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ABSTRACT
Spontaneous ignition of isolated n-heptane droplets with initial diameters of 20–100
µm is simulated using air at 4 atm and 700–1200 K, which includes the typical
operating conditions of recuperated microturbines. Because some fuel droplets in a
combustor may be sprayed or carried to near the recirculation zone, the simulations
use a mixture of pure air and hot combustion products as the oxidiser. The flame
structures, evaporation times, and autoignition times in both physical and mixture
fraction spaces for the different conditions are presented and compared. The vari-
ables examined include the air preheat temperature, amount of dilution with hot
products, initial fuel droplet diameter, oxidiser temperature, and oxygen concen-
tration. The results show that droplets in pure air at microturbine conditions fully
evaporate before ignition, suggesting that a prevapourised concept is suitable for mi-
croturbines. The dilution with hot combustion products decreases the ignition delay
time mainly by raising the oxidiser temperature. Low-temperature chemistry does
not have a significant effect on droplet ignition because adding even a small amount
of hot combustion products can increase the oxidiser temperature to higher than the
temperatures favorable for low-temperature kinetics. The cool flame is only observed
for 100 µm droplets at low temperatures, but two-stage ignition is not observed.

KEYWORDS
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microturbine;

1. Introduction

Gas turbines are often known for being used in large applications such as airplanes
and power stations, but the gas turbines with smaller power output—often referred
to as microturbines—have many applications as well. For instance, microturbines can
be used to power unmanned aerial vehicle [1], to act as the auxiliary power unit
(APU) on aircrafts [2], and to supply electricity and heat for buildings [3]. More
recently, they have been identified as a promising range extender to charge the battery
onboard hybrid electric vehicles in-situ [4, 5]. These microturbines range extenders
need to operate on common liquid fuels and must comply with the road transportation
emission regulations. To achieve similar fuel efficiency to that of other range extenders,
such as a piston engine, the microturbine range extenders will need to use a heat
exchanger, also known as a recuperator, to enable the exhaust gas to preheat the air
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between the compressor and combustor [6, 7]. Therefore, developing the combustion
system of microturbines for hybrid electric vehicles requires understanding liquid fuel
flames in highly preheated air.

The presence of fuel droplets in combustors can cause additional challenges for con-
trolling the NOx emissions. When a liquid fuel droplet begins to evaporate, the fuel
vapor diffuses into the oxidiser and can result in a diffusion flame in the gaseous phase
around the droplet, which is also referred to as droplet combustion. These diffusion
flames have high flame temperature and can lead to high thermal NOx emissions [8].
To avoid droplet burning, some microturbines use lean-premixed-prevaporised (LPP)
combustion to prevaporise the fuel before the combustion zone [4, 9, 10]. More re-
cently, moderate or intense low-oxygen dilution (MILD) combustion—a combustion
mode that dilutes air and fuel with recirculating hot combustion products to main-
tain a low peak flame temperature and achieve low emissions [11]—has been proposed
and implemented in lab-scale burners [12–14]. Both LPP and MILD technologies can
benefit from better understanding the droplet evaporation and autoignition processes.

This study aims to understand droplet evaporation and autoignition in microtur-
bines by simulating a single fuel droplet immersed in either pure air or a mixture of
air and hot combustion products. We consider droplets in air diluted with hot prod-
ucts because although all fuel droplets in an ideal LPP combustor would be vaporised
before ignition, full prevaporisation is not always achieved in practise [15], and some
droplets may be sprayed or carried to near the flame or into the recirculation zone,
which can affect the evaporation and autoignition time scales [16]. Therefore, mod-
elling the oxidiser using a mixture of pure air and hot products is useful for both
LPP and MILD combustion systems. The results reveal the boundary of possible LPP
operation under various mixing conditions and droplet sizes.

Another objective of this paper is to study the effect of low-temperature chemistry,
therefore we will use n-heptane as the fuel, which is known to exhibit phenomena
caused by low-temperature kinetics and is a common surrogate for diesel. Indeed, pre-
vious experiments of n-heptane droplets with initial diameter of d0 = 700–750 µm in
air have observed the common phenomena associated with low-temperature kinetics,
such as the cool flame and two-stage ignition [17, 18]. Several single droplet simula-
tions have also modelled the cool flame and two-stage ignition using different chemical
mechanisms [19–22]. Unlike homogeneous mixtures of n-heptane and air, however,
these droplet experiments and simulations did not observe the negative temperature
coefficient (NTC) [23]. This work will examine the effect of low-temperature chemistry
on droplets in both pure air as well as air diluted by hot products. The simulations
are also done using droplets of d0 = 20–100 µm to represent the typical droplet size
in engines, which is smaller than many previous studies on single droplet combustion.

This paper explores how n-heptane droplet behaves in air preheated to 700–1200 K
at 4 atm, which covers the typical operating conditions of a recuperated microturbine
today [24–26], with an emphasis on the effect of low-temperature chemistry. We will
first present the results, in both physical and mixture fraction spaces, for droplets
immersed in pure air. Then, the results with hot combustion products added to the
oxidiser will be presented. By examining profiles of temperature and mass fractions of
several intermediate species, we examine the effect of hot product dilution and droplet
size on the reaction pathways and droplet ignition. Lastly, we discuss the influence
of parameters that contribute to droplet ignition. Based on the simulation results, we
discuss the suitability of LPP combustion for microturbines and summarise the effect
of low-temperature chemistry.
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2. Methods

2.1. Numerical simulation and chemical mechanism

The numerical simulation models the behaviour of an isolated n-heptane droplet in
a stagnant oxidiser in microgravity. There is no convective motion except for Stefan
flow due to droplet evaporation. These conditions and the assumption of spherical
symmetry simplify a three-dimensional scenario into a one-dimensional problem. The
code solves the unsteady transport equations of mass, energy, and species mass fraction
in both gaseous and liquid phases. Heat transfer due to radiation is neglected based
on the assumption that its effect on the evaporation process prior to autoignition is
insignificant. While radiation may have a small effect when the oxidiser contains more
hot combustion products, it is still unlikely to substantially change the results and
trends observed. The full governing equations, interface conditions, and more detailed
descriptions of the numerical code can be found in Ref. [20, 27, 28]. This code has also
been previously validated against experimental results [20].

The simulation domain is 100r0, where r0 is the initial radius of the droplet. The
liquid phase contains 600 equally spaced nodes, whereas the gaseous phase contains 300
nodes that are concentrated towards the droplet surface. The initial droplet diameters
are 20, 40, and 100 µm to respectively represent small, medium, and large droplets in
gas turbines. The boundary conditions are

r = 0 :
∂Tl

∂t
= 0

∂Yl
∂t

= 0

r = rmax : Tg = Tg,0 Yg,i = Yg,i,0.

The initial droplet temperature, Tl,0, is 340 K in all simulations. The combustor
inlet air varies between 700–1200 K, but this temperature does not always correspond
to the actual initial oxidiser temperature in the simulation, due to the dilution with hot
combustion products. The values of Tg,0 and Yg,i,0, the initial temperature and mass
fraction for species i in the gaseous phase, are explained in more detail in Section 2.3.

The simulations use the n-heptane skeletal mechanism by Liu et al. [29]. It has 44
species and 185 individually counted forward and backward reactions. This mecha-
nism is chosen for its good agreement with experimental results over a wide range of
temperatures, pressures, and equivalence ratios. It includes low-, intermediate-, and
high-temperature kinetics to model the multistage ignition phenomena. The chemical
reactions can be turned on or off in the simulations to study their effect. The compu-
tational time varies for different conditions, with majority of the simulations requiring
less than an hour to be completed using a standard computer. This low computational
cost allows a wide range of conditions to be studied.

2.2. Postprocessing

Analysing solutions in mixture fraction space is instructive and useful for modelling.
The mixture fraction used in this paper is calculated from the Bilger definition [30, 31].
As explained in previous papers [16, 20], the mixture fraction, ξ, of a fuel CmHn can
be calculated from
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Table 1. Temperature and composition of pure air and hot combustion products.

Tair [K] Tox [K] YO YO2
YOH YH2O YCO YCO2

700 2003 0.00005 0.08937 0.00065 0.05466 0.00018 0.11736
800 2076 0.00009 0.08930 0.00092 0.05450 0.00032 0.11713
900 2148 0.00015 0.08924 0.00126 0.05428 0.00055 0.11678
1000 2220 0.00024 0.08920 0.00169 0.05400 0.00090 0.11622
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Figure 1. Temperature and composition of mixture of pure air at Tair = 900 K and hot combustion products.

ξ =
β − β0
βF − β0

β =

x∑
α=1

(aC,α

m
+

aH,α

n
−

aO,α

m+ n/4

) Yα
Wα

,

where βF and β0 are the β value in the fuel and oxidiser streams, x is the number of
species, aA,α is the number of atoms of A in species α, and W is the molecular weight.

The scalar dissipation rate is calculated from N = λ
ρcp

(∇ξ · ∇ξ).

The ignition delay time is defined as the time taken for the maximum temperature at
any location in space to reach above 2000 K. For cases with initial oxidiser temperature
higher than 2000 K, which can occur when the oxidiser is mostly consisted of hot
combustion products, the ignition delay time is defined to be the time when maximum
dT/dt is observed.

2.3. Oxidiser temperature and composition

Simulations are run for single droplets in different oxidiser temperature and compo-
sition to model how the droplet behaves at various locations in the combustor. For
instance, the simulations of droplets in pure air represent a droplet in the fresh oxidiser
stream. On the other hand, a droplet sprayed close to the recirculation zone of a com-
bustor is represented in simulations with the oxidiser air mixed with hot combustion
products.

Following the approach outlined by Giusti et al. [16], the ratio between pure air and
hot combustion products is expressed using the dilution variable, ζ, with ζ = 0 repre-
senting the pure, undiluted air flowing into the combustion chamber (YO2

= 0.233 and
YN2

= 0.767), and ζ = 1 being pure hot combustion products. The temperature and
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composition of hot combustion products, computed with Cantera [32] at an equiva-
lence ratio of 0.6, at the different air temperatures used in this simulations are listed
in Table 1. The conditions between ζ = 0 and ζ = 1 are calculated by adiabatically
mixing different proportions of the two mixtures, as demonstrated in Fig. 1. Only
species with mass fractions above 10−5 are included in the droplet simulation.

To avoid confusion, we use Tair to describe the temperature of the pure air flowing
into the combustor and Tox to denote the temperature of the actual oxidiser in the
droplet simulations. For example, if the air flowing into the combustor is at 900 K,
and the simulation has a dilution level of ζ = 0.5, then the temperature conditions for
this case would be Tair = 900 K and Tox = 1524 K.

3. Results and Discussion

3.1. Droplets in pure air

3.1.1. Flame structure

All simulations in this subsection are for droplets in pure air. Fig. 2 shows the profiles
of temperature and mass fractions of key species in the gaseous phase in both physical
and mixture fraction space, as well as the maximum temperature and species mass
fractions as a function of time, for a d0 = 100 µm droplet. The droplet is immersed in
pure air at 800 K, but there is a temperature gradient close to the droplet due to the
temperature difference between the droplet surface and the oxidising air.

The significance of the low-temperature kinetics can be observed from the mass
fraction of ketoheptylperoxide (KET). As explained in Ref. [29], the low-temperature
kinetics begin with a series of chain-propagating reactions and isomerisations that re-
sults in the production of KET. The last step in the low-temperature chemistry is the
decomposition of KET, which is a chain-branching reaction. Because the decomposi-
tion of KET requires relatively high activation energy, a buildup of KET should be
observed as low-temperature chemistry proceeds.

The high mass fraction of KET is observed at a location with a relatively low
temperature, i.e. closer to the droplet surface and at a higher mixture fraction. The
KET mass fraction peaks at 12 ms, which correspond to spikes in the maximum
temperature and heat release rate (HRR) that indicate the appearance of a cool flame.
In mixture fraction space, KET begins building up at a relatively lean mixture fraction
and then shifts towards the fuel-rich direction. These observations are consistent with
the results from Borghesi et al., who modelled n-heptane droplet ignition using a
different mechanism [20].

In addition to low-temperature reactions, H2O2, a species indicative of intermediate-
temperature chemistry, as well as CH2O also slowly accumulate at a leaner mixture
fraction. The HRR spikes with the appearance of the cool flame and peaks again at
the end of the simulation. Since HRR is calculated per unit area, its sharp increase
at the end of the simulation is due to the droplet surface area reducing to zero and
does not suggest that any significant heat release is taking place. Like the majority of
the simulations using pure air in this study, the droplet finishes evaporating without
igniting a hot flame.
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Figure 2. Profiles of temperature, mass fractions of key species, and heat release rate (HRR) in physical space
(left) and mixture fraction space (centre) for d0 = 100 µm and pure air at 800 K. The maximum temperature,
mass fractions, and HRR are also plotted over time (right).
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Figure 3. Ignition delay time and droplet lifetime for the d0 = 40 and 100 µm cases in pure air.

3.1.2. Autoignition and droplet lifetime

The ignition delay times and the evaporation times of d0 = 40 and 100 µm droplets in
pure air of 700–1200 K are summarized in Fig. 3. The d0 = 40 µm droplets completely
evaporate before ignition. When the droplet diameter increases to 100 µm, however,
the droplet ignites when immersed in air at temperatures above 1110 K. The trend
of larger droplets requiring a lower minimum air temperature to autoignite has also
been observed in simulations of ethanol droplets by Millán et al [33]. This difference in
behaviour demonstrates that the establishment of a prevapourised combustion system
(i.e. no droplet-scale combustion) will depend on conforming to certain boundaries in
terms of temperature and droplet size.

Fig. 3 also shows the non-reacting droplet lifetime that is determined by turning
off the chemical reactions. At low temperatures, the d0 = 100 µm droplets evaporate
faster when chemical reactions are turned on. This difference between the reacting
and non-reacting droplet lifetimes can be attributed to the cool flame that occurs due
to low-temperature chemistry. The presence of the cool flame slightly increases the
temperature near the droplet surface, as shown in Fig. 2, which results in a small
increase in evaporation rate of the droplet. Despite the presence of the cool flame, the
d0 = 100 µm droplets in low-temperature air still completely evaporate without the
appearance of a hot flame.

At temperatures high enough for hot flame to occur, the droplet lifetime is signifi-
cantly shorter with the chemical reactions on. This difference in droplet lifetime can
be attributed to the presence of the hot flame around the droplet that increases the
evaporation rate. No difference is found in the droplet lifetime with the chemical re-
actions on and off for d0 = 40 µm, and neither a cool flame nor hot flame is observed.
The effect of the initial droplet diameter will be further discussed in Section 3.3.

3.2. Droplets in air diluted with hot products

3.2.1. Flame structure

Fig. 4 shows the typical structure of a hot flame for a case with hot product dilution.
The case shown has the same initial conditions as the case in Fig. 2, except 40% of
the pure air has been replaced with hot combustion products. Comparing the two
figures reveals key differences in their reaction pathways. The ζ = 0 case in Fig. 2 has
high levels of KET mass fraction and has a cool flame. For the ζ = 0.4 case, however,
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Figure 4. Profiles of temperature, mass fractions of key species, and heat release rate (HRR) in physical

space (left) and mixture fraction space (centre) for d0 = 100 µm, Tair = 800 K, and ζ = 0.4. The maximum
temperature, mass fractions, and HRR are also plotted over time (right).
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KET is only found at the start of the simulation, and its maximum mass fraction is
approximately two orders of magnitude smaller than that at ζ = 0. The small amount
of KET suggests that low-temperature chemistry is not as significant at ζ = 0.4, which
is likely because the dilution with hot combustion has raised Tox to 1310 K that is
well above the upper temperature limit of low-temperature kinetics.

The ζ = 0.4 case exhibits the single-stage ignition that is typically observed at high
initial temperatures. The simulation begins with the production of small amounts of
H2O2, HO2, and CH2O, which are then quickly consumed at 2 ms as the hot flame
appears. At the same time, the temperature and mass fraction of OH increase quickly
near the stoichiometric mixture fraction, which marks the onset of droplet combustion.
The profiles of the gas phase temperature as well as the fuel, oxygen, and HO2 mass
fractions at 2 ms are shown in greater detail in Fig. 5. The consumption of HO2

and O2 during autoignition can be seen from the dips in the graph, which occur at
the same location as the peak in temperature profile. The two peaks in HO2 mass
fraction suggest that two fronts of flame are created, which propagate on either side
of ignited region. The flame continues to widen after it is established, and the location
of the peak OH and temperature moves to a mixture fraction slightly richer than the
stoichiometry. The consistent maximum temperature after the ignition event suggests
that the flame remains stable for the rest of the simulation.

3.2.2. Effect of hot products dilution on reaction pathways

Multiple cases with different levels of hot product dilution can be compared in the
same figure to further examine the effect of dilution on the reaction pathways. Fig. 6
presents the maximum temperature and mass fraction of key species as a function of
time for Tair = 700 K at four different levels of dilution. The pure air case (ζ = 0) has
the highest mass fractions of KET. As ζ increases, KET production also begins earlier,
but the maximum mass fraction of KET is reduced. The reduction in maximum KET
mass fraction suggests that low-temperature chemistry is becoming less important as
level of dilution increases.

The shift away from low-temperature chemistry can be explained by the high ini-
tial oxidiser temperature at high ζ. The relationship between the temperature of the
oxidiser and ζ can be observed in the first subplot of Fig. 6. The two-stage ignition
region for n-heptane at 4 atm is approximately 620–875 K [17]. Thus, diluting the 700
K pure air with even a small amount of hot products at approximately 2000 K may
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Figure 6. Maximum temperature and species mass fraction as a function of time for Tair = 700 K, d0 = 100

µm, and ζ = 0, 0.07, 0.17, and 0.32.
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raise the oxidizer temperature above the temperature favorable for low-temperature
chemistry. On the other hand, as ζ increases, the productions of H2O2, CH2O, and
HO2 also begin earlier. At a sufficiently high ζ, which is 0.32 for Tair = 700 K, hot-
flame ignition is observed. No two-stage ignition is seen because at ζ high enough for
hot flame ignition, the initial oxidiser temperature is already above the temperature
favorable for low-temperature chemistry.

Fig. 7 presents the results for Tair = 900 K at different ζ. Significantly small mass
fractions of KET are observed in these simulations because they have been conducted
at temperatures above the low-temperature kinetics regime. Like in the Tair = 700 K
cases, the production of other intermediate species begins earlier as ζ increase. The
minimum ζ required for autoignition, however, is reduced to 0.17. Comparing the
ζ = 0.17 cases in Fig. 6 and 7 reveals differences in the mass fraction of intermediate
species. At Tair = 900 K, the mass fractions of CH2O and HO2 increase with time
until they are consumed during ignition. In contrast, the Tair = 700 K case does not
have the continuous accumulation of these intermediate species. Following an initial
increase, the maximum mass fractions of these intermediate species remain relatively
constant for the remaining simulation. The maximum temperature also remains the
same for the entire simulation, which indicates that autoignition has not occurred.
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Figure 8. The droplet diameter squared as a function of time (left) and the burning rate after autoignition
as a function of initial diameter (right) for Tair = 900 K and ζ = 0.10− 0.90.

3.3. Effect of droplet size

This section explores the behaviours of droplets with different initial diameters. The
change in droplet diameter over time is shown in Fig. 8 (left) for d0 = 20, 40, and
100 µm at ζ = 0.1, 0.3, and 0.7. If the droplet combustion proceeds according to the
d2-law, which states that d2/d20 = 1−Kt/d20, then the slope of the line would be the
burning rate, K. At ζ = 0.1, the droplets evaporate with no autoignition observed
(known from the unchanged temperature field that is not shown here). At ζ = 0.3,
the smallest droplet also does not autoignite, but the slope of the line is steeper than
the ζ = 0.1 case, indicating that the droplet is evaporating faster, which is likely due
to the higher oxidiser temperature at the higher ζ. The larger droplets at ζ = 0.3
both see a sharp change in slope, which corresponds to the autoignition event that
contributes to the faster evaporation. At ζ = 0.7, autoignition occurs shortly after
the start of the simulation, thus there is no noticeable change in slope. Fig. 8 (right)
shows the burning rate after autoignition at different initial diameters and various ζ.
As ζ increases, K decreases, which can also be observed in the steeper slope of the
ζ = 0.3 case comparing to the ζ = 0.7 case on Fig. 8 (left). There are also differences in
burning rate for different initial diameters, but Fig. 8 (left) shows that these differences
in slopes for the same initial diameter is relatively small. Since the focus of the paper is
on the autoignition transient, the simulation does not consider factors such as heat loss
due to radiation, which are less important during ignition transient but more relevant
for the burning rate after ignition [34]. Therefore, a deeper analysis on the burning
rate at various ζ and d0 is outside the scope of the paper.

The droplet lifetime and ignition delay time for different ζ and d0 can be summarised
and compared in a regime diagram in Fig. 9, which is similar to the diagrams drawn by
Giusti et al. in Ref. [16]. According to the d2-law, the relationship between d2/d20 and
tK/d20 does not depend on the initial diameter. Therefore, plotting the non-dimensional
time, tK/d20, should collapse the droplet lifetime curves for different initial diameters
onto one line for easy comparison. ThoughK differs for different d0 and ζ, for simplicity
we follow the approach in Ref. [16] and use the kinematic viscosity of pure air for K.
Therefore the regime diagram uses a non-dimensional time of tνair/d

2
0, where νair is

the kinematic viscosity of the pure air.
To the left of the dashed autoignition line, droplets will evaporate and mix without

a hot flame, though ignition may still occur after evaporation. On the other side,
between the dashed autoignition line and the solid droplet lifetime line, is the single
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µm, and ζ = 0, 0.10, 0.20, and 0.285.

droplet combustion zone. The dotted line is the droplet lifetime with chemical reactions
turned off. The presence of the hot flame around the droplet decreases the lifetime of
the droplet, resulting in the large difference between reacting and non-reacting droplet
lifetimes.

As d0 increases, the single droplet combustion zone in the regime diagram also
expands. In other words, large droplets require less hot products present in the oxidiser
to autoignite. To further understand the effect of initial droplet diameter, we compare
simulation results for d0 = 100 µm in Fig. 7 with the results for a d0 = 40 µm droplet
at the same initial conditions, which is shown in Fig. 10. The d0 = 40 µm case at ζ = 0
sees no change in temperature or in the mass fraction of any of the five intermediate
species plotted. Similarly, no change is observed at first for the d0 = 100 µm case at
ζ = 0. But after the first few uneventful seconds, the levels of intermediate species
begin to show more fluctuations, albeit no cool or hot flame is eventually established.
Similar observations can be made for the ζ = 0.1 case. In general, increasing d0 is
associated with higher reactivity. At sufficiently high d0, droplet ignition will occur.

Fig. 11 further shows the effect of d0 on ignition. The graph of maximum tempera-
ture versus time reveals that droplet ignition occurs for the d0 = 500 and 700 µm cases
but not for the d0 = 200 µm case. The observation that larger droplets ignite but the
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Figure 12. The heat release rate (HRR) of the top 3 exothermic and endothermic reactions at the location
of maximum HRR at 50 ms for d0 = 200 and 700 µm at Tair = 700 K and ζ = 0.2.
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smaller one does not can be explained by Law’s work in 1975 [35]. Law analytically
found the Damköhler number—proportional to d20 and defined as the ratio of charac-
teristic flow time to chemical reaction time—critical for droplet ignition. Therefore,
the d0 corresponding to this critical Damköhler number is the minimum d0 required
for droplet ignition to occur. In Fig. 11, the critical d0 is between 200 and 500 µm.

Fig. 11 also reveals that the d0 = 700 µm case ignites earlier than the d0 = 500
µm case. The same graph shows that as d0 decreases, the maximum scalar dissipation
increases. A higher scalar dissipation rate corresponds to a lower Damköhler. Thus,
the longer ignition delay time of the d0 = 500 µm case can be explained by its lower
Damköhler, suggesting that the strong diffusion of species is hindering the chemical
reaction rate. The difference in chemical reaction rates can be inferred from Fig. 12
that compares the HRR of the top 3 exothermic and endothermic reactions at the
location of maximum HRR for d0 = 200 and d0 = 700 µm before hot flame ignition.
The 6 reactions with the largest contribution to the HRR are the same—and many of
these reactions are related to low-temperature chemistry and the production of KET
(OR''O2H)—but the amount of heat they release or absorb is greater for the droplet
with larger initial diameter. This supports the explanation that larger droplets and
lower scalar dissipation rates are associated with higher chemical reaction rates. This
phenomenon of a smaller droplet having a longer ignition delay time has been observed
and investigated near the ignitable limit in other n-heptane droplet simulations and
experiments as well [19, 20].

3.4. Effect of pure air temperature

Another regime diagram is shown in Fig. 13 to examine the effect of the air temperature
at combustor inlet on a droplet of d0 = 40 µm. As Tair increases, single droplet
combustion is more likely to occur. Another interpretation is that as Tair increases,
the minimum ζ needed for single droplet combustion decreases. As noted on Fig. 13,
however, these different minimum ζ have similar Tox despite their different mixture
composition, which prompts further investigation on the role of oxidiser temperature
and composition on droplet ignition.
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Figure 15. The heat release rate (HRR) of the top 3 exothermic and top 2 endothermic reactions at the

location of maximum HRR at 1 ms for d0 = 40 µm and Tox = 1256 K. The four mixtures differ in composition
but all have the same oxygen content of YO2

= 0.192.

The similar minimum ignition temperatures can be explained by the intermediate-
temperature reaction pathways. The minimum Tox needed for ignition is well above
the two-stage ignition region for n-heptane. At these high temperatures, the n-heptane
droplet bypasses the low-temperature chemistry, as evident from the low levels of KET
in Fig. 10. Instead, the droplet exhibits the single-stage intermediate-temperature
chemistry dominated ignition [29]. As explained by Westbrook [36], the intermediate-
temperature reactions produce H2O2 while the temperature slowly increases. Once a
critical temperature is reached, H2O2 decomposes and produces two OH molecules,
which triggers ignition and high-temperature reactions. The decomposition of H2O2

is highly sensitive to temperature, which can explain why these systems with different
mixture composition have similar minimum Tox for ignition.

Another observation from Fig. 13 is that when the oxidiser contains more com-
bustion products, the minimum Tox needed for ignition is slightly reduced. Increasing
the mass fraction of combustion products simultaneously introduces more combustion
products and reduces the mass fraction of oxygen. Therefore these two variables are
investigated separately.

Fig. 14 presents the maximum temperature over time for four simulations conducted

15



0 1 2 3 4 5 6

Time [ms]

1200

1400

1600

1800

2000

2200

2400

M
a

x
 
T

 [
K

]

Y
O

2

= 0.09

Y
O

2

= 0.15

Y
O

2

= 0.20

Y
O

2

= 0.233

Figure 16. Maximum temperature as a function of time for a droplet of d0 = 40 µm in gaseous mixture

consisted of different ratios of O2 and N2. The initial gaseous temperatures for all cases are Tox = 1270 K.

at Tox = 1256 K but with different gaseous mixture compositions. The darkest line
represents the case of Tair = 900 K and ζ = 0.285 presented in Fig. 10, which includes
all main products and intermediate species listed in Table 1. The other three cases
exclude either the main products (H2O and CO2), the intermediate species (O, OH,
CO), or both by replacing them with N2.

The case including all main products and intermediate species shows the fastest
increase in temperature, and it is the only case that autoignited. The case without
any main products or intermediate species shows the slowest rise in temperature. The
presence of the intermediate species causes a small initial increases in the maximum
temperature, whereas the addition of main products increases the subsequent rate of
temperature rise. Thus, having more combustion products in the oxidiser generally
decreases the ignition delay time. The results also suggest that when modelling the
recirculation zone, it is important to include the intermediate species, even if their
mass fraction is relatively small comparing to the main combustion products. Fig. 15
shows HRR of the top 3 endothermic and top 2 exothermic reactions at the location
of maximum HRR at 1 ms. Each case has the same set of reactions has the largest
contribution to HRR, which suggests that their reaction pathways are similar.

Fig. 16 plots the maximum temperature as a function of time for different ratios
of YO2

and YN2
at Tox = 1270 K. The case with pure air (i.e. YO2

= 0.233) has
the shortest ignition delay time. Fig. 17 shows the HRR of the top exothermic and
endothermic reactions at the location of max HRR at 5 ms. The cases with higher YO2

have significantly higher HRR from the top 2 exothermic reactions that consume O2.
As YO2

decreases, the ignition delay time increases. Therefore, all else being equal, cases
with lower YO2

—which occurs when air is diluted with hot products—will require a
higher Tox for the droplet to autoignite. But Fig. 13 shows that, when other factors are
also considered, more dilution decreases the minimum Tox for ignition. This difference
suggests that YO2

has a much smaller effect on droplet ignition than the oxidiser
temperature and the presence of combustion products have.

4. Summary and Conclusions

The evaporation and autoignition processes of n-heptane droplets in both pure air and
air diluted with hot combustion products are simulated under microturbine operating
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Figure 17. The heat release rate (HRR) of the top 3 exothermic and top 2 endothermic reactions at the

location of maximum HRR at 5 ms for d0 = 40 µm and gaseous mixture consisted of different ratios of O2 and

N2. The initial gaseous temperatures for all cases are Tox = 1270 K.

conditions. The pure air simulations find that droplets of d0 = 40 µm completely
evaporate before ignition when immersed in air of 700–1200 K. When d0 is increased
to 100 µm, droplet combustion occurs when air temperature is above 1110 K, which is
higher than the current operating temperature of microturbines. The observation that
n-heptane, a fuel known to autoignite quickly, is able to evaporate before autoignition
suggests that the LPP concept is suitable for microturbines. The ignition delay time
of droplets, however, can be significantly reduced if the droplet is immersed in air
diluted with hot combustion products. These results can help the combustor designer
choose the appropriate target for premixer residence time and droplet diameter to
avoid droplet combustion.

For every combination of combustor inlet conditions, there is a minimum ζ for
droplet ignition to occur. These different minimum ζ values correspond to a similar
oxidiser temperature, Tox. This trend suggests that while diluting the air with hot
combustion products simultaneously results in higher oxidiser temperature, higher
concentration of combustion products, and lower oxygen content, it is the increase in
oxidiser temperature that has the largest influence on ignition delay time. This finding
suggests that predictions of the onset of droplet combustion will rely on accurate
modelling of the temperature of the reacting flow inside the combustor.

Droplet ignition is less likely to occur when the initial diameter of the fuel droplet
is small. Smaller droplets have a higher scalar dissipation rate and lower Damköhler
number, which implies that the species diffusion dominates and the chemical reactions
proceed more slowly. Thus, autoignition of droplets of d0 = 20, 40, and 100 µm is only
observed at sufficiently high oxidiser temperatures. At temperatures favourable for
low-temperature reaction pathway, the cool flame is only observed for d0 = 100 µm.
Even then, due to the combination of short droplet lifetime and high scalar dissipation
rate, the cool flame does not lead to two-stage ignition, and thus neither the NTC nor
the ZTC is observed.

Given the high temperature of hot combustion products and the relatively narrow
range of temperature that is favorable for the cool flame, diluting the pure air even with
a small amount of hot combustion products can raise the oxidiser temperature above
the low-temperature kinetics limit. Therefore, the effect of low-temperature chemistry
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becomes insignificant when the air is diluted with hot combustion products.
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