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ABSTRACT 

An experimental study was conducted to 
determine the feasibility of using catalytic 
combustion with heat removal for the Stirling 
engine to reduce exhaust emissions and also 
improve heat transfer to the working fluid. 
The study was conducted using spaced parallel 
plates. An internally air-cooled heat ex
changer was placed between two noble metal 
catal ytic plates. A preheated fuel-air mix
ture passed between the plates and reacted on 
the surface of the catalyzed plates. Heat 
was removed from the catalytic surface by 
radiation and convection to the air-cooled 
heat exchangers to control temperature and 
minimize thermal NOx emissions. The study 
was conducted at inlet combustion air tem
peratures from 850 to 900 K, inlet velocities 
of about 10 m/s, equivalence ratigs from 0.5 
to 0.9 and pressures from 1.3x10 to 
2 .0x10~ Pa. Propane fuel was used for all 
testing. Combustion efficiencies greater 
than 99.5 percent were measured. NOx emis
sions ranged from 1.7 to 3.3 g N02/kg fuel. 
The results demonstrate the feasibility of 
the concept and indicate that further inves
tigation of the concept is warranted. 

1 



AS PART OF THE STIRLING ENGINE Highway Vehi
cle Systems Project, Lewis Research Center is 
currently considering catalytic combustion as 
a potential low-emissions concept for the 
Stirling engine. The present study was per
formed to evaluate one catalytic combustor 
configuration at Stirling engine conditions 
to determine if catalytic combustion might 
offer emission or heat transfer advantages 
over conventional combustion systems. 

A cross-section of the P40 Stirling 
engine is shown in Fig. l(a). The engine 
operates on the thermodynamic cycle of iso
thermal compression and expansion and con
stant volume heating and cooling. The work
ing fluid, usually hydrogen, is heated, 
cooled, expanded, and compressed at the ap
propriate times in the cylinders to move the 
pistons and drive the engine. The working 
fluid is moved from the hot end of the cylin
der, through the heater tubes, where heat is 
received from the combustion products, into 
the regenerator, where heat is given up and 
stored, then through a cooler, where it is 
cooled, and finally enters the cold end or 
lower portion of the cylinder. As the piston 
moves down, the working fluid is pumped back 
through the cooler, regenerator and heater 
tubes into the hot end of the engine where it 
expands and pushes the piston down. As the 
piston moves up, the cycle is repeated. A 
complete description of the Stirling cycle 
can be found in Ref. 1. A schematic diagram 
of the conventional combustion system used 
for the P40 Stirling engine is presented in 
Fig. l(b) (2). Average temperatures are 
shown in the figure. Combustion air is sup
plied by a blower. The air passes through a 
preheater where it is heated to approximatel y 
1000 K and then enters the combustor . Fuel 
is injected through an air-assist fuel injec
tor and combustion takes place at equivalence 
ratios ranging from 0.6 to 0.9 . The combus
tion products pass over two banks of heater 
tubes through which the working fluid is 
flowing. Heater tube wall temperature is 
held constant at about 1000 K. After passing 
over the heater tubes, the combustion pro
ducts exit through the preheater where their 
sensible heat is used to preheat the inlet 

*Numbers in parentheses designate Reference s 
at end of paper. 2 



air. The Stirling engine is inherently a 
producer of high NOx emissions because of 
the near stoichiometric conditions in the 
combustor. To meet automotive NO x stan
dards, exhaust gas recirculation is used 
(2-4). As shown in Fig. l(b), it ranges f r om 
30 to 90 percent of the inlet air flowrate . 
Hi gher engine cycle efficiencies require 
hi gher working fluid temperatures (1) . Thi s 
may necessitate increased levels of Exhaust 
Gas Recirculation in order to meet NOx 
em i ssion standards. 

Catalytic combustion is being consider ed 
as an alternative to the previously descr ibed 
conventional system. Catalytic combust ion 
wi th heat removal has the potential of com
bining the combustor and heater tubes into an 
integral unit. Catalytic combustion with 
heat removal may offer several advantages 
over a conventional combustion system. 
Catalytic combustion is capable of reactin g 
fuel-air mixtures at lower combustion tem
peratures than would otherwise be possible 
(S- 6). With an integral catalytic combus
tor/heat exchanger, heat can be removed fr om 
the system as combustion is occurring which 
will reduce flame temperatures and minimize 
the formation of thermal NOx emissions. 

Catalytic combustion with heat removal 
has been successfully tested for application 
to watertube boilers (7). A configuration 
utilizing two concentric tubes with air cool 
ing of the center tube and combustion of a 
fuel-air mixture in the annulus has also been 
successfully tested. Combustion efficienc ies 
greater than 99.S percent and NO x emission s 
less than 2 parts per million were obtained 
(8) • 

For the present study, an experimental 
evaluation was conducted for a configuration 
that used the radiation-cooled concept of 
Ref. 8. It consisted of a series of spaced 
parallel plates. Each plate was 10.2 cm long 
and 10.2 cm high. An air-cooled heat ex
changer plate was placed between two cata lyst 
coated plates. Tests were conducted at inl et 
air temperatureg up to 900 K, pressures of 
1. 3x10S to 2xlO Pa, and a range of 
equivalence ratios from O.S to 0.9. Prop ane 
fuel was used for all tests. Inlet and ex it 
t emperature of the cooling air and combust ion 
mixture were measured. Heat exchanger pl ate 
wall temperatures were also measured. Com
bus tion products were sampled and concentra- 3 



tions of C02, CO , NOx, and unburned 
hydrocarbons were measured . 

EXPERIMENTAL DETAILS 

The test section simu lated a segment of a 
possible Stirling engine heater head design . 
Figure 2(a) is a schematic drawing of the 
test rig used for this study. The test sec
tion was constructed of 0.64 cm thick stain
less steel plate welded into a rectangular , 
12.4 by 15.2 cm inside dimensions, test sec
tion. The test section was internally 
insul ated with castable insulation to mini
mize heat los ses. Inlet combustion air was 
indirectly preheated and entered the test 
section at temperatures up to 900 K. Inlet 
air ' temperature was measured with a single 
Chromel/Alumel thermocouple. located at the 
centerline 6.35 cm upstream of the cata
lytic and heat exchanger plates . All tem
peratures were measured with Chromel/Alume l 
thermocouples. The combustion air flowed 
through two mUllite honeycomb monolith flow 
straightness. Both monoliths had 0.318 cm 
round holes. For the second monolith placed 
directly upstream of the catalytic and heat 
exchanger plates, all holes were blocked with 
ceramic cement except those alligned with the 
rectangular passages between the plates. 

Gaseous propane fuel was injected through 
s ixteen, 0.03 cm inside diameter tubes which 
were placed inside the open passages of the 
flow straightener and equally spaced. The 
tubes were placed in two rows of 8 tubes to 
inject fuel into each of two rectangular 
passages. All fuel tubes were the same 
length, 25.4 cm, to provide equal flowrates 
through each tube and obtain a uniform fuel
air mixture for the catalytic plates. 

The catalytic and heat exchanger plates 
were located directly downstream of the fuel 
inj ector as shown in Fig. 2(a). Figure 2(b) 
is a drawing of the plate configuration 
tes ted. The configuration consisted of three 
spaced parallel plates. A heat exchanger 
pl ate was placed btween two catalytic 
plates. Plate spacing of 0. 318 cm was main
tai ned by ceramic rods inserted between the 
plates. The preheated fuel-air mixture 
flowed through the two passages between the 
plates and reacted on the surface of the 
catalytic plates. For some cases, combustion 
gas temperature was measured at two axial 4 



locations in each passage. Castable insula
tion, not shown in Fig. 2(b), completely en
cased the plate assembly to insulate and also 
prevent bypassing of the flow around the 
plates. 

Figure 3 is a drawing of the heat ex
changer plate. It was 0.64 cm thick. It was 
internally air-cooled with the cooling air 
making 8 passes through the plate. Cooling 
air passages with rectangular cross sections 
of 0.91 by 0.32 cm. were machined in the 
plate. The heat exchanger plate was con
structed of Hastelloy-X. Cooling air entered 
and exited the heat exchanger plate as shown 
in Fig. 3. Wall temperatures were measured 
with shielded thermocouples attached to the 
outside walls. 

The catalytic plates were made from sin
tered silicon carbide with an alumina wash
coat to which a noble metal catalyst was 
applied. Catalytic plate length and height 
was the same as the heat exchanger plate, 
10.2 by 10.2 cm. Plate thickness was 
0.318 cm. 

Combustion products exit temperature was 
measured 3.5 cm downstream of the catalytic 
and heat exchanger plates with two thermo
couples located approximately 0.2 cm from 
each side wall. A water-cooled stainless 
steel gas sampling probe was used to obtain a 
continuous sample for emissions measurements 
10.17 cm downstream of the plates at the rig 
centerline. The gas sample line was heated 
to prevent unburned hydrocarbons from con
densing. Concentrations of CO and C02 were 
measured with nondispersive infrared ana
lyzers, unburned hydrocarbons with a flame 
ionization detector and nitrogen oxides 
(total NO + N02) with a chemiluminescent 
analyzer. A manual back pressure valve was 
used to control rig pressure. Combustion 
and cooling air flowrates were measured 
with calibrated 0.254 cm diameter orifices. 
Gaseous propane fuel flowrates were measured 
with a calibrated 0.051 cm diameter orifice. 

MEASUREMENTS AND COMPUTATIONS 

INLET VELOCITY - Inlet velocity was cal
culated using the air and fuel mass flow
rates, inlet air temperature, inlet pressure, 
and the cross-sectional flow area between the 
plates. 5 



EMISSION INDEX - Emissions were measured 
as concentratiops in ppm by volume, corrected 
for water of combustion, and converted to 
emission indices using the expressions in 
Ref. 9. 

COMBUSTION EFFICIENCY - Combustion effi
ciency was calculated from the expression, 

EFF = 100 - 0.1 [E.IHC - E.I.HC,EQJ 

where 

EFF 
E. 1. x 

HV x 

[ 
HVCO ] 

- 0.1 HV [E.I· CO - E.I· CO EQJ 
FUEL ' 

combustion efficiency, percent 
emission index of specie x, 

gx/kg fuel 
net heating value of specie X, J/kg 

Equilibrium values, E.I. x eq at the 
average measured exit temperature were cal
culated using the computer program of Ref. 10. 

HEAT FLUX - Heat flux to the cooling air 
was calculated using the measured cooling air 
mass flowrate, the temperature difference 
between the inlet and exit, and an average 
constant pressure specific heat at the aver
age cooling air temperature. 

RESULTS AND DISCUSSION 

EMISSIONS - The effect of equivalence 
ratio on NO x emssions is presented in 
Fig. 4. NO x emissions are presented as an 
emission index, g N02/kg fuel for equiva
lence ratios ranging from 0.55 to 0.90. 
NOx emissions ranged from 1.7 to 3.3 g N02/k9 
fuel. Data are presented for three combus
tion air flowrates at inlet air temperatures 
from 850 to 900 K. Pressure ranged from 
1.3x10S Pa at 2.8 g/s to 2.0x10S Pa at 
5.1 g/s. The program NO x emission goal of 
3.7 g N02/k9 fuel is shown for comparison. 
It is based on a proposed standard of 
0.4 g NOx/mile and was calculated using the 
density of diesel no. 2 fuel and a steady 
state fuel economy of 30 miles/gallon. All 
measured NOx emissions are below the pro
gram goal. From Fig. 4, the NO x emission 
index decreased with equivalence ratio. 
NO x concentration levels in parts per 6 
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million increased slightly with equivalence 
ratio. Data are shown for cooling air flow
rates of 3.5 and 5.9 g/s. At a constant 
cooling air flowrate, NO x emissions in
creased as the combustion air flowrate 
increased. Less heat was removed as a per
centage of that available at the increased 
combustion air flowrates and the temperature 
of the system increased. This would be ex
pected to increase NOx emissions. Pressure 
was also increased at the increased combus
tion air flowrates which would also tend to 
increase NO x emissions. Little effect of 
cooling air flowrate, however, was shown on 
NOx emissions at a combustion air flowrate 
of 2.8 g/s. For this combustion air flow
rate, at an equivalence ratio of 0.88, cool
ing air flowrates of 5.9 and 3.5 g/s produced 
exit temperatures of 1352 and 1420 K, respec
tively. Little measureable difference in 
NO , emissions would be expected at these 
relatively low temperatures for a difference 
of 68 K. 

The effect of equivalence ratio on CO 
emissions is presented in Fig. 5. CO emis
sions are presented as an emission index, g 
CO/kg fuel, for equivalence ratios ranging 
from 0.55 to 90. Data are presented for the 
identical flowrates as in Fig. 4. A CO emis
sion program goal of 32.0 g CO/kg fuel is 
shown for comparison. It is based on a pro
posed standard of 3.4 g CO/mile and was again 
calculated using the density of diesel no. 2 
fuel and a fuel economy of 30 miles/gallon. 
The CO emission index ranged from 0.3 to 
2."7 g CO/kg fuel and was well below the pro
gram goal. CO emissions generally decreased 
with equivalence ratio until about 0.75 or 
0.8 and then increased. For a constant cool
ing air flowrate of 5.9 gIs, CO emissions 
decreased with increasing combustion air 
flowrate. At the higher combustion air flow
rate, system temperatures were increased and 
pressure was also slightly higher, both of 
which tend to increase reaction rates and 
reduce CO emissions. At a combustion air 
flowrate of 2.8 gIs, little effect of cooling 
air flowrate is shown at an equivalence ratio 
of 0.88, however, a small effect is shown at 
an equivalence ratio of 0.75. This could be 
attributed to data scatter at these very 
small values since there is a difference of 
only 20 ppm. Calculated equilibrium values 
of CO at the average exit temperature ranged 7 
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from about 1x10-3 to 2x10-2 g CO /kg fuel 
for the equivalence ratios and exit tempera
tures of this study. Equilibrium CO in
creased with both equiva lence ratio and ex it 
temperature. Even though measured CO emis
sions were above the equilibrium values, they 
were still very low. Combustion efficiencies 
greater than 99.5 percent were measured for 
all data points shown in Fig. 5. 

No data are presented for unburned hydro
carbons emissons. They were extremely low at 
the f air ly high inlet air temperatures used 
for this study for combustion products exit 
temper atures greater than approximately 
1250 K. At exit temperatures below 1250 K, 
combustion efficiency decreased rapidly and 
unburn ed hydrocarbons emissions increased . 

Axial temperature profile of the system 
is presented in Fig. 6. Temperatures of the 
combustion gas, heat exchanger plate, and 
cooling air are shown for a combustion air 
flowrate of 2.8 g/s and an equivalence rat io 
of 0.9. The combustion efficiency was 99 .88 
percent. Combustion gas temperatures are 
shown for both flow passages. As shown in 
Fig. 6, the inlet air temperature was 900 K. 
At a distance 2.5 cm downstream of the lead
ing edge of the plates, the average combus
tion gas temperature in the passages was 
1200 K. The combustion gas temperature in
creased to an average of 1435 K at a dis tance 
7.5 cm downstream of the plate inlet. The 
temperature of the combustion products re
mained essentially constant from 7.5 cm down
stream to the measured exit temperature at 
13.5 cm downstream. Heat exchanger plate 
wall temperature increased linearly from 
1090 K at 1.2 cm downstream to 1165 K at 
8.7 cm from the leading edge. Cooling air 
temperatures, measured only at the inlet and 
ex it, were 290 and 880 K, respective ly. The 
larger temperature difference between the 
heat exchanger plate wall and the cooling air 
as compared to the combustion gas and the 
heat exchanger plate wall indicates that the 
cooli ng air heat transfer coefficient is 
small er than the combustion side coeffic ient 
and was the limiting heat transfer coeff i
cient fo r this case. 

HEAT FLUX - Heat flux~ as a function of 
the fuel flowrate in W/cm , is presented in 
Fig. 7. The parameter is based on the side 
exposed heat exchanger plate surface area , 

• 
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206.5 crrf. Data are shown for three com
bustion air flowrates at inlet air tempera
tures from ~50 to 900~. Pressure ranged 
from 1.3x10 to 2.0x10 Pa. The cooling 
air flowrate was held constant at 5 .9 g/ s. 
Heat flux available from the fuel is shown . 
As shown in Fig. 7, heat flux to the cooling 
air ranged from about 11 to 15 W/cm2• At a 
fuel flowrate of 0.1 gis, 44 percent of the 
heat available from the fuel was transferred 
to the cooling air. Another 20 percent of 
the heat available from the fuel remained in 
the combustion products. Heat flux to the 
combustion products was based on the increase 
in combustion gas temperature from the inlet 
to the exit and does not include the sensib le 
preheat of the combustion air. About 40 per
cent of the heat available from the fuel was 
lost from the system as heat losses. More 
insulation would decrease this loss. How
ever, at the relatively low flowrates used 
for this study, heat losses are expected to 
remain fairly large. In an engine applica
tion, a configuration utilizing this concept 
would probably consist of a circular arrange
ment of alternating heat exchanger and cata
lytic plates and heat losses could be kept to 
a minimum, since the heat loss from the side 
would be eliminated. 

For this study, the heat exchanger plate 
wall temperature was maintained at approxi
mately the heater tube temperature of the 
P40 Stirling engine, 1000 - 1200 K. The P40 
Stirling engine uses high pressure hydrogen 
as the working fluid which has a very high 
convective heat transfer coefficient. The 
bulk temperature of the hydrogen is only a 
few degrees less than the heater tube wall 
temperature. Utilizing hydrogen as a coolant 
in the heat exchanger plates could increase 
the heat transferred to the coolant. It 
would be necessary, however, to design the 
system such that the wall temperature be kept 
at current levels. Too much heat cannot be 
extracted, however, or the combustion reac
tions will be quenched and poor combustion 
efficiencies will result. If gas phase reac
tions in the passages are not initiated, 
which quickly completes the combustion reac
tions, and only surface reactions are oc
curring on the catalytic surface, combustion 
efficiency will be relatively poor since no t 
enough surface area is available for comple te 
conversion of the fuel. If heat losses cou ld 9 



be eli minated and that heat tran sf erred to 
the coolant, about 80 percent of t he heat 
av ailabl e fr om the fuel coul d be tr ansferred 
t o the cool an t at a fuel f lowr ate of 
0.1 g/s . Since combustion ef ficiency was 
greater than 99.5 percent for all points 
shown in Fig . 7, combustion eff iciency could 
be maintained at this level s ince total heat 
removed from the combustion r eactions woul d 
be un ch anged . As previous ly di scussed, the 
exit t emperature of the combus tion products 
must be approximately 1250 K or above, t o 
maintain combustion efficiences of at least 
99 .5 percent. 

Heat flux to the cooling air as a fun c
ti on of the equivalence ratio i s presented i n 
Fig. 8. Heat flux in W/cm2 , based on 
206.5 cm2 of heat exchanger surface area, 
is presented for equivalence ratios ranging 
from 0.5 to 0.9. At a cooling air flowr ate 
of 5. 9 gIs, data are presented fo r three com
busti on air flowrates. At an equi valence 
ratio of 0.8, increasing the combusti on a ir 
flowr ate from 2.8 to 5.1 g/s incr eased t he 
heat flux to the cooling air from 12.7 to 
15.7 W/cm2. At the increased combustion 
air flowrates, more heat is avai l able and 
convective heat transfer coeffici en t s are 
also increased. At a combustion ai r flowr ate 
of 2. 8 gis, the effect of cooling air fl ow
rate is shown. At an equivalence rat io of 
0.89 , increasing the cooling air flowr ate 
from 3.5 to 5.9 g/s increased the heat flux 
to the cooling air from 11 t o 13 . 3 W/cm2. 
As shown in Fig. 8, increasing the cooli ng 
air flowrate had a decreasing effect on t he 
increase in heat transferred to th e cooli ng 
air. At increasing cooling air f lowrates , 
the convective heat transfer coeff icient was 
incr eased, however, heat exchanger plate wall 
temperature decreased. Heat exchanger plate 
wall temperature ranged from about 1000 to 
1200 K. Combustion products exit t emperat ure 
ranged from about 1240 to 1500 K. The system 
demo nstrated very stable operation at equiva
lence ratios up to 0.9. For all data poi nts 
shown, combustion efficiency was greater than 
99.5 percent. 

SUMMARY OR RESULTS 

This study has demonstrated that the 
paral lel plate catalytic comb ustor with heat 
remov al is capable of achieving high comb us- 10 



tion efficiencies and relatively low thermal 
NO x emission at equivalence ratios up to 
0.9. The configuration utilized spaced 
parallel plates with alternating catalytic 
and heat exchanger plates. Combustion effi
ciencies of 99.5 percent and above were mea
sured. NO x emissions ranged from 1.85 to 
3.6 g NOx/kg fuel and were below the pro
gram goal of 3.7 g N02/k9 fuel. Very 
stable combustion and operation of the system 
was obtained at equivalence ratios from 0.5 
to 0.9. At combustion efficiences of 99.5 
percent and above, exit temperature of the 
combustion products ranged from about 1250 to 
1500 K. This is higher than the exit gas 
temperature of 1010 K for the P40 Stirling 
engine. Thus, a second convective heat ex
changer may be required in order to reduce 
the temperature of the combustion products to 
this level and extract additional heat. 

Further investigation of the concept is 
warranted. From the results obtained, it 
appears that approximately 80 percent of the 
heat available from the fuel can be removed 
while maintaining high combustion effi
ciency. The system was not optimized for 
plate spacing or length. A coolant which is 
a better approximation to the hydrogen in 
the Stirling engine should also be used. 
Finally, heat losses for this experimental 
configuration were significant, approximately 
40 percent, and would be reduced in an engine 
application. 
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