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Abstract

Syngas, from biomass gasification, needs to be purified of condensible tars before being used as a fuel for spark
ignition engines. A novel tar tolerant system is being developed, wherein a Homogeneous Charge Compression
Ignition (HCCI) engine is fueled by impure syngas at intake temperatures above the tar dew point, thus avoiding the
condensation of tars and its consequent problems. This paper introduces the novel concept and studies the sensitivities
of HCCI combustion to key context relevant issues such as the variations in the combustible composition (H,:CO ratio
from 30:70 to 55:45 %), moisture (up to 12% by volume) and tars (from 3.5-17 g/Nm?) at intake temperatures around
250°C. The effects of intake temperature (230-270°C) and pressure (1.0-1.2 bar) are also studied. The experiments are
carried out with artificial syngas on a 435 cc mono-cylinder HCCI engine with a compression ratio of 12 and operated
at 1500 RPM. Indicated efficiencies about 35% and Indicated Mean Effective Pressures about 2.5 bar were achieved
at equivalence ratios between 0.3-0.34. In the tested ranges, moisture delayed the combustion while the effect of tars
were insignificant.
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1. Introduction

Biomass gasification is a versatile process through
which a variety of biomass can be converted into a
gaseous fuel usable in Internal Combustion (IC) en-
gines, steam boilers, etc. Combined Heat and Power
(CHP) plants utilizing biomass gasification, in combi-
nation with IC engines, can deliver high efficiencies of
conversion (up to 85% [l1]) from the feedstock to energy
and it is in this domain that the present work is relevant.

Raw “producer gas” or “syngas” from biomass gasi-
fication is composed of CO, H,, CO,, CHy, N,, water
vapor, tars, particulate matter and other trace gases. One
of the main challenges that hinder the commercial appli-
cation of the biomass-gasification-IC engine chain con-
cerns the issue of tars. Tars are hydrocarbons heavier
than benzene which condense into liquid or solid forms
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at ambient conditions. Since, the conventional Spark
Ignition (SI) engine requires the intake charge temper-
ature to be well below 100°C for knock free operation,
the hot syngas exiting from a gasifier (in the temperature
range of 500 to 700°C) needs to be cooled down. The
cooling process, while increasing the energy density of
the syngas, results in the condensation of certain classes
of tars, with their dew points being in the range of 200-
250°C. The condensation of tars lead to the tar related
problems of clogging and fouling of critical downstream
components. Thus, in order to avoid/reduce recurring
operational and maintenance problems, the filtration of
tar becomes a necessary step in the cooling stage of a
biomass gasification based power plant. The domain of
tar filtration poses many complex issues such as filter in-
efficiencies, durability and maintenance of the purifica-
tion systems along with environmental concerns arising
from the disposal of the filtered tars or filtration media
due to the toxic nature of tars [2].

To overcome the tar related problems, much of the re-
search and development in the domain of biomass gasi-
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fication can be classified into primary and secondary
measures [3]. Primary measures focus on the develop-
ment of better gasifier designs so as to reduce the pro-
duction of tars within the gasifier, whereas, secondary
measures focus on the destruction or filtration of tars
downstream of the gasifier. The tar loading of the syn-
gas depends on the type of gasifier and can range from
100 g/Nm? to as low as 20 mg/Nm? [4]]. The latter low
tar loading can be attributed to the effectiveness of pri-
mary measures such as the development of two-stage
downdraft gasifiers. A review of such measures can be
found in [3]. IC engines, on the other hand, pose strin-
gent requirements on the syngas quality with tar loading
<50 mg/Nm? [4]. The gap between the primary mea-
sures and the engine requirements have to be met by
the secondary measures of tar purification, a review of
which can be found in [5].

As an example of the challenges faced by primary
and secondary measures, consider a modern two-stage
downdraft gasifier of about 200 kW ,mq capacity, in-
stalled at the authors’ laboratory [6]]. It is a scaled down
version of a commercial 300 KW ecrrict NOTAR®) in-
dustrial gasifier designed by Xylowatt s.a. of Belgium
in collaboration with the Université catholique de Lou-
vain. It produces a syngas with tar content less than 20
mg/Nm? as a consequence of primary measures which
result in an improved gasifier design [7]]. However, the
syngas quality (tar content) fluctuates during transient
operations, thus necessitating the use of secondary mea-
sures to ensure consistent syngas quality.

Given the challenges posed by the issue of tars, the
objective of this paper is to present some studies related
to an alternative and novel concept being developed at
the authors’ laboratory, which aims to make the IC en-
gine section of the biomass-gasification-IC engine chain
as “tar tolerant”. If this is achieved, it would bypass or
reduce the need of tar filtration altogether. This paper is
divided into three broad sections. The first section pro-
vides a brief overview of the novel method which also
includes a review of the relevant literature on HCCI en-
gines operated on biomass syngas, along with listing the
specific issues related to the concept and those which
are a subject of this paper. The second section discusses
the test-bench design and characteristics, experimental
procedure and the post processing methodologies used
for the experiments. In the final section, the experimen-
tal results are presented, followed by a concluding sec-
tion.

2. HCCI engine fueled by unprocessed syngas - the
novel concept

The problems related to tars can be reduced to prob-
lems related to tar condensation. Thus, a system can
be developed where the average temperature of a tar
loaded syngas is kept above the tar dew point, till the
point of combustion. Bergman et al. classified the tar
compounds into six main classes, with the class 5 tars
dominating the tar dew point [8]. The dew point of class
5 tars at a concentration of about 1 g/Nm?® was found to
be about 250°C, and thus the investigations presented
in this paper were carried around this value of intake
temperature. Tars, being hydrocarbons, would eventu-
ally be consumed as part of the fuel in the combustion
chambers of the engine. A suitable alternative to the SI
engine, which can operate with such high intake temper-
atures, is the Homogeneous Charge Compression Igni-
tion (HCCI) engine.

The HCCI engine combines the features of premixed
homogeneous charge (fuel+air), as in a SI engine, with
combustion driven by auto-ignition, as in a Compres-
sion Ignition (CI) engine. Since the pressure and tem-
perature of the compressed charge is generally uniform
throughout the combustion chamber volume, the au-
toignition occurs at multiple points, thus eliminating the
need of typical flame-front driven stoichiometric com-
bustion, found in the SI engine. This ability to oper-
ate at lean burn condition allows the HCCI operation
to achieve low combustion temperatures which causes a
subsequent decrease in Nitrous Oxide (NO,) emissions.
The HCCI engine also has the ability to be adapted to a
wide variety of fuels and operating conditions. For an
extensive review, the readers are referred to [9].

Biomass syngas as a fuel for SI engines has been
explored by a number of authors, as reviewed in [10]].
However, syngas as a fuel for HCCI engines has been
explored only recently. A common issue studied in this
domain concerns the coupling of real-time variations in
the syngas composition to the inherently high sensitiv-
ity of HCCI combustion to the fuel chemistry. These
syngas variations can be characterized in terms of varia-
tions in the volumetric concentration of H, and CO, rep-
resented in the form of H,:CO share of the combustible
part of the syngas. Variations in the inert components
of syngas (N, and CO,) also significantly influence the
combustion through indirect means such as changing
the ratio of specific heat of the charge mixture [[11].

Yamasaki et al. found that the H, component of the
syngas affects the HCCI combustion timing and heat re-
lease rates significantly, whereas the CO contributes to
the overall performance due to its late combustion in



the cycle [12]. This was shown more conclusively, and
with greater detail, through the use of CHEMKIN sim-
ulations and artificial syngas experiments, in a recent
paper by Yamasaki and Kaneko [11]. Similar studies
have been carried out by Haddith and Sobiesiak with a
variation in the H,/CO ratio from 29:71 to 57:43 [13].
Bika et al. used combinations of simplified syngas with
H, and CO as the only components [[14]. Achilles et
al. compared the performance of an HCCI engine be-
tween a particular composition of syngas and natural
gas and found that the both gases were comparable in
performance in the ranges investigated [15]. In sum-
mary, the following characteristics can be observed re-
garding these works:

1. They were limited to Intake Temperatures (T;,)
<200°C and compression ratio (7) >20.

2. The objectives were to explore the HCCI engine as
an alternative to the conventional SI engine, in the
context of pure and cold syngas.

3. There was no mention of the possibility of high
temperature HCCI operation for addressing the tar
issues.

4. Only dry syngas mixtures were studied, which is
typical in the case of cooled syngas.

The motivations, within which the studies of this pa-
per have been conducted, differ from the aforemen-
tioned works due its focus on the high temperature
HCCI combustion of syngas-air mixtures so as to be tar
tolerant.

2.1. Challenges of the concept

In order to explore the viability of this concept, the
following broad issues can be foreseen:

Testing the capability of tar tolerance.
Power de-rating.
Maturity of the HCCI technology.

Performance/Sensitivities of HCCI combustion to
syngas characteristics and operating conditions.

e e

Although, in principle, operation at high tempera-
tures would avoid tar condensation, this ability could
be challenged by the fact that operational constraints
may require the engine body to be operated at much
cooler temperatures, and thus may lead to some chances
of deposition. Additionally, the subsequent destruc-
tion of tars through combustion may be hindered by
pockets of incomplete combustion, which are a major
cause of CO and HC emissions in a HCCI engine [[16]].
While, measurements of tar deposits would require ex-
periments with long hours of operation with tar loaded

syngas (for example see [17]), to assess the destruc-
tion of tars, Gas Chromatography/Mass Spectroscopy
(GC/MS) measurements at the intake and the exhaust
could be carried out. The high temperatures of combus-
tion may also lead to the polymerization of tars into soot
particles, which can add to emission concerns and thus
must be accounted for.

The second issue of power de-rating is primarily be-
cause of the low calorific value of syngas and is also
a matter of concern for SI engine applications using
syngas[18]. Haggith et al. found that at low equiva-
lence ratios, which is the domain of HCCI engines, the
calorific values of syngas-air mixtures are comparable
to those of fossil fuel-air mixtures [? ]. However, in the
present context, the effects of de-rating shall be more
significant due to the high intake temperatures involved
combined with the low knock-limited equivalence ra-
tios, characteristic of the HCCI engines. The de-rating
issue could be addressed using techniques such as Ex-
haust Gas Recirculation [19] or intake boosting [20]], for
example.

The third issue concerns the maturity of the HCCI
technology, which as of today is instrument intensive
due to the lack of any direct control on the combustion
timing. The performance and control of HCCI com-
bustion is often carried out using the costly and so-
phisticated in-cylinder pressure measurement systems,
thus adding to the problems. HCCI engines also suffer
from high sensitivities to operating conditions, combus-
tion history, and other parameters, thus requiring careful
monitoring.

All these issues are not in the scope of this paper or in
the capability of the current experimental setup. How-
ever, work is under way to address the power de-rating
issues using EGR, which will be the subject of a future

paper.

2.2. Objectives of this paper

The objectives of this paper are limited to studying
the performance and the sensitivities of HCCI combus-
tion to a few key parameters, which would form a neces-
sary base for the exploration of the research challenges
discussed in the previous subsection. The factors ex-
plored in this paper concern the sensitivity and perfor-
mance of the HCCI combustion in response to:

1. Variations in the H,:CO ratio of syngas.

2. Syngas moisture content.

3. Syngas tar content.

4. Operational parameters of intake pressure, p;,, and
temperature, T;,.



To bring out the main tendencies between the causes
and their consequences, the experimental procedure
must be characterized by repetition, reliability and pre-
cise control of the influencing factors. Hence, in this
study, idealized syngas compositions with simplified
additives (which simulate the moisture and tar impu-
rities) have been used in an industrially non-relevant
air cooled mono-cylinder engine, which allows for the
flexibility of the experiments. Therefore, variations be-
tween the results presented here and those that may
be attained in more realistic circumstances must be ex-
pected.

The performance of HCCI combustion has been eval-
uated in terms of parameters such as the Indicated Ef-
ficiency (IE), the Combustion Efficiency (CE), the In-
dicated Mean Effective Pressure (IMEP) and the emis-
sions of NO, and CO. To explore the combustion behav-
ior following parameters were considered: CAS0 which
is defined as the Crank Angle Degree (CAD) associated
with 50% of the fuel heat release, the combustion du-
ration which is defined as the difference between the
CA90 and the CA10 CAD positions corresponding to
the 90% and the 10% of the fuel heat release in the cy-
cle, and the Maximum Pressure Rise Rate (MPRR).

Based on the experimental requirements, an appro-
priate test bench and associated experimental procedure
has been developed, as described in the next section.
This is followed by a section describing the experimen-
tal results of this paper.

3. Experimental setup and methodology

HCCI combustion is sensitive to many parameters,
of which the major ones are the compression ratio (7),
Pin> Tin and the fuel chemistry. The first subsection dis-
cusses the Computational Fluid Dynamics (CFD) stud-
ies carried out to determine the optimal engine and test
bench characteristics, for experimenting in the current
context. This is followed by a description of the test
bench hardware, post processing methods used for ana-
lyzing the experimental data and uncertainty analysis.

3.1. Determination of main engine parameters

The main engine parameters were determined us-
ing CFD simulations based on the Tabulation of Dy-
namic Adaptive Chemistry (TDAC) method [21H24]].
The main constraints considered in this context were the
CA50, the MPRR and the maximum cylinder pressure.
CFD analysis was used to evaluate these parameters as it
outperforms zero dimensional models by taking into ac-
count the temperature inhomogeneities that result from

heat transfers within the combustion chamber and thus
leads to better estimates of the heat release rate and the
ignition timing. Contino et al. have validated the cur-
rent CFD model and methodology in various contexts
and have shown that it can be used to predict the maxi-
mum pressure, the MPRR, as well as the ignition timing
to a reasonable accuracy [21H24].

The mesh and simulation settings used in this con-
text closely match the studies described in [23] [24].
The mesh was axisymmetric and counted around 20,000
cells at the Bottom Dead Center (BDC) of a 500 cc en-
gine model. The turbulence model used was RNG k-&.
The kinetic mechanisni| used to describe the combus-
tion of syngas included 112 chemical species and 587
elementary reactions [25]. The simulations were per-
formed at 1500 RPM to be relevant to the CHP con-
text. A nominal syngas composition, from the two-stage
gasifier in operation at the authors’ laboratory, was cho-
sen for the computations (see Table[3)). A small portion
(5%) of exhaust gases, consistent with the air fuel mix-
ture, was included in the initial composition to represent
the impact of trapped exhaust gases. A completely ho-
mogeneous mixture was assumed.

The objective was to observe the impacts of “input”
parameters such as the 7, p;;, T;, and the syngas to air
equivalence ratio, ¢, on the specific “output” parame-
ters of CA50, MPRR and the IMEP. For good cycle ef-
ficiency, CA50 limits were set between -5 to 10 CAD
aTDC ( after Top Dead Center) [26]. The MPRR, cor-
related to the engine knock, was constrained to a max-
imum of 10 bar/CAD. The maximum cylinder pressure
of 100 bars was another of the constraints, but since the
results never crossed 60 bar, this aspect was not ana-
lyzed further.

To begin with, the impact of engine geometry was
considered. High MPRR and maximum pressures being
characteristic of the HCCI engine, a diesel engine con-
struction was assumed. The compression ratio, 7, was
geometrically modified in the range of 10.5 to 13, while
keeping the T;, at 250°C and ¢ at 0.5. As seen in Figure
[Ia]the MPRR limit is crossed for 7 >13. However, Fig-
ure [Tbl shows that the CA50 crossed the —5 CAD line
much before at 7=11.7. Since the CAS50 constraint is
not rigid, the 7 could be slightly higher, but must remain
below 13 to respect the MPRR constraint.

The low Lower Heating Value (LHV) of syngas (=
5 MJ/kg), the high T;, resulting in the low volumetric
efficiency and the low values of ¢ expected from HCCI

IThe kinetic mechanism is available by contacting the authors and
can be downloaded from http://veroniquedias.github.com/
UCLouvain-Mechanism


http://veroniquedias.github.com/UCLouvain-Mechanism
http://veroniquedias.github.com/UCLouvain-Mechanism

(@)
MPRR [bar/CAD]

13.5-
7=13.0

107:_//—0—ﬂ"/
._/._ﬂ—o—/'

R (X P

3.5 |
1.05 1.2
(®
CA50 [CAD ATDC]
3r —
_ o T=11.7
-5 = ® — o
.\,_72_126_.\‘
_ . 7=13.0
-9.5L ¢ . . *
1.05 1.2
©
IMEP [bar]
4.3

3.6 |
1.05 Inlet pressure [bar] 1.2

Figure 1: CFD studies of a 500 cc HCCI engine with pure and dry syn-
gas as fuel while keeping T, at 250°C and ¢=0.5. The compression
ratio 7 effects the CA50 dramatically in Figure[Tb]which correspond-
ingly results in increased MPRR as seen in Figure [Ta] The IMEP
however remains comparatively insensitive to the changes in the 7, as
seen in Figure On the other hand p;, has a small impact on the
CA50 in Figure[Ibland a moderate impact on the MPRR in Figure|[Ta]
except above the 10 bar/CAD threshold. The IMEP in Figure [Ic]is
well correlated to the p;y.

operation would result in low IMEP values. Thus, in
order to improve the IMEP, the effects of p;,, ¢ and the
sensitivity to the T;, were evaluated.

In Figure[T]the effect of the p;, is investigated at each
7. Around 7=12, all constraints were found to be ful-
filled for the whole range of p;, (see Figure|lbland Fig-
ure [Ta) while having a positive impact on the IMEP in

Figurdlc] Thus the p;, could accordingly act as an effi-
cient way to control the work output of the engine. On
the other hand, an increase in the T showed a low impact
on the IMEP, arising mainly due to the better thermo-
dynamic efficiency, while resulting in improper phasing
(CA50) and high MPRR.

At ¢=0.5, the results were already on the edge of the
constraints and therefore, further increasing the equiv-
alence ratio would not be an efficient way to improve
the IMEP without using any other strategy to mitigate
the corresponding rise in the MPRR. In fact, actual ex-
periments presented in the following sections show that
the MPRR limit is reached much before, with the ¢ of
about 0.35. The value of T;,=250°C considered in this
analysis is based on the assumption of the nominal tar
dew point expected in general. However the tar dew
point depends on various factors and can be lower, al-
lowing for a lower Tj, to be used. Simulating the engine
at 230°C showed better IMEP due to the increase in the
mass of fuel air mixture similar to an increase in p;,.
Unlike the case of a higher p;,, reduction in the T;, also
delayed the onset of the combustion which resulted in
better ignition timing, lower MPRR and higher efficien-
cies. The effect of variations in the syngas composition
was not considered in this part of the study.

Based on this CFD analysis, an engine with 7=12 was
determined to be necessary along with a test bench sys-
tem capable of delivering a variety of syngas composi-
tions at the various p;, and T;, discussed above.

3.2. Experimental test bench

The schematic of the experimental setup is shown in
Figure [2] Except for air, which is supplied from a com-
pressor, all other gases are supplied from bottles. The
flow of gases, including air, are controlled by Brooks
thermal Mass Flow Controllers (MFC). The inert com-
ponents of the mixture (air, N, and CO,) are passed
through a 2 kW electric heater that can raise the in-
take temperatures up to 270°C. The heated inert gases
are mixed with the combustible gases (CO, H,, and
CHy) in an appropriately sized drum which serves the
dual purpose of creating a homogeneous mixture as well
as dampening the pressure fluctuations of the mono-
cylinder engine intake. Additives such as the tars and
the water can be injected at the additives port before the
mixing drum.

The specifications of the air cooled mono-cylinder
engine and some experimental data are tabulated in Ta-
ble[T} The engine was originally a diesel engine with its
7 modified from 19 to the current 12. The piston com-
bustion chamber was modified from a bowl shape to a
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Figure 2: A schematic representation of the HCCI engine test bench.

Engine Air cooled mono-cylinder
Displacement 435 cc
Compression ratio 12
Input valve closure 127° bTDC
Exhaust valve opening 127 ° aTDC
Bore 86 mm
Stroke 75 mm
RPM 1500
¢ ranges 0.22-0.34

Mass Flow rate ~ 210 nL/min

Table 1: Specifications of the HCCI engine used in the experiments
alsong with some experimental parameters.

flat design in order to minimize the heat losses by min-
imizing the surface area. The crevices were minimized
to reduce the amount of un-burnt fuel. An electric motor
controlled by a variable frequency drive controller acts
as a brake / motor for the test bench.

The in-cylinder pressure is acquired by an AVL
GH15D pressure sensor coupled to an AVL FlexIFEM
charge amplifier. The pressure value is acquired for
every 0.1 CAD triggered by a rotary encoder attached
to the engine shaft. The T;, is measured near the in-
take port of the engine and is used as a feedback to the
electrical heater for optimal regulation. The p;, is mea-
sured upstream of the intake manifold with additional
care for dampening the pressure fluctuations of the en-
gine intake. A Testo 350 M/XL Exhaust Gas Analyzer
(EGA) is used to obtain O,, CO,, CO and NO, emis-
sion measurements from the exhaust manifold. Hydro-
carbon emission measurements were not carried out in
these experiments due to the low concentration of CHy
in the syngas. All the instruments are controlled by a
National Instruments Compact Rio 9022 real-time con-

troller. The acquisition and control is performed by an
in-house code developed on the LabVIEW®platform.

3.3. Experimental procedure and post-processing

Being an air-cooled engine, the cylinder body tem-
perature during the experiments was kept at 110+5°C
by manually adjusting the air intake of the inbuilt engine
cooling fan. Experimental data were recorded when the
CO emissions stabilized for each experimental point.
Equivalence ratio sweeps were repeated three times in
a random fashion, intermixed with different experimen-
tal points, so as to have an idea of the repeatability and
the stability of the experiments. The plots presented in
this paper depict all the experimental points with a line
interlinking the means of the repeated experiments.

The TDC position of the engine was determined by
the methods described in [27, 28] and is represented as 0
on the CAD scale. The in-cylinder pressure was pegged
with p;, as a reference at the BDC position before com-
pression. For each experimental point a sample of 100
consecutive cycles were acquired which were processed
using the scheme elaborated in [29], resulting in a sin-
gle mean filtered pressure trace. This pressure trace was
analyzed by a zero dimensional combustion model, ac-
cording to [30]] using an algorithm elaborated in [31]], to
obtain the heat release (HR) rates. In these calculations,
the blow-by and the crevice effects were neglected. The
crank angle resolved values of the specific heat ratio,
v, were found using the JANAF polynomials while tak-
ing into account the species variations occurring during
the combustion process. The heat losses from the cylin-
der walls were estimated by the Hohenberg heat trans-
fer correlation, which is deemed suitable for the HCCI
combustion [32]. The parameters of the Indicated Ef-
ficiency and IMEP were determined between the com-
pression and expansion phases of the combustion stroke
of the engine, and thus represent the gross instead of
net values. The MPRR was calculated as an average of
each of the 100 cycles of the sample after low pass fil-
tering (Butterworth filter, 10 kHz cut-off) to remove the
differentiation noises as well as other spurious signals.

3.4. Uncertainty analysis

The propagation of uncertainties, from the experi-
mental parameters to the final ones, are summarized in
Figure[3] The left hand side lists the various sources of
uncertainty from the fundamental measurements which
contribute to the uncertainties in the intermediate pa-
rameters such as the combustion chamber chemical
composition and the in-cylinder pressure (see Appendix
[A). The uncertainties in these parameters in-turn affect



the final derived parameters listed on the right side of
the figure. The uncertainty calculations carried out for
the heat release and the CA50 (see Appendix [B]) assume
the uncertainties in the specific heat ratio (y) and the
heat losses are negligible, compared to cylinder pressure
uncertainties, and thus do not take them into account.
To summarize, the maximum of the uncertainties, with
95% confidence levels, are reported for a few chosen
parameters in the Table[2] Experimental results plotted
in the next section are devoid of uncertainty indicators
for the sake of clear representations.

The uncertainty in the CA50 estimation was observed
to vary widely based on the CA50 value, with increased
uncertainties for cases where the CA50 occurred much
later than the TDC. However, as a note of caution,
since the CAS50 estimation is based on many assump-
tions (mass burn rate, heat losses and zero dimensional
heat release analysis) coupled with the high uncertain-
ties (originating mainly from uncertainties in the pres-
sure sensor), its value is best interpreted in terms of
trends rather than in absolute.

UC hemz stry

Peyi,100

Figure 3: Propagation of uncertainty work flow. The new terms and
notations are as follows: pumps for additive pumps (tars or water),
Peyt for in-cylinder pressure, ChA for the in-cylinder pressure Charge
Amplifier, peyr,100 for the 100 cycle pressure traces and V., for the
in-cylinder volume. U stands for the resulting uncertainties with
Uchemistry indicating the uncertainty in the charge chemical composi-
tion that affects the uncertainties in ¢, Uy, the Combustion Efficiency
Uck and the Indicated Efficiency Ujg.

4. Experimental results

The objectives of the experiments were to study the
impact of charge compositions as well as the operational
parameters, p;, and T;,, on the HCCI combustion. The
charge composition is affected by the equivalence ratio
¢, Hy:CO ratio, moisture content as well as the amount
of tars in the syngas. The following sections discuss

Parameters Max Ugs
Gin [% rel.] 2
CE [% rel.] 3
CAS50 [abs. CAD] 114
1E [% rel.] 10
IMEP [% rel.] 5.5
Tars [abs. g/Nm?] 4
H,O [abs. Vol.of syngas, %] 2.5

Table 2: Maximum Uygs uncertainties of important parameters. The
uncertainties in the CA50, tar concentrations and the moisture con-
tent are in their respective absolute values (abs.)while the others are
expressed in relative percentages (rel.). The high uncertainty in the
calculated CASO0 indicates that this parameter must be interpreted for
its trends rather than in absolute.

the experimental results obtained as a response to the
aforementioned variations.

4.1. Variations in the dry and pure syngas composition

The syngas composition varies as a function of time
for any gasifier which may cause fluctuations in the en-
gine performance. In order to study the response of
HCCI combustion to the compositional variations, ex-
periments with three dry compositions, representative of
the typical syngas from the two-stage downdraft gasifier
at the authors’ laboratory, were carried out. The tested
compositions differed only in the H, and CO concentra-
tions as listed in Table[3] In this sub-section, the effects
of the influences of the H,:CO proportion on the vari-
ous combustion parameters are examined while the ¢ is
changed from 0.22 to 0.34. Operational parameters, T,
and p;,, are held constant at 250°C and 1.2 bar respec-
tively.

In Table 3] the low LHV of the dry syngas can be at-
tributed to air being used as the gasifying agent. Thus,
about 59% of the bulk syngas volume consists of in-
ert components (N, and CO,) which results in the low
Lower Heating Value (LHV). The table also mentions
the LHV of the stoichiometric mixture with air as well
as the LHV of the mixture at ¢=0.3 from which it can be
concluded that for all practical purposes, the influence
of the variations in the LHV due to the variations in the
H,:CO ratio, can be neglected.

Figure 4] shows the variations in the CAS50 and the
combustion duration, depicted as [CA90-CA10| in the
figures, as a function of the equivalence ratio ¢ for the
three compositions. The heat content of a combustion
process is directly linked with the ¢. Due to the critical
dependency of autoignition processes on the tempera-
ture and the fuel chemistry, inhomogeneities in the ther-
mal and species distribution throughout the compressed



Molar fractions
Low Nom. High

H, 0.12 0.18 0.22
CcO 028 022 0.18
N, 048 048 048
CO, 0.11  0.11  0.11
CH4 0.01 0.01 0.01
H,:CO [%] 30:70 45:55 55:45

A/Fsmic [kgatr/kgfuel] 1.14 1.21 1.26
LHV . [MJ/kg] 434 452 465
LHV s IMI/kg] 203 204 205
LHV ,ix, =03 [MJ/kg] 090 090  0.89

Table 3: The three standardized dry syngas compositions used in the
experiments are representative of the variations that can be observed
in the typical use of the downdraft two-stage gasifiers. The first com-
position (Low) has a lower H,CO ratio compared to the nominal com-
position (Nom.) which in turn has a H,:CO ratio lower than the third
composition (High).

volume cause the autoignition reactions to initiate only
at certain favourable spots. These initial reactions, de-
pending on the ¢, influence the surrounding gas tem-
peratures which in turn lead to further autoignitions and
eventually a thermal runaway. Thus, as the ¢ increases,
the autoignition processes accelerate, resulting in the re-
duction of the burn duration (see Figure b)) along with
an advance in the CA50 (see Figure [da). On the other
hand, the CO-rich syngas composition (H,:CO=30:70)
lagged behind in the trends of CA50 compared to the
other compositions which are relatively H,-rich. For ex-
ample, at $=0.28 the lag amounts to a large 3 CAD. This
lag and its consequences, as shall be seen in the follow-
ing sections, can be attributed to the differences in the
rates of combustion of CO and H,.

The HCCI combustion can be characterized by the
auto-ignition delay times for the different species in-
volved. As discussed in [33]], the mixtures with higher
H; content have shorter auto-ignition delays compared
to mixtures with higher CO content. Thus, as seen
in Figure 4] at low ¢, the slow combustion of CO in
the CO-rich syngas results in the correspondingly large
combustion duration and late CA50. Due to the rapid
expansion in the gas volume after the TDC, the resulting
temperature drop decreases the combustion rate of CO
rich syngas at low ¢ and eventually quenches it. On the
other hand, for the H, rich syngas, the higher combus-
tion rates result in the appropriate combustion phasing.
Thus, a short combustion duration with the CA50 posi-
tion near the TDC is necessary in order to avoid quench-
ing.

The quality or completeness of combustion can be de-
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Figure 4: Variations in HCCI combustion as a function of ¢ for differ-
ent Hy:CO mixture ratios. The CA50 of the 30:70 mixture lags behind
the Hj richer mixtures along with a much wider burn duration.

fined in terms of the Combustion Efficiency (CE):

LHYV of emissions
CE={1"Thvormmke <10 D

The CE of the three compositions, as a function of the
combustion duration [CA90-CA10| are shown in Figure
[5al As described previously, the combustion of CO rich
syngas at ¢=0.22 is quenched and subsequently a large
portion of the fuel remains un-burnt. This results in the
low CE of approximately 80%. As the |[CA90-CA10|
decreases due to the increase in the ¢ or in the H:CO
ratio, the CE improves.

In the context of syngas as a fuel in HCCI engines,
due to the absence of any significant quantities of hy-
drocarbons, the bulk of CO emissions can be linked di-
rectly to the un-burnt CO component of the original fuel
(see Figure [5b). The similarity between the trends of
the CO emissions and the combustion efficiency shows
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Figure 5: Combustion efficiency and unburnt portion of CO measured
in the emissions as a function of the combustion duration |[CA90-
CAI10]| for various H»:CO mixture ratios. Shorter burn durations
caused by increasing ¢ are least affected by the quenching from vol-
ume expansion and hence have a better combustion efficiency with
decreased emissions.

that a bulk of the inefficiencies are due to the slow burn-
ing CO component of the syngas fuel. As the combus-
tion duration decreases due to the increase in ¢, the CE
moves beyond the 95% mark and the colder crevice re-
gions become the dominant sources for the emissions
according to [16]. Also, shorter combustion durations
result in higher peak cycle temperatures, T,,,,, which
increases the NO, emissions as seen in the Figure [6]
However, these emissions are still low compared to SI
and CI engines due to the relatively cooler combustion
temperatures, characteristic to the HCCI engines. On
the other hand, the effects of H,:CO ratio on the NO,
can be observed to be negligible.

Although the CE displays how much of the fuel has
been burnt, the IE indicates how well the heat released
by the fuel is converted into the pressure-volume work.
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Figure 6: Experimental NOx measurements as a function of peak cy-
cle temperature.

The IE, as seen in Figure[7a] has a maximum when the
CAS50 is near the TDC. However, for the CO-rich syn-
gas (H,:C0O=30:70), the IE maximum has a relatively
higher value than the maximums from other composi-
tions. This higher efficiency of the 30:70 mixture occurs
at a relatively late CA50=2 CAD for a high ¢ > 0.30.
The resulting short combustion duration due to a high
¢ remains unaffected by the volume expansion, thus
contributing positively to the overall cyclic work. On
the other hand, for mixtures 45:55 and 55:45, since the
CAS50 is already near the TDC even at the low ¢=0.22,
the increase in the ¢ results in an increasing portion of
the combustion occurring before the TDC. This results
in a negative effect on the cyclic work due to the very
high pressures coupled with the negative change in the
volume during the compression phase. Thus the heat re-
leased is not well utilized resulting in a decrease in the
IE, the peak of which occurs at the TDC for the H,-rich
compositions. As a summary, the combustion for op-
timal IE shall be such where a bulk of the combustion
lies after the TDC, while the combustion duration re-
mains short enough so as avoid the negative influences
of volume expansion.

Figure [7b| shows the increase in the IMEP as a func-
tion of the increasing amounts of fuel associated with
higher ¢. The higher IMEP for the CO-rich syngas at
the ¢$=0.34 can be attributed again to the better combus-
tion phasing, similar to the behaviour of IE.

The HCCI load range is limited by large variations
between the cycles occurring at low ¢ and excessive
MPRR, indicative of knock, occurring at higher ¢. At
low ¢, HCCI combustion is spread over many crank an-
gle degrees (large combustion duration) and thus highly
sensitive to factors such as the cylinder wall tempera-
tures and thermal inhomogeneities. Thus, as the wall
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Figure 7: IE and IMEP as a function of CA50 for different Hy:CO
mixture ratios. @) As the ¢ increases, the CA50 decreases with max-
imum IE occurring near and after the TDC. @ The IMEP improves
with ¢ and is also responsive to the better combustion phasing of the
30:70 mixture.

temperatures are modified inconsistently by each cycle,
the consecutive cycles are affected. The resulting vari-
ability between the cycles can be quantified in terms
of the Coeflicient of Variation (CoVygp) in the IMEP
computed for each cycle. An upper limit of 5 % in
the CoVgp is globally accepted as representing stable
combustion [26]. The CoVgp, plotted as a function of
the combustion duration in Figure[8a] indicates the over-
all stability of the HCCI combustion throughout the ex-
perimented range. However, as the combustion duration
increases, the CoVyygp increases, with the maximum
increase corresponding to the case of the slow burning
CO-rich syngas at ¢=0.22.

On the other hand, as the ¢ increases, the shorter com-
bustion duration produces high values of MPRR, as seen
in Figure[8b] The MPRR is correlated to the knock phe-
nomena and can therefore be utilized as a knock index
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with limits often determined through subjective oper-
ator experience [26]. In this case, a MPRR limit of 10
bar/CAD is found to be reasonable. The MPRR increase
is accelerated with H,-richness which can be attributed
to the short ignition delays and fast H, reactions, as has
been found by the other researchers in this domain [12-
15]. Thus, the H, component increases the knock ten-
dency of syngas and places an upper limit on the us-
able HCCI load range. On the other hand, the MPRR
is lower for the 45:55 and 30:70 compositions even at
the shortest combustion durations corresponding to the
highest ¢=0.34. Thus, the utilization of larger values of
¢ is possible with the CO-rich syngas as compared to
the H,-rich syngas which results in an improved perfor-
mance in terms of the IE and IMEP.
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Figure 8: MPRR and CoV in the IMEP as a function of the combus-
tion duration for different H>:CO ratios. HCCI load range constraints
of <5% CoV and <10 bar/CAD of MPRR is met by most of the test
cases except for the Hy:CO mixture of 55:45 which crosses the MPRR
limit at ¢=0.34.



4.2. Effect of ‘wet’ syngas

Raw syngas from biomass gasifier contains approxi-
mately 10% of water by volume. Since the use of syn-
gas in conventional IC engines has been concerned with
cold, purified and dry compositions, the effects of mois-
ture content on the engine performance has not been ex-
plored widely. However water as an additive has been
studied in IC engines operated with conventional fuels
for its anti-knock effects as well for reducing the NO,
emissions, (for example see [34]). In case of HCCI en-
gines operated with conventional fuels, the objective of
water injection has been to control the ignition timing
by manipulating the rates of combustion as discussed in
[35].

Since the objective of the current work is to function
with raw syngas, the pure and dry syngas discussed in
the previous section is moistened with water at varying
proportions to simulate real case scenarios. A peristaltic
pump has been used for injecting water into the hot gas
flow just before the mixing drum so that the water is
fully vaporised and is assumed to have become a part of
the homogeneous fuel-air mixture. For the experiments,
the syngas of nominal composition with Hy:CO=45:55
was chosen and the engine was operated at T;,=250°C
and p;,=1.2 bar. Experiments were carried out at three
¢ values of 0.26, 0.30 and 0.34 while the volumetric
percentage of water in the syngas was varied from ap-
proximately 4 to 12 %.

The main effect of water content in the fuel was found
to be the reduction in combustion rates as seen in the
Figure[9] As the water content is increased, the CA50 is
retarded while the combustion duration (JCA90-CA10 |
) increases significantly. Compared to the combustion
phasing and duration of pure syngas (as seen in Fig-
ure ) for the highest ¢=0.34, the CA50 delays by more
than 2 CAD when the water content increases from O to
alow 4%. Due to the combustion delay caused by water,
the combustion duration increases. The corresponding
change in the CE can be seen in the Figure [[0a] where
the decreasing trend is due to the twin effects of the drop
in combustion temperatures caused by the water cou-
pled by the increasing influence of the volume expan-
sion due to larger combustion duration. The retarded
CAS50 also reduces the MPRR significantly. The MPRR
value associated with neat syngas (at H,:C0O=45:55) at
¢=0.34 (Figure[8b) reduced by more than 2 bar/CAD on
the addition of only 4% water to the syngas.

With the increase in the water content of the syngas,
minor improvements in the IE and IMEP were observed
for $=0.30, mainly due to the retarded phasing. The
increasing delay of CA50 as well as the reduction in
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Figure 9: Effects of water content on the CA50 and burn duration for
various ¢. Water slows down the combustion processes which retards
the CAS0 and causes the combustion duration to increase.

the MPRR due to increasing water content can allow
operation at higher ¢, resulting in an improvement in
the overall performance. Similar effects can be found
through the use of EGR in HCCI engines.

4.3. Effect of Tars

The effect of the tars on the IC engines have not been
sufficiently documented in the open literature. Hasler
and Nussbaumer carried out some tests on the tar de-
posits formed in a SI engine after several hundred hours
of operation with syngas containing tars <50 mg/Nm?
[17]. Heavy tars, classified as those with boiling points
higher than 200 °C were found having more tendency of
forming deposits, compared to the comparatively lighter
Polyaromatic Hydrocarbons (PAH) tars. As mentioned
before in Section [2.1] the testing for tar depositions for
the current setup are not feasible. However, on an im-
mediate basis, the tar content in the syngas would al-
ter the fuel chemistry due to its varying concentrations,
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Figure 10: Effects of varying water content in syngas on the MPRR
and the combustion efficiency for different ¢. The MPRR decreases
due to cooling effect of water while the combustion efficiency de-
creases due to the slow combustion resulting from the cooling effect
and increased sensitivity to volume expansions

high LHYV, influences on chemical kinetics, etc. Thus,
instead of studies with a detailed tar composition, which
is essential in the study of tar deposition, the amount of
tars are of more relevance in the objectives of this pa-
per. Amongst the wide variety of tar compounds found
in the biomass syngas, naphthalene (C;oHg) and toluene
(C7Hg) have been chosen as the representative tar com-
pounds for the current set of experiments due to their
significant proportions in the tar distribution and their
wide acceptance as model tar compounds [36]].
Naphthalene, being a solid at room temperature, was
dissolved in toluene and a saturated solution was cre-
ated with the solubility constant of M=2.635 mol/L.
The quantities of the compounds were determined from
the molar ratios known from the assumption of a sat-
urated mixture. The mixtures were injected in the
liquid form using a 10 ml syringe pump. The total
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tar (toluene+naphthalene) injection rates varied in the
range of 3.5 g¢/Nm? to about 17 g/Nm?> of syngas flow,
which are much higher than the nominally expected 50
mg/Nm? from a modern two stage gasifier. The solu-
tion was injected before the surge drum in such a way
so that the hot gases (which are above the boiling points
of the tars in the solution) in the stream would vaporize
the liquid droplets and produce a homogeneous mixture
with the rest of the gases. The ¢ of pure syngas input
was held constant at 0.3, while the injection rates of tars
were changed.
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Figure 11: Effects of syngas tars on the CA50 and the combustion effi-
ciency plotted as a function of the LHV of the syngas-tar-air mixture.
The effects of naphthalene or toluene on the CA50 are comparatively
lesser than pure syngas even at very large concentrations. The range
of tars injected in terms of g/Nm? is indicated at the top in Figure
The increasing CE indicates the burning of tars in the process.

The range of tars injected from 3.5 to 17 g/Nm?
stands equivalent to a change in the ¢ of neat syngas
with (H;:CO=45:55) from 0.30 to 0.34. Figure @
shows the changes in the CA50 due to the increasing
LHV of the fuel and air mixture caused by the addi-
tion of tars. The figure also shows the corresponding



increases in the LHV for neat syngas achieved through
increases in the ¢. The combustion phasing seems to be
most sensitive to the pure syngas, followed by the syn-
gas containing pure toluene. The mixture of toluene and
naphthalene shows the least effect on the CAS50.

The results show that naphthalene, even in large
quantities, does not dramatically alter the HCCI com-
bustion behaviour. Modern two-stage gasifiers, such
as the one at the authors’ laboratory, produce approx-
imately 20 mg/Nm? of tars instead of the minimum 3.5
g/Nm?® used in the experiments. Thus, for all practical
purposes, the effect of tars on the HCCI combustion can
be neglected. The stability or mild increases in the CE
(see Figure[TTDb)), as a function of the increasing amount
of LHV contribution due to the tars, can be assumed
to be an indicator of the combustion of tars. However,
detailed GC/MS measurements of the emissions would
be needed to ascertain the proportion of un-burnt tars
and thus comment on the tar destruction capabilities of
such a system. In terms of performance, it is interesting
to note that the addition of tars increased the LHV of
the syngas while consequently causing a lesser advance
in the combustion phasing, as compared to neat syngas.
Thus higher tar content syngas could be beneficial to
this application.

4.4. Effect of variations in p;,, T;

For exploring the sensitivity of HCCI combustion to
the variations in p;, and T;,, experiments were carried
out for a fixed fuel composition at the nominal H,:CO
proportion of 45:55 and at three ¢ values of 0.26, 0.30
and 0.34. While exploring the sensitivity to p;,, the T;,
was held constant at 250°C, whereas, while exploring
the sensitivity to Tj,, the p;, was held at a constant 1.2
bar.

An increase in the p;, results in larger compression
temperatures and the fuel density, which accelerates the
combustion leading to a corresponding advance in the
CAS50 as seen in Figure [[2a) However, the resulting
shorter combustion duration causes an increase in the
MPRR (see Figure[I2b). At $=0.30, the MPRR (Figure
[I2b) increases by around 2 bar/CAD for an increase in
the p;, from 1 to 1.2 bar. An increase in p;, results in
an advanced CAS50 beyond the TDC which negatively
affects the IE as observed in however the effect
is very small. On the other hand the IMEP increases
steadily by about 0.3 bar as the p;, increases from 1.0 to
1.2 bar in Figure[I3b] Thus the trends of p;, are similar
to the ones predicted in section [3.1} however it must be
noted that the CFD analysis was carried out at a much
higher $=0.5. Due to the increase in the IMEP, while
having relatively smaller effect on the MPRR at ¢=0.30,
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Figure 12: The CA50 and the MPRR plotted against ¢ for different
pin- A steady advance in CAS50 can be seen as pj, is increased while
the MPRR also increases.

a higher p;, could be used which indicates the potential
for supercharging. However, this potential can only be
exploited at ¢ where the combustion remains within the
MPRR limit.

The T;, variations have a significant impact on the
HCCI performance. The primary affect can be seen
on the CA50 trends plotted in Figure [T4a] for different
T, of 230, 250 and 270 °C. For the high T;,=270°C,
the autoignition processes begin well in advance of the
TDC and are accelerated due to the volume compres-
sion, resulting in very short combustion durations and
low CAS50. As an example, at ¢=0.30, an increase in
the T;, by about 20°C from 230 to 250°C range ad-
vances the CA50 by about 8 CAD and in the 250 to
270°C range, by about 3.5 CAD. The corresponding in-
crease in MPRR is about 1.5 and 0.5 bar/CAD respec-
tively. While the IE in Figure decreases for the Tj,
of 250 and 270°C as the ¢ increases, it increases for
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Figure 13: Effects of variation in the p;, on the IE and the IMEP at
different ¢. As p;, increases, the advance in the CA50 reduces the IE
while the IMEP improves almost proportionally.

the T;,=230°C. The higher efficiency of T,,=230°C at
a later CA50 (at 5 CAD) is due to the combination of
short combustion duration and the late combustion tim-
ing. The IMEP also improves due to the better phasing
caused by the lower T, as seen in Figure[I5b]

The parameter T;, drastically affects the HCCI com-
bustion, with better performance being achieved at
lower temperatures. The lower limit of T;, however
must be based on the tar dew point, which depends on
the chemical composition as well as the concentration
of the tars. The gasification setup upstream can be opti-
mized for lower tar dew point without the constraint of
tar quantities due to the increased tolerances inherent to
this concept.

5. Conclusion

A novel method of dealing with the biomass syngas
tars using an HCCI engine in combination with high
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Figure 14: Effects of Tj, on the CAS50 and the MPRR for different
¢. At lower Tj,, the slow combustion results in late CAS0 and low
MPRR. At high T;,=270°C, the CAS50 is too advanced giving rise to
high MPRR.

temperature syngas has been introduced in this paper.
Of the major challenges in the broader context, this pa-
per covers experiments studying the HCCI combustion
in response to various syngas compositions (including
water and tars) as well as at various operating condi-
tions of p;, and T;, using an artificial syngas supply in
laboratory conditions. The key findings were:

e In terms of variations in the dry syngas composi-
tion, a CE >90% and an IE >35% were achieved
for compositions of H,:CO of 30:70, 45:55 and
55:45 for ¢ <0.35. The corresponding IMEP was
above 2.5 bar.

e The maximum range of ¢ was limited to 0.34 due
to the MPRR limits of 10 bar/CAD being crossed
by the H,-rich syngas (H,:C0O=55:45). Thus syn-
gas with low H, content is preferred for better per-
formance.
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Figure 15: Effects of T, on the indicated efficiency and the IMEP
for different ¢. At lower T;,, the better phasing and short combustion
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e HCCI combustion with wet syngas with varying
proportions of moisture content showed positive
effects resulting from delay in the combustion
caused by the damping effect of water on the rate
of chemical reactions. However, a slight penalty of
a decrease in the CE was observed.

e Experiments with representative tar compounds of
toluene and naphthalene, up to an unrealistically
high 17 g/Nm?, were carried out. Their effect on
the HCCI combustion phasing was found to be
negligible. However, the addition of tars increased
the LHV without the detrimental effect of advanc-
ing in the combustion timing which was found in
case of neat syngas.

o To improve the performance in terms of efficien-
cies and IMEP, higher p;, above 1.2 bar and lower

T;, could be used. However, more research on the
tar dew point needs to be carried out specific to the
gasifier configuration in order to optimize the T;,.

The conclusions show the positive potential of this
novel pathway. Work on the power de-rating aspects as
well as the suitability of such a system with real syngas
from a gasifier are being carried out by the authors and
shall form the subjects of future papers. However, as
discussed in the Section [2.1] a significant body of work
concerning the key aspects of tar tolerance, power de-
rating, suitability to various gasification designs along
with improvements in the HCCI load limits and control
strategies need to be carried out.
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Appendices

A. Uncertainty in in-cylinder pressure

For determining the pressure uncertainty, a very sim-
ple model can be considered, where a change in the
pressure Ap;.,. inside the cylinder develops a corre-
sponding charge on the piezoelectric pressure sensor
(PZT) through a sensitivity coefficient Spzr. This
charge is transferred to the Charge Amplifier (ChA)
with a pre-programmed sensitivity coefficient S ¢;4 that
converts it back into a pressure output Apcpa. Thus, the
pressure signal from the amplifier can be expressed in a
simplified form as:

S pzr

Apcha = Appzr - (A2)

Scha

The Charge Amplifier can be assumed to function as
an integrator of the sequential pressure changes which



results in the final measured output value. Although the
amplitude of the amplifier output matches the amplitude
of pressure change, the relevance of the change to the
real pressure requires a known reference pressure. Thus,
a pegging procedure is required which adds a constant
reference pressure to the output, resulting in the final
pressure:

J
Dfinal,j = Z Apcha,i + Ppeg = Pchai + Ppeg  (A3)
i=0

The true pressure is related to the final pressure as
Dirue = Dfinal + €finat Where € stands for potential er-
rors. The €giq is a result of multiple error sources
such as, piezoelectric sensor non-linearity (NL), ther-
mal shock (TS), cyclic temperature drift (TD), changes
in the transducer sensitivity over the calibrated sensi-
tivity S pzr ca due to the material temperature changes
(TSC), the non-linearity of the charge amplifier and the
error in the pegging procedure (peg). Thus the equation
becomes:

Dfinal + €final =(Pfinal + €pzT.NL + €PZT.TS + €PZT.TD)
(A4)

S pzr,Cal * €5,PZT,TSC

+ €CchANL
Scha

* Ppeg T €peg

The sensitivities of the transducer and the amplifier are
set the same, thus S pzr cus = S cra. Assuming the prod-
uct of error terms are negligible, the equation can be
simplified as:

Pfinal t €final ®Pfinal + €PZT.NL + €PZT, TS t €PZT,TD

(A.5)
€s.PZT,TSC
S cha

+ Dpeg + €peg

+ Dfinal + €chANL

Thus, the uncertainty in the pressure data due to instru-
ment error sources is:

2 2 2
UpzrnL T Upzr,rs T Upzrrp ™t

Up,final = (pfinal
Scha

2
2 2
MS,PZT,TSC) +UcpaNL T Upeg
(A.6)
The uncertainties due to thermal shock can be ne-

glected in the current setup where the loads are very low.
Also, the drift in the sensitivity due to the thermal effects
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have been neglected due to cyclic compensation pro-
vided by the charge amplifier. The uncertainty u,, fina
accounts only for the uncertainties originating from the
pressure transducer-amplifier combination, and repre-
sents the Type B uncertainties [37]]. The cyclic pressures
are recorded for 100 consecutive cycles and thus a Type
A uncertainty can be estimated. For k being the cycle
number varying from 1 to N, the standard uncertainty in
the mean pressure trace, p, of the N cycles sample can
be written as:

| X(pox — Po)?
Up,oTypeA = m

Thus, the final combined uncertainty in the in-
cylinder pressure trace can be expressed as:

(A7)

_ [2 2
Upo = \/uP,H,TypeA T Uy rypen (A.8)

B. Uncertainties in the heat release and the CAS0

The uncertainty analysis of CA50 is not very com-
mon. This procedure develops on the one presented in
the supplementary material of [38]] by incorporating the
variations in the specific heat ratio, v, into the calcula-
tions.

This uncertainty analysis of the heat release assumes
that the uncertainties over in-cylinder gas temperatures
and thus the y on one hand and the convective heat
losses, on the other, are negligible. The rate of heat re-
lease, based on the First Law of thermodynamics, as a
function of y, p and instantaneous cylinder V is written
as:

a9 _ v dv. 1 .dp

g y-1"do ~vy—-1 db
In order to avoid noise originating from the numerical
differentiation of the pressure p, the following simplifi-
cation is used:

(B.9)

dPY) _ 4V dP
e do do

40 1 d(PV) _dv

a0 - y-1 a0 T (B-10)

Due to the discrete data, the cumulative heat release, Q,
must be evaluated in terms of finite sums, i.e.
AQ; =

1

1

Therefore, the Q at a certain point j, between the Start of
Combustion(SOC) and the End of Combustion (EOC)



can be written as:
J
0;= > AQ; (B.12)

i=S0C

Finally, the uncertainty in the cumulative heat release
takes the form:

(B.13)

Where...

1
uiQi = (ﬁuA([’/VJ)Z +(pi - uAV;)2 +(AV; - ul’f)z
1

) [ (Vier - p ) + (pit -y, )*

Urpvy, = 7 2 2
i 4 + (Vi—l : uPi—l) + (Pi—l : MVH)

The CAS50 is associated with the 950, which is the 50%
energy of the complete heat release, expressed as:

QSO =05- (Omax = Omin) (B.14)

Therefore, the uncertainty in the Q50 is:

UQs0 = 0.5 ,[uz - + uszm (B.15)

Where the uncertainties in the Q,,,, and Q,,;, are read-
ily obtained from the u, of the equation (B.13). Finally,
the uncertainty in the CAS50 is defined as the difference
between the crank angle associated with the quantity
050 (CAS50) and that associated with the heat quantity
QSO + Ugso:

ucaso = CAQs0+ugs, — CAcaso (B.16)
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