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Motivation

e “..serious deficiency in database for hydrocarbons...
need to establish a satisfactory database for
hydrocarbon fuels, once and for all...” — C.K. Law (2006)

— Significant progress in both experiments and modeling has
been made since 2006

* Development of kinetic mechanisms requires validation
targets from controlled experiments: shock tubes,
rapid compression machines, flow reactors, flames, etc.

* Targets also provide valuable insight into fuel kinetics



Objectives

Overarching goals of RPI shock tube studies
* Provide validation targets and kinetic insight for hydrocarbons

of relevance to jet fuels:
— Kinetic mechanism improvement and validation
— Aid in the development of surrogate representations of jet fuels
— Assessment of the influence of fuel structure on reactivity

Focus of this talk:

* Normal and branched alkane ignition

* o -methylnaphthalene (AMN) and AMN/n-decane ignition

 Comparison of ignition times for characteristic hydrocarbons
to jet fuel

* Preliminary work on surrogate mixtures



Jet fuel (JP-8) composition
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Chosen due to:
1) relevance to JP-8 and Jet A
2) diversity of organic structure



RPI shock tube facility

Shock velocit . i
. Y Mixing manifold Vacuum section Driver
detection
Test location w/ Heated and insulated Heated and insulated Diaphragm
optical access driven section mixing vessel

* Innerdiameter =5.7cm
* Reflected shock pressures up to 200 atm
* |nitial temperatures up to 200°C

* Designed for kinetic studies of low vapor pressure fuels (jet fuels) at
engine-like elevated pressures



Shock tube characteristics
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Example data: normal alkanes (CD 1 in air)
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Normal alkane reactivity: data
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 Comparison of experimental studies at ® = 1 and near 12 atm

* Ignition times similar (+40%), independent of n-alkane length,
for mixtures with common carbon content



Normal alkane reactivity: mechanisms
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e Curran et al. and Westbrook et al. (LLNL) and Ranzi et al.
(Milano) show little variation in reactivity with chain length

e Biet et al. (EXGAS) shows significant variations



Normal alkane kinetics

y Further H-abstraction and 3-scission

RH
H,0,0H,HO, l R, +alkene | High temperature (T > 900-1000 K)
R H,0,+M > 20H + M
02¢ P
RO /RH +HO, > R+ H,0,
t » HO,, + alkene
QOOH < 2 Moderate temperature (700-1000 K)
Ozt ACyclic ether + OH
O0OQOOH

l

OH + ROOH — R'O + OH | Low temperature (500-800 K)

Measured and predicted ignition times are, to 1%t order, independent of alkane length
e High-T: all alkanes lead to similar pool of alkenes, CH,, and H; H + O, controls

e Moderate-T: all alkanes lead to similar alkenes; H,0, + M controls

e Low-T: size of R does not significantly influence the rates of peroxy reactions

Note: small increase in reaction rate in the NTC regime with increasing alkane length observed
experimentally and predicted by kinetic simulations (isomerization slightly faster for longer chains)
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Branched alkanes: example data and

modeli
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 Good agreement with previous iso-octane shock tube data
 Good agreement with LLNL mechanisms

* Firstignition data for iso-cetane (cetane index rating fuel, CN

= 15)
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Branched alkane reactivity
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High- to moderate-T reactivity is controlled by the fraction of non-primary H atoms
» Faster rate of alkyl formation via H-atom abstraction for iso-cetane
» Faster fuel consumption, faster radical pool growth, and shorter ignition time

Low-T reactivity is controlled by the rate of RO, > QOOH isomerization
» Faster rate of RO, isomerization for iso-cetane due to three CH, groups
appropriately spaced for H-atom transfer through six-member transition states
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Branched vs normal alkanes

T T T T
| Fuel/air, ¢ = 1.0, 40 atm

Experiments
. s
104 | 4 iso-octane PR
F @ iso-cetane P ]

r O n-decane -
L [ n-dodecane -
I Kinetic Simulation s
| — — iso-octane, Curran et al.
iso-cetane, LLNL
n-decane, Westbrook et al.

iso-octane (2,2,4-trimethylpentane), CN = 15

iso-cetane (2,2,4,4,6,8,8-heptamethylnonane), CN = 15

NN

n-decane, CN = 76

1 . 1 . 1 . 1 . 1 . 1 . 1

0.7 0.8 0.9 1.0 11 1.2 1.3 l 1.4
1000/T [1/K]
lgnition times for n-alkanes are between those for iso-octane and iso-
cetane at high temperatures (??) and shorter than those for both
branched alkanes at moderate to low temperatures (peroxy chemistry)

The rate of H-atom abstraction is faster for normal alkanes relative to
branched

The difference at high temperatures is due to initiation chemistry
(decomposition)




Mole Fraction

Branched vs normal alkanes
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 More rapid thermal decomposition results in faster initiation of radical
pool for branched alkanes
— Note, H-atom abstraction still removes most of the fuel at these temperatures

e This effect competes with the faster H-atom abstraction for normal
alkanes (larger number of secondary H atoms)
 These results are in qualitative agreement with OH profiles measured

during the oxidation of branched and normal alkanes and thermal
decomposition studies for normal and branched alkanes




Signal [arbitrary units]
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a-methylnaphthalene (AMN) ignition
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 Agreement with data of Pfahl et al. (Aachen)

* However, pressure and OH* emission show no significant
pre-ignition energy release as previously reported by Pfahl
et al. (Aachen) for AMN

— We have not observed such behavior for any aromatics (toluene,
xylenes, ethylbenzene, tetralin, AMN) when shock tube is clean



AMN mechanisms and AMN vs
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Ethylbenzene ignition times are significantly shorter
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Differences in aromatic reactivity will play important role in surrogate

formulations
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— AMN / n-decane mixtures have been used in the literature as diesel
surrogates (Pitsch and Peters, Pfahl and Adomeit, Barths et al., and

Bounaceur et al.)
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— Dataillustrates rollover at moderate temperatures with increasing n-decane

fraction




Multi-component mixture preparatlon

70% n- decane / 30% AMN ¢ = 1 0 in air, 10 atm
" ®m Traditional mixture preperation
L ® Fuel blend directly injected into heated tank
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Traditional mixture preparation: vapor pressure from HC

component stored in glassware flows through a heated manifold
into a heated mixing tank

— Cumbersome for multi-component mixtures
Injection method: inject liquid fuel directly into heat mixing tank
Two methods show agreement for ignition time
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— Recall all n-alkanes have approx the same ignition times
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N-decane: similar ignition times to jet fuel at T > 900 K, higher

Iso-octane: longer ignition time than jet fuel at all T, particularly at

Iso-cetane: similar ignition times to jet fuel where data available
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Jet fuel vs cycloalkanes and aromatics
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* MCH: very similar to jet fuel for all but the lowest T

* M-xylene: factor of four longer ignition time at high T, no ignition
below ~900-1000 K

* Ethylbenzene: similar ignition time at high T, rapid divergence at T <
1000 K

* Conclusions: aromatics for surrogates must be chosen wisely to match
ignition time



Surrogate targets

Approximate JP-8 composition

B n-alkanes, 28%

M iso-alkanes, 29%
cycloalkanes, 20%
B aromatics, 18%

® other, 5%

JP-8 composition targets

* H/C ratio = 1.84-2.07, H/Cavg = 1.9
* MW = 153 kg/kmol

* Aromatic liquid content = 20%

* Liquid density = 804 kg/m3

Chemical targets
* I[gnition/oxidation
» ignition times, species
histories/profiles, flame speed,
etc.
* Cetane index, CN = 32-57, CN,, = 44
* Soot, TSI = 16-26, TSI, . = 18

Other targets
e Distillation curve, transport (a, v, D),
cloud point

Other factors

 Simplicity (number of components)
* Current state of kinetic modeling

* Cost



Violi_1

30% n-dodecane

Literature surrogates

Widely cited surrogate mixtures from Violi et al. (2002)

Violi_3
73.5% n-dodecane

20% n-tetradecane

20% methylcyclohexane
15% m-xylene
10% iso-octane
5% tetralin

10% methylcyclohexane
10% toluene
5.5% iso-octane

1% benzene

Surrogate | H/C MW Aromatic | Liquid | CN TSI
liquid % | density
Violi_1 1.91 133, low | 20 779 49.5 17.9
Violi_3 2.02 141 11, low 762 67.9, high | 12.4, low
JP-8 1.84-2.07, | 153 20 804 32-57, 16-26,
avg = 1.9 avg =44 avg = 18




lgnition delay for Violi surrogates
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* Ignition times ~50% longer than the Stanford jet fuel data

e Likely the influence of the methyl-substituted aromatics
(m-xylene in Violi_1 and toluene in Violi_3)



RPI 1 surrogate

Goals: simple, sufficiently match: H/C, MW, aromatic content, liquid
density, CN, TSI, and ignition times
* To start we restricted ourselves to four components
- one n-alkane, iso-alkane, cycloalkane, and aromatic
* Guided by the work of Cernansky and Miller, Dryer, Violi, and others

RPI_1 Knobs
35% n-tetradecane * Add AMN and remove some
25% iso-cetane propylbenzene to increase TSI
20% methylcyclohexane  Adjust ratio of n-tetradecane to
20% propylbenzene iso-cetane to change CN
Surrogate | H/C MW Aromatic | Liquid | CN TSI
liquid % | density
RPI_1 1.87 151 20 792 44.8 16.7
JP-8 1.84-2.07, | 153 20 804 32-57, 16-26,
avg =1.9 avg =44 avg = 18




RPI_1 surrogate ignition
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Captures ignition time for T < 900 very well

— Difference with the Violi surrogates illustrates the influence of aromatic
side chain
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Need data at lower temperatures and other kinetic targets



Summary

* |gnition time measurements have been made at elevated
pressures for many large HCs representative of those found in jet
fuels

* Reactivity

Large n-alkanes: to first order, ignition times independent of chain length

Branched alkanes: High- to moderate-T ignition controlled by fraction of
non-primary H atoms and rate of thermal decomposition

Substituted-aromatics: side chain length primarily controls ignition

Substituted-cyclohexane compounds: ignition times similar (not discussed
here)

Comparisons of individual HC components with jet fuel: a starting point
for surrogate formulation targeting ignition

* Jet fuel surrogates

High-T ignition: choice of aromatics is very important

— Simple four component surrogate: captures ignition delay as well as many

other targets



To do list

* Jet A and JP-8 ignition time measurements

* |gnition of surrogate mixtures: SERDP, AFOSR
MURI, USC et al., and our own

* CO measurements during HC oxidation in shock
tubes (individual HC components and surrogates)
— Utilize recently developed mid-IR CO diagnostic
— From high temperature ignition to low temperatures

where ignition does not occur in shock tube test time

* Shock tube equivalent of the Drexel flow reactor CO
measurements that illustrate the temperature range for
NTC behavior (shock tube provides formation rate)
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