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Introduction 

Gas-turbine based systems are becoming 
the preferred approach to electric power 
generation from gaseous and liquid fossil-fuels 
and from biomass. As coal gasification becomes 
more prevalent, gas turbines will also become 
important in the generation of electricity from 
coal. In smaller, distributed installations, gas 
turbines offer the prospect of cogeneration of 
electricity and heat, with increased efficiency and 
reduced pollutant emissions. 

One of the most important problems 
facing combustion-based power generation is the 
control of air pollutants, primarily nitrogen 
oxides (NO,, consisting of NO and NO2) and 
carbon monoxide (CO). Nitric oxide (NO) is 
formed during gas-phase combustion and is the 
precursor of nitrogen dioxide (N02), the 
principal component of photochemical smog. 
Recent research into the mechanisms and control 
of NO, formation has been spurred by 
increasingly stringent emission standards. 

Research sponsored by the U.S. Department of Energy’s 
Morgantown Encrgy Technology Center. under AGTSR 
Subcontract No. 93-0 1-SRO07 with the South Carolina 
Energy Rcsearch and Devclopnient Center. Clemson, SC 

Miller and Bowman (1989) and Bowman 
(1992) have reviewed research in NO, 
production and control. There are four principal 
reaction mechanisms for the formation of NO, in 
gas-phase combustion: the Fenimore (“prompt”) 
NOx, which is initiated by CH radicals at the 
flame front of hydrocarbon flames; the 
Zel’dovich (“thermal”) NOs, which results from 
the presence of 0 radicals in the high 
temperatures of the post-flame zone; the NZO 
mechanism, which is important at high pressures; 
and the fuel-bound nitrogen (FBN) mechanism, 
which occurs primarily in the combustion of coal 
and some liquid fuels. 

NO, emission in natural-gas- fired 
turbines has traditionally been controlled either 
by lowering the temperature of the combustion 
products, or by removing NO, from the products 
through some exhaust gas treatment method, 
such as selective catalytic reduction (SCR). 
Catalytic combustion over noble-metal catalysts 
offers a third method for controlling NO, 
emissions, for a number of reasons. Most of the 
combustion reaction occurs on the catalyst 
surface; surface production of NO, is low or 
nonexistent. Also, the catalyst permits low 
temperature combustion below the traditional 
lean limit, thus inhibiting NO, formation routes 
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served to generate downstream turbulence, 
which aided the mixing of the incoming &el with 
the preheated, vitiated air. 

Equivalence ratio 4 0.18 
Inlet temo K) 846 

We refer to each set of temperature and 
species measurements taken at a single 
equivalence ratio under steady operating 
conditions as one “run.” Over thirty runs have 
been completed. Four runs at different 
equivalence ratios were selected for detailed 
presentation. Inlet conditions for these four runs 
are given in Table 1. Flow velocities were varied 
within the range 5 to 10 m/s, with a mean of 7 
m/s over the thirty runs. Although we used 
natural gas for the bulk of our experiments, 
substitution of bottled methane produced nearly 
identical results due to the very high methane 
content (>95%) of our natural gas supply. 

0.25 0.30 0.39 
848 852 850 

(o&v (m/s) I 7.2 I 7.0 I 7.3 I 7.3 I 

The Model 

The model includes gas-phase and 
surface chemical kinetics as well as heat and 
mass transport between the gas and the surface. 
We used a combination of three computer codes 
to model the detailed gas-phase and surface 
kinetics: CHEMKIN for gas-phase chemical 
kinetics (Kee, ef nl. 1989), Surface CHEMKIN 
(Coltrin, ef nl. 1991) for heterogeneous chemical 
kinetics, and CRESLAF (Chemically Reacting 
Shear Layer Flow, Coltrin ef al. 1993) for 
solution of the boundary-layer equations. 

The gas-phase chemical reaction mechanism 
used with CHEMKIN was developed by the Gas 
Research Institute (version 1.2) and contains 32 
species and 173 reactions; it can be obtained 
from http://www.gri.org/. The surface reaction 
mechanism, shown in Table 2, has been compiled 

Table 2: Platinum surface mechanism used 
in CHEMKWCRESLAF model 

Reactions in C!SMKIN fomi.: the numbers following each 
reaction are the preesponential factor (in cm-g-sec-mole units), 
preexpnential temperature eqonent, and the activation energy 
(in Wmole). For asterisked adsorption reactions, the first 
number is the sticking coeflicient. Species of the fonn X(*) are 
adsorbed species; PT(*) is an open surface site; PT(B) is a bulk 
Pt atom; all other species are gas-plme. 

adsorption/desorption reactions 
H2+2PT (*)=>H (f) +H (*I +2pT (B) 0.05 
28 (*) +2PT (B) =>H2+2PT (*I 1E+21 
02+2PT(*)=>O(*)+O(*)+2PT(B) 0.023 
20(*)+2PT(B)=>O2+2PT(*) 1E+21 
BPO+PT(*)=>H20(*)+PT(B) 0.50 
H20(*)+PT(B)=>H2O+PT(*) 1E+13 

1E+13 

1.00 

OH+= (*) =>OH ( +PT (B) 1.00 
OH ( *) +PT (B) =xH+PT (*I 
H+PT (* =>H (*) +PT (8) 1.00 
O+PT (*)==(*I +PT (B) 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

o *  

O *  

o *  

o *  

o *  
o *  

67.4 

220.0 

62.2 

192.8 

Lsngmuir-Hinshelwood mechanism 
CH4+2PT(*)=>CH3(*)+H(*)+2PT(B) 0.01 0 0 * 
CH3(*)+PT(*)=>CH2(*)+H(*)+PT(B) 1E+21 0 20.0 
CH2(*)+PT(*)=XH(*)+H(*)+PT(B) 1E+21 0 20.0 
CH(*) +PT ( * )=X(* )  +H(*) +pT (B) 1E+21 0 20.0 

Eley-Rideal mechanism 
CH4+50(*)=XO(*)+40H(*) 0.01 0 43.3* 
CH3+PT (*) ==3 (*) +PT (B) 1.00 0 0 * 
CHs(*)+PT(B)=XX3+PT(*) 1E+13 0 200.0 
CO+PT(*)=XO(*)+PT(B) 0.84 0 0 * 
CO(*)+PT(B)=>CO+PT(*) 1E+13 0 126.0 
CO(*)+O(*)+2PT(B)=X02fPT(*) 1E+21 0 100.8 

Surface reactions 
H (*) +O (*) +PT (B)=>OH (*) +PT (*) 1E+21 0 10.5 
H(*)+OH(*)+PT(B)=>H20(*)+PT(*) 9E+21 0 63.0 
20H(*)=>H20(*) +O(*) 1E+21 0 51.7 
C(*) +O (*) +PT (B)=XO (*) +PT (*) 5E+19 0 63.0 
CO (*) +PT (*) =X (*) +O (f) +PT (B) 5.E+16 0 156.5 

from reactions published by Hickman and 
Schmidt (1993) and Deutschmann, ef nl. (1994). 
(N.B. Thermodynamic data are no less important 
to the modeling of chemical kinetics than the 
rate constant parameters.) The surface site 
density, a required model input, was estimated to 
be 2.7x10-’ moles/cm2 as done by Deutschmann, 
et al. (1994) for Pt foils. The actual value could 
be smaller (since Pt occurs as particles on the 
catalyst surface), or larger (since the molecular- 
scale surface area of supported catalysts is larger 
than the macroscopic surface area), or these 
effects could cancel. 
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In its present form, the numerical model 
requires that the user specie catalyst surface 
temperatures; in doing so, we assumed that the 
surface temperature in each catalyst wafer was a 
linear fhction of axial distance. The surface 
temperature affects the gas-phase temperature 
through heat transfer from the surface. We 
selected entry and exit surface temperatures that 
allowed the model to reproduce the measured 
gas-phase temperatures. 

I 6 O 0  

1400 
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e 
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We used the model to simulate the 
operation of the catalyst with the inlet conditions 
of each of the four runs presented in Table 1. 
Due to the low gas-phase temperatures, we 
assume that gas-phase reactions were negligible 
within the space between wafers and therefore 
model the set of four 2-cm wafers as a single 8- 
cm monolith. The axial profiles from the model 
are averages over the channel cross-section. 

- Model 
Q--0 Measurement 

, 

' 

Temperature Profiles 

Measured and modeled gas-phase 
temperatures are presented in Fig. 2. The 
measured temperatures have been corrected for 
thermocouple radiation. Because of our choice 
of surface temperatures, the measured and 
modeled gas-phase temperatures match at the 
points between catalyst wafers. The measured 
temperatures agree well with the expected 
adiabatic temperature for the measured fractional 
conversion, indicating that heat losses from the 
catalyst are not significant. 

Fuel Conversion Profiles 

For measured data, the extent of 
reaction-the percentage of fuel conversion to 
products-is calculated using either the decrease 
in 02 mole fraction or the increase in C02 mole 
fraction; both yielded similar results. Figure 3 
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Distance along catalyst (cm) 

Figure 2: Measured and modeled gas-phase 
temperature profiles 
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shows measured and modeled conversion 
profiles for each run. The ratio of modeled and 
measured conversion is about unity for 
temperatures around 850 K. At higher 
temperatures, the ratio decreases to about 0.5. A 
comparison of Fig. 2 and Fig. 3 indicates that the 
model agrees very well with experiments at 
temperatures up to 900 K, but underpredicts 
conversion at higher temperatures. 

60 

Pollutant Measurements 

- Model -/-P 
.3-- 

' 

In all cases, NO, concentrations are 
below 1 ppm, the detection limit of the analyzer. 
Modeled and measured CO concentrations are 
presented in Fig. 4. At lower equivalence ratios, 
the measured CO concentrations are below 4 
ppm. At the highest equivalence ratio, the CO 
measurements reach 20 ppm halfway through the 
catalyst before falling to the outlet value of 10 
ppm. This decrease can be explained either by 
CO consumption on the catalyst or in the gas 
phase at the high temperatures resulting from the 
large fraction of fuel conversion, or possibly by 
conversion of the CO to COz in the probe at the 
same high temperatures. Nguyen et a!. (1995) 
have indicated that probe conversion becomes 
increasingly significant at gas temperatures 
above 1000 K. 

In three of the cases, the CO predictions 
exceed the measurements by about 2 ppm. The 
model predicts that the CO concentration 
increases to about 2 ppm within the first wafer; 
this increase is not seen in the measurements. If 
the initial rise were eliminated, the model would 
agree well with the measurements. 

In the first wafer of the $=0.39 run, the 
initial rise to 2 ppm and the parallel slopes of the 
model and measurement are similar to those seen 
in the other runs. Measured CO at 4 cm is about 
20 ppm, which is higher than the model 
prediction of 12 ppm. The model does not 
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Figure 3: Measured and modeled fuel 
(natural gas) conversion profiles 



predict the observed decrease in CO; again, that 
decrease may be due to intraprobe conversion. 

Gas-Phase Reactions 

We used the model without including the gas- 
phase mechanism to assess the effects of gas- 
phase reactions for the (higher temperature) runs 
with $=0.30 and $=0.39. The profiles of fuel 
conversion and CO concentration were 
indistinguishable from those from the model that 
included the gas-phase reactions. We conclude 
that, under these conditions and with this 
mechanism, the reactions take place entirely on 
the surface. Furthermore, this validates our 
assumption that gas-phase reactions are 
negligible between catalyst wafers. 

Fuel Conversion Rate 

The rate of fuel conversion is one of the 
most important outputs of a model of a catalytic 
combustor. As Fig. 3 shows, the percentage of 
fuel conversion in the catalyst increases with 
increasing equivalence ratio; if the fuel 
conversion rate was zero-order in fuel 
concentration, the curves would be identical, 
with no dependence on equivalence ratio. 

Other researchers have found methane 
combustion over platinum catalysts to be first- 
order with respect to methane (Yao, 1980; Otto, 
1989). Assuming a reaction that is first-order in 
fuel, the value of the global “rate constant’’ can 
be determined by the slope of the fractional 
conversion versus residence time in the catalyst. 
This rate is obtained by linear regression for all 
runs, since we find that the linear approximation 
produces good agreement with the results of the 
rigorous calculations. 

Figure 5 depicts these fractional 
conversion rates (in percentage of fuel consumed 
per millisecond of residence time) versus the 
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overall equivalence ratio. Each datum represents 
a net conversion rate for all four catalyst wafers 
during a single run. A positive correlation 
between fiactional conversion rate and 
equivalence ratio is easily discernible despite the 
scatter present in the data. In contrast, a plot of 
fractional conversion rate versus local 
equivalence ratio exhibits no observable 
relationship. The graph exhibits two boundaries: 
a lower, non-zero boundary in which fiactional 
conversion does not depend on equivalence 
ratio, and an upper boundary that is roughly 
linear in equivalence ratio. The lines drawn on 
the graph are not intended to imply linearity but 
exist merely to delineate the boundaries. Plots of 
individual wafer fractional conversion rate versus 
equivalence ratio appear very similar to Fig. 5, 
with both boundaries clearly discernible and all 
data bounded by the same boundaries appearing 
inFig. 5. 

Lower boitiidaiy. The lower boundary in 
Fig. 5 represents a process that is independent of 
equivalence ratio and therefore is independent of 
the composition of the fuel-air mixture near the 
surface. Since absolute conversion is equal to the 
product of fractional conversion and fuel 
concentration, this process is first-order in fuel 
concentration. We suggest that this process is 
indicative of the reaction on the catalytic surface 
and that this boundary represents the kinetic 
limitation. 

The average inlet temperature for 
kinetically-limited data points (those below 
7%/ms) is 877 K. The average of the measured 
conversion rates below 7%/ms is 2.4 f 1.4 
%/ms. A one-step rate given by Trimm and Lam 
(1980) predicts a conversion rate of 4.S%/ms at 
that temperature, a factor of two higher. 
However, the published rate is within two 
standard deviations of the average of our data, 
so we believe that ascribing the lower boundary 
to kinetically-limited conversion is justified. 

h g E 151 
Y’-5 4 . 4 8 4  1 

” 
0.1 0.2 0.3 0.4 0.5 

Equivalence Ratio (4) 

Figure 5: Fractional conversion rate vs. 
overall equivalence ratio 

Upper bomdaiy. A process that is first- 
order in fuel does not adequately explain the 
upper boundary in Fig. 5. An analysis of 
conversion rates for each wafer (rather than for 
the whole run) exhibit no discernible relationship 
with either the wafer inlet temperature or the 
local equivalence ratio. Only graphs .of fractional 
conversion rate versus equivalence ratio or 
adiabatic flame temperature show the sloping 
boundary that appears in Fig. 5. 

Our findings are as follows: When 
adiabatic flame temperature exceeds 1450 K 
($=0.34), the temperature dependence of the 
conversion rate is consistent with a diffusion 
limitation. However, due to the limited amount 
of data above this equivalence ratio, we hesitate 
to state that diffusion is the limiting process. 
When 4c0.34, the data are not consistent with 
diffusion limitation and we therefore hypothesize 
a surface-kinetic limitation. This hypothesis does 
not conform to the behavior predicted by a one- 
step reaction rate, namely that conversion occurs 
at a very low rate until a certain. surface 
temperature, after which the reaction “jumps” to 
the higher, diffusion-controlled limitation. 



We propose three explanations for this 
“blurring” of the transition. First, the behavior of 
supported platinum differs from that of the pure 
platinum foils used in many kinetic experiments. 
The reaction activation energy may depend on 
the platinum particle size (Otto, 1989; Briot, et 
a/. 1990), catalyst pretreatment (Burch and 
Loader, 1994), or support material (Hicks, et a/. 
1990). Second, the oxidation mechanism on the 
surface is not a single-step reaction, and 
probably includes more than one pathway. 
Above some critical temperature, the reaction 
rate of one step may become fast enough that 
the step is no longer limiting, but the rates of 
other steps may still be relatively slow. Third, 
the significant amount of water in the inlet 
stream, produced in the hydrogen preburner 
stage, may partially deactivate the catalyst, as 
observed by Trimm and Lam (1980). 

Surface Coverage 

One of the limiting factors in the catalytic 
reaction is the number of available adsorption 
sites on the surface. The fraction of open sites 
depends on both pressure and surface 
temperature. At low temperatures, the surface is 
covered with oxygen atoms and appreciable 
reaction rates do not occur until the surface 
temperature increases to the point at which these 
0 atoms can overcome the energy barrier 
necessary for desorption. At that point, open 
surface sites become available for the adsorption 
of fuel (Oh, ef a/., 1991; Burch and Loader, 
1994; Behrendt, et a/. 1995). 

Figure 6 shows the modeled fractional 
conversion rate as a hnction of open sites for 
each run. The model predicts a linear 
dependence of fuel fractional conversion rate on 
the fraction of open surface sites. The data for 1 
atm, 5 atm and 12 atm lie on a single line; given 
a specified fraction of open sites, the fractional 
conversion rate is independent of pressure. Thus, 

pressure affects the conversion rate through a 
change in either the open site fiaction or the 
diffusion rate of reactants to the surface. 
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Figure 6: Effect of open surface sites on 
fractional conversion rate 

Application 

We anticipate that the models we 
develop under this research program will be 
useful by industry and researchers alike in the 
design of both experiments and practical gas 
turbine catalytic combustors. The model-which 
includes transport. codes, mechanisms, and 
postprocessing routines-is portable and can be 
run on UNIX workstations. Intelligent design of 
experiments, guided by this model, can reduce 
unnecessary expenditures of time and inoney 
spent in the laboratory. Likewise, the 
development of low-NOx gas turbine systems 
can be accelerated by using these models to test 
the effectiveness of combustor designs prior to 
engaging in time-consuming prototyping. 

Future Activities 

Our current work focuses on the 
extension of our surface chemistry models to 
conditions more useful to the gas turbine 
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industry. This involves enhancements to both the 
experimental and the modeling components of 
our research program. 

Work in Progress-Experimental 

Since elevated pressures are more 
characteristic of gas turbine combustors, we are 
designing and building a high pressure catalytic 
combustor to supplant our previously used 
atmospheric pressure quartz combustor. It 
incorporates a number of improvements: 

Continuous operation at a rated pressure of 
up to 5 atmospheres in our laboratory at 
U.C. Berkeley and up to 30 atmospheres at 
the METC Combustion Research Facility 

Electrical preheating of inlet air for better 
control of catalyst inlet temperature and 
reduced effects of water in inlet stream. 

Measurements of surface temperature within 
catalyst monoliths 

Laser diagnostics access through the voids 
between catalyst sections 

Species and temperature measurements (both 
optical and conventional) in the post-catalyst 
homogeneous bum section 

This new high pressure reactor will be 
used not only for our studies on palladium 
catalysis but also to test the effectiveness of our 
platinum model at high pressures. 

Work in Progress-Modeling 

Since palladium catalysts are a more 
suitable candidate for gas turbine combustor 
applications, we are concentrating our efforts on 
the development of a suitable model. The 
improvements to the reaction mechanism and 

transport codes are occurring concurrently with 
the upgrades to our experimental program. 

We are currently working on a detailed 
surface reaction mechanism for methane catalytic 
combustion over supported palladium catalysts, 
using reaction rate parameters published in the 
literature wherever possible. In contrast to the 
case of platinum and rhodium, detailed reaction 
mechanisms have not yet been published for 
palladium. 

The principal reason for this is the 
greater complexity of the reaction mechanism for 
palladium catalysts. Supported palladium 
undergoes a significant reduction in activity at 
850°C due to reduction of the active species, 
PdO, to the unoxidized metal. Furthermore, 
support-metal interactions (including spillover) 
and absorption of adsorbed oxygen and other 
adatoms into the palladium bulk are likely to be 
more important than in the case of platinum. 

In addition to continuing model 
development, we are upgrading our flow 
modeling code fkom CRESLAF to CURRENT, 
a newer code also developed at Sandia National 
Laboratories. This improved code is more 
versatile; unlike CRESLAF, which uses the 
boundary-layer approximation, CURRENT 
solves the full Navier-Stokes flow problem for 
two-dimensional configurations, using the well- 
known SIMPLER algorithm for the control 
volume formulation of the governing equations. 
As a result, CURRENT possesses better 
convergence properties than CRESLAF and is 
better able to model the flow conditions within 
the catalyst monolith. 

We are also modifjring a transient flame 
code for use in predicting flashback and startup, 
two very important processes that impact system 
performance. 
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