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Abstract

The possibility to operate current diesel engines in dual-fuel mode with the addition of hydrogen can
be limited by the variation in the combustion properties of the fuel mixture. In the present work, n-heptane
was selected as a representative fuel to test the effects of hydrogen addition on the laminar flame speeds
and ignition delay times. The spherical bomb technique was used to derive the laminar flame speeds of (n-
heptane + hydrogen)/air mixtures (0%, 25%, and 50% hydrogen in the fuel) for an initial temperature of
294 K, pressure of 1 bar, and for equivalence ratios between 0.8 and 1.35. The results showed that average
increases of 3% and 10% in the flame speeds were obtained with 25% and 50% hydrogen-enrichment,
respectively, while a slight decrease of the Markstein length was obtained. Similar laminar flame speed
results were predicted numerically with two kinetic models available in the literature with remarkable
accuracy, especially for the Cai and Pitsch model [Cai L, Pitsch H. Combust Flame 2015;162:1623-37].
The kinetic model was subsequently used to perform additional sensitivity and reaction pathway analyses
that showed how the chemistry of n-heptane is not substantially influenced by the presence of hydrogen;
while the increase in the flame speed is mainly due to the higher concentrations of radical intermediates.
The ignition delay times were measured using the reflected shock tube technique for equivalence ratios
equal to 0.832, 1.000, and 1.248, initial nominal pressure of 20 bar, temperatures between 730 K and 1200
K, and for different percentages of hydrogen in the fuel (20%, 50%, and 75%). The Cai and Pitsch model
once again did a good job of reproducing the experimental data, indicating how at high temperatures the
addition of hydrogen does not significantly affect the ignition delay; and in the NTC region (810 K to 920
K) the mixtures composed of (50% n-heptane + 50% hydrogen) and (25% n-heptane + 75% hydrogen) are
considerably slower than the reference n-heptane case. This is linked to the concentration of the alkane
component and the related low temperature chemistry.

1 Introduction

Current diesel engines use high levels of exhaust gas recirculation to decrease the combustion
temperature and minimize the production of NOx. In addition, common rail high pressure fuel injection is
used to produce a very fine fuel spray to reduce the production of soot and unburned hydrocarbons. In the
latest diesel engines, the use of multiple fuel injections per cycle further reduces the amount of soot. The
use of supplemental hydrogen gas mixed with diesel (i.e., hydrogen-enriched diesel) fuel has the potential
to decrease these emissions. In fact, the presence of hydrogen reduces the carbon-to-hydrogen ratio and
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enhances particle oxidation (producing higher cotre¢éions of H and OH radicals and, for certain
operating conditions, higher in-cylinder temperaf)r Hydrogen-diesel fuel co-combustion also miéga
the effects of the over-mixing of diesel vapor waihwhich leads to compositions below the flamrigbi
limit and thus to significant concentrations of unted hydrocarbons leaving the exhaust port. The
presence of hydrogen favors flame initiation evenareas of the chamber where the diesel fuel is
deficient. On the other hand, the percentage dfefliiel replaced by hydrogen is limited by abndrma
combustion behaviors [1-3]. Since the first pioirginvestigations in the eighties [4], numeroussei-
engine studies focused on the effects of hydroghtitian on the exhaust gas composition have been
performed. Savaranan and Nagarajan [5] analyzedethissions from a four-stroke, single-cylinder
stationary diesel engine at different brake loads gercentages of hydrogen (between 0% and 90%). Th
authors measured a reduction in the particulateemé®M) with increasing amounts of hydrogen (up to
about 70% decrease) and in the smoke (caused bypotustion). In a subsequent study [6], the astho
obtained a reduction in the smoke due to partieutadtter of around 44% for an optimal hydrogen flow
rate of 7.5 Ipm. Decrement in PM emissions were alsserved by Sandaci and Karagoz [7] (smoke
emission values decreased by 57.8%, 70.4%, and4/®Wizh 16%, 36%, and 46% hydrogen energy
content of total fuel, respectively) similar to ethresults obtained using the sawegter cooled, naturally
aspirated CFR engine [8] and [9], and by Deb ell8l} (smoke emission reduced by 37% and 66% with
11% and 42% hydrogen content). Talibi et al. [1difprmed experiments on a naturally aspirated,|sing
cylinder, direct injection, compression-ignitiongéme fixing the diesel fuel injection period andyiag

the hydrogen supplied to the engine. A decreasedhemissions was observed at low engine loade wh
at high loads the displacement of intake oxygerhiygrogen is the predominant factor, that leads to a
slight increase in PM. A study by Tsolakis et &R][showed how the addition of hydrogen to a dual f
diesel engine operating with reformed exhaust gesaulation leads to reduced total particle nundret
mass, but it does not significantly affect partisize and mass distribution. On the other handybris

by Zhou et al. [13,14] indicate that the decreasM emissions is due to the decrease in bothcperti
number and particle size as the hydrogen contemedses from 10% to 40%. PM reduction was also
obtained by Chaichan [15], although in this casaraller effect was observed due to the high sulfur
content in the diesel fuel. Different considerasiapply for the case of the unburned hydrocarbdd) (H
emissions. For example, the data obtained by Tatildl. [11], Savaravnhan and Nagarajan [5], and by
Kdse et al. [16] show a decrease of HC emissioftis wtreasing klenrichment, as in the study by Bari
and Esmaeil [17] who evaluated the performance afreventional diesel engine with addition of/id
mixtures. Other studies have shown the contrari(fjreven if the total HC emissions remain much lowe
than the regulation limits. In reality, the effemt the HC emissions may depend on the quantity.of H
introduced, as shown by Zhou et al. [13]. Whileoasensus has been reached in the case of solidgart
emissions, the effect of hydrogen-enriched diesehlmstion on NOx is not as clear, since it strongly
depends on the operating conditions and the termyegaattained in the combustion chamber. In génera
a mild to considerable increase in NOx emissionsexjgected for increase in the chamber temperature
caused by the presence of hydrogen [10,11,14,16}th® other hand, various studies showed that NOx
can be reduced by lowering the combustion temperait specific operating conditions [5,18-19]. In
general, at low loads the NOx emissions decrea#ie imgreasing hydrogen content, while the opposite
trend is observed at high loads [6,8,13,20]. Moeepvarious studies show how for similar loads the
addition of small amounts of hydrogen does not fiydatie NOx emissions while for the case of large H
guantities NOx increases considerably [7,9]. Finalh view of the necessity to reduce fossil fuel
consumption, an increase in the thermal engineieffcy was observed in the majority of the above-
mentioned studies, due mainly to better mixing leetvH and air compared to the liquid fuel case and
faster burning characteristics (and consequentillemheat transfer to the walls). Other applicasiof
dual-fuel combustion can be envisioned, for examplehe case of homogeneous charge compression
ignition HCCI engines, for which an extensive revibas been recently presented by Hairuddin et al.
[21]. Several studies have also investigated thmbdoation of hydrogen addition to diesel fuel and
exhaust gas recirculation (EGR) techniques to éurttecrease the engine temperature and consequently
the NOx emissions [22-24].



The results obtained for hydrogen-enriched diesel/ary promising and emphasize how the technique
may have a practical role in reduction of harmfollygants from transportation engines. To help the
engine manufacturers design solutions for an efficimplementation of this technology, the fundataken
properties of the hydrogen-enriched diesel fuelsdn® be investigated not only in engines, but atso
research reactors where the chemistry can be eissilgted and studied. In particular, due to the
complexity of the real fuels, surrogate mixturesnposed of few compounds which mimic the chemical
and physical properties of the real fuel are oftead in order to simplify CFD engine calculatio®S][ In
the past, n-heptane has been proposed as a sorgf@oent surrogate fuel for diesel [26], and ithis
most common component used in multi-component gateoformulations, including the widely used
primary reference fuel PRF and toluene refereneé TRRF. Due to its importance, n-heptane chemistry
has been studied in detail both experimentally ancherically, in particular regarding its combustion
properties, i.e. ignition delay times and laminlamfe speeds, as relevant to the functioning of mode
combustion devices. Several shock tube studies-baptane/air mixtures were implemented for the
measurement of ignition delay times over a widegeanf temperatures (720-1400 K), pressures (2-60
atm), and stoichiometric conditiong Between 0.1 and 3) [27-33]. These studies werendetd to lower
temperature conditions (600-960 K) using rapid caagion machine measurements at stoichiometric and
fuel lean conditions and pressures between 3 aralr2(34-39]. Other ignition delay time measureraent
with shock tube devices were also performed inratzath gas for dilution factors between 64% and,99%
pressures between 1 and 15 atm, fuel-lean, andtéichiometric and fuel-rich conditions [40-48h
addition, regarding the laminar flame speed, ndmpthas been extensively studied in the literabyre
means of various experimental techniques, includdumsen burners, horizontal tubes, counterflow
flames, spherical bombs, stagnation jets, and fieatburners [49-63]. Considering the latest, more
reliable datasets, the experimental results covéda range of pressures (0.5-25 atm), temperaf{@a8s
470 K), and equivalence ratios (0.6-1.7). The dbjecof this study is to experimentally analyze the
effects of hydrogen addition to the fundamental loostion properties of n-heptane using well-
characterized kinetic experimental apparatusesaivgg [64] used chemical kinetic model simulation t
study the ignition of n-heptane/thnd n-heptane/CHmixtures. On the other hand, to the best of our
knowledge, this work provides for the first timetalavhich will be essential to validate chemicaldtia
models for use in dual-fuel engine design codesetd analyses will also be performed based ontikine
models available in the literature.

2 Experimental and modeling techniques

Spherical reactor facility

The technique has been presented in detail in gqus\publications [65—66]. The spherical reacta is
stainless steel vessel composed of two concemnghierss with optical access guaranteed by the presen
of 4 quartz windows (100 mm optical diameter). Ti@meter of the internal sphere is around 47.5 cm,
which results in a volume of 56 liters. The gasemistures of interest are prepared directly indide
vessel using the partial pressure method. Two MKfBaBon capacitive manometers (Type 631) of
different full scales (100 Torr and 1000 Torr) amnected directly to the bomb for measuremenhef t
partial pressures of the fuel and the air accordinghe required pressure ranges. The use of the tw
manometers minimizes the maximum error in the méfureparation, estimated to be 0.5% for the single
measurements and thus 1% for the equivalence rati@svacuum limit of the reactor is around”Xorr
and the gases left in the reactor are mainly coegho$s N, H,O, and CQ. The effect of the residual gases
is then minimal. In the present work three différerperimental datasets were obtained with 0%, 25%,
and 50% of hydrogen in n-heptane. The compositfdheair is 0.209 @+ 0.791 N (laboratory dry air),
while the purities of n-heptane and hydrogen w&8% (Sigma-Aldrich) and 99.999% (Alphagaz 1, Air
Liguide), respectively. The high quality of the lmereduces the risk of contaminations. All the
experimental results were obtained at an initiaspure and temperature of 100 kPa and 294+1 K,
respectively.
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Figure 1. (50% n-heptane + 50%)H air flame, stoichiometric conditions.

After the mixture preparation inside the reactbe flame is initiated at the center of the spherab
spark obtained with two tungsten electrodes locatethe same diameter of the sphere but of course i
opposite directions. The distance between thedfifise two electrodes was adjusted in order toinptar
each equivalence ratio, flames which were sphedodl unperturbed by the presence of the electrodes.
The spherical bomb is coupled to a Z-type singkespechlieren system for visualization of the flame,
high-speed camera (Phantom v1610) with fixed fraae of 25000 fps for image recording, and a Kistle
pressure transducer (Kistler 601A) for monitoririgh® pressure during the combustion process. Eigur
shows the stoichiometric (50% n-heptane + 509 /MHair flame as a function of time. As mentioned
above, the flame propagates starting from the caftthe sphere till it reaches the limit of thendow,
which is also the last point which can be usedhieasuring the flame propagation speed. It is inaoort
to notice how the flame is spherical along therentbservation window while its surface is onlyghbtly
disturbed by the electrodes. The separation betwezburned and the fresh gases is easily ideitfia
These characteristics are essential in order tailaiccurate measurements of the radii and to gtesra
the validity of the fundamental assumptions on White expanding flame theory is based. The difteren
signals are synchronized, thus the pressure ris¢adiine gas expansion can be directly correlaigdthe
flame propagation. As shown in Figure 1, the cortibnsn closed vessels leads to a large increasleeof
pressure (in the present case, the maximum preissareund 7 bar at 0.1 seconds). On the other, lihad
pressure over a much shorter time (between 2.4418mt#t ms in the specific case) is nearly constant
(graph at the bottom-right of Figure 1). In part&myuthe pressure rise between the times of tis¢ dind
the last images used for deriving the flame spedubtween 0.5% and 0.9% in the present experiments,
thus it is accurate to assume that the flame pmtpagat nearly constant pressure conditions. Ehis i
possible because the volume of the burned gaseshwloirresponds to the diameter of the windows is
much smaller than the total volume of the sphereuad 0.8%).
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Figure 2. Laminar burning speed, (50% n-heptan@% 512) / air. Solid line: NQ model; dash line: L$del.

The use of automated Matlab software based on #may¥Cmethod allowed the derivation of the flame
radius as a function of time starting from the flaimages. The stretched laminar flame speed of the
burned gases is subsequently derived from the faaliiobtaining the unstreatched laminar flame dde
the burned gases relative to the flame spegd, and the Markstein length,the following expression

proposed by Ronney and Sivashinsky [67] and byegedind Law [68] was solved:

Sy) 1 Se) . _2L, K 1
&) ofe) 5

wherek is the stretch rate. Finally, the fundamental gabfi the unstretched laminar flame speed of the
unburned gasess®, was derived using the simple continuity equatidrich for the case of constant
pressure conditions simplifies & = s° /g . In this equation the value of sigma is definedasp, /py

wherep, andp, are the unburned and burned gas densitiesas a@dulsing COSILAB [69]. Based on

the uncertainties in the radii ( 1 pixel), an erod around +0.6 cm/s in the flame speed measurtsmen
was estimated.

The measured unstretched spatial laminar burniegdpbtained using the non-linear method (NQ)
corresponding to eq. 1 is shown in Figure 2 fofedént equivalence ratios. The scales of the x-yand
axes are identical for all the graphs. This all@andirect visual comparison between the differeisesa
not only in terms of unstretched flame speed (@efias the intersection between the fitting curw the
y-axis) but also in terms of experimental trendse Blope of the fitting curve is directly relatedthe
Markstein length, which clearly decreases with éasing equivalence ratiosy(ls even negative valued
for ¢ = 1.35). Also shown in Figure 2 is the linear tiela between burning speed and stretch rate
(s, =s? -L, k, [70-71], denoted as LS). The two solutions ang/ gmilar at fuel rich conditions,

while they differ for the fuel lean cases. Thiglige to the fact that the linear model is not abledrrectly
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reproduce the speed vs stretch relation for thizeerdnge of equivalence ratios studied herein.e©th
extrapolation methods proposed in the literatuB74] were also tested in order to confirm the amcy

of the present extrapolation methodology and esérttze associated uncertainties. The solutionhi®f t
NM-I model by Chen [72] (solid line) and the nondar model in expansion form NE [73] (dash lin&) ar
presented in Figure 3 together with the NQ solufjcircles). The maximum discrepancy between the
results obtained with the NM-1 and NE methods (Wwhace almost superimposed) compared to the results
derived from the NQ equation (symbols) is arour@Pd,. which is well within the uncertainties of the
measurements. Thus, the extrapolation model doesave an influence on the derivation of the lamina
flame speeds. Wu et al. [74] proposed a differetdron in order to discriminate the spherical axgding
flame experiments which may be affected by largersrdue to the extrapolation method. Based on such
criterion, the product between the Markstein nundret the Karlovitz number (Ma-Ka) must be below
0.15 for reliable measurements. This is the casalfahe experiments presented here (Figure 4is It
important to underline how such a criterion wasel@ved based on experimental databases for hydrogen
and n-heptane fuels. The results presented in &iguwan be then considered without any doubt adic v
confirmation of the accuracy of the extrapolatioathod. Finally, the iterative procedure used twesol
equation 1 was also tested. Chen [72] proposedfexetit formulation of equation 1 (NM-II) which can
be solved with a least-square method. The two madkieal approaches give very similar solutions.
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Figure 3. Laminar flame speed measurements obtaitbdifferent extrapolation methods for n-heptiaire
measurements. Symbols: NQ;- NM-I, — — NE.
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Another physical aspect which may cause uncerésniti the measurement of the laminar flame speed
is the heat radiation from the burned to the unbdrgases. The simplified model by Yu et al. [75]
provides a simple tool to estimate the effects aiation on the experimental measurements from
expanding flames. Based on this approach, thetralieorrection terms are around 0.5 cm/s for ladl t
experimental conditions. If the corrections werpligal to all the experimental points, a simple tsbifthe
profiles by 0.5 cm/s would be obtained. Such at stfuld not modify the effect of the hydrogen aatdit
on the laminar flame speeds.

Shock Tube Facility

The shock tube has a 4.5 m long, 7.6 cm squars-sexdion driven-section and a 1.83 m long, 10.2
cm diameter driver. A 76.2 cm round-to-square fitanms section is included in the driven lengifhe
double diaphragm technique was used to accuratetgiro the desired shock Mach number. The
diaphragm material is 2 mm thick, 1100 series ahwmi, pressed with a four-petal shape to facilitate
diaphragm opening (rupture pressure between 22d 4h2 bar across the diaphragms). Three
piezoelectric pressure transducers (PCB 113A24)uaesl to record the pressure inside the tube and
consequently to obtain the incident shock wave oiglo The distance between successive pressure
transducers is 0.31 m, with the last one locatébeatixial position of the reflection endplate. Tiedent
shock wave velocities were subsequently used tegetlth the initial conditions to calculate the gsare
and temperature conditions behind the reflectedlsimmves by solving the conservation equations. The
method used for the calculations assumes thermalil@@m, no reaction before ignition, and variabl
specific heat ratio. Based on the dimension ofpghessure transducer face there is a possible efror
1.74% on the shock speed, and therefore, the maxigsiimated errors in the temperature and pressure
conditions behind the reflected shock waves ar&2ahd 5.8%, respectively. A photodiode (Edmund
Optics, S-050-H) with a 430+£10 nm filter (Thorlaf8430-10) is attached to the endplate via an acryl
rod to detect luminescence from CH radicals. Theebaof ignition was determined by the maximum slope
in the pressure profiles, which also corresponds $teep increase in the CH radical signals meddye
the photodiode. Ignition delay times have beenndefias the time between the arrival of the incident
shock wave at the end plate and the onset of amith typical pressure profile is presented in Fégs,
also shown is the ignition delay time. The shodbetis pumped down using an Edwards RV5 pump
(designed vacuum of 2xfOmbar). The fuel/air mixtures were prepared in pasatemixing chamber
using the method of partial pressures to combiheptane, hydrogen and air at the desired ratiothen
present study, the percentage of hydrogen in thlenfiixture was varied from 0% to 20%, 50%, and 75%,
for average equivalence ratios equal to 1.248,01.806d 0.832.

100% n-Heptane, ¢ = 1.0
20.8 bar, 811 K

T=1543 ps

pressure (a.u.)

I v I v I v I
0.001 0.0015 0.002 0.0025
time (s)

Figure 5. Typical pressure profile; n-heptane/aktare, =1, Ts = 811 K, R = 20.8 bar.



Chemical kinetic modeling

As mentioned in the previous sections, n-heptasebkan the focus of numerous studies including the
development and validation of detailed chemicatkmmodels. Various models have nowadays reached
excellent performances with respect to the simutatf both the ignition delay times and the laminar
flame speeds of n-heptane/air mixtures, such asX¥ample the LLNL model [76] (654 species and 2827
reactions), the NUIG model [77] (1268 species aB865reactions), or the CRECK model [78] (300
species and 11790 reactions, including chemistryido-octane). These models are relatively large in
terms of number of species and reactions which m#iem impractical for use in engine codes. Even fo
simulations of laminar flame speed measurementsethdting computational costs are considerable. Fo
these reasons, reduction schemes have been deyétogieninish the size of the models based on §ipeci
targets. In view of their practical use in engimmwdations and their reduced computational costs, t
reduced chemical kinetic schemes were used in tbgept work to simulate the laminar flame, these
include the models by Stagni et al. [79] and Cal &itsch [80]. The two models provide very similar
results compared to the non-reduced models, withe®-to laminar flame speed measurements of
gasoline PFR/toluene surrogates, including experiate@esults for the n-heptane component available
the literature. The iso-octane chemistry was remdwe both models, which reduced their size to 236
species and 1165 reactions for the model by CaPatisdh [80] and 106 species and 791 reactionthéor
model by Stagni et al. [79]. The present work idelsl the addition of hydrogen as a fuel, thus the
corresponding CO reactions were analyzed in detaparticular, the model by Stagni et al. [79] slowt
contain the recombination reactions between twadgeh atoms and two oxygen atoms as in the original
CRECK model [81, 82], thus, these reactions wededdThe addition of such reactions did not change
the simulation results for the n-heptane experimefithe validation of the two models against
experimental hydrogen/air data at room temperaturd atmospheric pressure from the literature is
presented in Figure 6. The two models generate génjlar results, in good agreement with the
experimental data over the entire range of equidaeratios, thus they can be used with confideace t
model the hydrogen enriched n-heptane experimé@usilab software, version 3.3.2 [69] was used to
perform the simulations. In particular, the one-elisional freely-propagating flames were solved to
derive the laminar flame speed. GRAD and CURV vengosed as 19 with a spatial domain between -
10 and 100 mm, while multi-component transport prips and Soret effect were included in the
calculations. The model by Cai and Pitsch [80] a® used to simulate the ignition delay time tbget
with the CRECK model [82]. In this case, the sintiolas were obtained with the homogeneous batch
reactor module at adiabatic, constant volume cirditand at an initial pressure of 20 bar.
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3 Results and discussions

Numerous studies on laminar flame speed of n-hefdanmixtures provide a benchmark to confirm
the validity of the spherical bomb technique. Thheptane/air measurements were compared to the
measurements at room temperature and atmosphedsyse available in the literature (see Figure 7).
Also provided in Figure 7 is the normalized datertg into account the difference in initial tempera
(294 K vs 298 K), pressure (100 kPa vs 101.3 k&&], air composition. The normalization factors were
estimated using the kinetic model by Cai and Pif8¢h: all the simulations were performed firstthe
conditions of the present study, then at the camdit of the data in the literature, from which
normalization factors could be derived. Figure &adly shows that the present data closely agrdetingt
recent measurements by Dirrenberger et al. [63iobtl with a flat flame adiabatic burner.
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Figure 8. Laminar flame speed of n-heptanéi mixtures. Fuelsd 100%;816 & 75% GHis + 25% H, O 50%
C;H6 + 50% H. Lines represent modeling results using the mbgea) Cai and Pitsch [80], Stagni et al. [79].

The experimentally measured laminar flame speedsraported in Figure 8, together with the
simulations obtained with the two kinetic modelfieTblending of hydrogen with n-heptane leads to an
incremental change in the laminar flame speed. fEh@ “speed increment” is used to represent the
difference between the laminar flame speed forhpdrogen/heptane and the heptane-only fuel. The
change is substantial only when a large amounydfdyen is present. Figure 9 contains the expetiamhen
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and modeling increments obtained for different bgdén enrichment. The experimental flame speed data
was fit with a polynomial, see Figure 8. The fitscarately reproduce the experimental results, with
discrepancies which are within the experimentabreaf a single measurement (less than 0.3 cm/s for
more than 90% of the cases). The results in Figurglicate that the addition of 25% of hydrogerha

fuel mixture generates an average increase of 3¥lyn the speed (0.9 cm/s on average, with maximum
increment of11.2 cm/s atpd1.1). On the other hand, the laminar flame speétize (50% GH1c + 50%
Hy)/air mixtures are[110% higher than the n-heptane case (3.3 cm/s oragele In this case, the
maximum increment is reached @il 1.2, thus slightly shifted compared to the experitas with lower
hydrogen mole fractions. From a modeling perspectivoth models overpredict the measurements
(Figure 8), although the error can be consideredmal (around 5% for the Cai and Pitsch model [80]
and between 6% and 14% for the Stagni et al. mda), with higher discrepancies at fuel-rich
conditions). A more important aspect evident inuFgg9 is that both models are capable to reproduce
quite accurately the effects of the addition of b particular, the correspondence between theltses
obtained with the Cai and Pitsch model [80] (daskd) and the experiments is remarkable for both
profiles. The only discrepancy appears at fuel-gohditions, where the experimental profiles behd a
lower equivalence ratios and thus the speed inarenae slightly over-predicted.

5- T T T T T T |_
g 1 S.° (50%C.H,+50%H,) -

- 0 0, .
5 4. SC(00UCH) - 505,~ ~
)
83 i
£
5
£21 .
T {517 (75%C;H,+25%H) - S, (100%C,Hy) |
4 _ Fnunn:ﬂ-lﬁ-ﬂu——\‘ =: |
%1 - Uuunnuu ]

Figure 9. Increment of the flame speed for difféfgydrogen enrichment compared to the n-heptanedai.
Dashed lines: Cai and Pitsch model [80]; soliddirgtagni et al. model [79].

The effect of hydrogen addition on the experimeltarkstein length (derived from the solution of the
non-linear equation) was also considered. The Meairkéength L is related to the slope of the curives
Figure 2: the higher the slope, the larger theesmonding value of L. Figure 10a shows the rendpel
burned Markstein length’l(L' = Ly/c). This value is consistent with the plots of thestwetched laminar
flame speed of the unburned gases. Consideringuttves which fit the experimental data, the addité
hydrogen slightly decreases the Markstein lengtiueltlean conditions, 6-8% and 16-18% for the (75%
C/His + 25% H) and (50% GH6 + 50% H) datasets compared to pure n-heptane, respectikslan
example, three different curves obtainegat0.95 are presented in Figure 10b. Even if theapxtiated
flame speed is lower for the case of n-heptaneckbiae and symbols), the slope of the correspandin
curve is clearly larger than the curves obtaineth Wydrogen enrichment. Although the estimatedremo
the determination of 'Lis larger than the observed differences, the swhgitrepancy between the
polynomial fits and the experimental data suggésis the error estimates on the single measurements
may be conservative, larger than the actual vallibas, hydrogen enrichment is expected to slightly
change the response of the flame to the stretahersgine applications (for fuel-lean conditiorisnally,
for fuel-rich conditions the curves presented igufeé 10a converge, suggesting no effect of thedygr
enrichment on the response of the flame to stretch.
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The chemical kinetic models were also used to deter how the fuel composition influences flame
propagation. The results presented in the followpagagraphs were obtained with the kinetic Cai and
Pitsch model [80], which provides better predictiaaf the measured laminar flame speed. The main
factor which leads to the increase in the flamedpeith increased percentages of hydrogen enrichimen
the formation of larger amounts of radicals (intigatar H, OH, and Hg). The H and OH profiles are
reported in Figure 11a fgp= 1.1. The addition of 25% hydrogen in the fuelde to an increase of 2.8%
and 1.7% in the maximum H and OH mole fractionspeetively; while for (50% &, + 50% H) the
maxima increased by 8.2% and 2.7%. The radicafsisgiftowards the unburned gas leading to faster
consumption of the n-heptane (as shown in Figuee Where the profiles were normalized based on the
fuel mole fraction of the 100%-8, case) and a larger heat release rate (Figure Ikik)is case, the
increase in the peak heat release rate is 2.5%8a2fb for 25% and 50% hydrogen enrichment,
respectively. These results agree with measuremesndie in IC engines [5]. Although the adiabaticrita
temperature changes only slightly (2272K, 2274 Kd 2277 K for 0%, 25%, and 50% hydrogen at
stoichiometric conditions), the temperature prdfifellow the same behavior of the fuel and the heat
release rate; thus a steeper slope for higher bgdr@nrichment is observed in Figure 11b. From a
practical point-of-view, the absolute mole fractiohthe radicals, as presented in Figure 11a, aéter
the variation in the flame propagation speed irreeg(for similar equivalence ratios), but suctuealare
influenced by the different initial mole fraction$ H atoms. The H atom profiles relative to the tdna
content in the 100% ;¢ case are reported in Figure S1 (Supplementary. Hile difference in H atom
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concentration peaks becomes less marked than imd-ijla, but the addition of hydrogen leads to an
increase in the production of H atoms relativeh® initial H content in the fuel. This suggestst ttiee
chemistry of hydrogen is more effective in prodgcid atoms compared to the n-heptane chemistry,
which is of course an expected result.

C2H4+0<=>CH3+HCO
HO2+H<=>H2+02
CH3+HO2<=>CH30+0OH
CH+H2<=>TXCH2+H
CH3+0<=>CH20+H
H20+M<=>H+OH+M
2H20<=>H+OH+H20
O+H2<=>H+OH
TXCH2+02=>0OH+H+CO
C2H4+0OH<=>C2H3+H20
C2H3+H<=>C2H2+H2
C2H2+0<=>TXCH2+CO

50% H, ]

25% H, [
o% H, Il

CH3+0=>H+H2+CO
HO2+H<=>20H
C2H3+02<=>CH2CHO+O
AXC3H5+H<=>C3H6
TXCH2+02=>C0O2+2H

2CH3<=>C2H5+H
HCO+H<=>CO+H2
HCO+M<=>CO+H+M
CO+0OH<=>CO2+H
H+02<=>0+0H

T T T ‘l T T 1
-0.02 0 0.02 \0.1 0.12 0.14 0.16
Sensitivity coefficients

Figure 12. Sensitivity analysis of the laminar flaspeed with respect to the reaction rate constamtd.1.

Although some of the pathways for the n-heptanesaoption are more-or-less favored by the
presence of hydrogen, the reactions which signiflgaaffect the flame propagation speed remain
unaltered. Figure 12 shows the sensitivity analggitie laminar flame speed with respect to thetiea
rate constants fop= 1.1. All the coefficients increase when hydrogeadded to the fuel mixture, which
is mainly due to presence of larger radical madetfons (as shown in Figure 11a). On the other hidned
reaction order remains nearly identical. This ig dwtwo facts: 1) the flame speed is mainly inficed
by the H/O, chemistry and by the small intermediates proddomd the decomposition of n-heptane; 2)
there is not a substantial variation in the pathsmahich leads to the formation of such small fragtee
Such pathways are presented in Figure 13, foriozacteading to propene, allyl radical, ethylerthyke
radical, and acetylene, intermediates whose chgnsgynificantly affects the flame propagation spee
The purpose of this figure is not to provide a coghpnsive description of the n-heptane chemistrytdd
show the effects of the presence of hydrogen ordémemposition of regular carbon-based fuels, i th
case n-GHi;s. The arrow thickness is proportional to the indégd reaction rates for the n-heptane/air
mixture, while the numbers represent the percertagease/decrease for the (5041 + 50% H) fuel
mixture compared to the pure n-heptane case (aftenalization to take into account the number of C
atoms in the fuels). For clarity, the figure hastelivided into two parts, where the formation patis
for the compounds highlighted by dash lines (botgraph) are reported on the upper graph. It isrclea
how hydrogen increases the rate of consumptiohefdel (as already observed concerning Figure 11),
and consequently of the intermediates due to tbe@se in H, OH, and HQoncentrations. Only the
fluxes proceeding through the thermal decompositibrthe largest stable olefins (such as 1-hexene
(CgHio) and 1-pentene By forming GHs + CH; and GHs + GHs respectively) drop due to the
considerable increase in the competing H-abstractactions by H, OH, and O radicals. Similarlye th
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fragmentation of the resonantly stabilized allydical to acetylene + methyl radical shows a deereds
11.2% due to competition with reactions involvirigetH atoms (recombination to form propene and

addition/fragmentation to form &8s + CH).
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Figure 13. Rate of consumption analysg#s; 1.10. Arrow thickness proportional to the intggd reaction rates for

C;H,¢air mixture. Percentages represent the incremerrédnent for the (50%-8,¢ + 50% H) fuel mixture
compared to the pure n-heptane (after normalizatidake into account the number of C atoms irftie¢s). Dash
lines for compounds whose formation is reportedhenupper graph.

As for the case of the laminar flame speed, vargiudies on the ignition delay times of n-heptane/a
mixtures have been completed in the past. The Bwrpats presented herein were obtained at a nominal
initial pressure of 20 bar, varying the equivalerat® between 0.832 and 1.248. The comparisondstw
the stoichiometric results and the ones availablié literature for similar pressure conditionsGigzki

and Adomeit [27] and Gauthier et al. [30] are répdrin Figure 14a. The experiments are in good
agreement over the entire temperature range (730QLRO0 K), especially in the negative temperature
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coefficient (NTC) region between 810 K and 920 Kyene the ignition time increases with increasing
temperature. In the rest of the study, attentiofodsised on NTC region which corresponds to the pos
compression operating temperature in typical ICireegy The measured ignition delay time for n-
heptane/air for equivalence ratios between 730&K240 K is presented in Figure 14b. In generaletlie
slight decrease in the ignition delay for an insee&n equivalence ratio from 0.832 to 1.0, but amm
change from 1.0 to 1.248. A similar trend was obsgfor different hydrogen enrichments.
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= & . B = A A ¢ =1.000
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= 3 xX = E AA
CO 3 3
g o Literature at ¢ = 1 g oﬂ ° En
= o X Gauthier 2004 (16-20 atm)| | = o =
g A Ciezki 1998 (19.3 atm) 5 b) $=1.248
- O pw (~20 bar) -

1004— — - 1000 — T

0.8 1 1.2 1.4 1 1.1 1.2 1.3 1.4
1000/T; (1/K) 1000/T; (1/K)

Figure 14. Ignition delay times of n-heptane/aiktmies. a) Comparison of stoichiometric mixturethwhe
literature:d present worla Ciezki and Adomeit [ZX]Gauthier et al. [30]; b) NTC region results @eet work):
O @= 1.000;2 ¢=1.248,0 ¢=0.832.

The experimental and modeling results for diffedeydrogen enrichment are presented in Figure 15.
From the experiments, no discernable differencddcbe observed between the different datasetsen th
high temperature region, while in the NTC regior #xperimental data differs more significantly. In
particular, the ignition delay times of (80% n-teape + 20% hydrogen)/air mixtures nearly superimpose
for pure n-heptane, and only with higher hydrogariohment does the ignition delay time increase (as
was the case of the laminar flame speed). Singlsults were obtained with the two kinetic modelscivh
are capable of reproducing, not only the effecthydrogen addition, but also the magnitude of the
experimental data. The Cai and Pitsch model [8@Lately predicts the experimental results over the
entire temperature range, especially in the NT@regvhile the increase in the ignition delay timehe
NTC region is slightly overpredicted by the CRECIddel [82].
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Figure 15. Ignition delay times of n-heptangéit mixtures for 3 different equivalent ratios amsminal pressures
of 20 bar: a) & dyp= 1.000, b) & ep=0.832, c) & f)p= 1.248. Fuelsa 100%-,85 A 80% GHys + 20% H, O
50% GHy + 50% H, % 25% GH5 + 75% H. Dashed lines: Cai and Pitsch model [80]; soliddifeRECK [82].

20% H, 50% H, 75% H,
T =900 K 2.2% 9.1% 29.9%
T=850K 2.0% 8.4% 27.4%
T =800 K 1.9% 7.8% 25.7%
T=750K 1.7% 7.2% 23.6%

Table 1. Average calculated increase in ignitiolagéme for different hydrogen enrichment compat@the
C,H.¢/air reference case.

Since the uncertainty in the experimental resubisschot allow to accurately determine the effe€ts o
hydrogen enrichment on the ignition delay time (ynarore points would be necessary in order to draw
reliable fitting curves), the model by Cai and &titsvhich better fits the experimental curves waduer
this purpose. The percentage increase in the dgnitielay time for different hydrogen enrichment
compared to the reference n-heptane/air is repant&dble 1 for temperatures between 750 K andik00
(temperature range relevant to diesel engines).dake indicated is the average of the values ®ihhee
equivalence ratios investigated. In all casesgffects of the hydrogen addition are slightly morarked
at higher temperatures, although the mixtures ceegboof 80% n-heptane and 20% hydrogen are
characterized by ignition delay times which diffey only O 2% compared to the reference case. The
percentage increase becomes larger with increagiFdden enrichment]8% andd27% for (50% GH ¢
+ 50% H) and (25% GHys + 75% H), respectively. These variations are mainly du¢heodrop in the
concentration of the n-heptane and oxygen comperierthe initial mixture. For example, the n-hepgtan
mole fraction at stoichiometric conditions diminéshby 1.6%, 6.0%, and 16% with the addition of 20%,
50%, and 75% of hydrogen, respectively. Therefdhe, low temperature chemistry becomes less
significant, as shown in Figure 16b where the nfodetions of the most abundant peroxy radical (3-
hepthyl peroxy, €H:s0,) are present. The higher the concentration ofiritydrogen, the lower the mole
fraction of the intermediate species formed throdlgh low temperature kinetic mechanisms. This
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translates to a smaller increase in pressure amgei@ture conditions due to cool flame phenomegea (
Figure 16a), which directly affects the ignitionaletimes, i.e., the lower the temperatures reachedto
the cool flame, the longer the delay.
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Figure 16. a) Pressure and b) 3-heptyl peroxy leofiredicted by the Cai and Pitsch model [80]dorl at an
initial temperature of 850 K.

4  Conclusions

The effect of hydrogen enrichment on the combugtimperties of n-heptane/air has been investigated
both experimentally, using complementary technigaesl numerically with kinetic models available in
the literature. New laminar flame speed measuresnémt n-heptane/air, (75% n-heptane + 25%
hydrogen)/air, and (50% n-heptane + 50% hydrogenjfixtures were obtained at an initial pressurd of
bar and initial temperature of 294 K. The resuftsvg that the flame speed increases by roughly 1@ a
10 % with 25% and 5% hydrogen enrichment of n-hegtaccompanied by a slight decrease in the
Markstein length. The experiments on the ignitiefagt times of fuel/air mixtures containing from Q8o
75% hydrogen enrichment were conducted at equigalgatios of 0.832, 1.000, and 1.248, initial
nominal pressures of 20 bar, with particular foonsthe NTC region which is relevant to diesel eagin
post compression conditions. Only for large hydrogarichment does the ignition delay time become
longer compared to the reference n-heptane/air.cabe simulations accurately reproduce the
experimentally measured laminar flame speed andytiigon delay time. The kinetics behind the chang
in the combustion properties of the n-heptane/hyeinodual fuel were identified. From a practicalnpoi
of-view, the control of the ignition delay time arndde heat release rate could be accomplished by
adjustments in the operational parameters for @dticual-fuel engine performance (for similar
equivalence ratios).
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