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Combustion Initiated by a Porous Ceramic Regenerator in a
Reciprocating Engine Environment

Steven Sepka* and Francisco Ruizf
Lllinois Institute of Technology, Chicago, Illinois 60616

This paper presents the experimental results of thermally initiated, premixed combustion by a porous
ceramic matrix physically located above the cylinder bore inside a combustion chamber. This article’s
purpose is to show the ability of the matrix to act as a combustion initiator and to show its ability for
promoting complete combustion. Surface temperatures and exhaust gas composition were recorded using
thermocouples and a nondispersive infrared gas analyzer. Results show that complete combustion at mass
air - fuel ratios above 20 were possible with products (on a dry, molar basis) of CO below 0.35%, CO,
above 11.5%, and unburned hydrocarbon emissions below 40 ppm. When the ignition source was the
ceramic surface (unaided by spark ignition) there was no noticeable carbon particulate buildup on its
surface. Based on these results, ceramic matrix surface ignition shows potential for becoming a better
ignition source than an ordinary electric spark for lean-burning engines.

Introduction

T HIS paper is based on previous experimental work'? of
an engine concept named the regenerative engine (see Fig.
1). The experimental findings presented here are an initial step
to quantify the ability of a porous ceramic matrix to promote
combustion in an experimental setup not too unlike those of
conventional spark ignition (SI) engines. What is unique to
this arrangement is the porosity of the matrix, a property that
allows combustion gases to transfer heat more effectively than
by exterior surface contact alone, resulting in surface temper-
atures above the ignition temperature of the fuel. This engine
did not produce work, but was used because it allowed a re-
ciprocating flow of reactants and products through the porous
matrix without the added complexity of an intake and com-
pression stroke.

Surface ignition in combustion chambers is not a new phe-
nomenon. Sir Davy’s discovery of catalytic (surface) combus-
tion® of coal-gas and air mixtures by a heated platinum wire
occurred in 1817. Today, catalytic combustion is evidenced by
a direct-injection diesel engine using a glow plug or by the
autoignition of gasoline-air mixtures by carbon hot-spots in
the combustion chamber. Systems using nonporous ceramics
for combustion initiation have been shown to be possible,** as
well as plug-flow porous-fiber gas burners having stationary
reaction zones at the end of a wire matrix.® Qur experimental
setup, however, is the only one known by the authors to have
a reciprocating flow of combustion products and reactants
through the ceramic, leading to enhanced heat transfer and
surface ignitability. An internal combustion (IC) engine using
alcohol fuel and a nonporous ceramic insert for hot-surface-
ignition has been shown to be possible.” However, at part load,
the ceramic surface did not reach temperatures capable of pro-
moting complete combustion, and a glow plug was needed as
an ignition aid. The glow plug’s required temperature for com-
plete combustion was in excess of 915°C, a similar value to
be shown in our experimental results.
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For our system, the air-fuel (AF) mixture follows a four-
stroke cycle split between the compression and expansion cyl-
inders. The compression cylinder performs the carbureted in-
take and pumps the mixture (at about 2 atm) into the expansion
cylinder via a transfer pipe with a one-directional check valve
(to prevent flashback into the compression cylinder). The two-
stroke expansion cylinder performs combustion and exhaust.
When the mixture enters the expansion cylinder, it ignites on
the surface of the ceramic (regenerator) matrix.

The phase difference between pistons was 67.5 deg for all
tests, with the expansion piston leading the compression. This
phase difference was set to allow the gases to fill the expansion
cylinder. In both cylinders, the inlet valve is open for 180 deg
of crank rotation with the exit valve closed, and the exit valve
opens for the next 180 deg while the inlet valve remains
closed. Electrical ignition was used for cold starting only. The
spark was shut off once the matrix reached self-ignition tem-
peratures (>800°C). Combustion occurred primarily above the
regenerator with the matrix absorbing part of the heat of re-
action. External motoring to crank the engine was required for
all tests and the engine speed was kept constant at nearly 650
rpm.

Two cast iron plates were used to hold the regenerator ma-
trix inside the combustion chamber. The regenerator has a disc
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Fig. 1 Schematic diagram of test assembly.
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Table 1 Bulk material properties

Thermal Thermal Specific ~ Density ~ Melting
diffusivity o, conductivity &, heat C, ' point,
Material m7s X 10° W/mK J/kg K kg/m> K
Honeycomb mullite 1.89 8.08 398 2600 1623
Mullite foam 11.9 36 765 3970 2083
ZTA foam 11.9 36 765 3970 1810

shape, 9.2075 cm (3.625 in.) in diameter and 1.9075 cm (0.75
in.) thick. An additional plate placed below the regenerator
plates is used to hold a small spark plug for cold starting.

Two K-type flexible thermocouple probes were used for sur-
face temperature measurements on either side of the matrix.
For exhaust gas analysis, a four-gas nondispersive infrared
(NDIR) analyzer probe was used. Unburned hydrocarbon out-
put (in parts per million), %CO, and %CO,, were determined
using NDIR, and %O, was determined by polarography, which
was accomplished in the same analyzer unit.

During testing, it was noticed that some of the fuel tended
to leak into the oil pan of the compression cylinder. Since the
exact flow rate was difficult to determine, it was decided to
base all AF ratio calculations on the exhaust gas analysis.

Ceramic Material Testing

Three different types of matrix materials were tested: a 15-
pore-per-inch (ppi) zirconia-toughened alumina (ZTA) reticu-
lated cell regenerator, a 20-ppi mullite reticulated cell regen-
erator, and a 300 cells/in.” uncoated cordierite honeycomb
(UCH) monolith. A list of some bulk material properties is
given in Table 1.

Experimental Procedure for Testing
Ceramic Regenerators

Data were taken by holding either the intake airflow rate or
the mass basis AF constant while physically changing the
other. Changing the intake airflow rate with a constant AF
shows the effect of throttling, and varying the AF with a con-
stant intake airflow rate shows the effects of the stoichiometry.

A typical test begins with the engine at ambient temperature.
Next, cranking the cold engine at open throttle, spark-induced
combustion was heard. This combustion was very infrequent,
and the rpm of the engine had to be kept below 900 rpm
(caused, presumably, by convective cooling of the spark kernel
not allowing the flame to propagate at a higher rpm). After
approximately 2 min, depending on the type of matrix, the
combustion noise changed to a rapid, repeatable pattern. At
this point the matrix reaches temperatures able to ignite the
intake mixture. The spark plug was then shut off and the intake
throttled. Throttling was necessary to keep the matrix from
reaching temperatures above the maximum operating temper-
atures of the thermocouple probes (1100°C). With no electric
spark in the combustion chamber, all ignition originated at the
regenerator matrix surface. All data were recorded under throt-
tling with matrix surface ignition.

When readings stabilized, the following data were recorded:
for surface temperatures, thermocouple output voltages and
control room temperature (reference junction temperature), for
emissions, %CO, %CO,, %0,, and ppm hydrocarbons (on a
dry gas, mole fraction basis assuming all of the unburned hy-
drocarbons having the composition of gasoline), and finally
for intake airflow, a manometer with test cell temperature and
pressure readings for air density correction. To record temper-
ature and emissions, the procedure was to wait until readings
conformed to as small a variation as possible, quantify the
range, and average several readings. Total run times lasted ap-
proximately 15 min. Experimental results will show that com-
bustion occurs primarily above the ceramic matrix with our
experimental setup, and that the aluminum head will begin

melting when exposed to this heat release for times longer than
15 min.

These tests did not record the emissions of NO,. If the ma-
trix were to absorb part of the heat of reaction, thereby low-
ering the combustion products temperature, then the total out-
put of NO, is expected to decrease. This effect has been
shown® to be true for radiant tube burners using reticulated
ceramics to augment radial heat transfer. However, our system
will preheat the intake air as it passes through the regenerator,
leading to a rise in combustion product temperature and NO,
emissions. It has been shown” that this effect can be countered
by increasing the equivalence ratio and reducing combustion
product residence time to these temperatures and pressures (for
our case, increasing the rpm).

Uncertainty of the Experiments

In all plots, either AF or intake airflow rate are held within
a constant range (e.g., investigating the effects of throttling
while holding the AF within the range of 13.7-14.7); the var-
iation within the constant AF range induces some natural scat-
ter in the data because not every test point was taken under
identical conditions.

Averages for surface temperatures and emissions were taken
from three to four sampled data. Our aim was simply to quan-
tify the temperature levels found on the ceramic top and bot-
tom surfaces, and the largest variation of the experimental data
was *+43°C. This maximum variation, along with the error
associated with each thermocouple (0.75% of reading from
0°C), gave a value of +45°C to use as the deviation for surface
temperature readings. Since all temperature measurements
have the same uncertainty, the corresponding figures in this
article do not show error bars. When measuring temperatures
in excess of 1000°C, *£45°C corresponds to a 4.5% uncer-
tainty.

Intake airflow measurements were taken with a manometer.
A value of £0.5 kg/h was the calculated uncertainty for all
intake airflow measurements reported here. This value was ob-
tained from the resolution of the manometer.

The gas analysis data have an uncertainty of 3% of reading.
A rms analysis results in a deviation of *£0.3 for all AF cal-
culations. This value was calculated by finding the largest var-
iation in AF with a 3% change in each variable (%CO, %CO.,
and %0,) and taking the square root of the sum of the squared
differences of measured AF and its variation.

Experimental Results

It will be shown that the data can be grouped and their
effects noted according to regenerator matrix surface temper-
ature. To do this, the data were broken into two categories:

1) When the regenerator top surface temperature was above
that of the bottom by at least 50°C (called top surface hotter).

2) When the bottom surface was at or near the top surface
temperature (called both surfaces equal temperature).

Low throttling (intake airflow rates generally above 8.4 kg/
h) and AFs between 14.7-20 lead to the top surface hotter
case, and the opposite lead to both surfaces being nearly equal
in temperature. Top surface hotter always occurred at temper-
atures able to ignite the intake flow before the gases had flown
through the matrix, and was generally associated with good
combustion. Good combustion was characterized by unburned
hydrocarbon levels below 100 ppm, %CO below 0.2%, %CO.



SEPKA AND RUIZ 215

above 11%, and %O, between 3 -5%. For low amounts of heat
release it was possible to cause the regenerator bottom surface
temperature to exceed the top, resulting in poor, incomplete
combustion. This was probably the result of ignition delay or
of reactions occurring only on the regenerator surface, unable
to proceed into the homogeneous gas phase.

These effects are illustrated in Figs. 2-4. These tests with
the 15-ppi ZTA matrix had the intake airflow rate varied be-
tween 6.5-11.5 kg/h while holding the AF to a nearly constant
range of 13.7-14.7. The ZTA regenerator data are chosen be-
cause they typify the results obtained for the mullite and cor-
dierite regenerators, respectively.

For the case of hotter top surface, the top surface tempera-
tures were between 941-1017°C, and the bottom surface tem-
peratures were between 830-895°C. For the case of both sur-
faces having nearly equal temperatures, the top surface
temperatures were 856-910°C, and the bottom surface tem-
peratures were 867-890°C.
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Fig. 2 Unburned hydrocarbon emissions for 15-ppi ZTA regen-
erator with AF 13.7-14.7. [¢], top surface hotter and 4, both sur-
faces equal temperature.
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Fig. 3 Carbon monoxide emissions for 15-ppi ZTA regenerator

with AF 13.7-14.7. [*], top surface hotter and ¢, both surfaces
equal temperature.
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Fig. 4 Carbon dioxide emissions for 15-ppi ZTA regenerator
with AF 13.7-14.7. [*], top surface hotter and ¢, both surfaces
equal temperature.

Figure 2 illustrates the relation of surface temperatures to
the emissions of unburned hydrocarbons. For top surface hot-
ter, unburned hydrocarbon emissions were between 60-215
ppm. When both surfaces were of equal temperature, hydro-
carbon output rose to 523-1186 ppm (an increase of nearly
600 ppm). Large variations in unburned hydrocarbons exist for
this case with generally poor combustion.

Figure 3 illustrates the effects of surface temperatures on
emissions of carbon monoxide (%CO). For top surface hotter,
CO was between 4.86-8.26%; when both surfaces were of
equal temperatures the CO value rose to 8.08-9.68%.

Figure 4 illustrates the effects of surface temperatures on
emissions of carbon dioxide (%CO-). For top surface hotter,
CO, was between 8.8-11.4%; when both surfaces were of
equal temperatures the CO, value fell to 6.8-8.4%.

These figures are shown to indicate that the case of com-
bustion occurring primarily above the regenerator led to better
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Fig. 5 Comparison of unburned hydrocarbon emissions with AF
(airflow 9.6-10.9 kg/h) for all three regenerators. [*], 15-ppi ZTA;
4, 20-ppi mullite; and X, 300 UCH.
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Fig. 6 Comparison of carbon dioxide emissions with AF (airflow
9.6-10.9 kg/h) for all three regenerators. [*], 15-ppi ZTA; ¢, 20-
ppi mullite; and X, 300 UCH.
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Fig. 7 Comparison of carbon dioxide emissions with AF (airflow
9.6-10.9 kg/h) for all three regenerators. [*], 15-ppi ZTA; ¢, 20-
ppi mullite; and X, 300 UCH.
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Table 2 Comparison of typical emissions

Parts per million

Engine %CO %CO» % 0» hydrocarbons
Regenerative (AF 17.2-19.1)
20-ppi mullite Below 0.35 11.9-13.2 3.7-5.5 10-40
15-ppi ZTA Below 0.35 11.6-12.7 3.7-5.4 35-110
300 UCH Below 0.35 11.8-12.5 3.9-53 50-110
1000 9, where the bottom surface temperature of the 300 UCH mon-
1 olith was consistently below that of the two reticulated ceram-
950'_ . x ics. Since the hot gas was coming from the top, the tempera-
g} 900 - n Tee x ture of the bottom surface would l?e proportional to the amount
& | & x'i ® gf heat absorbed as the combustion products flowed through
5 4 A comparison of exhaust gas analysis is shown in Table 2
% 800 * for intake airflows between 9.6-14.5 kg/h with an AF range
& of 17.2-19.1. Based on these results, the 20-ppi mullite sam-
7507 ple had the best performance. It produced the lowest unburned
hydrocarbons emissions, 10-40 ppm, for all three regenera-
700 0 ' ]'5 ' 2'0 ' 2'5 ' 3'0 ' 3'5 tors. The values of %CO for all three matrices are below
AF 0.35%, and the values of %CO. are between 11.6-13.2%.

Fig. 8 Comparison of bottom surface temperatures with AF (air-
flow 9.6-10.9 kg/h) for all three regenerators. [¢], 15-ppi ZTA; ¢,
20-ppi mullite; and x, 300 UCH.
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Fig. 9 Comparison of bottom surface temperatures with airflow
(AF 17.2-19.1) for all three regenerators. [*], 15-ppi ZTA; ¢, 20-
ppi mullite; and x, 300 UCH.

combustion, and also that throttling does not noticeably influ-
ence the composition of the exhaust gas.

Next, the effects of lean ignition were studied. Figures 5-7
show a comparison of the three matrices. Combustion at AFs
above 20 was possible with unburned hydrocarbon levels be-
low 100 ppm for the 300 UCH and 20-ppi mullite regenerators,
respectively. This was probably because of the large reaction
surface area of the matrix. These results are unlike those of
conventional SI engines, which have unburned hydrocarbon
levels rising with AFs above 19. For an SI engine, very lean
intake mixtures result in rising unburned hydrocarbon output
because the reaction does not reach all regions of the cylinder,
leaving part of the intake mixture unreacted.

The data also show a strong dependence of the exhaust com-
position on AF. Figure 5 indicates unburned hydrocarbons lev-
els to be above 200 ppm for rich intake mixtures (AF < 14.7),
with values generally below 100 ppm at lean intake mixtures.
Figure 6 shows the typical steep drop-off in CO emissions as
the stoichiometric point (AF = 14.7) is passed. Finally, Fig. 7
shows an asymmetric bell-shaped curve with its peak nearly
on the stoichiometric point.

Since the 15- and 20-ppi regenerators’ cell structure is re-
ticulated, we expected them to outperform the 300 UCH mon-
olith in terms of heat transfer. This is supported by Figs. 8 and

When the three regenerators were examined after testing, no
carbon deposits were apparent. It appears that the matrix tem-
perature was high enough to burn off any particulates accu-
mulated on its surface.

The time needed by the 20-ppi mullite matrix to reach self-
ignition temperature from ambient was approximately 50 s.
The UCH monolith took approximately 1.5-2 min, and the
15-ppi ZTA matrix took a minimum of 5 min. For the ZTA
regenerator, it was often necessary to let the engine run with
spark ignition for 3-4 min and then reduce the rpm of the
engine to increase the contact time of the reactants with the
regenerator surface.

Prior to surface ignition of the intake mixture, the combus-
tion origin was a spark located underneath the matrix. As a
consequence, the regenerator’s bottom surface was directly ex-
posed to the combustion and reached self-ignition temperature
(approximately 750°C) before the top face did. At this point
the temperature difference between both surfaces was less than
100°C, and the time for the top surface to reach self-ignition
temperature was between 3-10 s.

During warm-up the matrix quenched the reaction, resulting
in extremely high emissions of unburned hydrocarbons, with
values typically above 2000 ppm. When self-ignition did oc-
cur, the reaction became nearly complete and unburned hydro-
carbon output fell below 100 ppm.

Conclusions

1) Ignition of premixed gasoline and air by a reticulated
ceramic surface is possible and can lead to complete and ef-
ficient combustion.

2) Complete combustion occurs when surface temperatures
are above 1000°C. For our system, the heat release needed to
reach these temperatures always resulted in the regenerator
matrix top surface temperature being above bottom.

3) The large surface area of the matrix makes complete com-
bustion possible with mass air-fuel ratios above 20.

4) With combustion initiated by the regenerator, carbon par-
ticulate buildup did not occur on the regenerator surface under
most trials of airflow rate and air-fuel ratio. Only when the
matrix surface temperature was too low (<900°C) to initiate
combustion did this occur.
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