plume, before N decays well below the critical value, as revealed from CMC modelling
[6]. It seems that the random fluctuations of strain rate during this period do not introduce
a randomness in the ignition time, in full agreement with DNS results [1, 8] that showed very
small ignition time fluctuations between different realizations. The explanation offered in Ref.
[1] was that ignition occurs at the lowest values of N and these are bound to appear more or less
at the same time, but in different locations in the flow. In the present case and in the absence
of initial temperature fluctuations, this explanation is equivalent to expecting ignition to occur
at the same residence time, but with a spatial spreading determined by turbulent diffusion.

The conclusions concerning the spatial distribution of autoignition spots have been confirmed
with limited data from an experiment with acetylene injected from a smaller injector, Table 2.
Again, the estimated ox is very close to the measured cross-stream r.m.s., with the axial r.m.s.
being higher by about 80%. Ignition is now closer to the injector and both the streamwise and
the cross-stream spreading are less than with the larger injector. Scatter plots (not shown here)
do not include any spots close to the walls, since the shorter ignition lengths and the smaller
injector imply a thinner plume. Introducing the sensitivity to the inlet temperature fluctuations,
which for acetylene is about 1.5 mm per K (Fig. 4b), shows that the measured axial r.m.s. lies
within 30% of (0% + a%)l/Q. Although the agreement is not as good as with the larger injector,
it seems that the axial spreading is not too different from what one would expect from the fuel
dispersion and the air temperature fluctuations.

It is interesting to note that for the small injector data of Table 2, the average residence
time (X7an)/Uair is independent of Uy, in contrast to the larger injector data (e.g. Figs. 4,
5). This behaviour has also been demonstrated in two-dimensional DNS [1] and reproduced by
modelling [2]. It has been attributed to the fact that the very quick mixing allowed by the small
lengthscale of the scalar injection relative to the turbulent eddies severely reduces the region

where the scalar dissipation is higher than the critical value and also introduces low values of
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N|&arr early. This reduces or even completely eliminates the retardation effect of turbulence on
autoignition.

The present results suggest that the autoignition time involves a randomness mostly deter-
mined by the initial temperature fluctuations, while the randomness of autoignition position is
additionally due to turbulent dispersion. In diesel engines, an additional cause for the observed
scatter [16] is the turbulent droplet dispersion and the randomness induced by the turbulent mo-
tion on atomization. Large Eddy Simulations with advanced sub-grid closures and transported
PDF models would greatly enhance our understanding of the present phenomena. Further ex-

periments with simultaneous mixture fraction and reactive scalar measurements are necessary.
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4 Conclusions

Plumes of pre-vapourised heptane and acetylene in heated turbulent air have been used as model
situations of autoignition in non-premixed flows. Autoignition has been visualised with a fast
intensified camera and a photomultiplier was used to monitor global OH* chemiluminescence. It
was found that autoignition occurred in isolated spots whose location moved downstream with
increasing air velocity and/or lower air temperature. The characteristic frequency of occurrence
of these spots increased when ignition happened close to the nozzle (i.e. by increasing the air
temperature) and increased with air velocity for the same ignition location. The emergence
of chemiluminescence from a dark background occurred over a sharp rise lasting about 0.5 ms
for all conditions tested, while the OH* signal also showed a slow decay associated with the
propagation of flamelets after the localised autoignition. Secondary autoignition events often
followed a primary event, but analysis of the time duration between these ignitions suggest that
the secondary ignition is triggered by heat transfer and not by pressure waves. The r.m.s. of the
axial ignition spot location was quantitatively consistent with our expectations from turbulent
dispersion and the additional spreading expected from the initial air temperature fluctuations,
hence suggesting that the randomness in the strain rate history of the fluid that eventually
ignites is not responsible for the randomness in the observed ignition location, consistent with

previous DNS results.
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Table 1: Statistics of ignition locations for experiments with heptane with Yj,=0.94 and
Ufyel = Uqir and comparison with the r.m.s. expected from Taylor dispersion. For all, the
injector was d=2.27 mm.

Uair (m/5) Tair (K) (Xign) (mm) 0w ign (Mm) 0y ign (mm) (2D4t)"/? (mm)

Run 1 13.79 1112 67.3 8.41 5.23 4.02
Run 2 13.73 1104 83.2 10.84 5.18 4.47
Run 3 18.02 1124 95.6 8.38 5.06 4.79
Run 4 17.89 1137 57.3 8.43 4.95 3.71

Table 2: Statistics of ignition locations for experiments with acetylene with Y},¢=0.77 and
Ufuel = Uqir and comparison with the r.m.s. expected from Taylor dispersion. For all, the
injector was d=1.03 mm.

Uair (m/s) Tair (K) (Xign) (mm) 0w ign (Mm) 0y ign (mm) (2D;1)"/? (mm)

Run 5 15.92 884 31.50 4.05 3.01 2.75
Run 6 19.50 885 38.16 5.07 4.39 3.03
Run 7 20.50 885 38.28 6.31 3.74 3.03
Run 8 22.87 884 45.21 7.34 3.01 3.29
Run 9 29.64 885 45.72 6.39 4.73 3.32
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Figure 2: Typical photographs of acetylene autoignition. (a) T,;;=832 K, U,;;=10.9 m/s,
Upuer=10.9 m/s, Yj,=0.7, exposure time: 100 ms. (b) T,;=877 K, Ui»r=24.5 m/s,
Ufpuer=22.1 m/s, Y5ue=0.7, exposure time: 250 ms. (c) Long-exposure photograph of the flow

of (a).
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Figure 3: Sequential images of “random spots” of acetylene taken at 6.9 kHz with the small in-
jector (d=1.03 mm). Conditions: T4;=885 K, Uiy = Upyer=20.6 m/s, and Y5,¢=0.78. The flow
is from left to right and the imaged region corresponds to about 70 x 21 mm. The white arrows
show examples of internal reflections of the light emitted from the ignited region. Qualitatively

identical phenomena were observed for all injectors, fuels, and conditions in the “Random Spots”
regime.
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Figure 10: (a) Autocorrelation functions of OH* and (b) integral and Taylor timescales for the

conditions of Fig.
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