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Abstract The purpose of this study is to understand the effect of various diameter or ambient
parameters on the autoignition and quasi-steady burning of n-heptane droplets. Spherically
symmetric 1-D numerical simulations were conducted with various initial droplet diameter (50
Mm~2 mm), ambient temperature (500-1000 K) and pressure (1~20 bar) to facilitate
identification of ignition dynamics and intrinsic steady burning modes, including steady droplet
cool flame, cool-to-hot transition and hot flame after single ignition, etc. Provided that different
initial temperatures and pressures lead to a variety of ignition states, initial droplet diameters
present further constraint to ignition behaviours through physical droplet life time. Such
constraint sometimes can turn a two-stage ignition (longer life time) into a cool flame (shorter
life time). Species with strong correlation with cool flame (KET (NC7KET24)) and hot flame
(OH) were used as identifiers for the dynamics of corresponding processes. FSR (Flame
standoff ratio) for both cool and hot flame was found to be stabilized at FSR¢0 =1.3, and
FSRnot 3.8, respectively. The effect of droplet diameter is obvious when the droplet life time
determines the termination of a heat release history. Such effect becomes less important for
the mode boundaries primarily governed by fuel oxidation kinetics, i.e. between two-stage and
single hot ignition (or between no ignition and single hot ignition).
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Introduction

Spray combustion has been the main configuration for releasing chemical heat from fuels
inside engines. The complexity of spray combustion stems from its multi-phase and highly
turbulent nature that has prohibited in detailed research in both experiments and numerical
modelling. With relentless demand for modelling sub-grid phenomena in a spray combustion
problem, many researchers shift their emphases on the droplet cloud or single droplet
problems. Such problems allow precise validation by experimental data and more insightful
understanding in terms of flame structure and consumption rates of particular fuels. Fuels of
interest hence include the component that has been long considered for its importance for
petroleum-derived fuels, and n-heptane is amongst the most important due to its role as
primary reference fuel for gasoline. Therefore, droplet combustion for n-heptane has been
investigated for many decades. Experiments carried out in microgravity promotes the
spherically symmetric of droplet combustion and offer first-handed data for the comparison of
the classical one-dimensional models. The earliest microgravity experiment on droplet
combustion was carried out by Kumagai et al. [1] through igniting a fuel droplet during freefall.
The data for droplet burning in quasi-steady state at standard ambient temperature was then
used to validate the classical D? law. Other research created a high temperature environment
in which the droplet is inserted during freefall to study autoignition behaviour of fuel droplets
[2,3,4,5]. Conditions had covered droplet diameter (0.65 ~ 0.75 mm), pressure (0.1 ~ 2 MPa)
and temperature (600 K ~ 1000 K). There have also been experiments that utilize space
resources, e.g. droplet ignition experiments in the Spacelab [6], and the flame extinguish
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experiment (FLEX) in the Space station [6,7]. Tanabe et al [2,3,4] established a regime
diagram of droplet autoignition under different temperature and pressure, i.e. a T-P diagram,
for various ignition states of n-heptane droplet. Such T-P diagram has been considered as the
target for numerical simulation to legitimatize the use of transport and chemical kinetic models
[8]. Recently phenomena of droplet cool flame documented through the FLEX experiments [9]
have motivated investigation and modelling efforts in such diffusio-chemically coupled
problem. Liu et al. [10] and Xu et al. [11] analysed the droplet burning experiments in FLEX.
The cool flame appears after radiative extinction of hot flames. The evaporation rate of the
droplet changes with initial diameter. Some researchers also noticed the effect of droplet
diameter on the burning process in autoignition conditions. Moriue et al. [12] demonstrated
that when droplets are between 1 and 100 um, the ignition delay time exhibits a minimum with

increasing droplet diameter. The shortest ignition delay time occurs when it is close to the
droplet life time. Their results also show that droplet cool flame can exist for small droplets
near engine spray conditions.

This paper attempts to unravel the effect of initial diameter on the boundary change of
Temperature and Pressure (T-P) ignition state diagram through numerical simulation. Various
droplet ignition modes and their inter-transitions with temperature, pressure and diameter are
presented with preliminary analysis. The influence of diameter on the boundaries between
different ignition modes of n-heptane droplet is shown and discussed using the T-P diagram.

Numerical Methods
In our numerical simulation, a droplet is suddenly exposed to a furnace environment with well-
controlled pressure and temperature under microgravity. The droplet and flame are spherical
burning at a constant pressure air condition. The gas phase products are not miscible in the
liquid phase due to low temperature; negligible effect of supporting fibre; insignificant radiation
effect and the thermophoresis and diffusio-phoresis effects. The following is the physical
conservation equations of gas phase and liquid phase [13]:
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The outer gas boundary is 200 times of initial droplet radius and set as Dirichlet boundary, of

which the initial conditions are identical to that of the gas phase. At the inner center of the

droplet, no flux conditions are applied. At the droplet surface, the heat and mass conservations

are described by the following equations [13]:
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The Strang splitting method [14] is implemented for the decouple of chemical and physical
terms. DVODE [15] is used to solve the decoupled stiff chemistry problems. The absolute and
relative accuracy are set as 108. The finite volume method (FVM) with first order time implicit
is implemented on solving other terms. A staggered grid system is used to reduce oscillation
as suggested by a typical FVM setup. Based on the estimated diffusion time scale (i.e. 10*s),
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the solution time step of 10° s is adopted. The criteria of convergence include both relative
residual temperature and absolute residual value of the concentration being lower than 10,
This work adopts 40 uniform cells in the liquid phase, 200 non-uniform cells in the gas phases.
The cell number remains the same in the process of simulation. Due to migration of the droplet
surface after each time step, the cell locations are re-determined to accommodate the liquid-
vapor boundary. The chemical kinetic model for n-heptane oxidation used in this study is from
Yoo et al. [16], which contains 88 species and 387 reactions and verified for the low
temperature conditions.

Results and Discussion

The simulation in the present study has been verified by experimental data of n-heptane
droplet with 0.65~0.75 mm diameter from Tanabe [2,3,4] as shown by the prediction of 1% and
2" induction time of the droplet in Figure 1. The first induction time, total induction time and
droplet life time are defined as Cuoci et al [8]. Relatively good agreement between
experimental data (symbols) and simulation (lines) suggests that the model captures the most
important physics of the problem. Potential reason for the slight difference might have
stemmed from the use of quartz filament (0.15 mm in diameter) which further introduce heat
loss from the droplets.
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Figure 1. Droplet life time and induction times for n-heptane droplet: (a) 1 bar; (b) 2 bar. Experimental data are
from Tanabe et al. [2,3,4]

Figure 2(a) demonstrates the temperature field in the burning process of a 0.75 mm n-heptane
droplet. The blank field that shrinks with time simply indicates that the droplet radius decreases
with time. The temperature rises at 0.045 s suggests that cool flame establishes around the
droplet and keeps a flame temperature at about 800 K. In contrast, Figure 2(b) shows a similar
plot for a 2 mm droplet, where first stage ignition happens later (at 0.085 s) comparing to a
0.75 mm droplet. Moreover, a second stage ignition at 0.85 s can be seen for a 2 mm droplet,
forming a two-stage ignition history during its droplet life time. Such evident two-stage
transition from steady cool flame to hot flame brings the maximum flame temperature from
800 K to 2000 K before droplet disappears at 1.54 s. From the comparison of ignition histories
of droplets with two different sizes, one can learn that only when the initial droplet diameter
decreases to certain extent, the droplet life time becomes sufficiently short such that the
second stage ignition can no longer exist.
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Figure 2. Temperature distribution of the gas phase around the droplet in the burning process. (a) Cool flame
burning process under 2 bar and 700 K of 0.75 mm n-heptane droplet; Two-stage ignition process under 2 bar
and 700 K of 2 mm n-heptane droplet.

Since the shorter life time limits the development of chemistry for small droplet, we hence
investigate the ignition behaviour for much smaller droplets. Figure 3 shows one
representative example (3 bar and 800 K) of important intermediates (OH and keto-
hydroperoxides, KET) and temperature during the burning of a 50 um n-heptane droplet. As
can be seen in Figure 3(c), the minimal temperature rises suggest that the cool flame induced
by the hot ambient is relatively weak. However, the mass fractions of OH and KET shown in
Figure 3(a) and 3(b), respectively, confirm the presence of droplet cool flame in its own
structure. Note that such temperature variations surrounding a micron-sized droplet may not
be detectable using the Michelson interferometry in the experiments of Tanabe et al. [3].
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Figure 3. The OH and KET radical distribution around the 50 um droplet in the two-stage ignition process under
5 bar and 800 K.

Similar to Figure 3, Figure 4 displays the evolution of OH, KET and FSR (flame standoff ratio)
for a droplet size (e.g. 2 mm) that allows two-stage burning. As shown, successful ignition of
cool flame can be evidently seen from the high KET zone (Figure 4(b)). Such cool flame zone
is then followed by an abrupt appearance of high OH concentration (Figure 4(a)) suggesting
that the burning enters the hot flame mode after the second stage ignition. Note that the OH
is also an important intermediate for low temperature oxidation. However, comparing to the
much stronger rate of production in hot flame, OH in the cool flame zone is less visible in the
present fashion of presentation. Figure 4(c) shows the FSR (blue dashed line) and maximum
temperature (red line) for the two-stage burning process. The FSR is defined as the
instantaneous ratio of the radius of maximum heat release to the droplet radius. The maximum
temperature shown here is extracted from Figure 2(b). It can be seen that before cool flame
is actually ignited, the FSR only suggests an unsteady location where maximum heat release
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occurs, i.e. FSR can be as large as 3.0. After the droplet cool flame is established (at 0.085
s), FSR collapse to a constant around 1.3. Similar ignition process can also be seen for the
second stage, expect that the quasi-steady FSR becomes around 3.8 for the hot flame.
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Figure 4. The two-stage ignition process of 2 mm n-heptane droplet under 2 bar and 700 K, a) OH radical
distribution; b) and KET radical distribution; c) the evolution of maximum temperature and FSR.

Figure 5 shows various ignition modes of a 0.75 mm n-heptane droplet on a T-P diagram. The
black lines depict the boundaries of different modes from the experiments of Tanabe et al. [3]
Ignition modes determined from our simulation are presented as symbols. As shown, the
boundaries formed by the simulation results match well with the experimental T-P diagram
from Tanabe et al. [3] The results shown in Figure 5 serve as a base case for our following
discussion regarding the effect of droplet diameter. In particular, the boundaries between two-
stage and cool flame as well as between two-stage and the upper hot ignition are of the most
interest since they represent very different droplet ignition modes that are intrinsic to the
coupled chemical and physical process of droplet autoignition.
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Figure 5. T-P diagram with the experimental lines [3] and points from numerical simulation from this work, that
instead of ignition modes under certain temperature and pressure;

Figure 6 (a) and (b) show the linear fit of the boundaries of interest from our simulation for
three different droplet sizes, i.e. 0.2, 0.75, and 2.0 mm. As shown by Figure 6(a), the boundary
between cool flame and two-stage ignition migrates towards the lower T-P for larger droplets.
Note that the same line also separates the no ignition region from single hot ignition region.
Three linearly fitted boundaries in Figure 6 (a) exhibit similar slopes, suggesting they may be
governed by the same chemistry. The migration of this boundary suggests that larger droplets
promote longer droplet life time. Therefore for the same ignition heat release history, e.g.
single stage hot ignition, the droplet life time tqie terminates the history at certain point and
form either no ignition (when tig < tqre) Or successful single ignition (tig < tqjite). For the T-P
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condition that allows two-stage ignition, the droplet life time determines whether the burning
mode is cool flame (when tig1st < ta,ife < tig,2nd) OF tWo-Stage (when tqie > tig,2na). On the contrary,
Figure 6(b) shows the other boundary between the two-stage ignition and single hot ignition.
This boundary also extends to between cool flame and no ignition region. As shown, almost
no noticeable difference can be found between the three lines regardless the different droplet
sizes. The unchanged boundary in Figure 6(b) is found to coincide with the ‘ceiling
temperature curve’ evaluated based on the equilibrium of mode switching reaction R + 0,
« ROO without effects from the transport process controlled by the characteristic length (i.e.
droplet size).

1100 T T T T T T 1100
1000 L E 1000
[ .
g 900 - '\\ . e e Z ot )
3 s00f . T 4 E g0l o
E \‘\. 1 o =I22 —
2 . RS | H
E 700+ Sam . . E 0l e
ol hy g
= & ]
| * 0.2mm e 02mm
“ 1 = 0.75mm 600 = (.75mm
2mm 2mm
500 L— . ‘ . so0 Lt | . .
0002 04 06 08 L0 12 o0 02 04 06 08 10 12
log, (Pressurc (bar)) log, (Pressure (bar))
() (b)

Figure 6. The linear fit boundaries under different initial diameters (0.2 mm, 0.75 mm, 2 mm), a) the boundary
between the single cool flame region and two-stage ignition region, also the boundary between the no ignition
and single hot ignition; b) the boundary between the cool flame and no ignition region, also the boundary
between the two-stage ignition and single hot ignition.

Conclusions

The combustion processes of n-heptane droplet with different initial diameters (50 pum~2 mm)
were successfully simulated in this research under the temperature range of 500~1000 K and
pressure range of 1~20 bar. Intermediate species (OH and KET) reveal the onset of the cool
and hot flame. From the simulation results, FSR stays constant around 1.3 during the first
stage steady cool flame and 3.8 during the second stage steady hot flame. Various ignition
modes have been identified for the numerical results and presented as symbols in the T-P
diagram. The boundaries of burning modes for three different diameters were compared on
the T-P diagram. The boundary between no ignition and cool flame (also between the two-
stage to single hot ignition modes) does not changes with initial droplet diameter, showing that
it is primarily dictated by chemical kinetics of n-heptane oxidation. The other boundary of
interest between the cool flame and two-stage modes (also between no ignition and single hot
ignition) is mainly controlled by the droplet life time with respect to corresponding heat release
history.
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D droplet diameter [cm]

H heat release rate [K/s]

h enthalpy in per unit mass [erg/g]

0 heat release rate in per unit volume [erg/s-cm3]
q heat flux [erg/s-cm?]

r radius [cm]

7 velocity of the moving cell boundary [cm/s)
T temperature [K]

t time [s]

Vv diffusive velocity [cm/s]

Y convective velocity [cm/s]

Y mass fraction [-]

o density [g/cm3]

D average density [g/cm3]

1) generation rate per unit volume [g/s-cm3]
Index

chem chemical contribution
cond conduction contribution
conv convection contribution
ds droplet surface

g gas phase

] species index

n number of species
vap  vaporazition

+ right boundary

- left boundary
dlife droplet life

ig ignition
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