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Abstract
Heat release analysis (HRA) is commonly used in combustion studies to derive understandings of
chemical and physical processes in situations where direct measurement is not practical. In internal combustion
engines, it is typically based on crank-angle resolved pressure diagnostics. However, it has not been applied
extensively to rapid compression machine datasets. There are various challenges associated with rigorous
application of HRA, including a reasonable accounting of physical processes that occur during the test period,
such as heat loss. Limitations associated with transducer robustness and data acquisition system fidelity also
exist. On the other hand, there is potential to extract a wealth of information from pressure-time histories via
HRA, such as quantifying the evolution and trends of preliminary exothermicity, e.g., low- and intermediatetemperature heat release, across a range of thermodynamic conditions; detecting the existence of non-uniform
ignition phenomena during a test; and providing additional targets for the evaluation and improvement of
chemical kinetic models. This work discusses such opportunities, and some approaches towards resolving
various challenges.
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1.0 Introduction
Heat release analysis (HRA) has a long history in application to both internal combustion (IC) engines [1–
3] and fundamental apparatuses [4–6], providing a means to derive insight into governing chemical and physical
processes in situations where direct measurement is challenging, or not practical. Applications exist also for
numerical simulations [7].
Rapid compression machines (RCM) are typically used to characterize the autoignition of gaseous and
liquid fuels, covering a wide range of thermodynamic and fuel-loading conditions [8]. Some configurations are
also capable of generating stratification and micro-mixing representative of combustion chambers, as well as
integrated ignition sources to explore additional phenomena.

While a number of facilities incorporate

sophisticated diagnostics, such as laser-based velocimetry and sampling-based speciation, these are challenging
to implement, expensive and can limit the operating range (e.g., density) of the devices [8]. As such, pressure is
the primary diagnostic, where this is used to, predominantly, quantify ignition delay times via the sharp rises in
pressure that accompany first-stage and main ignition.
A few groups have previously attempted to quantify the exothermic characteristics of fuels in RCM tests.
Tanaka et al. [9] used pressure-time histories to define parameters such as pressure rise from first-stage ignition
(P1), maximum pressure rise relative to the compressed condition (Pmax = Pmax–Pc), and burn rate, based on
the time taken for pressure to rise from 20% of Pmax to 80% of Pmax. Griffiths and Hasko [10], Tanaka et al.
[11], and Shiga et al. [12] more formally derived heat release rates (HRRs) for various fuels based on energy
conservation principles, incorporating reduced-order models for heat loss and an assumption of mixture
uniformity. Some results were presented to illustrate how fuel structure, compressed condition, and fuel
loading influence autoignition phenomenology, rates of reaction, and the development of pressure waves.
Past works have discussed challenges with HRA, and how to achieve rigorous, quantitative results.
These include properly representing physical phenomena in the reaction chamber (e.g., heat loss to the walls,
growth of the boundary layer, gas flow to the crevice, and condensation of heavy fuels near cold surfaces);
describing the thermophysical properties of the reacting mixture, including changes in composition; and
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adequately recording the time-varying conditions in the reaction chamber, with minimal perturbation by the
data acquisition (DAQ) system. However, there is significant potential to extract a wealth of information from
pressure-time histories via HRA, including (a) quantifying the evolution and trends of preliminary exothermicity,
i.e., low- and intermediate-temperature heat release (LTHR and ITHR, respectively), across a range of
thermodynamic conditions; (b) detecting the existence of non-uniform ignition phenomena during a test; and (c)
providing additional targets for the evaluation and improvement of chemical kinetic models.
The objectives of this work are to identify and highlight benefits of conducting HRA with RCM data, and
discuss challenges that must be addressed to derive quantitative representations, at low uncertainty, of the
chemical exothermicity for a range of fuels.

2.0 Formalism
HRA begins by first applying the energy conservation equation to the gas in the reaction chamber, as
expressed in
𝑑𝑈𝑠 ⁄𝑑𝑡 = 𝑄̇𝑐ℎ𝑒𝑚 − 𝑄̇𝑤𝑎𝑙𝑙 − 𝑊̇𝑝𝑖𝑠𝑡 + 𝐻̇𝑖𝑛 − 𝐻̇𝑒𝑥

(1)

with 𝑈𝑠 representing the total sensible internal energy, 𝑄̇𝑐ℎ𝑒𝑚 the rate of chemical enthalpy, or heat released,
𝑄̇𝑤𝑎𝑙𝑙 the rate of heat exchange with the walls, 𝑊̇𝑝𝑖𝑠𝑡 the rate of piston work on the gas, and 𝐻̇𝑖𝑛 , 𝐻̇𝑒𝑥 the rates
of enthalpy flow to/from the reaction chamber, respectively. When the energy flows are adequately tracked,
the excess energy can be designated as chemical enthalpy.
There are numerous challenges in applying this to RCM measurements, as with IC engine data [3]. First,
the boundary of the system needs to be defined along with appropriate means to account for the changing
composition. Suitable techniques are also needed to represent physical processes. In the simplest scenario the
gas can be considered uniform, and heat and enthalpy flows ignored, so that an “apparent” HRR is computed. A
more refined approach utilizes the adiabatic core hypothesis where reactivity is neglected in the boundary layer
gas [13], with heat and enthalpy flows derived empirically [14], or via reduced-order models [15,16]. An even
more robust methodology considers the gas as a consisting of multiple, concentric zones in the reaction
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chamber [17] with potential to account for flow to the piston crevice volume. In the reacting zone, the gas could
consist as a mixture of unburned charge and burned products, e.g., fuel/oxidizer and CO2/H2O, or could include
important intermediates, e.g., CO. A detailed review of these, and assessments of the impact on uncertainties is
outside the scope of this paper, and saved for future work.
In the examples presented below, the adiabatic core hypothesis is employed with a single zone
consisting of ‘unburned’ and ‘burned’ gases. Ideal gas behavior is assumed with uniform pressure across the
reaction chamber. Equation (1) is rewritten as [3],
𝐻𝑅𝑅 =

𝛾
𝑑𝑉
1
𝑑𝑃
𝑃𝑉 𝑑𝛾
𝑃
+
𝑉
−
𝛾 − 1 𝑑𝑡 𝛾 − 1 𝑑𝑡 (𝛾 − 1)2 𝑑𝑡
+ 𝑄̇𝑤𝑎𝑙𝑙 +

𝛾 𝑃𝑉
𝑁̇
𝛾 − 1 𝑁 𝑐𝑟𝑣

(2)

with HRR replacing 𝑄̇𝑐ℎ𝑒𝑚 , 𝑃 representing the pressure, 𝑉 the reaction chamber volume, 𝛾 the ratio of specific
heats, 𝑁 the number of moles in the reaction chamber, and 𝑁̇𝑐𝑟𝑣 the rate of gas flow to the piston crevice(s). To
empirically account for heat loss and crevice flow, the same approximation can be used as with chemical kinetic
simulations [18] where measurements from non-reacting mixtures are employed, assuming consistent behavior
between the reacting and non-reacting systems. In this scenario 𝐻𝑅𝑅 ≡ 0, so that Eq. (2) becomes,
[ 𝑄̇𝑤𝑎𝑙𝑙 +

𝛾 𝑃𝑉
𝑁̇ ]
𝛾 − 1 𝑁 𝑐𝑟𝑣
= −[
−

𝛾
𝑑𝑉
1
𝑑𝑃
𝑃
+
𝑉
𝛾 − 1 𝑑𝑡 𝛾 − 1 𝑑𝑡

(3)

𝑃𝑉 𝑑𝛾
]
(𝛾 − 1)2 𝑑𝑡 𝑛𝑟

Incorporating Eq. (3) into (2) yields,

5 of 23

𝐻𝑅𝑅 =

𝛾 𝑑𝑉
[ 𝑃 − 𝑃𝑛𝑟 ]
𝛾 − 1 𝑑𝑡
+

1
𝑑𝑃 𝑑𝑃
𝑉[
− | ]
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−

𝑃𝑉
𝑑𝛾 𝑑𝛾
− | ]
[
2
(𝛾 − 1) 𝑑𝑡 𝑑𝑡 𝑛𝑟

(4)

where it is assumed that the piston trajectories, and 𝑑𝑉⁄𝑑𝑡, are identical between the non-reacting and reacting
tests.

The instantaneous gas temperature can be approximated based on the extent of exothermicity,

𝑇𝑔𝑎𝑠 ≈ 𝑇𝑢 + 𝑥𝑏 (𝐿𝐻𝑉⁄𝑐𝑣 ),

with

𝑇𝑢 ,

the

unburned

temperature,

determined

via

ln(𝑇𝑢 ⁄𝑇𝑖 ) =

∫ (𝛾 − 1)⁄𝛾 (1⁄𝑃𝑛𝑟 )(𝑑𝑃𝑛𝑟 ⁄𝑑𝑡)𝑑𝑡, while 𝑥𝑏 = ∫(𝐻𝑅𝑅) 𝑑𝑡⁄𝐿𝐻𝑉. LHV is the lower heating value of the mixture
[19], and cv is the constant-volume heat capacity of the mixture. For simplicity, all HRRs presented below are
normalized against LHV of the mixture.
It is important to recognize that this representation does not account for increased wall heat loss or
crevice flow induced by exothermic events within the reaction chamber, and can lead to errors in the
accumulated heat release, as well as peak heat release rates (as demonstrated below). Similar influences can be
seen in calculations of first-stage and main ignition times [20], though under many conditions, they are not as
severe as in the HRA.

3.0 Experimental
Autoignition measurements are acquired in Argonne’s twin-piston RCM (tpRCM). A detailed overview,
as well as experimental uncertainties can be found elsewhere [21]; it is briefly described here. The tpRCM is
pneumatically-driven and hydraulically controlled. A ring-groove arrangement in the hydraulic chambers is used
at the end of the stroke to facilitate deceleration, while the hydraulic chambers are pressurized during the test
period to minimize piston rebound at ignition. The pistons in the reaction chamber incorporate crevices
machined around their circumference to suppress vorticular motion during, and post-compression [22]. The
exterior of the reaction chamber is heated using band, tape and cartridge heaters, with high-density insulation
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fitted between the flanges of the cylinders and the hydraulic chambers. Thermal uniformity of 0.2% is
achieved in the axial and azimuthal directions across the interior and exterior surfaces. The dynamic pressure is
measured using a Kistler 6045A-U20 transducer, regularly calibrated to 250 bar, and coupled to a Kistler 5064
charge amplifier. The 6045A-U20 is designed for thermal shock resistance (< 1%), and incorporates a reinforced
diaphragm for knock protection. The signal can be split and simultaneously recorded with two data acquisition
cards (NI 9239 (24-bit/50kHz); NI 9223 (16-bit/1000kHz)) to adequately resolve both low- and high-temperature
heat release processes. A Savitzky-Golay algorithm with 2nd-order fit is applied to condition the recorded signals
with a window of 0.3 ms.
A 5.6 L stainless steel tank, heated to ~70 °C, is used to prepare fuel/O2/diluent mixtures. Liquid fuel at
room temperature is first injected into the evacuated tank via syringe through a septum, or added in gaseous
phase, with high purity gases subsequently delivered through a small port. The gas addition induces significant
turbulent mixing, and then the charge is allowed to diffusively blend for a minimum of 45 minutes before
testing; longer wait times show little/no influence on the measurements. The evaporation efficiency of the fuels
is calculated from ideal gas relationships, with ~95% typically achieved. The mass of injected fuel, and partial
pressures of the gaseous components are used to determine the molar compositions of the mixtures.
The compressed temperatures (Tc), first-stage and main ignition times (1 and , respectively), and HRRs
are determined via post-processing recorded pressure traces. Equivalent non-reacting tests are performed
where O2 is replaced by N2 due to their similar thermophysical properties. The pressure traces are aligned at
80–90% of the pressure rise, with end of compression specified by the peak in the non-reacting trace. The nonreactive tests are also used to derive effective volume-time histories for chemical kinetic modeling where rates
of compression heating, and heat loss induced pressure/temperature decay during the induction period are
empirically taken into account [8].

4.0 Results
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In this section it is demonstrated how a variety of combustion behaviors can be extracted from
pressure-time histories via HRA.

4.1 Preliminary exothermicity
Slowly evolving exothermicity that precedes the autoignition point is common in degenerately branched
systems [23]. This has been termed LTHR and/or ITHR, and is an important fuel property that depends on
chemical kinetic pathways traversed during oxidation [24]. Preliminary exothermicity has been shown to
correlate strongly with ignition quality under advanced compression ignition conditions, including the capability
to extend operation over a wide speed/load window with adequate control of combustion phasing [25,26].
LTHR, typically identified by a sharp rise in pressure and visible chemiluminescence from CH2O*, is chemically
due to the decomposition of ketohydroperoxides producing multiple ȮH radicals, followed by, for example,
CH3Ȯ+ȮH=CH2O+H2O. ITHR can occur subsequent to, or without LTHR, and involves a more gradual rise in
pressure resulting from coupled self-heating processes.

Though reactions governing ITHR are less well

understood, direct (i.e., concerted) elimination reactions of ROȮ leading to HȮ2+alkene/ether/carbonyl species,
followed by recombination reactions of HȮ2 with HȮ2 and ĊH3 are thought to be important [27]. Significant
quantities of H2O2 accumulate while the pressure and temperature slowly increase due to non-branching
exothermic reactions. Main ignition, sometimes termed high-temperature heat release (HTHR), is generally
considered to begin when the temperature and pressure are sufficient for H2O2 to decompose into two ȮH
radicals, causing degenerate branching.
There is little experimental data available to quantify the evolution and trends of preliminary
exothermicity for fuels across a range of conditions. HRA applied to RCM measurements, provides such an
opportunity. To demonstrate this, Fig. 1 presents results for a diluted, stoichiometric mixture of primary
reverence fuel, PRF90/O2/diluent covering Tc = 715–940 K and Pc = 20–70 bar, at increments of Tc ~ 27 K, Pc
= 10 bar. Figure 1a first illustrates pressure-time histories at Tc = 735 K with two reactive tests included at each
condition demonstrating excellent repeatability. For Pc = 70 bar, both 1 and  are identified. Across the range
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of pressure explored, there is a noticeable change in ignition times, as well as characteristics of the preliminary
exothermicity. Also visible at Pc  60 bar is a drop in pressure after ignition due to piston rebound since the
hydraulic chambers are not pressurized rapidly enough to lock the pistons in place. This does not however
influence the HRA.

Figure 1a – Representative pressure-time histories for non-reacting and reacting mixtures of PRF90/O2/N2, highlighting
shifts in first-stage and main ignition events.

Figure 1b presents representative HRRs plotted as a function of the time-integrated, or accumulated
heat release (aHR) for the same conditions in Fig. 1a. In this arrangement, the trajectories start at the origin and
progress in a clockwise manner. Immediately evident is that none of the cases achieves an aHR greater than 0.8,
meaning that 20% of the fuel energy is not properly taken into account. This is due to an incorrect tracking of
the physical losses in the current formulation, which can be influenced by the exothermic events and resulting
higher gas temperature / pressure. The situation is most severe for at Pc = 20 bar where ( - 1) is the longest,
allowing for greater energy loss from the mixture, especially in the crevice. At the highest Tc’s in this dataset
though, the HRRs are rapid enough so that aHR > 0.9. Also discernable in Fig. 1b is that the peak aHRs for Pc 
60 bar are consistent with the Pc = 50 bar case highlighting that piston rebound does not significantly alter the
HRR calculations. Finally, there is excellent shot-to-shot repeatability in the HRR-aHR curves. This is found to be
true, even for conditions where preliminary exothermicity occurs before t0.
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Figure 1b – Representative HRRs as a function of aHR for PRF90/O2/diluent mixture. Inset highlights exothermicity
before transition to HTHR.

The inset in Fig. 1b highlights early exothermic behavior. LTHR is identifiable as a ‘bump,’ where the
HRR first increases and then decreases. The end of first-stage ignition can be demarcated at the second
inflection point; for instance at Pc = 20 bar this is aHR = 3.9%, while at Pc = 70 bar, this is close to aHR = 6.8%.
Thus, as pressure is increased there is an increase in the rapidity of LTHR, as well as the magnitude of integrated
heat release. These trends are similar to those observed in engine measurements [26]. At first order, the shifts
should be expected due to higher reactant concentrations, however there is also a change in the flux through
low temperature chemical pathways, such as Ṙ+O2(+M)= ROȮ(+M).
Exothermicity during the transition to HTHR has been identified as ITHR [25]. Various approaches have
been suggested to demarcate the end of ITHR, including threshold values of HRR and d(HRR)/dt [27]. Across this
dataset, both techniques are found to yield similar trends, and a threshold of HRR = 0.1/ms is used for
discussions below.
After LTHR and ITHR, the mixture transitions to HTHR with peak HRRs occurring near 40–50% of LHV. In
this dataset, there are also prominent differences in HTHR behavior between the low and high pressure
conditions. At low pressure, there is a slow evolution, with peak HRRs not realized until nearly 25% of LHV,
while at high pressure, the mixture rapidly moves to high HRRs at 10–15% of LHV. Furthermore, at the tail end
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of the exothermic process, a slower HRR can be detected. It is not immediately clear what the kinetic causes of
this are, but these features highlight the complex pressure-dependent chemistry for this binary fuel blend.
Figure 1c next illustrates computed temperatures at the start of ITHR (soITHR) and start of HTHR
(soHTHR) at the transition thresholds listed above, over the entire range of this dataset. Here, it can be seen
that pressure has different influences on soITHR and soHTHR where pressure increases the soITHR temperature,
while there is little influence on the soHTHR temperature. The former indicates that, as seen in Fig. 1b, there is
greater LTHR with pressure, with the latter implying that ITHR is similar across a range of pressure (which is not
true for all fuels evaluated so far in the tpRCM). Another interesting feature is that the soITHR points are
somewhat constant at fixed Pc; this corroborates historical experimental measurements [28], which identified
the temperature homogenizing effect of LTHR for mixtures with thermal stratification. Finally, the soHTHR
points on the other hand vary significantly over the Tc range. These characteristics provide insight into the
trends of LTHR, ITHR and HTHR for this transportation-relevant fuel.
The results shown in Fig. 1c need to be interpreted in the context of an incomplete physical
representation of the HRA. For instance, computational fluid dyanamics (CFD) simulations have shown that
additional 1–3% of mass flow to the crevice can be induced by LTHR, depending on P1, while ITHR can induce
flows of similar magnitudes [20]. Furthermore, heat loss to the walls however, as estimated by the method of
[29], does not appear to be rapid enough to substantially influence these results. The differenences between
the reacting and non-reacting tests lead to slightly lower apparent temperatures (~20–60 K), but the trends
should not be drastically altered.
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Figure 1c – Derived gas temperatures at soITHR and soHTHR for PRF90/O2/diluent mixture. Line indicating Tc is
identified.

4.2 Non-uniform ignition
Non-uniform ignition, sometimes termed mild ignition, is a non-ideal process observed under some
situations in RCMs, as well as shock tube and flow reactor experiments, where flames and/or reaction fronts
initiate due to non-uniformities within the test mixture [8,30]. The propagating flames/fronts can consume the
entire mixture, or compression-heat the unburned gas, forcing bulk autoignition at times advanced of
homogeneous conditions.

Optical techniques can be used to identify the formation and evolution of

flames/fronts [31], and can be particularly beneficial when configured with large-access windows. However,
experimental setups are costly, and can limit the achievable compressed conditions, as well as fuel loading due
to structural constraints.
HRA is an alternative approach to identify suspect tests such that optical verification may not be
necessary. To demonstrate this, HRA is applied to numerical simulations of hot-spot initiated mild ignition [32].
In the CFD setup in ASURF [33], a spherically-symmetric configuration was employed with a centrally-located,
Gaussian-distributed temperature non-uniformity. Reflective boundary conditions were applied at the far-field
(rmax = 2 cm). Only subsonic regimes were considered with syngas blends (CO/H2 = 80/20) used as the fuel [34],
mixed with air at  = 0.2 and 0.5. A wide range of temperature and pressure were covered (900–1120 K, 1.5–15
bar), while the singular hot-spots radii ranged from rhot = 0 to 2 mm, with peak hot-spot temperatures of 1 to
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90% greater than the surroundings, i.e., Thot/Tsurr = T’ = 1.01–1.90. The parameter sweep investigated artificiallyinitiated localized ignition to explore mild ignition phenomena.
The characteristic features in the simulations are found to be similar to those observed in experimental
equipment. Representative results are presented in Fig. 2. Figure 2a shows the pressure-time histories for six
tests with rhot specified as 0, 0.2, 0.4, 0.5, 0.6 and 1.0 mm, using a hot-spot temperature of T’ = 1.15. It can be
seen that as the hot-spot size is increased the ignition time is advanced. This behavior is caused by a reduction
in thermal decay of the hot-spot at the initiation of the test owing greater heat retention caused by surface area
: volume effects. This facilitates earlier hot-spot ignition and flame formation, as might be expected. The inset
in Fig. 2a time-shifts results to the point of bulk autoignition. With this, it is clear that there is an extended
period of slowly rising pressure, and associated compression heating of the end gas, before the autoignition
point. This is due to the increasing time available for flame propagation, and thus fuel consumption, before the
end gas is forced to ignite.

Figure 2a – Representative pressure-time histories for syngas/O2/diluent mixture illustrating influence of hot-spot ignited
flames. Inset time-shifts pressure traces corresponding to ign, highlighting slow pressure rise due to flame propagation.

Figure 2b shows the results of the HRA where again, the HRRs are plotted as a function of aHR. The
inset highlights features associated with early exothermicity. In Fig. 2a it can be seen that for the homogenous
case, i.e., rhot = 0, the trajectory is globally similar to that in Fig. 1b where peak HRRs are experienced near aHR =
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50%. Though there is no LTHR for this syngas blend, there is noticeable ITHR due to the degenerate branching
kinetics at the simulation condition. The features seen here are comparable to direct HRR measurements in a
shock tube [35]. Due to the adiabatic constraint used in the simulations, the aHR achieves a value of 1.0.

Figure 2b – Representative HRRs as function of aHR for syngas/O2/diluent mixture illustrating influence of hot-spot
ignited flame where deflagrative consumption yields lower HRR compared to autoignition. Inset focuses on early flame
initiation process.

For the cases where the hot-spots ignite early there is a shift in the heat release trajectories. First, the
slow rate of pressure rise observed in Fig. 2a is correlated to a change to larger values of aHR at the transition to
bulk autoignition. For instance, while this transition occurs at aHR ~20% for rhot = 0, it occurs at aHR ~70% when
rhot = 1 mm. It can be inferred that for the latter case, roughly 50% of the chemical heat is released via flame
propagation. This behavior is analogous to HRR characteristics recorded in IC engines operating under ‘mixedmode’ (flame+autoignition) scenarios [36,37]. A second important attribute is that at early times there is a
change in the exothermic behavior such that the flame ignition events yield a sharp change in the concavity of
the HRR trajectory, as seen in the inset.
These are critical characteristics that can be used to identify mild ignition in RCM experiments, as
demonstrated in Fig. 2c where analogous results are shown for an ethanol/O2/diluent mixture. The pressuretime histories for these tests are provided in the Supplementary Material for reference.
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Figure 2c – Representative HRRs as function of aHR for an ethanol/O2/diluent mixture illustrating characteristics of mild
ignition. Inset focuses on early flame initiation process.

4.3 Chemical kinetic model evaluation
Chemical kinetic models are typically evaluated based on a variety of experimental data including RCMs,
shock tubes, flow / jet stirred reactors and flames [38]. RCM datasets usually only consist of extracted,
pressure-based 1 and . More insightful interpretation can be derived using exothermic features, and there is
potential to use this towards model improvement. Figure 3 illustrates a scenario where predicted HRR–aHR, and
soITHR/soHTHR temperatures are plotted for the same PRF90/O2/diluent blend shown in Fig. 1 where the
simulated pressure-time histories are post-processed using the same methodology and algorithm as with the
experimental measurements. An updated version of the Lawrence Livermore National Laboratory gasoline
surrogate model [39] is utilized. While it is evident that the global trends are similar to the experiment, there are
significant differences in the preliminary, and main heat release processes. For instance, the shapes of the HRR
curves are distinctive compared to those seen in Fig. 1c where the influence of pressure is more intense in the
model. Note that aHR → 1.0 for nearly all of the model results, though dissociation of CO2, etc. after ignition
can reduce these values. More rigorous accounting of the physics in the experiment would ensure proper
comparisons between the two results. Nevertheless, it is expected that perturbation/sensitivity analyses of
TsoITHR and TsoHTHR can be used, for instance, to better understand the discrepancies, as well as kinetic features
such as HȮ2 chemistry, that cause observed trends, e.g., [40].
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Figure 3a – Model-HRRs as a function of aHR for PRF90/O2/diluent mixture. Inset highlights exothermicity before
transition to HTHR.

Figure 3b – Model-derived gas temperatures at soITHR and soHTHR for PRF90/O 2/diluent mixture. Line indicating Tc is
identified.

4.4 DAQ system influences
The structural integrity of the dynamic pressure transducer can also influence the measurements. For
instance, the 6045a-U20’s crystal was found to be damaged when pressure rise rates exceeded 30–50 kbar/ms.
However, this was not immediately obvious, but resulted instantaneous jumps in the voltage readout (e.g., P =
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0.5-1.0 bar), with these being quite erratic. Repeated exposure led to complete failure, where the readout fell
below 0.
The resolution and sampling rate of the DAQ card can also affect the HRA. For instance, pressure-time
histories recorded with the 16-bit card indicate a greater extent of electronic noise relative to the 24-bit card,
especially at the time of first-stage ignition. On the other hand, at main ignition, the 50 kHz sampling rate may
not be sufficient to capture peak pressure rise rates, and the  algorithm in the 24-bit card can cause the
recorded pressure to non-physically oscillate just before ignition under some conditions. These characteristics
influence the derived LTHR/ITHR, while the peak HTHR differences between the cards can be an order of
magnitude. Furthermore, the evolution of gas dynamics in the reaction chamber during the recording of HTHR
events can obscure chemical processes. Some of these challenges can be mitigated by using diluted or lean
mixtures since peak HRRs are lower.

5.0 Conclusions
HRA is not often, or consistently used in RCM studies to derive understandings of exothermic behavior
from the measurements. There is significant potential that can be realized through its application however,
including quantifying preliminary exothermicity, detecting non-uniform ignition events and improving chemical
kinetic models. A number of physical modeling and experimental challenges, like adequate representation of
exothermicity-induced crevice flows and DAQ capabilities, need to be addressed to achieve rigorous,
quantifiable metrics. Some of these have been reviewed; future efforts will be devoted towards quantifying
parameters which can influence the uncertainties in the results. Nevertheless, significant trends can be
identified via HRA. Importantly, early inflection points in the HRR-aHR trajectory are shown to be robust
markers for mild ignition initiation. Furthermore, new parameters, such as temperature at the starts of ITHR
and HTHR, are suggested for sensitivity analysis with kinetic models to understand dominating processes and
discrepancies between measurements and models.
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List of Figures

Figure 1a – Representative pressure-time histories for non-reacting and reacting mixtures of PRF90/O2/diluent,
highlighting shifts in first-stage and main ignition events.

Figure 1b – Representative HRRs as a function of aHR for PRF90/O2/diluent mixture. Inset highlights
exothermicity before transition to HTHR.

Figure 1c – Derived gas temperatures at soITHR and soHTHR for PRF90/O2/diluent mixture. Line indicating Tc is
identified.

Figure 2a – Representative pressure-time histories for syngas/O2/diluent mixture illustrating influence of hotspot ignited flames. Inset time-shifts pressure traces corresponding to ign, highlighting slow pressure rise due to
flame propagation.

Figure 2b – Representative HRRs as function of aHR for syngas/O2/diluent mixture illustrating influence of hotspot ignited flame where deflagrative consumption yields lower HRR compared to autoignition. Inset focuses on
early flame initiation process.

Figure 2c – Representative HRRs as function of aHR for ethanol/O2/diluent mixture illustrating characteristics of
mild ignition.

Figure 3a – Model-HRRs as a function of aHR for PRF90/O2/diluent mixture. Inset highlights exothermicity
before transition to HTHR.
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Figure 3b – Model-derived gas temperatures at soITHR and soHTHR for PRF90/O2/diluent mixture. Line
indicating Tc is identified.
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