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Abstract

Propagation of a confined spherically expanding flame induces isentropic compression that can culminate
in autoignition and/or detonation under conducive thermodynamic conditions. This relatively simple tech-
nique measures a distinct ‘characteristic ignition delay time’ and complements other established approaches
such as the rapid compression machine and shock tube. The present study details this methodology by exam-
ining the autoignition characteristics of dimethyl-ether/oxygen/nitrogen/helium reactive mixtures for equiv-
alence ratios of 0.6 and 0.9, an initial temperature of 468 K, and initial pressures of 3 to 6 atm. The experi-
mental results display the classic two-stage ignition typical of dimethyl-ether oxidation at low-temperatures
with first-stage ignition occurring at approximately 3.6 times the initial pressure. To aid in the interpreta-
tion of the experimental results, two numerical models were used: a zero-dimensional batch reactor model,
which accepts experimental pressure-time history and calculates the sensitivities of characteristic ignition
delay times to kinetics, and a low Mach number, Lagrangian one-dimensional code that was developed to
model both flame propagation and end-gas autoignition. Simulation results were shown to adequately cap-
ture the physics of unsteady flame propagation, end-gas autoignition, and the controlling reactions of the
latter. It was found also that under certain conditions the behavior of first and second ignition stages could
be modified by unsteady pressure effects.
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1. Introduction

Knock has been one among the major limita-
tions in gasoline engine technology towards achiev-
ing higher efficiencies and has been the motivation
of numerous studies. Experimental investigations
have been performed using shock tubes (ST) (e.g.,
[1]), rapid compression machines (RCM) (e.g., [2]),
and motored engines. The strength of STs and
RCMs lie in their capacity to attain high ther-
modynamic conditions (400-3000 K, 2-100 bar)
coupled with laser and optical diagnostics for
ignition delay time (IDT) measurement, speciation
time-history, reaction rate measurements, and
knock studies. As described by Donovan et al. [3],
the key desirable factors worth considering in an
experimental study of autoignition phenomena are
ample test times, high pressures and temperatures,
good flow field and measurement access, for which
the aforementioned duly satisfy.

Confined spherically expanding flames (CSEFs)
employed for the measurement of laminar flame
speeds (S¢) at high pressures and temperatures was
pioneered by Lewis and von Elbe [4] and also offer
acomplementary low-cost approach to yield insight
into knocking phenomena as first suggested by Hu
and Keck [5]. Their experimental investigations of
C4—Cy alkanes demonstrated that a CSEF acts as
a “piston” in that, the heat release of the prop-
agating flame serves to increase the pressure ho-
mogeneously in the entire volume of confinement.
Thus, the isentropic compression of the end-gas for
particular initial conditions, could bring about au-
toignition under variable pressure conditions that
closely mimics the engine behavior [5].

In addition, the absence of any movable parts
reduces the maintenance and operating cost. The
available experimental test times for compression
range from ~25-50 ms and compression ratios ~5—
8, sufficient to promote chemical induction and
radical initiation processes at low-temperatures.
Achieving this requires tailoring S through mix-
ture conditions such that the timescales of flame
propagation become comparable to unburnt gas
chemical reaction.

There are only two experimental studies that
used CSEFs to investigate autoignition systemat-
ically [6,7]. The limited use of the initial propo-
sition by Hu and Keck [5] is mainly due to the
lack of high-fidelity tools that could simultane-
ously simulate, the phenomena of flame propaga-
tion and auto-ignition, which is a stringent require-
ment for chemical kinetic model development. In
other studies such as [8-11], the autoignition via

flame-induced compression has also been investi-
gated.

The goal of the present investigation is to re-
visit the original proposition of Hu and Keck [5] by
experimentally characterizing end-gas autoignition
and interpreting these observables using direct nu-
merical simulation (DNS) tools. The canonical na-
ture of the experiment suits the use of a 1-D low
Mach number reacting flow code to accurately
model all the relevant physics: flame propagation,
heat loss at the walls, and end-gas autoignition. The
method is demonstrated by using reactive DME-
oxygen-inert-mixtures, known to exhibit negative
temperature coefficient (NTC) behavior.

2. Experimental approach

All CSEF experiments and pertinent procedures
were performed in a heated and entirely spheri-
cal chamber as described in [12,13]. Distinction
is hereby made with another spherically expand-
ing flame configuration (usually under constant
pressure) where the flame radius trajectory is ob-
tained using high speed photography while this
method utilizes only the monitored pressure rise in
the vessel without any optical access [12,14]. All
results and discussions presented herein will fo-
cus on the latter. The dynamic pressure transducer
was calibrated at 468 K and 0-500 psi range to re-
duce the pressure-time [P, ¢] uncertainty (£ 0.7 psi)
[12] with the data being acquired at 100 kHz. The
initial temperature is read with an Omega con-
troller (CN9110A) with an uncertainty of +3 K.
All gasses had purities > 99.5%. The experimental
data and with corresponding uncertainties shown
are tabulated in the Supplementary Material 1
(SPM1).

End-gas autoignition was investigated using
DME (CH;OCH;) flames with initial thermo-
dynamic conditions, mole fraction (X;) compo-
sitions and initial adiabatic flame temperatures
(T,a) as listed in Table 1. The mixture dilution of
He/N, = 70/30 on a molar basis was used with
experiments conducted at an initial temperature
T, = 468 K and various initial pressures (P,).

3. Modeling approach
3.1. End-gas autoignition
The time evolution of the unburned gas dur-

ing isentropic compression was modeled using a re-
cently developed 0-D adiabatic batch reactor model

Table 1

Summary of thermodynamic conditions investigated.
Mixture ¢ Taa (K) P, (atm) XcH30CH3 Xoo N2 Xug
1 0.9 1950 3,4,5,6 0.032967 0.109890 0.257143 0.60000
2 0.6 1925 3,4,5,6 0.033009 0.165047 0.240583 0.561361
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code (sensBVP) [15]. It is integrated with Cantera
subroutines [16] and uses the experimental P-f trace
as input in order to consistently compute a char-
acteristic ignition delay time (t ¢;pr) by solving the
energy and species equations as specified below (All
variables are defined in the next section):

T !
- . = it 1
e pCp dt Z“’ M
i oW
= = 2
P

The sensBVP code calculates sensitivity of igni-
tion delay times to rate coefficients by formulating
the initial value problem (IVP) as a boundary value
problem (BVP), thus obviating the brute force tech-
nique. The kinetic model of Zhao et al. [17] with
55 species and 290 reactions describing both low
and high temperature chemistry was used and it has
been validated for thermodynamic conditions rele-
vant to this study.

3.2. Direct numerical simulations (DNS)

In order to directly simulate CSEF propagation
and end-gas autoignition, a Lagrangian transient
one-dimensional reacting flow code (LTORC) was
developed in generalized coordinates. Lagrangian
coordinates used here have been applied in other
combustion-related studies (e.g., [18,19]), in order
to eliminate numerical difficulties arising from the
non-linear advective term in the energy and species
equations. Other studies utilizing Lagrangian co-
ordinates include the numerical calculations of S¢
by Spalding [20], Dixon-Lewis [21], autoignition
by Stauch et al. [22], and burning of droplets by
Cho et al. [23]. The derivation and numerical ap-
plication of the Lagrangian formulation can be
found in [24]. The governing equations (in spherical
coordinates) and boundary conditions are shown
below:
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with:

r - spatial location

t - time

h; — specific enthalpy of species

R - domain length

p - mixture density

P - thermodynamic pressure

C,- bulk specific heat capacity at constant pres-
sure

T - temperature

A - thermal conductivity

Y; - it species mass fraction

Ah"vl - standard enthalpy of formation

V; - diffusion velocity (computed using a
mixture-average formulation)

W, - molecular mass

@; - molar production rate

N - total number of species

Y - Lagrangian variable

The method of lines approach is used to isolate
temporal and spatial derivatives, the latter of which
is discretized using finite differences. The system of
equations is differential-algebraic and solved using
IDA [25]. The fluid is treated as an ideal gas and
the necessary thermodynamic, kinetic and trans-
port calculations are carried out using Cantera [16].
To resolve the flame as it moves, a moving point
density function constructed from hyperbolic tan-
gent functions with high density at the flame at
all times was used. Additional refinement was sup-
plied at the wall (due to the thermal boundary
layer there) and the origin (due to the occurrence
of terms proportional to the square of the radius
in the governing equations). Grid refinement is ac-
companied by third order monotone upwind inter-
polation from variables on the old grid to the new
one. Additional details of the code and governing
equations can be found in Supplementary Material
2 (SPM2), Section 1 while the simulated pressure
results are tabulated in Supplementary Material 3
(SPM3). The source code for LTORC can be down-
loaded from [26].

A spherical domain of radius R=10.16 cm was
used with a non-adiabatic wall, corresponding to
the experiments. X,, P, and T, are as specified in
Table 1. A small ignition kernel (< 5% of the do-
main volume) comprising a chemically equilibrated
composition was used to initiate the flame.
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Fig. 1. Experimental results for Mixture 1: (a) temporal evolution of P and (b) d(InP)/dz as a function of P/P, for
P,=3atm (-), P, =4 atm (-), P, =5 atm (-), P, =6 atm (-).

4. Results and discussion
4.1. Characterization of end-gas autoignition

With the pressure trace being the only experi-
mental observable, attention is devoted to any phe-
nomena that could affect its measurement, such as
for example flame-front instability and buoyancy.

For weakly burning CSEFs, the burned volume
of gas is likely to lose its sphericity by becom-
ing buoyant, a tendency promoted at higher pres-
sures. To preclude this, the reactive mixtures were
formulated by partially replacing N, with He, de-
creasing the molar specific heat of the diluent and
raising T,q resulting in increasing S. As such, S’s
for freely propagating flames using the PREMIX
code [27] were computed at the initial conditions
in Table 1 to ensure buoyant-free flames. All the
computed S values, shown in SPM2 Section 2, are
greater than 35 cm/s guaranteeing a flame propaga-
tion unaffected by buoyancy.

The potential development of flame-front insta-
bilities during propagation exists: thermo-diffusive
and hydrodynamic [28] modes augment the mass
burning rate by creating flame surface area. He-
lium was used for this reason as well as a dilu-
ent by increasing the mixture’s Lewis number be-
yond unity [29], thus ensuring thermo-diffusional
flame stability; high pressure S, experiments (e.g.,
[12,13,30]) have employed this approach to achieve
stable flames. It is worth noting also that the use
of He, due to its higher heat capacity ratio, helps
promote end-gas autoignition by attaining higher
unburned gas mixture temperatures.

A typical experimental P-t trace and its gra-
dient (dP/d¢) obtained in a previous study in the
absence of autoignition [12], is shown in SPM2
Section 3. When end-gas autoignition occurs (for
conditions shown in Table 1) the P-¢ plot (Fig. 1a)
exhibits pressure oscillations similar to previous

studies [5-7]. The fractional rate of change of pres-
sure (d(InP)/d¢) is plotted against P/P, in Fig. 1b
and the non-monotonic behavior is due to low-
temperature kinetics similar to ignition caused by
thermal boundary layers (TBL) [31].

The first-stage ignition, associated with a mild
heat release, is manifested by the bump in d(InP)/d¢
(occurring between 3 < P/P, <4), while the violent
second-stage ignition, associated with large heat re-
lease, corresponds to the rapid rise in d(InP)/dz. Af-
ter the point of autoignition, there is a generation
of pressure oscillations due to the short duration of
the increase in pressure compared to timescales of
acoustic relaxation [32].

LTORC was used to model the entire ex-
periment, capturing flame propagation, isentropic
compression, end-gas reactivity upon compression,
and near-wall TBL effects. Mixture 1 at P, = 6 atm
will be used to analyze the observed pressure re-
sponse.

Directly after a hot ignition kernel is initiated
at the origin (r=0) at t=0ms, a flame propa-
gates outwardly. During the initial stages, the un-
burned mixture is consumed almost isobarically
with the temperature remaining at ~468 K. Fol-
lowing this, effective compression commences at

~% = 80%][12] as evident by the temporal evolu-
tion of temperature distribution in Fig. 2a at r ~
7cm up to 9.56cm where the unburnt gas tem-
perature (7,) has risen to ~700 K with negligi-
ble low-temperature reactivity and/ or ignition. A
TBL forms near the chamber wall [31] during flame
propagation where heat loss occurs as seen by the
insert in Fig. 2a.

For ¢ > 61.58 ms and r ~ 9.6 cm, reactivity vig-
orously commences in the unburnt gas and there is
a significant T, jump to ~ 940 K, a manifestation
of first-stage ignition. Further compression results
in continuous temperature rise up to ~1040K, at
which point the second-stage ignition takes place

org/10.1016/j.proci.2020.06.224
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Fig. 2. Computed radial variation of 7 for Mixture 1 at P, =6 atm with corresponding time sequence (a) a - 36.12 ms,
b-47.84ms, c - 5431 ms, d— 58.60ms, e — 61.80ms, (b) f — 53.72ms, g — 57.20ms, /1 - 59.94ms, i — 61.58 ms, j —61.96 ms,
k- 62.2040ms, [ - 62.51 ms, m - 62.70 ms, n - 62.82 ms.

20 1 T 1 1 - - the oxidation of DME has been studied in a jet-
18 - | stirred reactor from low to high temperature (500—
1100 K) conditions [33] and similar discrepancies
16 - N were found using the present kinetic model as well
z 14 as that of Burke et al. [34]. Analysis showed that the
s 12 - i results are sensitive to the branching ratios involv-
g ing the CH,OCH,OOH species. In spite of the dis-
= 10 - n crepancies, the ability to qualitatively capture the
= 8t -4 trend by DNS provides encouraging evidence that
s 6 - ] the CSEF approach is viable towards probing au-
4 toignition phenomena at low temperatures.
2L J 4.2. Characteristic ignition delay time and
sensitivity analysis
0 — 1 1 1
14 16 18 20 22 24 26 To further investigate the underlying chem-
P (atm) istry of end-gas autoignition, the experimental

P-t traces were fed as input into sensBVP, to

Fig. 3. Comparison of experimental (...) and computed determine the 7, Vi e.Vqlutlon and Teit. During
(-) dP/dt as a function of P for Mixture 1 at P, =6 atm. !ow-’gemperature reactivity and ensuing ﬁrst-stgge
ignition, the fuel breakdown undergoes a chain-
branching sequence over a narrow thermodynamic
range, generating OH radicals in the process

resulting in an exponential increase in temperature while further augmenting the fuel’s consumption
(Fig. 2b). along with attendant temperature rise. If low-
It was determined that the timescales of pres- temperature reactivity is absent and ignition does
sure rise in the end-gas when autoignition occurs not occur (chemically frozen), the end-gas will
are smaller than the acoustic relaxation timescales. only be isentropically compressed before being
Therefore, since the purpose of this work is to cap- consumed entirely by the flame.
ture only the instant of autoignition, considera- Fig. 4 depicts two computed results of the end-
tions of compressibility are safely negligible. gas P-T, of Mixture 1 at P, = 6 atm. In both cases
LTORC was found also to capture satisfactorily there is isentropic compression caused by the pres-
the phenomena of flame propagation and autoigni- sure rise, however in one, the end-gas reactivity has
tion after comparing the experimental and com- been suppressed and a deviation of the results initi-
puted dP/d¢ during compression for Mixture 1 at atesat P~ 23 atm. At T,, ~ 700 K, low-temperature
P, = 6 atm. As shown in Fig. 3, there is agree- reactivity becomes significant resulting in first-
ment during the initial stages of flame propaga- stage ignition where the end-gas transitions to a
tion. However, when end-gas reactivity initiates sig- different thermodynamic and chemical state. De-
nificant discrepancies exist and could be caused spite the end-gas traversing the NTC region featur-
by uncertainties in the kinetic model. To that end, ing a known decreased reactivity with increasing
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Fig. 4. Computed P-T, functions for an unreactive (_)
and reactive () end-gas for Mixture 1 at P, =6 atm.

temperature, the simultaneous compression by
CSEF results in the P-T,, rise. Finally, with consid-
erable build-up of relevant chemical species pro-
moting high temperature ignition, the second-stage
occurs with an accompanying rapid temperature
rise.

Compared to RCM, a key difference of the
CSEF approach is that ignition is achieved in
a time-varying thermodynamic (P, T,) condition.
Thus, a “traditional” ignition delay time (7ig,) can-
not be defined. Instead, a t¢pr is defined as the

Tt

Fig. 5. Computed temperature profile, 7 (-) and DME
(-), OH (-) and CH;,O (-) mass fractions in the unburned
mixture as a function of the normalized time for Mixture
1 at P, =6 atm.

time elapsed from =0 to a point of rapid reac-
tion phase leading to a temperature and pressure
rise; T cypr values from sensBVP for all Mixtures in
Table 1 are displayed in SPM2 Section 4.
Formaldehyde (CH,0), a strong marker of low-
temperature reactivity [2,31,35], largely starts be-
ing produced in the end-gas. The CH,O time-
evolution shown in Fig. 5 also coincides with the
initial temperature rise during first-stage ignition.
At low-temperatures it is produced mainly from
the B-scission of CH3;0OCH, and CH,OCH,OOH
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Fig. 6. Ranked LSC of 7 ¢jpr to kinetics for Mixture 1 at P, =3 (blue) and 6 atm (orange).

Please cite this article as: R. Lawson, V. Gururajan and A. Movaghar et al., Autoignition of reacting mixtures at engine-
relevant conditions using confined spherically expanding flames, Proceedings of the Combustion Institute, https:/doi.

org/10.1016/j.proci.2020.06.224



https://doi.org/10.1016/j.proci.2020.06.224

JID: PROCI

[mNS;September 7, 2020;12:26]

R. Lawson, V. Gururajan and A. Movaghar et al. | Proceedings of the Combustion Institute xxx (xXxXxx) xxx 7

80

70

60

1

Pressure (atm)

1 1 L 1 1

0 1°2 3 4°5

time (ms)
2200 T T T T

2000

Z 1800
1600
1400
1200
1000
800 -
600 :

o
Q-
-]

K
T T

T

(b) -

T

T

Temperature (

L 1 1

L L
005 1 1.5 2 28 3:35

time (ms)

g 140} i

= 120} 1

&

% 100 E

E s} (c) -

S 60 ]

&

= 40 -

-] 20 L -

&

& B RO s Py
%, %, 1, oao /00 ‘)’o »},0

Temperature (K)

Fig. 7. (a) P-t history, (b) T,-t variation and (c) Net
rate of progress of CH30OCH,0O, production from
sensBVP for Mixture 1 at P, =25 atm, T,,,=650K
for dP/dt=7.33 atm/ms (_), dP/dt=14.67 atm/ms (_),
dP/dt=36.67 atm/ms (_), dP/dt=58.67 atm/ms (_),
dP/dt="73.33 atm/ms (_).

which compete with other reactions leading to low-
temperature chain branching.

At relatively higher temperatures and pressures,
DME and CH,0O are rapidly consumed as OH
build-up in the unburned mixture becomes promi-
nent through H,O, + M — OH + OH + M and
results in second-stage ignition.

To assess the controlling reactions of end-gas
autoignition, sensitivity analysis using sensBVP
was performed. The ranked logarithmic sensitivity
coefficients (LSC) for Mixture 1 at P, = 3 and
6 atm is shown in Fig. 6. CH,OCH,O,H is con-
sumed through two main pathways. The first being
CHzoCHzozH + Oz —> OzCHQOCHzOzH with
its product going through the following reaction
steps OQCHzoCHzozH — HOQCHzOCHO + OH
and HO,CH,0CHO — OCH,OCHO + OH
releasing two OH radicals in a sequence that
promotes  low-temperature  chain  branch-
ing. The second being a pB-scission reaction
CH,0CH,;0,H — 2CH,0 + OH inhibits au-
toignition. B-scission of CH3;OCH, can also
produce CH,0 and CHj; radicals that inhibits au-
toignition. Thus, the competition between O, ad-
dition and B-scission reactions of CH,OCH,O,H
at low-temperatures is largely responsible for the
NTC behavior [34,36,37].

Similar to t¢ypr, a characteristic first-stage ig-
nition delay time (t¢/pr) is also defined, but at
the first-stage ignition point with sensitivity anal-
ysis performed subsequently for Mixture 1 at
P, = 6 atm. The results are compared with those
of Fig. 6 in SPM2 Section 5 and as expected t¢/pr;
is not sensitive to high-temperature kinetics.

4.3. Unsteady effects of pressure on kinetics

An important aspect of the CSEF approach is
that autoignition initiates in the presence of dP/d¢
similar to piston engines. Furthermore, alkyl radi-
cal oxidation is highly dependent on the prevailing
thermodynamic conditions. Thus, it becomes im-
perative to explore the effects of this transient pres-
sure rise on kinetics at low temperatures.

To that end, four linear P-t traces shown
in Fig. 7a for Mixture 1 at 7, = 650K and
P, = 25 atm with increasing dP/d¢ to simu-
late different compression rates were fed into
sensBVP to compute the 7, and Y; evolution.
The temperature history in Fig. 7b shows that
with increasing dP/d¢ autoignition is affected
notably. A kinetic analysis in Eq. (7) (shown
below) involving DME H-abstraction
(CH3OCH3 + OH — CH3OCH2 + Hzo) and the
first Oz addition to CH3OCH2 (CH3OCH2 + 02
< CH3;0CH,0,) reactions and reveals that
CH;0CH; and thereby CH;0CH,0, formations
are progressively being quenched by increasing
dP/dt assuming constant temperature. More
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specifically, complementary low-cost approach to obtain exper-
dX. imental data which can be modeled for reliable ki-
Tramsoch: _ g 1 == XcuzocusXon netic model validation under thermodynamic con-
dr RT ditions relevant to engines. Coupled with numerical

—Krh——X, X,
‘f’zRuT CH30CH2X02

XCH3OCH2 E
P dt
N

dP/dt contributes a subtractive term proportional
to the Xcusocua/P. Thus, there is an acceleration to-
wards high-temperature kinetics and second-stage
ignition. It is also observed from the net rate of
progress of CH;0CH, + O, < CH;0CH,0; in
Fig. 7c that the production of CH3;0CH,O, signif-
icantly decreases as d P/d¢ increases.

+ Ky2 Xemsocm202 —

5. Concluding remarks

End-gas autoignition was investigated using the
confined spherically expanding flame method for
dimethyl-ether/O,/N,/He reactive mixtures. The
distinctive features of the experimental pressure-
time were highlighted through the pressure gra-
dient, specifically during the compression re-
gion. Low-temperature ignition was identified by
a ‘bump’ in the pressure gradient and high-
temperature ignition by a rapid rise in pressure fol-
lowed by pressure oscillations whose amplitude in-
creased with higher initial pressure and for fuel
lean conditions. For all experimental conditions, it
was seen that first-stage ignition occurred approxi-
mately at 3.6 times the initial pressure.

A one-dimensional Lagrangian reacting flow
code was developed to directly model the unsteady
spherical flame propagation including isentropic
compression, end-gas reactivity and autoignition
at the same experimental conditions. The results
showed that the expanding flame induced first-
stage ignition during the compression followed im-
mediately by the second-stage ignition. Further-
more, it was shown that the boundary layer shrunk
with time, thereby minimizing the possibility of
fluid mechanics interference with the adiabatic
core.

Species and temperature time evolution were
processed from the experimental pressure time his-
tory using a zero-dimensional code which in ad-
dition to calculating a characteristic ignition delay
time along with mathematically rigorous sensitivity
analysis to kinetics. It was found that this charac-
teristic ignition delay is largely controlled by fuel-
specific reactions, specifically, dimethyl-ether low-
temperature chemistry. Additionally, the sensitivity
to kinetics increases as the fuel mixture becomes
leaner due to the increasing effect of oxygen in the
low temperature chain branching.

The current study of autoignition using con-
fined spherically expanding flames represents a

tools, the physics leading to engine knock can be
reasonably explored to understand the controlling
mechanisms.
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