KMUTNB Int J Appl Sci Technol, Vol. 11, No. 4, pp. 235-238, 2018

Review Article

Effect of Oxygen Concentration on Distributed Flame Regime

Richard Scenna
Research Engineer, US Army, Aberdeen Proving Grounds, MD, Unites States of America

Ashwani K. Gupta™
Department of Mechanical Engineering, University of Maryland, College Park, MD, United States of America

* Corresponding author. E-mail: akgupta@umd.edu DOI: 10.14416/j.ijast.2018.10.004
Received: 18 April 2018; Accepted: 31 August 2018; Published online: 5 October 2018
© 2018 King Mongkut’s University of Technology North Bangkok. All Rights Reserved.

Abstract

This work investigated the effect of oxygen concentrations in the reactor on the partial oxidation of JP8 under the
distributed reaction condition. Reforming efficiency as high as 74% was achieved; syngas composition consisted
of 20.7 to 22.3% hydrogen and 20.2 to 21.5% carbon monoxide. Reformate product distribution and quality
was found to depend on the reactor oxygen concentrations and to a lesser extent on flame regime. Addition of
oxygen enhanced the extent of reforming reactions, to promote increased conversion and reforming efficiency.
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1 Introduction

Jet Propellant 8 (JP8) is a particularly challenging fuel
to reform in conventional catalytic reformers [1]. JP8
has a maximum allowable sulfur content of 3,000 ppm,
which will deactivate most reforming catalysts [1].
Additionally, the high aromatic and carbon content
of JP8 promotes the coking of the reforming catalyst.
Common reforming catalysts are costly, as they generally
contain platinum, rhodium, and other noble metals.
A non-catalytic approach avoids issues arising from
incompatibility of the fuel and reforming catalysts,
but is often less efficient and generates high yields of
soot. Reformers typically operate with limited mixing,
as they operate under laminar flow conditions [2]-[12].

Reforming in the premixed turbulent distributed
reaction regime can avoid soot formation and generate
higher reforming efficiencies. This approach has
achieved reforming efficiency as high as 80% under

wet partial oxidation conditions. Previous work [2]
investigating wet partial oxidation conditions, placed
an emphasis on developing an understanding of steam
reforming effect under distributed reaction regime.
However, the results showed that greater emphasis
should be placed on understanding the effect of partial
oxidation reactions on the reformate composition.
Oxygen fostered greater conversion through
artial oxidation reaction. In addition, the more distributed
condition (lower O/C ratios) produced less combustion
products, minimizing the reactions caused by the entrained
products. Reactor oxygen concentrations were varied
to reveal the impact on the thermochemical behavior
and reformate product distribution. Flame operational
regime was calculated through numerical methods.

2 Experimental Facility Design

Experimental facility design was similar to the
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experimental setup used in Scenna and Gupta [6].
Oxygen-to-carbon ratios were used to control the
chemical time and length scales, while injection
temperature was maintained at 375°C. The reactor
was operated at a thermal load of 4.4 to 5.1 kWth.
Reactor residence time remained near constant,
only varying between 820 to 830 ms. Air and fuel
feeds were independently heated, then mixed prior
to injection. Fuel was vaporized at 300°C, which
was high enough to allow complete vaporization,
while simultaneously low enough to prevent carbon
formation [8]. The reactor consisted of an external
steel pressure vessel, which was lined with high-
purity alumina insulation. The alumina liner served to
both insulate and shield the external pressure vessel
from the reducing environment. Alumina liner was
divided into four segments to relieve thermal stresses
and extend the reactor life. The steel pressure vessel
was inserted into a tube furnace and maintained at
800°C. By reducing the temperature gradient, near
adiabatic conditions were achieved.

Jet Propellant 8 (JP8) used in this work had
14.4% hydrogen concentration by mass and a
heating value of 43.6 MJ/kg. Chemical analysis by
the manufacturer indicated sulfur concentrations of
30 ppm. Reactor temperatures were maintained under
1,200°C to foster structural rigidity of the exhaust or
thermocouples.

3 Reactor Operating Condition

At lower reactor temperatures, the oxygen-to-carbon
ratio (O/C) had a significant impact on reformer
performance and reaction regime [3]. This work
revealed peak performance at an O/C ratio of 1.10;
therefore, O/C ratios between 1.04 and 1.20 were
explored. The O/C ratio was adjusted to explore the
impact on the distributed reaction regime at higher
temperature reactors (900—1,000°C). Significant
soot formation occurred under Flamelet in eddies
regime and resulted in blockage of exhaust line.
The reactor was only operated within the distributed
reaction regime to enhance the reactor operational
time. Reactants were injected at a fixed injection
temperature of 375°C. In addition, reactor temperatures
were restricted to 1,200°C to mitigate any undue
maintenance and promote operational times of the
reactor and thermocouples.

4 Premixed Turbulent Flame Regime

Flame regime was determined through numerical
calculations. Transport properties were calculated
using the Fluent commercial CFD code. Chemical
properties were determined using the numerical solver
Chemkin[10]and areduced kinetic mechanism consisting
of 121 species and 2,673 reactions [11]. JP8 was
represented using a surrogate proposed by Viola, which
has previously been verified to predict flame speed [12].

Under all conditions evaluated (preheats of 375°C
and O/C = 1.04-1.20), the reactor operated within the
distributed reaction regime. An increase in oxygen
content fostered a more rapid chemical reaction, which
increased flame speed from 9.99 cm/sec to 13.12 cm/sec
and decreased laminar flame thickness from 0.41 cm
to 0.35 cm. Integral length scale and turbulent velocity
remained unaffected by an increase in O/C ratio, both
remaining constantat 1.88 mmand 1.28 m/s, respectively.

4.1 Reformate composition

Reformate chemical composition was strongly
influenced by the availability of oxygen and to a lesser
extent the flame regime. Syngas composition consisted
of 20.7-22.3% hydrogen and 20.2-21.5% carbon
monoxide, see Figures 1 and 2. Carbon dioxide was
detected at concentrations of 2.35-2.85%.

Up to an O/C ratio of 1.10, an increase in oxygen
content promoted higher concentrations of hydrogen.
Under regimes of low conversion, the reactor generated
low yields of syngas. Under this condition, an increase
in oxygen content was more likely to oxidize the
unconverted hydrocarbons than the limited syngas
produced. At O/C ratios greater than 1.10, a reduction
in hydrogen concentrations was noted. As conversion
increased at higher O/C ratios, the reactor generated
higher yields of syngas and lower yields of unconverted
hydrocarbons. Under this condition, oxygen became
more likely to oxidize the more abundant syngas than
the remaining hydrocarbons. This is supported by a
small increase in reactor temperature.

In the low temperature reactor detailed in Scenna
and Gupta [3], air preheats of 450°C resulted in peak
hydrogen formation occurring at a similar O/C ratio
(O/C=1.10). However, hydrogen concentrations were
almost twice what was reported at lower operating
temperatures. Higher reactor temperatures promoted
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Figure 1: Hydrogen concentrations at O/C=1.04 to 1.20.
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Figure 2: Carbon monoxide and carbon dioxide
concentrations at O/C = 1.04 to 1.20.

the dissociation, steam reforming, and dry reforming
of hydrocarbons, which enhanced conversion.

In comparison, when operating at lower reactor
temperatures (700-800°C) as detailed in Scenna and
Gupta [3], preheats of 450°C generated a wide range
of hydrocarbons, ranging from 5% methane to 0.18%
hexane. The lower reactor temperatures suppressed the
dissociation, steam reforming, and dry reforming of
hydrocarbons. This in turn caused the excess oxygen to
oxidize the syngas (carbon monoxide and hydrogen),
resulting in higher water and carbon dioxide yields.
Operating at higher reactor temperatures (900—
1,100°C) promoted the dissociation of lower series of
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Figure 3: Fuel conversion at O/C = 1.04 to 1.20.

hydrocarbons (CH,, C,H,, C,H,), which enhanced
syngas yields and fuel conversion.

Reforming efficiency (#,.,;) is a measure of the
usable energy obtained after the reforming process.
Typically, it is defined as a ratio of the lower heating
value of the hydrogen and carbon monoxide to the
lower heating value of the fuel. Under ideal conditions
(reformate only consists of hydrogen and carbon
monoxide) a maximum reforming efficiency of 85%
was achieved. Reforming efficiency is presented in
Equation (1). Note that reforming efficiency is presented
only for proton exchange membrane fuel cells, as only
low concentrations of hydrocarbons were produced
and will not impact the reformate quality.

_LHV (H, +CO)
et =T LHY (Fuel) (1)
The availability of oxygen limited the extent of
the reforming reactions. Increasing oxygen content
fostered a more rapid chemical reaction, which shortened
chemical time and length scales, resulting in less
distributed conditions. In previous works [2], [6],
this would have resulted in poorer reformate quality.
However, the negative effects of the reactor becoming
less distributed were offset by the increased availability
ofoxygen. Asthe reactions were limited by the availability
of oxygen, the addition of oxygen enhanced the extent
of reforming reactions, promoting increased conversion
(Figure 3) and reforming efficiency (Figure 4).
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Figure 4: Reforming efficiency at O/C = 1.04 to 1.20.
5 Conclusions

Oxygen content has a pronounced effect on the
distributed reaction regime and reformate yields.
Increasing reactor oxygen concentrations helped
greater conversion from partial oxidation reactions,
directly improving reforming efficiency. Reformate
composition was strongly influenced by the availability
of the limiting reactant (oxygen) and to a lesser extent
flame regime.

An increase in O/C ratios fostered a more rapid
chemical reaction, which shortened the chemical time
and length scales, resulting in a less distributed reactor.
In previous works [2], [6], this would have resulted in
poorer reformate quality. However, the negative effects
of the reactor becoming less distributed were offset by
the increased availability of oxygen. As the reactions
were limited by the availability of oxygen, the addition
of oxygen enhanced the extent of reforming reactions,
promoting both increased conversion and reforming
efficiency.

Syngas composition consisted of 20.7-22.3%
hydrogen and 20.2-21.5% carbon monoxide.
Low concentrations of methane and ethane were
observed that ranged from 0.12 to 0.28% and
0.01%, respectively. The reformer demonstrated a
reforming efficiency of 63—-74% and conversion of
82-97%.

References

(1]

(2]

(3]

(4]

(3]

(6]

(7]

(8]

9]

[10]

[11]

[12]

I. C. Lee and D. Chu, “Literature review of fuel
processing,” Army Research Laboratory, U. S.,
Rep. ARL-TR-2946, Mar. 2003.

R. Scenna and A. K. Gupta, “Dry and wet partial
oxidation in a distributed reactor,” International
Journal of Hydrogen Energy, vol. 42, no. 7,
pp- 4102-4110, 2017.

R. Scenna and A. K. Gupta, “Partial oxidation
of jp8 in a distributed reactor,” Fuel Processing
Technology, vol. 134, pp. 205-213, 2015.

L. Hartmann, K. Lucka, and H. K6hne, “Mixture
preparation by cool flames for diesel-reforming
technologies,” Journal of Power Sources, vol. 118,
no. 1-2, pp. 286297, 2003.

S. A. Zhdanok and P. Brovki, “Porous media
combustion based hydrogen production,” in
Proceedings European Combustion Meeting
2003,2003, pp. 1-13.

R. Scenna and A. K. Gupta, “Partial oxidation of
JP8 in a well-insulated distributed reactor,” Fuel
Processing Technology, vol. 142, pp. 174-181,2016.
R. Scenna and A. K. Gupta, “Preheats effect on
distributed reaction fuel reforming,” in Proceedings
of the ASME 2015 Power and Energy, 2015,
pp. 1-7.

P.Rawson, “Evaluation of a jet fuel thermal stability
rig,” DSTO Platforms Sciences Laboratory,
Australia, Rep. DSTO-TR-1643, 2004.

V. K. Arghode and A. K. Gupta, “Investigation
of reverse flow distributed combustion for gas
turbine application,” Applied Energy, vol. 88,
no. 4, pp. 10961104, 2011.

Reaction Design. (2015). Chemkin. Reaction
Design. San Diego, CA [Online]. Available:
http://www.reactiondesign.com

E. Ranzi, A. Frassoldati, R. Grana, A. Cuoci, T.
Faravelli, A. P. Kelley, and C. K. Law, “Hierarchical
and comparative kinetic modeling of laminar
flame speeds of hydrocarbon and oxygenated
fuels,” Progress in Energy and Combustion Science,
vol. 38, no. 4, pp. 468-501, 2012.

A. Violi, S. Yan, and E. Eddings, “Experimental
formulation and kinetic model for jp-8 surrogate
mixtures,” Combustion Science and Technology,
vol. 174, pp. 399-418, May 2002.

238



