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ABSTRACT. =
A study has been made of the combustion characteristics of lean fuel/air
mixtures flowing over'heated«catalytic and non-catalytic surfaces. The objec~
tive of the investigation was to develop a better understanding of the effect
of a catalyst on the combustion process as the lean flammability limit of
. 29 C2H6’ and C3H8' gas
phase combustion ignition temperatures were determined over a range of

equivaleﬂcé ratios from boundary layer density profiles obtained using

" Rayleigh scattering. Surface reaction ignition temperatures and surface heat

rates were also determined for the above fuels. A comparison of the results
for a vacuum deposited platinum surface with results for a relatively 'non-
cétalytic" quartz surface showed that the gas phase ignition temperature is a
function of catalyst surface reactivity. At 1ower'teﬁpefatures the quartz
surface was essentially noncatalytic and resulted in gas phase ignition
temperatﬁres up to 100 K lower than with the plafinum surface. At increased
surface temperatures the catalytic activity of the quartz surface approached
that of the platinum and gas phase ignition temperatures were identical for

both surfaces. A detailed study of C H8 oxidatibn on a platinum surface

3
showed that for temperatures less than 670 K, CO is the primary oxidation
product and for temperatures greater than 870 K, complete oxidation to CO2

occurs. “

This research was supported by the U. S. Department of Energy, Division

of Transportation Energy Conservation under Contract W-7405-ENG-48.
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SECTION 1 . -

INTRODUCTION

Lean combustion shows considerable promise as a means of reducing pol-
lutant formation in combustion systems (1). However, the extent to which this
concept can be effectively utilized is limited by the combustion characteris-
tics of a particular fuel as its lean flammability limit is approached.
Catalyzed combustion has been demonétrated to be effective in extending the
stable burning region well below conventional lean‘gas phase flammability |
limits while at the same time providing low levels of unburned hydrocarbons’
and CO (2, 3). While preliminary tests have been quite promising, a number
of aspects of catalyzed combustion are either not well understood or the
necessary data are lacking. In the development'of an optimum catalyst design
for 'lean combustion applications it will be necessary to 1) develop a greater -
understanding of the role of the catalyst in the comBuStion process and 2) to
determine high temperature catalytic surface reaction mechanisms and réaction
rate data. It is the goal of this investigation to provide some of this

necessary data for future catalytic combustion design development.

In the present study the surface ignition and gas phase ignition charac-
teristics under conditions approaching the lean flammability limits of several
fuel/air mixtures were investigated for boundafy layer flow over a heated surface.
The fuels used in the study were Hz, C2H6’ and C3Hé. To better determine the

effect of the catalyst on the combustion process both a catalytic platinum

"surface and a relatively noncatalytic quartz surface were utilized in the

study. Results are also presented on a detailed study of lean C3H8 oxidation

over a platinum surface.



SECTION 2 - -

EXPERIMENTAL PROCEDURE

Details of the experimental'system used in the present investigation
have been described in References 4 and 5. Briefly, the conflguratlon con51sts
of a quartz plate with vacuum deposited platinum heating strips mounted . as one
wall of a 5 cm square, open, atmospherlc jet of premixed fuel and air. _
The gas flow is parallel to the plate surface and results in the formation'of.

a velocity and thermal beundary layer in the region near the wall surface.

Control of the surface temperature is provided by five platinum heating strips

which have been vacuum deposited on the quartz plate and can'be'eleetrically
heated to temperatures approaching 1400 K. The heating strips are oriented
perpendicular to the flow and are of varying widths.to improve temperature
control near the pléte leading edge. The extent to which ges phase combustion
and surface.reaction occurs can thus be controlled through variations in plate

surface temperature and fuel/air mixture ratio.

Surface temperatures greater than 1000 K were measured using a disappear-
"ing fllament type optical pyrometer and an emissivity of .0.65 for the
platinum surface. Surface temperatures below 1000 K were determined from the
measured resistivity of the platinum strips and, independently, with a labora-
tory built infrared detector. Using this technique plate surface temperatures

could be measured to an estimated accuracy of * 15 K.

In the present investigation the platinum catalytic surface was ptovided
by orientiﬁg the quartz plate so that the side with the ﬁlatinum heating
strips was directed toward the flow. To obtain a "noncatalytic" surface the
plate was reversed so that the uncoated quartz surface was directed toward the

flow.
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The presence of gas phase combustion in the boundary layer was deter-
mined from total gas density profiles measured using Rayleigh scattering.
As discussed in Reference (5), the boundary layer density profiles are self
51m11ar along the plate when no gas phase combust1on is present. However,
heat release due to gas phase combustlon results in density proflles charac-
terized by a more pos1t1ve curvature in the high temperature region near the
plate surface and an inerease in thermal boundary layer thickness. To deter-
mine the gas phase ignition temperature the equlvalence ratlo was fixed at a
de31red value and the plate surface temperature was increased in steps of
'25 K. After each increase in.surface temperature the system was allowed to
come to steady state and the bOundary layer was traversed using Rayleigh
scattering to measure the resulting gas density profile. A comparison of
these profiles with profiles for no fuel added at the same surface temperature
then made it possible to determine that temperature, defined as the gas phase
ignition temperature, at which heat release due to gas phase combustion
resulted in a detectable departure from self-similar behavior. The results
- presented in this paper were based on an analysis of density profiles at a
distauce of 50 mm from the heated wall leading edge since at distances
greater than this, fluctuations in the jet ﬁixing layer become a significant

source of disturbance to the boundary layer flow.

To determine‘steady state surface energy release rates the plate tempera-
ture was initially adjusted to the desired value with no fuel present in the
flow. This was done by varyingvthe power input to the individual heating strips.
Typically strips 1 and 2 required greater power inputs for a constant plate
temperature due to the higher heat transfer coefficient near the heated wall
leading edge. Fuel was then added to the flow, which increased the surface temper-
atures to some higher nonuniform value due to surface energy'release. The
power inpute to the individual strips were then decreased until the desired
temperature was again reached. The resulting difference in power input to
each strip, with and without fuel addition, is equal to the average heat
release due to surface chemical reaction for that particular strip provided
heat losses due to other sources remain constant. For a given plate tempera-
ture radiative losses are constant. Experimental measurements and numerical

calculations have also shown that the boundary layer temperature profiles are



self-similar when no gas phase combustion is present, thus losses due to
convection and conductlon will remain constant for a given free stream

velocity at temperatures lower than the gas phase 1gn1tion temperatures.

- In the present 1nvest1gat10n the surface reactlon ignltlon temperature <
was defiﬁed as the surface temperature at which, for a given equi?aieﬁce,
rétio, measureble heat releasexdue te surface reaction was pfeseﬁt. All o _ =
results presented in the follow1ng sections were taken at a constant free

stream veloc1ty of 1.5 m/s under lamlnar flow condltlons.



SECTION 3

RESULTS AND DISCUSSION

Surface Ignition

The dependence of surface ignition temperature on stoichiometry is
shown in Fig. 1 for C3H8/air and C2H6/ai: mixtures flowing over a platinum
surface. In both cases the surface ignition temperature was found to be
only a weak function of equivalence ratio over the range of conditions
invesfigated. That is, a small decrease in ignition temperature was observed
as thgbequivalénce ratio was increased toward stoichiometric conditions. The
minimum ignition temperatu;es measured fbr C3H8 were.approximately 470 K and,
for C2H6, somewhat higher at 700 K. These results agree well with the data
of Hiam, et al. (6), who investigated the catalytic oxidation of C3H8 and
C2H6 on'a platinum filament. It should be noted that the corresponding
ignition temperatures for gas phase reaction are significantly higher than
those shown in Fig. 1 and therefore the_observed increase in surface tempera-

ture is due to surface reaction only.

Gas Phase Ignition

Gas phase ignition temperatures for'Hz, C3H8, and C2H6 on both platinum
and quartz surfaces are shown in Figs. 2 through 4 as a function of equiva-
lence ratio. In all cases at highef equivalence ratios a relatively weak depen-
dence of ignition temperature on equivalence ratio was observed. Howevef, as
the equivalence ratio was reduced a much stronger dependence is noted. 1In
the case of H2 (Fig. 2) on a platinum surface minimum gas phase ignition -
temperatures of approximately 1000 K were observed at an equivalence ratio

of 0.3. At lower equivalence ratios the ignition temperature rapidly

Sy



increased to a value of 1220 K at ¢ = 0.1. This behavior was characteristic -
of all fuels investigated, that is a weak dependence of ignition temperature
on equivalence ratio at higher equivalence ratios and a rapid increase in

ignition' temperature as the equivalence ratio was reduced.

" With the quartz surface at lower surface temperatures, ignition occurs
at approximately 100 K lower than with the platinum. The>differences in v
ignition temperature decreases as the equivalence ratio is reduced until at
an equivalence ratio of b.l identical ignition temperatures of 1220 K are
‘achieved with both surfaces. Similar results/were obtained with C3H8 and
C2H6' In both cases at an equivalence ratio of 0.9 igmition with the platinum
surface occurred at approximately 1170 K and with the quartz surface it
occurred at surface temperatures approximately 100 K lower. At an equivalence
ratio of 0.5, where the ignition temperature was 1220 K for both fuels with a
platinum surface, a difference in ignition temperature of oniy 25 K was

observed in comparing the quartz and platinum surfaces.

‘This behavior is consistent with an increase in catalytic activity of
the quartz surface at higher temperatures. Numerlcal calculations for H /a1r

B

mixtures flowing over a catalytic surface (7) have shown that catalytic
reactions at the plate surface, partlcularly surface oxidation of the fuei‘and
radical recombinatiom, result in a surpression of gas'phaseureactioﬁs in the '
boundary. Thus, the dincrease in gas phase ignition temperature with respect
to the platinum surface at higher surface temperatures would seem to imply an
increase in catalytic act1v1ty which, at a temperature of 1220 X, equals

that of the platinum in the case of HZ.L To verify this, surface heat release
rates were measured for H2/air at an equivalence ratio of 0.2 flowing over a
quartz surface. Assuming a one step model for surface reaction in which H2
and 0, react to from H,0 as a product (AHR = 2.38 x 108 J/kg-mole) values

2
for the surface reaction were calculated. Those results are shown as a

O
function of surface temperature in Fig. 5. Note that the surface reaction
rate for quartz has been normalized by the reaction rate for Hz/air mixtures
on a platinum surface obtained previously (8). At temperatures less than
870 K no surface reactivity was measured for the quartz surface. However,
as the surface temperature was 1ncreased above 870 K, a gradual increase in

surface reactivity relative to platinum was observed, followed by a rapid

%
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increase at temperatures'greater than 1170 K. At a surface temperature of

1220 K the catalytic activity of the quartz surface was equal to that of the
platinum. . Thus, it appears that the observed behavior in gas phase ignition
characteristics for the platinum and quartz surfaces is due to the increased

activity of the quartz surface at higher temperatures.

Propane Surface Oxidation Studies

Typical experimentally measured surface energy release rates for C3 8/air

are shown in Figs. 6 and 7 for plate temperatures of 670 K and 870 K and an

equivalence ratio of 0.2. The free stream velocity was 1;5 m/s. As mentioned
previously, the data points represent average values of the energy release rate
over the individual heating strips and not local values. It can be seen that the
maximum heat release rates occur at the plate leading edge and then rapidly
decrease as one moves downstream. . As discussed by Rosner (9), this behavior
indicates that mass transfer effects are important under the above conditions.
For viscous flow over a flat plate with reactions occurring at the surface,
the transpcrt of reactant species from the'free stream to the plate surface
varies with streamwise distance from the plate leading edge. Near the leading
edge where the boundary layer is thin, convective and diffusive transport

rates to the surface are rapid and the surface reaction rate approaches its
kinetically limited value. Farther downstream the boundary layer becomes
considerably'thicker and transport rates to the surface are insufficient to.
prevent local reactant depletion near the surface. Under these conditions

the surface reaction rate is limited by the maximum rate at wh1ch reactants

can be transported to the surface.

Also shown are predicted local surface heat release rates calculated
using a computational scheme developed previously (7). Briefly, the program
uses a finite difference approach to solve the two dimensional boundary layer
equations for flow over a flat piate surface with simultaneous gas phase and
surface reactions. In the present application, no gas phase reactions are
assumed to occur and the progran is used to describe the convective/diffusive
transport of:reactant and product species through the boundary layer to and
from the plate surface. Surface reactions are included in the calculations

in the form of a species boundary condition at the surface in which the rate



of diffusion of a particular specie to the surface is equal to the surface
reaction rate. The rate expression used to'describe C3H8 oxidation at the
plate surface is based on the work of Hiam, et al. (6) and 'is given by

Rg = 1.1 x 10’ [H,] exp (~17000/RT) 58;“—165 Q)
. ' » ms : .

.-where [HZ] is the concentration of H, at the surface (kg moles/m3). Initial

modelling calculations were based onzthe assumption of a one step reaction in
which C3H8 and O2 react at the‘surface to form CO2 as the product. These
results are indicated by the solid lines in Figs. 6 and 7. As can be seen in
Fig. 7, the predicted and experimental results agree well at temperatures
greater than 870 K. However, at 670 K it was found that the predicted heat
release ratios were approximately a factor of 2 higher than those measured
experimentally. If it is assumed that only pa;tial.oxidation of C3H8 to CO
occurs at the surface at lower temperatures then, as shown by the dashed line
in Fig. 6, good agreement is obtained with experimental results}\ These |
‘results agree qualitatively with the measurements of Marteney and Kesten (7) -

in which it was found that the ratio of CO, to CO in the product species frbm

2
a catalytic reactor (utilizing a Matthey Bishop manufactured catalyst

material) increased with increasing exhaust temperature.

An Arrhenius plot of experimentally measured average surface energy o

release rates for CBHB as a function of inverse surface temperature for

heating strips 1 and 2 is shown in Fig. 8. Predicted average surface heat
release rates f&r.strips 1 and 2 assuming C02‘(solid line) and CO (dashed
line) as the product species are also shown. Once again the transition from

‘ CO2 to CO as the product of surfacé oxidation is apparent as the surface
temperature is decreased from 870 K to 670 K. The effect of diffusion
limited behavior on apparent activation energy is aiso shown. The slope of
‘each curve at a given temperature is equal to EA/R, where EA is the apparent
activation energy for surface oxidation of C3H8 and R is the gas constant.

At higher surface temperatures the apparent activation energy is significantly
less than the true activation energy. As the surface temperature is reduced

the apparent activation energy approaches the true activation energy as the

. surface reaction rate becomes kinetically limited.



SECTION 4

- SUMMARY

The effect of catalytic surface activity on gas phase and surface
reaction ignition temperatures was studied for HZ—’ CBHS;, and C2H6-air
‘mixtures flowing over a platinum and a quartz surface. It was found that
the gas phase ignition temperature is a function of catalyst surface reactiv-
ity. That is at lower temperatures the quartz surface was essentially non-
catalytic and resulted in gas phase ignition temperatures up to 100 K lower
than with the platinum surface. At increased surface tempergtufes the
catalytic activity of the quartz surface approached that of the platiﬁum'and
gas phase ignition temperatures were identical for both surfaces. A detailed
study of C3H8 oxidation on a platinum surface showed that for temperatures

less than 670 K, CO is the primary oxidation product and for temperatures

greater than 870 K, complete oxidation to.CO2 oécurs.
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oxidation to COZ; dashed line indicates results for oxidation to CO.
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(U =1.5m/s, ¢ = 0.2, Solid.line indicates numerical results for

/air combustion on a platinum coated plate. Ig = 870 K,

oxidation' to C02; dashed line indicates results for oxidation to CO.
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