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Importance of Gas-Phase Kinetics within the Anode Channel of a Solid-Oxide Fuel Cell
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Experiments using-butane as a representative hydrocarbon fuel were conducted under gas-phase conditions
similar to those expected in the anode channel of a solid-oxide fuel cell (SOFC). Butane conversion and
product formation were monitored in quartz reactor experimen®s-at0.8 atm,r ~ 5 s, andT = 550-800

°C. Three different fuel mixtures were used: nediutane, 50%n-C4H1¢/50% H0O, and 50%n-C4H1¢/50%

N.. These experiments demonstrate that substantial gas-phase chemistry does occur and that this must be
accounted for when predicting fuel cell efficiency. These data were compared to predictions using a plug-
flow model that incorporated the experimentally measured temperature profile along the reactor. The reaction
mechanism used for these simulations consisted3ffO species and 2500 elementary reactions and included
both pyrolysis and oxidation reactions. Comparisons of the model predictions to the experimental data show
that the model, without any modifications, captures the observed strong temperature dependdndercd
conversion and is also able to capture the changes in product selectivity with temperature for the neat butane
and the diluted butane mixtures. The model also properly predicts the observed onset of deposit formation
near 700°C. Both conversion and selectivity are shown to be sensitive to only a very small subset of the
reactions in the mechanism. Comparison of the rate coefficients of this subset to literature values, where
available, are generally reasonable and suggest that this kinetic model is adequate for describing the gas-
phase reactions of small hydrocarbons in the anode channels of a SOFC. Additional efforts are required to
account for catalytic reactions on the surface of the porous anode.

Introduction and allow the SOFC to be stackable and therefore scaleable.
Typical operating temperatures for SOFCs range from 700 to
Fuel cell technology presents the possibility of increased 1p9ggec.
energy efficiency with decreased detrimental environmental complete SOFC model is very complex, requiring descrip-
impact over conventional combustion. Solid-oxide fuel cells tions of kinetics in multiple phases and coupling these kinetics
(SOFC), in particular, offers a very promising method for direct to multiple transport processe€hemical reactions within the
production of electrical energy from currently available fossil  SOFC occur in three regions: in the anode channel (gas-phase
fuels, thus postponing the need to build a hydrogen delivery kinetics), on the surface of the porous anode (heterogeneous
infrastructure. An added advantage of SOFC operation is the catalysis), and at the three-phase boundary between the anode
ability to tolerate substantial quantities of CO in the feed stream, and electrolyte (electrochemical catalysis). Thus, the homoge-
unlike polymer electrolyte membrane (PEM) fuel cells. Hybrid neous and heterogeneous kinetics have the potential to substan-
SOFCs, coupled with a heat recovery system such as a gadially change the nature of the species that ultimately undergo
turbine generator, have the potential for fuel-to-electricity electrochemical oxidation. It is essential to account for such
efficiencies approaching 780%?1 kinetic modifications to properly characterize SOFC operation

A typical SOFC design consists of two channels separated @nd estimate the expected efficiency.
by a “trilayer”. This trilayer consists of the anode, electrolyte ~ Another issue in SOFC operation is deposit formation. The
and a cathode. The anode and cathode are fabricated ofligh operating temperatures of a SOFC can lead to fuel
ceramic-metal (cermet) materials and the electrolyte consists degradation and formation of carbonaceous deposits within the
of a dense ceramic. The (hydrocarbon) fuel flows through the fuel channels and porous anode structures. SOFCs that run on
anode channel, while the (air) oxidant flows through the cathode H, as a fuel source often utilize nickel as the electrical conductor.

channel. Oxygen anions are formed in the porous cathode and{oWeVer, nickel is known to react with hydrocarbons to form
diffuse through the (ion selective) electrolyte. Electrochemical deposits’ Several studies have reported on the use of different

i S . P
reactions occur in the three-phase region (electrolyte, anode materials to minimize deposit formatitri® as well as upstream

fuel) to form CQ and HO, plus electrons. The electrons flow Sv%nvgsé?/gigf d?%gf?g?ﬁqgg&iﬁgo syngas (CO argias a

through the anode and are collected by bipolar plates. The X ) : tfp t fSOFé tion is the electrochemi
bipolar plates provide an efficient method to conduct current, cal f[:)rlrrgzg(r)r?r;f ;?)L;rﬁ dOC 0 The(s)epesr;‘)aelfggslsforﬁ eate&;ot?]rgzl-
separate the channels for the fuel and air, add physical Strengthphase boundary and will diffuse through the porous anode to
the anode channel, thus diluting the fuel stream. While still in

mi;eTsoe‘(’j"Som correspondence should be addressed. E-mail: amdean@the anode, these species can participate in “internal reforming”

T Current address: National Institute of Standards and Technology, €actions, performing the same function of CO”_Verting hydro-
Gaithersburg, MD 20899. carbon fuel to CO and Hthat might be accomplished by the
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Figure 1. Experimental setup for study ofbutane pyrolysis under conditions similar to the anode channel of a SOFC.

upstream reforming discussed earlier. Under these conditionswas a 24 cm lengthk 6 mm i.d. (12 mm o.d.) quartz tube,
it is likely that the water-gas shift reaction would also take place, which was housed within a 14.5 cm length single-zone clamshell
converting COt+ H,0 to H, + CO,. These reactions can further 2.5 cm i.d. electric tube furnace equipped with a dedicated
complicate the identity of the “fuel” that will participate in the  Eurotherm model 2116 digital temperature controller. The
electrochemical reactions. In addition, steam gasification, to electric tube furnace had a heating zone of 11.5 cm. The product
remove any deposits already formed, might be catalyzed by thestream flowed through a water trap, which contained Drierite
metal in the anode cermet. supplied by W. A. Hammond Drierite Co. Ltd. The dehumidified
As a first step toward characterizing the complex kinetics, product stream then flowed to a Hewlett-Packard 5890 Series
we want to make sure that we properly understand the gas-1l+ gas chromatograph (GC) and then vented to a fume hood.
phase hydrocarbon chemistry. The effect of gas phase reactiond’he system was kept near atmospheric pressu@g atm).
of methane has previously been reportétt.was shown that (Refer to Figure 1 for experimental setup).
the electrochemical production of28 and CQ did indeed Temperature profiles for the reactor were measured with an
significantly impact the predictions regarding deposit formation. OMEGA type K thermocouple probe that was moved axially
In this work, we extend this approach to butane, which is along the reactor length. Thermocouple errors caused by
significantly more reactive than methane and thus more radiation from the furnace wall were minimized by using a
representative of a range of hydrocarbon fuels. Furthermore, grounded sheath and with a representative flow of inert gas.
given the sparsity of available data on butane reactivity under The measured temperature profiles with afldw through the
SOFC conditions, we thought it essential to generate the quartz reactor for each set point reactor temperature, i.e. 550,
requisite data to validate our kinetic model. Although numerous 00, 650, 700, and 80TC, are shown in Figure 2a. The reactor
studies om-butane oxidation in combustion environments and is kep[ near isothermal over the midrange of the heating zone.
n-butane catalytic studies are available, our literature searchThe temperature gradients that occur during the 5 cm inlet and
revealed very limited experimental studies on nedtutane  the 5 cm outlet serve to preheat the reactants and cool the
pyrolysis. Hepp and Frey had performed experimental studies products. Uncertainty in absolute temperature measurements is

of n-butane at 550C and 160 atm in a flow reacté?.Weisel estimated to bet1%, as specified by the thermocouple
et al. performed experimental studies at low pressures, 10 Torr,manufacturer.
over the temperature range 660300 K, with approximately Two other sets of temperature profiles were also measured.

2 ms residence timé. Weisel et al. utilized a 10 cm length,  Gjyen that pyrolysis reactions are endothermic, additional
1.5 mm i.d. alumina tubular reactor coupled to a molecular- gyheriments at 706C were conducted to observe if there was
beam-sampling mass spectrometer. Modeling studies for neat; gecrease in temperature along the centerline of the reactor
n-butane were also limited; the only study we found was by regiting from reaction. The measured temperature profile along
Mallinson et ak® Mallinson et al.’s modeling conditions were 0 quartz reactor flowing 100%C,Haois shown as the triangle
over a temperature range of 26600°C with pressure ranging  gymnols in Figure 2b. The 100%butane system had a lower
from 1 to 1000 atm in a batch reactor with a residence time in temperature profile than the 100%; Nystem. The largest

the hundreds of seconds. temperature difference between the 100%&Nd 100%N-C4H1o
. o system is almost 30C near 13 cm. An expanded view of the
Experiment Description temperature profile is shown in Figure 2c. The measured

The experiments usadbutane as the fuel over a temperature temperature profile for the 50%C4H10/50% N mixture at 700
range of 556-800°C, with a nomin&5 s residence time through ~ °C was, as expected, intermediate between those shown.
a tubular flow reactor operating at an ambient (high-altitude)  Then-butane gas is research grade (99.9%), supplied by Air
pressure of~0.8 atm. The reactor used in these experiments Liquide. Scott Specialty Gases were used as the calibration
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900 in. stainless steel HayeSep DB column. The two different
800 columns were required to identify all the measured species.
Comparison of measurements made on both detectors indicated
an absolute uncertainty 8f5%. Helium was used as the carrier
gas for both columns as well as the reference gas for both TCDs.
HP’s ChemStation software package was used to acquire and
guantitate the chromatograms from both detectors. Because of
the carrier gas type and reference gas in the TCD, hydrogen
could not be measured accurately, but the presence of hydrogen
was noted in some experiments.

Three different fuel mixtures were used: nediutane (100%
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0 5 10 15 20 n-butane), a 50:5@-butane:N mixture, and a 50:50-butane:
Length (cm) H»O(g) mixture. For brevity, the following terminologies will
(a) be used for the remainder of this paper; the 504utane+

50% N, fuel mixture will be referred to as “nfIN,” and the

322 50% n-butane+ 50% H,O will be denoted as “ngH,0O". The
neatn-butane case is intended to simulate the situation near
600 1 the entrance of the anode channel where little, @8d HO
_ 500 would be expected to be present. The GO mixture
& 400 B 100% N2 expt represents a condition further down the channel where the
" 300 | products of the electrochemical reaction would be coming into
200 | 4 100% C4exp the fuel stream. The ngN, mixture was used to account for
100 —— Chemkin modified T profile the effect of simple dilution with an inert in contrast to dilution
o ' with steam, which could possibly be a reactant.

The mass flow controllers fixed the fuel mixture composition
for the nG/N, case. For the nlH,O case, a different config-
uration was required. The-butane gas was bubbled through a
(b) sparger in a heated stainless steel evaporator, acting as a
humidifier. The humidified effluent vapor composition from the
evaporator was determined with the assumption that the vapor
liquid equilibrium (VLE) relationship betweembutane to water
is similar to the VLE of air to water. The temperature at which
the saturated equilibrium steam composition will be 50% at 0.8
atm is 77°C. The flow rate of ther-butane through the sparger
| was 7.3 mL min?, with the displaced steam comprising the
other 7.3 mL min? for a total volumetric flow rate of 14.6 mL
min~L. A dedicated Eurotherm 2116e PID temperature controller
was used to regulate the vapor temperature within the humidifier
chamber. Transfer lines from the humidifier are heated above
100°C to ensure the steam did not condense prior to entering

(c) the reactor. A water trap at the exit of the reactor and prior to
Figure 2. (a) Experimentally obtained temperature profiles along the entrance into the GC was used, since the GC temperature
quartz r_eactor with a represent_ative fow th_rough the system. (b) program starts below 10T and removal of liquid water was
Comparison of temperature profiles at 7@with 100% N and 100% necessary to preserve the integrity of the packed columns.
_n-C4H10 flow throt_Jgh a quartz reactor. (c) Expanded view of part b to E ; | ied f he th diff
illustrate the deviation between the temperature profiles. )fperlmenta runs were carrie out for the t ree di erent

mixtures and the five different temperature profiles. For the

;remainder of this paper, the temperature profiles will be referred
»to by their “nominal” temperatures, e.g. 600 means that the
setting on the furnace controller was 6%0.
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gases. General Air supplied all the other gases used. All iner
gases used for the GC were 99.999% pure. MKS Instruments
mass flow controllers were used to control each of the two gas
streams to the reactor. National Instrument’s LabView program ) )
was used to develop a graphical user interface (GUI) and control M&asurement of Conversion and Major Products

the reactor for all expel’imental conditions was 14.6 mLTﬁJn volatile products ofn-butane pyro|ysis as well as the loss of
This flow rate provided a nomim® s residence time through  pytane. Helium was used as both the carrier gas and reference
the reactor at 556C and ambient pressure, with the assumption gas for the TCD to optimize detector sensitivity. However, this
that the temperature profile is uniform and the inlet feed mixture choice makes the detection of hydrogen in the product stream
behaves as an ideal gas. very difficult, since the thermal conductivity of hydrogen and
A Hewlett-Packard 5890 SeriestlGC with two thermal helium are both large relative to the thermal conductivity of
conductivity detectors (TCD) was used to perform quantitative other gasedt Although the hydrogen sensitivity could have been
analysis of the species emerging from the reactor. Two 10-portimproved by using argon, this would have decreased sensitivity
sampling valves were used to introduce the samples into two for the other species, and we did not pursue this approach.
packed columns. Each of the sampling loop volumes was 1.0 Comparison of the data for mixtures without steam to that
mL. A 6 ft x Yg in. stainless steel column was packed with of the steam case requires accounting for the difference in the
HayeSep R, and the second packed column was a 204 fuel-steam experimental procedure. As pointed out earlier, this
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product stream was passed through a water trap to remove theany reaction that proceeds via formation of a new chemical
water to protect the GC columns. Thus, it is misleading to bond. In the context of free radical chemistry, this means that
directly compare the measured GC mole fractions of the steamone must account for the pressure dependence of radical addition
mixture to those of the mixtures without steam. However, it is to unsaturated molecules (and the reverse reagfietission
straightforward to make the corresponding comparisons to modelto form an unsaturated molecule and a radical) and insertion
calculations by first subtracting the predicted steam mole fraction reactions as well as radical recombinations. Another complica-
and then renormalizing the mole fractions of the remaining tion in analyzing reactions proceeding via energized adducts is
species. These can then be compared directly to the GC molethe possibility that additional dissociation channels to new
fractions measured for the steam case. products will be available. Thus, radical addition, recombination,
Before data were collected for a given condition, GC and insertion reactions can manifest very complex temperature

measurements verified that the reactor had reached steady-staténd pressure behavior as the stabilization channel competes with
operation. The effluent stream mole fractions were then these multiple reaction channels. Substantial errors can result

measured in several repeat runs. The typical relative error in when experimental measurements of these rate coefficients are
the replicate GC measurements was observed to be less thagxtrapolated to other regions of temperature and pressure without
5%. Prior to the start of an experiment, the GC sensitivity was accounting for the competition between unimolecular reactions
checked by measurements on room-temperature butane; théf the energized adducts and their bimolecular collisional
deviations from the mean were less than 5%. stabilization. For the mechanism used in this work, we estimated
The presence of unidentified peaks in the chromatograms wasiN€s€ pressure dependencies using the methods described by
observed under some high-temperature experimental conditions Snang et af>The current mechanism consists of approximately
The unidentified peaks that were observed had retention times200 pressure-dependent reactions. _ _
that are indicative of either an unsaturategld® C, species. All reactions in th_e mechanlsm are treated as .reverS|bIe, using
However, the peak areas of these were negligible compared tothe computed equilibrium constant at the specified temperature.
the observed @l and GHio. Assuming that the response T1he therr_nodynamlc properties for the species |n_the mechamsm
factors for the unidentified peaks were comparable to those are obtained from the literature and/or estimation techniques,
measured for gHg, CsHs, and GHio, the unidentified peaks ~ such as group additivitf?”and hydrogen bond increments for
accounted for less than 1% of the total mole fraction. Similarly, radicals?® No adjustments were made to the rate constants to
there was no significant measurable mole fraction of any improve the fits to the gxperlmental data. The mechanismis in
molecular weight growth species. The sum of the mole fractions @ CHEMKIN format with the rate parameters A, and Ea

for the major products Observed’ i-ﬁ]Hzl + XC2H4 + XC2H6 + eXpressed in the mOdIerd Arl’henius form, viz
XcHe, and that of the unreacted butane was generally measured
to be close to 100%, within experimental error. This suggests k= AT" exp(—E/RT)

that the unmeasured,Hnole fraction is less than 5%.

The mechanism and the thermodynamic database are included
Reaction Mechanism and Thermodynamic Properties in the Supporting Information.

The reaction mechanism that was utilized in this study :
consists of 291 species and 2498 elementary reactions. It is anPIug-FIow Computations
extension of a previous&nechanisn?? The extensions include The calculations were performed using the gas-phase kinetic
substantially more molecular weight growth chemistry, espe- model with the PLUG driver program in the CHEMKIN
cially involving propargyl radical pathways, and explicit inclu-  Collection v. 3.6.2 suite programd$The flow conditions in our

sion of certain @ hydrocarbon species, includinghexane, experiments are expected to be similar to those in a SOFC anode
cyclohexane, and 2,3-dimethyl butane. The current mechanismchannel. The temperature profiles used for the modeling are
is similar to the one recently used by Walters et’dgh their included in the Supporting Information. The other input

analysis of methane kinetics under SOFC conditions. The major parameters that are required by the PLUG subroutine were
difference is that we now have updated the butane dissociationobtained directly from experimental conditions, i.e., molar
reaction composition, initial velocity/volumetric flow rate, geometric
configuration of the reactor, etc.
CiHip= 2CHs
Experimental Results

to reflect the recent measurement of the reverse reaction by The experimental results are summarized in Table 1. Under
Shafir et ak? all circumstances, there were only four major products ob-

Abstraction reaction rate constants in the mechanism areserved: methane, ethane, ethylene, and propylene. Note that,
based on literature data when available. If not, estimates basedwithin experimental error, the sum of the measured mole
on the methodology described in detail by Dean and BoZZelli  fractions of these species, plus unreacted butane is generally
are used. In this approach a reference reaction is selected as alose to 100%, suggesting that the unmeasured hydrogen plus
model for abstraction by a specific radical, and this is used as any other hydrocarbons constitute less than 5% of the total
the basis for assignment of thefactor (and preexponential  effluent. The higher sum observed at 70D suggests a small

temperature dependence) for that radical. An Evddanyi systematic error in these measurements.

analysis is used to estimate the energy of activatigj) (The 550°C. Very little conversion was observed at 550, with
current mechanism includes abstraction reactions by H, O, OH, only 1—2% conversion for both neat butane and butane/steam
O, and selected hydrocarbon radicals. mixtures. In both mixtures we also see that the major products

Kineticists have long known that it is necessary to consider are methane and propylene, while smaller amounts of ethane
the pressure dependence of the rate coefficients of dissociationand ethylene are formed, with no discernible differences between
and recombination reactions. Similar considerations apply to the two mixtures.
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TABLE 1: Predicted and Observed Species Mole Fractions (in %) at the Effluent of the 21 cm Length Quartz Reactor for the
Three Mixtures at the Nominal Temperatures

inlet fuel Nz Hzo CH4 C2H4 CzHe C3H6 n-C4H10 Hz (:5+ a C47 b ZXj
550°C
n-CsH1o 0.8 0.4 0.4 0.8 97.6 0.0 4805 1.7E-02
06+01 04+0.1 03+£01 0.8+0.1 98.8+5.0 100.9+ 5.0
n-C4H10:H20 (0.5:0.5) 498 0.3 0.1 0.1 0.3 49.4 0.0 9986 5.9E-04
(0.5) (0.3) (0.3) (0.5) (98.4)
0.6+01 04+0.1 0.3+£0.1 0.7£0.1 98.2+5.0 100.2+ 5.0
n-CsH10:N2 (0.51:0.49) 49.8 0.3 0.1 0.1 0.3 49.4 0.0 9B 7.2E-03
600°C
n-C4H10 3.1 1.7 1.6 31 90.3 0.1 8.1H4 0.1
24404 16+02 1.1+01 27403 93.6£4.7 101.4+ 4.7
n-C4H10:H20 (0.5:0.5) 491 1.2 0.7 0.6 1.2 47.2 0.1 2-0H 3.1E-02
(2.3) (1.4) 1.2) (2.3) (92.6)
1.7£03 12+02 0.7£01 2.0+0.2 93.7t£4.7 99.3+ 4.7
n-C4H10:N2 (0.51:0.49) 49.1 1.2 0.7 0.6 1.2 47.2 0.1 1-9¥ 3.7E-02
47.1+ 3.0 1.8+03 1.0+£0.1 04+0.1 1.4+0.2 482+3.0 99.9+ 4.3
650°C
n-C4H1o 8.3 5.0 4.5 8.2 73.3 0.5 8.9803 0.3
71+10 46+08 22+0.2 6.5+05 751+4.0 95.5+ 4.2
n-C4;H10:H20 (0.5:0.5) 469 3.7 2.4 1.8 3.6 41.1 04 298 0.1
(6.9) (4.5) (3.5) (6.8) (77.4)
55408 4.1+08 14+01 554+05 80.3£4.0 96.8+ 4.2
n-CsH10:N2 (0.51:0.49) 47.0 3.7 2.3 1.9 3.6 41.1 03 2B 0.1
444+ 3.0 39+06 3.8+0.7 13+0.1 45+05 415+3.0 99.4+ 4.4
700°C
n-CsH1o 16.9 11.5 9.3 16.1 43.8 1.6 8.202 0.9
224+15 157410 5.0+05 16.4+0.7 455+3.0 105.0+ 3.6
n-C4H10:H,0 (0.5:0.5) 420 9.1 6.9 4.3 8.5 27.2 15 392 05
(15.7) (12.0) (7.4) (14.7) (46.8)
258+ 1.5 20.3+1.5 50+05 183+0.7 350+ 3.0 104.4+ 3.8
n-CsH10:N2 (0.51:0.49) 42.1 9.1 6.6 4.7 8.6 27.2 1.1 37 0.5
41.1+ 3.0 14.7+£1.0 10.2+08 25+0.3 9.7£0.6 27.1+3.0 105.3+ 4.5
750°C
n-CsH1o 249 19.7 12.1 20.7 16.2 42 05 1.9
n-C4H10:H20 (0.5:0.5) 355 15.8 14.2 6.0 12.4 10.7 4.0 0.3 1.2
(24.5) (22.0) 9.2) (19.2) (16.5)
n-CsH10:N2 (0.51:0.49) 35.8 15.8 13.4 6.8 12.7 10.7 3.3 0.3 1.2
800°C
n-CsH10 29.5 26.2 10.5 18.1 4.2 7.3 15 2.6
36.3+2.6 39.8+25 56+05 13.0£0.7 43+04 99.0+ 3.7
n-C;H10:H20 (0.5:0.5) 31.4 20.3 20.1 51 10.9 25 6.6 1.2 1.9
(29.7) (29.3) (7.4) (15.9) (3.7)
36.6+2.6 423+25 3.8+04 11.2+£0.7 4.1+04 98.0+ 3.7
n-C4H10:N2 (0.51:0.49) 31.7 20.4 19.2 6.0 11.2 2.5 6.0 1.2 1.9
31.3+ 3.0 28.5+£2.0 28.8+20 3.2+03 84+06 29+0.3 103.1+ 4.2

aCs™ denotes the sum of species having five or more caro@s. denotes the sum of species with four or less carbons that are noCght,

C:He, C3He, andn-C4H10. © Cf. text for model input parameters. Observed species mole fractions are shown in bold italics. Normalized results for

predicted mole fractions for fuelsteam mixtures are shown in parentheses. Normalization is accomplisheghmigize= X/(100 — Xu,0) x 100%.

600 °C. Experiments for all three different fuel inlet condi-
tions were performed at 60TC. The observed conversion is

noticeably higher, ranging from 4 to 6%. For all the mixtures, of ethane.

although the ethylene yield is comparable for the diluted nitrogen
case. The ethylene yield is now substantially higher than that

the product selectivities are quite similar, with methane and  700°C. There is a substantial increase in conversion and a
propylene as the dominant products. Here the ethylene yield isnoticeable tilt toward methane as the dominant product. The
noticeably higher than that for ethane. trend toward increasing ethylene yield continues; in both diluted

650 °C. At 650 °C, the decrease in-butane concentration  cases it is now slightly larger than the propylene yield. The
begins to become more significant. (With a greater loss of relative amount of ethane formed continues to decrease.
reactant, combined with the fact that the number of moles 800°C. At this temperature, virtually all the butane has been
increases as a result of reaction, the lower mole fraction observedreacted. The trend in reaction yields continues, with ethylene
for butane results both from actual loss of butane as well as now the dominant product for all the mixtures. Methane is
simple dilution. A good illustration of this is the observed drop the species with the next highest yield and is now much
in the mole fraction of N at higher temperatures.) For all higher than propylene. Ethane remains the species with the
mixtures, methane and propylene are still the dominant products,lowest yield.
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Deposit Formation. One of the major concerns with the use . . ) ® .
Figure 4. Comparison of modeling results to experimental data: (a)

of hyd_rocarbon fuels in _SOFCs is the_ propensny for _dep05|t neatn-butane and 50%-CaH15/50% No: (b) 50%n-CaHi15/50% HO.
formation. In our experiments, qualitative observations of ¢ text for normalization procedure used in part b.

deposit formation were made by examining the quartz reactor

after running a specific mixture through the reactor for 4 h. eycellent agreement with the observations for both the neat and
This approach indicated that there was no apparent depositine nG/N, mixtures. The predictions clearly capture the
formation within the reactor for any of the mixtures at 6% observed temperature dependence for both the neat and diluted

and lower temperat.urzesl.l Ahs the reactor }empe.rgture hwasmixture cases. From both the model predictions and the observed
increased to 700C, with all other experimental conditions the experimental data, it is also clear that the conversion for the

same as at 65UC, an obvious deposit on the inner walls of the o 1 b tane case is higher than the 4G case. This
qgartz reactor was ob;erved with the n(_aat butane _m|xture, Cf'difference is simply due to dilution of the butane for theshC
F'gufe sa. Less deposllt was obseryed with .thdlng:mlxturg,_ N, mixture. This good agreement, achieved without any
Cf.‘ Figure 3b. Intergstmgly, deposr[ formation was negligible modifications to the gas-phase kinetic mechanism, was very
m)t::] ttf;]eesr;QIHzﬁ rtr)lxturs , cf. Itz_lgure_ 3tch ;rg? I!rst :jnferenlce encouraging and suggests that the model can account for
guaiitative observations 1s that diiution does play & ., qsjon of light hydrocarbons fuels under SOFC conditions.

role in minimizing deposit formation, as seen in comparing ) : ! o
Figure 3a and 3b. This is to be expected, since the lower The comparisons of the ratio of the final to initiadbutane

concentration of reactive species would be expected to decreas&0l€ fractions for the butane-steam mixture are shown in Figure
the rate of molecular weight growth leading to deposits. 4P- AS described earlier, the measured mole fractions exclude

However, a qualitative comparison of the two diluted fuel cases, the water that was condensed prior to introduction to the GC.
ie. the nG/H,O and the n@N,, indicates a significant Thus, the modeling res_ults were “normallzgd" by remow_r@H
difference in the amount of deposit formed. This suggests that from the product profiles to allow for a direct comparison to
the steam is either actively participating in inhibiton of that measured. With the notable exception of the comparison
molecular weight growth or that it is participating in some type at 700°C, the fit is very good; again capturing the strong

of gasification of the deposit. All three mixtures show significant observed temperature dependence. The T@&ase is quite
deposit formation on the inner reactor walls at interesting; this was also the one case where no deposits were

observed. These observations might be connegtechaps both

are due to heterogeneous reactions in the presence of steam,

perhaps on the quartz surface or the presence of contaminants
Butane Conversion.The ratio of the predicted conversion (especially trace levels of metals) on the quartz surface. The

of butane is compared to that observed for the neat anfNaC ~ modeling results for the N, mixture and the ngH,O

mixture cases in Figure 4a. The modeling predictions are in mixture results were identical. This indicates that steam is not

Comparison To Model Predictions
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Figure 5. Comparisons between model predictions and experimental data for the selectivity for the major produntbdtane pyrolysis study.
Selectivity (%)= Xi/(Xcr, T XcH, T XopHg T XeaHs) X 100%.

participating to any significant extent in the gas-phase kinetics, model. The propylene selectivity comparisons are shown in

even though the gas-phase reactions such as Figure 5d. The model predictions are in generally good
agreement with the experimental data, with the exception that
H,0 + n-C,Hy = n-C,H,,+ OH only a portion of the sharp decline at 800 is predicted. Any

difference for the different mixtures is well within the experi-

are included in the mechanism. (In the mechanism, this reactionsmental error.
and others like it are written in the reverse direction). Deposit Formation. Since the model contains a reasonably
Product Selectivity. The predicted product distributions are  complete description of gas-phase molecular weight growth, we
included in Table 1, and these are compared to the experimental/Sed these results to attempt to connect to the observed deposit
observations in Figure 5. For ease of comparison, the distribu- formation. In particular, we considered all species aboye C
tions are shown in terms of product selectivity. Figure 5a (Which will be denoted as £) as potential deposit precursors.
compares the predicted and observed temperature dependencEhese results are included in Table 1. The predictedvalues
of the selectivity to methane. Overall the agreement is encour- for the steam and nitrogen dilution cases are very similar. This
aging, with the predictions capturing the slight increase with 1S consistent with our observation that any gas-phase reactions
temperature and showing little effect of mixture composition. Of steam are very slow under these conditions, and thus steam
The ethylene selectivity comparisons are shown in Figure 5b iS simply acting as a diluent, just like nitrogen. This is in contrast
Although the model predicts selectivities slightly lower than 1O the experimental observations that steam diminished deposit
Observed, it C|ear|y Captures the sharp upswing between 700f0rmati0n. Our modeling results Suggest that this cannot be
and 800°C. Both model and data show little difference in €Xplained by gas-phase reactions, and is probably due to
selectivity among the three mixtures. The ethane selectivity, heterogeneous reactions. Note that the ratio ¢f @redicted
shown in Figure 5c does not show a good match between thefor the neat butane case to that of the diluted mixtures decreases
model and experiment. The predicted ethane selectivity is too from approximately five at 550C to only slightly greater than
high and, although it does predict the observed decline with unity at 800°C. Thus, at the higher temperatures, the predictions
temperature, the predicted decline becomes large only abovesuggest that the inhibition of deposit formation by dilution is
700 °C, while the data demonstrate a more gradual decline much less effective than at lower temperatures.
throughout the temperature range. It is interesting to note that Figure 6 shows the predicted effect of temperature on
the small shift in selectivity with mixture composition, with the  formation of G* for the various mixtures. The dramatic increase
highest selectivity for the neat butane case, is predicted by thein deposit precursors near 780 is consistent with the observed
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0.016 interest. Since Cllis a product of R1, this is not surprising.
= ¢ =50 H20 | Another reason for the importance of this reaction is that the
0011 | o =50 N2 other product, the secondary butyl radical, will undergo a rapid
0012 | =#=—100nC4 p-scission to form Chl + propylene, and this methyl radical
5 will form methane via hydrogen abstraction. The second most
'§ 0.01 1 positive coefficient is ethyl abstracting the secondary hydrogen
= in butane (R3), which also forms a secondary butyl radical.
o 0.008 S . o
° Lowe_r positive sensitivities are calculf_alte(_j _f(_)r the dlssgmatlon
& 0.006 | reactions R5 and R6. In terms of inhibiting formation of
o methane, note that all of these reactions (R7, R8, and R10) form
0.004 1 the allyl radical. Allyl is resonantly stabilized, and thus is quite
0.002 | unreactive. Note that R7 inhibits methane formation even though
it forms a methyl radical. R8 and R10 have the effect of
0 & - replacing an active radical, either @bir C;Hs, with allyl. Even
550 600 650 700 750 800 850 though the total number of radicals remains the same, the net
Temperature (C) activity drops substantially.
Figure 6. Modeling results showing increase in mole fraction gf C The results for ethylene are shown in Figure 7b. These
species with temperature. illustrate the very important role that abstraction from butane

plays in determining the product distribution. The most sensitive

onset of deposits at this temperature, as shown in Figure 3. Alsoreactions for ethylene production are the abstractions from
consistent with the experimental observations, the predictions putane by CHand GHs. The two most positive contributions
indicate a lower temperature threshold for the neat butane caseto the formation of ethylene are R2 and R4, which produce

The major G* species formed in all mixtures at 70C is n-CsHs, while the most negative contributions are R1 and R3,
cyclopentene, with 1,3-cyclopentadiene having the next highestwhich produces-C4Hs. R2 and R4 favor ethylene production
mole fraction. Both are indeed likely deposit precursors, in that gjnce then-C4Hs will undergo rapids-scission to form GHs +
they are stable unsaturated ring compounds, susceptible toc,H, a direct channel for ethylene formation. R1 and R3 inhibit
radical addition reactions leading to even more molecular weight ethylene formation since the secondary buty! radical formed by
growth. Furthermore, 1,3-cyclopentadiene has an unusually weakihese abstractions is the primary pathway to the complementary
C—H bond, allowing relatively facile formation of the resonantly products methane and propylene. Thus, one might view methane
stabilized cyclopentadienyl radical. There are several routes 5 propylene production as a marker for production of the
leading from this species to higher molecular weight molecules. gecongary butyl radical and ethane and ethylene production as

Other Products. Table 1 also includes the predicted mole {ho corresponding marker for production of tiveutyl radical.

fractions of B and the sum of minor £ species, i.e., other g gengitivities of the dissociation reactions R5 and R6 are
than those specifically listed in the table. Note that production comparable to that seen for methane.

of H; increases substantially with increasing temperature. At e -

800°C, this mole fraction is-7%, suggesting that the sum of The ethane sensitivity is shown in Figure 7c. The four most

mole fractions of the measured hydrocarbons (Table 1) might important reactions are precisely those reported for ethylene,
confirming the importance of the rapfiscission reactions for

be slightly too large at 800C. As discussed earlier, the ) S .
gny d the butyl radicals. The main difference here is that the ethyl

measured sum at 70C is likely slightly high. The computed ) S X
mole fractions of G- species are generally consistent with the radical formed by3-scission on-C4He must first abstract an H

experimental observations that such species are only observedm from a stable hydrocarbon to form ethane. For this case,

in trace amounts. _the dissociation reactipn producing ethyl radica}ls (R6) is more
important than R5, which does not producespecies. The new
Sensitivity Analysis reaction identified in the sensitivity analysis is tfiescission

of C;Hs to form ethylene (R9 running in reverse). This pathway
competes with the ethyl abstraction pathway, diminishing the
ethane yield and increasing that of ethylene. Increasing this rate
coefficient is one way to try to improve the overprediction of

As seen above, the predictions from the unadjusted kinetic
model are in reasonable agreement with the observed data
However, this is obviously a very large mechanism and a
sensitivity analysis was performed to determln_e whether some ethane (and underprediction of ethylene) in the model.
smaller subset of the reactions were responsible for much of

the observed kinetics. The sensitivity analyses were performed _The sensiti\{it_y analysi_s of propylene is shown in Figure 7 d.
using the SENKIN driver program from the CHEMKIN It'|s not surprising a.t.thls stagg Fo see that the two regctlons
Collection v. 3.6.2 suite programs using the experimental with the highest positive sensitivity are R1 and R3, similar to
temperature profile at 708C 2° methane (cf. Figure 7a). The secondary butyl radical will

The results from the sensitivity analysis are shown in Figure Undergoj-scission to form propylene plus methyl. As seen
7, parts a-e, for the five species of interest, i.e. GHCHa, above, the next set of reactions are thg two dissociation rgactlons
CzHg, CaHe, andn-C4Hio. It is interesting to note that, although R5 and RG. We again see the |nh|b|_t|ng effect of _formatlon of
the system consists 0f2500 reactions, there are only 11 allyl radicals (R7 and R8). Formation of the primary butyl
reactions whose rates significantly affect the formation or radical(R2)also inhibits propylene production, butinterestingly
consumption of the five species of interest. These reactions areit Pecomes important at later times than allyl formation.
listed in Table 2. Figure 7e shows the sensitivity analysis febutane. Here

Figure 7a shows the normalized sensitivity coefficients for the sensitivity coefficients are smaller than for product forma-
methane. The reaction with the largest positive coefficient is tion. Since we are looking at consumption of butane, rather than
R1. A positive sensitivity coefficient means that an increase in formation of products, a positive sensitivity coefficient for this
the rate coefficient will lead to an increase in the species of case means that an increase in the rate coefficient leads to a
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TABLE 2: Rate Constant Parameters for the Most Sensitive Reactions for Formation and Consumption of Major Species in
n-Butane Pyrolysis, Wherek = AT" exp(—E4/RT), with Units of mol cm3 s

reaction A n Ex (cal/mol) k (1000 K)
R1 CiHio + CHz = CH3CH,C'HCHs + CH,4 3.26E+06 1.87 8908 1.47E10
R2 CGHio + CHz = CH3CH,CH,CH,, + CHa 4.89E+06 1.87 10630 9.27E9
R3 CiHio + CoHs < CH3CHL,C*HCH; + CoHg 2.64E+04 251 9910 6.11E9
R4 CiHio + CoHs < CH3CH,.CH,CHy® + CoHg 3.96E+04 251 11632 3.85E9
R5 CiHi0= CH3;CH,CH, + CHs 6.51E+20 —1.291 87 067 8.14E3
R6 CGHio= CoHs + CoHs 1.04E+22 —1.737 86 472 8.05E3
R7 CH=CH,CH,CHz < CH,~CH,C*H, + CH3 1.66E+80 —18.78 110973 4.22E1
R8 GHg + CH; = CH;=CH,C'H, + CH,4 7.89E+05 1.87 8032 5.64E9
R CHs+H <= CHs 1.30E12
R10 GHe + CoHs < CH,=CH,C'H, + C;Hs 6.34E+03 251 9034 2.28E9
R11 CH=CH,C'H; + C;H, < cyclopentenet+ H 4.44E+11 —0.42 12438 4.66E7

a Computed using Troe falloff parameters; value shown is for 0.8 atm.
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Figure 7. Sensitivity Analysis for the five major species of intereshibutane pyrolysis determined by SENKIN analysis at 700 (a) CH;; (b)
CaHg; (€) GoHe; (d) GeHe; (€) N-CaHio.

higher concentration of butane at a given time, i.e., the reaction the abstraction reactions R1 and R2 as well as the dissociation
inhibits conversion. Thus, it is not surprising to see all of the reactions R5 and R6.

positive sensitivities involve reactions (R7, R8, and R10) that  The kinetic model predicted that cyclopentene is the major
form allyl radicals. Butane consumption is promoted by both deposit precursor. A rate analysis for this species revealed that
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one chemically activated reaction recent direct measurement of the reverse reaction by Shafir et
al.2® and that value is only slightly lower than that listed in
CH,=—CHCH, + C,H, <= cyclopentener H (R11) NIST for this reaction. As with RS, our rate coefficient is
~0.7k., reflecting falloff effects. There is a substantial spread
in reported values for the unimolecular dissociation of 1-butene,
R73032-34 The value that we used is close to the average of
those listed; at 1000 K, it is close to the high-pressure limit.
The much higher rate coefficient for R7, relative to R5 and R6,
is due to the substantially weaker-C bond in 1-butene due
to formation of the resonantly stabilized allyl radical.

The f-scission of the ethyl radical is described in our
mechanism in terms of the reverse reaction R9. Our value (and
the pressure dependence) was taken directly from the GRI 2.11
mechanisn?® This reaction is well into the falloff region. The
GRI value ofk., is ~70% of the value suggested by Baulch et
al3s

R8 and R10 are abstractions from propylene. Both of these
rate coefficients are in good agreement with the recommenda-
tions of Tsang that are included in the NIST datal8$éThere
are again no direct measurements of R11. This rate coefficient
estimate was based on a chemical activation analysis and is
approximately 2.5 times larger than that reported in NIST. The
NIST value is based on fitting to a complex mechanism.

In summary, the most sensitive reactions in our unadjusted
mechanism have rate coefficients that are reasonably consistent
with literature values. We are encouraged by this comparison,
but clearly recognize that the overall good agreement between
our predictions and the butane pyrolysis data cannot be taken
) ] ) as evidence that each of our rate coefficient assignments is

Given that both butane conversion as well as formation of correct. Such an assertion requires explicit measurements of
the major and minor products are primarily governed by the mych less complex systems. The comparison to the available
rates of only 11 reactions, the next step is to compare our valuesjiterature data suggests that our abstraction reaction rate coef-
Earlier we made the point that it was possible to obtain a gpstraction rate coefficients are based on an extensive analysis
reasonable agreement between our model and the data withouf systems where reliable data are available. We have systemati-
making any adjustments to the model. It is equally important ca|ly extended these values to analogous systems, e.g., abstrac-
to demonstrate that the rate coefficients that we used for thesejgn by ethyl, using standard thermochemical kinetics principles.
reactions are reasonable. In Table 2, we list the rate coefficients|, particular, we have taken care to properly account for the
in our kinetic model for the 11 reactions discussed above. We constraints imposed by microscopic reversibility to ensure that
will compare these expressions, evaluated at 1000 K, to thosefonward and reverse estimates are thermodynamically consistent.
that are available from the literature, e.g., to values that are \we have also explicitly accounted for the non-Arrhenius

compiled in the NIST kinetics databa¥e. . behavior expected for abstraction reactions in the temperature
For R1, there are no direct measurements listed at any gnge of this study.

temperature in the NIST kinetics database. An earlier compila-

tion3! reports several values measured_at lower temperaturesinetics Overview

The average measured value at 500 K is 2.60" cm?® mol~?! _ _
s1 The coefficient used in this work is 46 107 cm? mol-1 It appears that butane pyrolysis can be accurately described
sLat 500 K, in reasonable agreement with the measurements.in terms of a straightforward RieeHerzfeld mechanism. After

A similar situation exists for R2; there are no measurements initiation by breaking the €C bonds in butane, the radicals
reported in the NIST database. The CRC tabulation reports 4.6formed abstract from the parent to fomrC,sHg and s-CsHo

x 10° cm® mol~1 51 at 500 K, while the value in our model is radicals. These radicals can then react as follows:

1.2 x 10’ cm® mol~1 s71 at 500 K.

is responsible for most of the cyclopentene formed. This reaction
represents a combination of events. Initially a linear unsaturated
radical is formed by addition. This energized radical has
sufficient energy to form the cyclopentyl radical by radical
addition to the double bond. This species (still energized) then
ejects a hydrogen atom vjascission to form cyclopentene.
The sensitivity analysis showed that cyclopentene production
is most influenced by this rate coefficient. The other reactions
that influence formation of this deposit precursor are R2, R5,
and R6. R3 and R7 inhibit cyclopentene production. Thus, even
formation of the deposit precursors are dominated by the same
small subset of reactions. R2 produae€,Hy, the primary
precursor of the reactant ethylene, while the butane dissociation
reactions R5 and R6 increase the radical pool. The fact that R7
is the main inhibiting reaction, even though it produces the
reactant allyl radical, indicates the importance of maintaining
an active radical pool for molecular weight growth; as discussed
above, formation of allyl, relative to more active radicals like
H, CH; and GHs inhibits the overall reactivity of the system,
including molecular weight growth. R3 inhibits growth since
this reaction consumes;Bs, thus lowering the formation rate

of ethylene and H atoms vijg-scission of ethyl.

Rate Coefficient Comparison To Literature Values

R3 and R4 involve abstraction by ethyl radicals. NIST reports ceee ceec
a value for the total abstraction rate coefficient from butane in ¢ B-scission ¢ B-scission
our temperature range, which is&10° cm® mol~1 s~1 at 1000
K. Our combined value, including abstraction for botiC,Ho C;H;s + C;H,4 CH; + C3H;
ands-C4Ho, is 1 x 10 cm® mol~1 s1. We consider this to be i H abstraction l H abstraction
reasonable agreement.

Comparisons of the dissociation rate coefficients (R5, R6, C:H, CH,

and R7) must take into account pressure-dependent falloff

effects. For R5, our value is just beginning to enter the falloff The primary radicals lead to the @roducts while the secondary
regime, withk/k, = 0.72 at 1000 K. The value we used far radicals lead to the £and G products. The increase in,C

for R5 is approximately three times lower than the estimates in products with increasing temperature, and the corresponding
the NIST database, but it is in good agreement with the recently decrease in production of methane and propylene, is due to the
measured value of R{6). Thek. value for R6 is based on the  higher activation energies of the abstraction reactions that form
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