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EXECUTIVE SUMMARY

The Jet Propulsion Laboratory (JPL) has previously investigated the
feasibility of suoplementing automotive engine zasoline /air niixtures w:th a hvdro-
gen rich gas in order to permit the combustion of gasoline under ultralcan condi-
tions. It is desirable to operate 2n automobile engine in the ultralean region
hecause the thermal efficiency is increased and the peak combustion tempera-
tures are decteased. increascd engine thermal efficiency leads directly to
improved fuel economy, while lower combustion temperatures result in less
.\’O‘ formation.

The TPL concept for producing the hydrogen avoids the hazard of carryiag
stored quantities of the gas tn the automobile by generating the desired amount
on a den and baszis. This is accomplished by using a hvdrogen generator in
conjunction with a standard IC engine.

The imp.ententation of the hydrogen-cnriched fuels concept consists of
the addit.on of a hydrogen generator to ai internal combustion engine system
tsee Figure lj. Some &f the &l normally provided to the engine is diverted
:v the hydrogen generator. In the hydrogon generator, the fuel is vaporized
and mixed with pre.hcated air after which it is partially oxidized —i.e.,
reazted at an overail rich conditior — on the surface of a low-co3t nickel
catalyst. The products of this reaction are predominantly hydroagen and carbon
mornoxide. Diluent nitrogen from. the air also comprises a significan'’ fraction
of the product gas. Other products are HZO' COz. 2nd unreacted hidrocarbons.
(For a detailed description of the product gas ccmposition, see Tble 1, page 37.)

The product g2a is mixed with primary fuel and ~.r ana is then inducted

into the enginc. This -esulting mixture undergoes combustion iu the engine at
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Fig. 1. System schematic

an air’fuel ratio much leaner than that which could be supported by gasoline
alone. This ultra-lean combustion is accomplished as a result of the lean
flammability limit extension provided by the use of hydrogen in the fuel mix-
ture for the engine.

The results uf this ultra-lean combustion are the reduction of NOx emis-
sions and the improvement in engine therm:1 efficiency. These benefits are the

results of decreased combustion temperatures in the engine which cause:

1) Reduction in the rate of formation of NOx.
2) Reduction in the neat loss to the engine cooling system.
3 Reduced heat content of the engine exhaust.
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4 Reduced energy losses due to dissociation during the combustion

process.

Control of the flowrates of fuel and air to the engine and the hvdrogen
generator is expected to he provided by an electronic controller activated by a
driver-operated foot pedal. The complexity of this system i» anticipated to be
on the same order as that of current production, electronic, fuei injection
systems.

The hydrogen enrichment concept requires that a part of the gasoline
fuel be used to operate the generator. The total usage of gasolire by the
generator and the engine has been shown to be less than an engine operating
withovut hydrogen enrichment because the increased engine efiiciency more
than offsets the generator-associated losses.

In the current work for the EPA, the JPL system has been evaluated in
termis of fuel cuossumption and engine exhaust emissions through multicylinder
{V'-8) automotive engine/hydrogen generator tests, single cylinder tesearch
engire {CFRI tests, and hydrogen-generator characterization tests. Analytical
predictions have been made of the fuel consumption and NO_ emissions which
would result from anticipated engine improvements. The hydrogen-gas gen-
erator, which was tested to quantify its thermodynamic input-ocutput relation-
ships, was used for integrated testing of the V'-8 engine and generator.

Engine (V-8) tests, using gasoline alone as the fuel, were conducted
with the stock, carburetted engine and with the engine modified with the Auto-
tronics induction and ignition systems. These provided a well-defined base-
line from which to make comparisons. The results ~ (hese tests were used

to draw contour maps of brake specific fuel consumption (BSFC) and brake



specific emisgsions as functicns of brake mean effective orcasure (BMEP)Y and
engine speec {(Ri‘M). Tests of the modified engine ccmbined with the hydrogen
generator provided data from which similar maps were made for three hydrogen-
generator flow rates. Engine op=ration on the mixture of generator products
and gasoline was excellent and generally trouble free. No problems reflecting

a =safety hazard were encountered. Post-tes! infspection of the heads, pistons,
and intakes manifold showed no adverse affects from operation with this fuel

mixture.

Tests with a single-cvlinder research (CFR) engine were made to
evaluate the zifect of "leanness of operation” and of hvdrogen supplementa-
tion on critical compression ratio. Operation at ultra-lean conditions does
result in a higher critical compression ratio. This suggests that cither a
higher compression ratio may be used with the mixed fuels (with an atten-
dant increase in efficiency), or a lower octane fuel mav be used at the
current levels of comgpression ratic. This would, in turn, result in some

reduction in maximum eongine power,

An analytical model of a hydrogen-generator subsystem, consisting of the
generator, a compressor, pump and heat exchangers, was used to esnmate the
additional engine power required to operate this subsystern. These estimates
were then used with an analytical model of the combined engine/hydrogen gen-
erator subsysiem to provide predicted system fuel consumption and emissions
performance. The performance of the existing system was predicted and
found to compare tavcrably with that actually observed. The effect on system
performance then was predicted for engine improvements that will allow engine

operation at a leaner condition and for increased compression ratios.



The Federal Driving Cycle was analytically simulated, and a paramectric
study of vehicle fuel consumption and NOx emissions was performed. These
studies showed that ongine modifications, associated with state-of-the-art
hardware and techniques, will result in the hydrogen generator/engine system
giving a simultaneous mileage improvement of 26% and NO‘ emissions of
0.2 gm/mile when compared to a stocx vehicle.

Other significant achievements included determining that the energy con-
tent of the generator output stream is sufficient, in very preliminary startup
tests, to start the (V-8) engine only 20 seconds after the generator is turned
on, and that the systems simulation computer model predicts BSFC within a

few pcrcent of measured data.
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SECTION 1

INTRCDUCTION

A. PURPOSE AND SCOPE

The Eavironamenta! Protecticn Agency (EPA) aas sponsored a critical
evaluation of the JPL hydrogen enrichment concept. This evaluction included
the characterization of a hydroge. gas generator, the testing of a V 8 automotive
cugine operated with the zas gencrator, and an analytical prediction of the per-
fc.narce of an 2ngine/generator system in a 1973 Chevrolet Impala sedan.

To best perform this evaluation, six objectives were establisked. These

odjectives were met by completing technical tasks designed for each objective.

The entire effaort may be Zivided into two parts: an experimental test effort and

an analytical effort. Both are highl - iaterdependent and each of the broad
categories are discussed in more detail below.

7The experime..t2! effort had three ovjectives which are listed below. The

supporti.; technical tasks for each objective are also discussed.

OBJECTIVE 1: To determine the input-output relationship of a hydrogen

generato: and to estimate the engine/generator startup characteristics.
Task (EPA Task A. Complete information on Task A is found in
Section II. B. of this report): A characterization of the hydrogen
gas genea>tor was completed to determine the generator product
composition over a range of generator fuel flow rates and reaction
chamber pressures. The operating characteristics for the primary
components of the generator subsystem were identitied ana this
information and these data were used to estims:te the time required

for the generator to prcduce sufficient chemical energy to start



the automobile (V-§) test engine in a zold condition. Related startup
characteristics of the generator, itszeli, were alsc determined.

OBJECTIVE 2: To measure the performance and emissions of 2 multi-

cylinder (V-8) t :st engine fueled by a mixture of gasoline and hydrogen generator
products.
Task (EPA Task D. See Section II.C.): Ar automobile engine
mounted .n a dynamometer test stand and operated with a gasoline/
hydrogen-generator products mixture was used to gather the ; equired
{V.8) engine performance data. Continuous ernussions data were
measured for NO_, CO and the HC pollutants using emission analysis
equipment operated simultanzously with the engine dyramomazter.

OBJECTIVE 3: To evaluate the effects of ultra.lean engine operation,

resulting {rom hydrogen addition, on the critical compression ratio.
Task (EPA Task E. See Sec*ion II.D.): Tests were ccnducted using
a single cylinder, Cooperative Fuels Research (CFR) engir: to
evaluate the relationship between critical compression ratio, the

degree of lean operation, and hydrogern tlow rate.

The analytical effort also had three objectives which are listed below

along with a brief discussion of the supporting technical tasks.

OBJECTIVE 4: To develop an engineering definition of the hydrogen-

generator subsystem and tke operational characteristics of its subassembly
components.
Task (EFA Task B. See Section III. B.): A hypothetical hydrogen
generator subsystem was synthesized in engineering terms. This
subsystermn was based on test data generated in EPA Task A and

estimated accessory component performance .rom the technical



literature. Tne effect of variations in this accessory load on
system fuel economy and emissions was examined, using the
hydroger. generator/engine model described in objective number
five, below.

OBJECTIVE 5: To develop computer simulations of (a} the hydrogen-gas

generator subsystem, (b) a combined engine/gas generator, and (c) the Federal

Driving Cycle (FDC).
Task (EPA Task C. See Section 1i1.C.): Three computer programs
were developed. The first simulated and predicted the loads as a
fur:ction of generator throughput whidc’. would be imgased on a
vekicle by the generator subsystem. The second simulated engine/
generator combination and predicted both fuel consumption rates
and NOx emissions as functions »f engine operating conditions and
generator throughput. The third simulated a vehicle being driven
over the FDC, and predicted the vehicle performance in terms of
gasoline mileage and NOx emis.ions per mile.

OBJECTIVE 6: To utilize the compater simulations developed to achieve

Objective 5, and to estimate the effects of engine improvements on engine/
generator system performance over the FDC.
Task (EPA Task F. See Section III.D.): Data were generated using
the engine/generator performance predictic:. madel whizn, in turn,
were used as inputs to the FDC simulation for determining fuel
economy and NOx emissions over the driving cycie. This process

was repeated for several alternative engine configurations.



B. TECHNICAL HISTORY

1. Overview

The wide Jdammability limits of hydrogen make it a unique fuel. Small
araounts of hydrugen, when mixed with other fuels, can be used to extend the
flammability limits of the mixture. Fuel/air cycle calculations have long
indicated that very lean operation of an int:-rnal combustion engine would
result in improved engine efficisncy and reduced emissions of NOx by reducing
combustion temperatures. To achieve these advantages, however, it was
necessa~y that the engine operate at a fuel/air ratio leaner than the lean
flammability limit of gasoline. The National Aeronautics and Space Adminis-
tration (NASA) provided the facilities and sponsored a program to demonstrate
by analyses and experimeats that the addition of small amounts of hydrogen to
gasoline resulted in ultra.lear operation with an attendant reduction of NO‘
emis2ions and improvements in engine efficiency.

The use of molecular hydrogen as a fuel for automotive use has serious
drawbacks. No nationwide distribution system for this fuel exists and itz
storage as a high pressure gas or cryogenic liquid requires vehicle capabilities
which do not now exist. To eliminate these difficulties, JPL proposed that the
needed hydrogen be ottained from gasoline already on board the vehicle. This
would be done in a hydrogen generator in which the rich combustion of gasoline
in air would result in a product gas rich in hydrogen plus various residual
hydrocariwns, CO, and diluents.

The maximum theoretical hydrogen yield for a hydrogen generator using
water, gasoline, and air is 29% by volume. When no water is used, chemical
equilibrium calculations indicate that the generator air/fuel mass ratio must be

greater than 5 to avoid soot formation. Under these conditions the maximum



theoretical hydrogen vield is 24% by volume. The catalytic generator used for
the tests described in this report vields 22% by volume hydrogen without produc-
ing soot. This operation is achieved with only gasoline and air as inputs; no
water is used. The catalytic generator has a chemical energy ratio of 80%.
That is, the chemical energy content of the generator output is 80% of the energy
content of the input stream. The remaining 20% is in the form of sensible heat
not useful to engine operation. A schematic of the JPL hydrogen generator svs-
tem currently in use is presented in Figure 1 below, with an explanatory nar-
rative.

The impiementation of the hydrogen enriched fuels concept consists of

the addition of a hvdrogen generator to an internal combustion engine system as
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4
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Fig. 1. System schematic
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shown in Figure.l. Some of the fuel normally provided to the engine is diverted
to the hydrogen generator. In the hydrogen generator the fuel is vaporized and
mixed with pre-heated air after which it is partially oxidized - i.e., reicted

at an overall rich condition - on the surface of a low cost nickel catalyst. The
products of this reaction are predominantly hydrogen and carbon monoxide.
Diluent nitrogen from the air also comprises a significant fraction of the
product gas. Other products are HZO. COZ’ and unreacted hydrocarbons.

{For a detailed description of the product gas composition, see Table 1.

fhis product gas is mixed with primary fuel and air and is then iaducted
into the engine. This resulting mixture undergoes combustion in the engine at
an air/fuel ratio much leaner than that which could be supported by gasoline
alone. This ultra-lean combustion is accomplished as a result of the lean
flammability limit extension provided by the use of hydrogen in the fuel miixtur..

The results cf this ultra-lean combusticn are the reducticn of NOx
emissions and the improvement in engine thermal efficiency. These Lenefits
are the results of decreased combustion temperatures in the engine which
cause:

1) Reduction in the ra‘e of formation of NOx.

2) Reduction in the heat loss to the engine cooling system.

3) Reduced heat content of the engine exhaust.

4) Reduced energy losses due to disassociation during the

combustion process.

Coutrol of the flowrates of fuel and air to the engine and the hyrdrogen
generator is expected to be provided by an electronic controller activated by a
driver operated foot-pedal. The complexity of this system is anticipated to
b~ on the same order as that of current production, electronic, fuel injection

systems.



2. Early CFR Engine Studies

Tt.e hydrogen earichment concept was conceived during the course of a
series of experiments conducted with a single cylinder CFR engin=. In the
initial single cylinder CFR engine work, NOx emissions from various fuels
were compared in terms of grams of emission per indicated horsepower-hour
produced. Fuel consumption was measured in terms of engine-indicated
therma! efiiciency, and combustion conditions were expressed in terms of
equivalence ratio. Equivalence ratio is the actual fuel/air ratio divided by the
chemically correct (i.e., stoichiometric) fual/air ratio. In these CFR engine
experiments, is was shown that NOx emissions from gasoline could be reduced
slightly by lean operation. With gasoline fuel, levels equivalent to the EPA 1978
standard could not be achieved because engine misfire limited the minimum equi-
valence ratio (é) to atout 0.59 (see Figure 2). With hydrogen, however, the
engine was operated down to equivaience ratios of ~C.1 wiere the NOx
eirissions were less than 1/100 of the EPA Standard and are approximately
equal to the EPA ambient air standard (0.25 ppmj. Since the extremely low
NOx emissions achievzble by lean combustion with pure hydrogen are nct
required, it is more practical to use smail amounts of hydrogen to extend the
opcrating range for gasoline into the ultra-lezn region. It is desirable to
limit the amount of nydrogen needed to minimize the hydrogen-.generator size
and reduce the 2ffect of z=nerator efficiency on overall fuel economy.

Mixtures of hydrogen and gasoline in the CFR engine showed very iow
NOx emissions in the ultra-lean region. Carbon monoxide emissions were
measured and found also to be below the EPA 1978 Standards, s Jong as
adequate quantities of hydrogen were used to avoid nrisfire. As discussed in

Section II.C., Concluding Rcmiarks, (he favorable CO reauits were not
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duplicated when the V-8 engine was operated with generator products.
Apparently, the CO in the generator product stream is the source of the engine
CO emissions. Hydrocarbon emissions were measured and found to be above
the EPA 1978 Standard.

The CFR studies further indicated that engine thermal efficiency was
inversely related to equivalence ratio as predicted by theory. This is illus-
trated in Figure 3,

Thermal efficiency increases of approximately 40% (from about 0, 23 for
conventional systems to about 0. 33 for hydrogen and gasolire mixtures) were

indicated from these studies. Increased vehicle fuel economy is directly
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proportionate to increared engine thermal efficiency and, as will be shown
later, mcre than offsets the penalties associated with the use of the gas
generator.

3, Early V-8 Engine Studies

The NOx emission data generated by V-8 engine tests, made using
bottled hydrogen, reinforced the concepts detsrmined 1n the initial CFR
studies. The V-8 engine NOx vs equivalence ratio curve was similar to the
CFR curve both in characteristic shape and in the values of the data. The
CFR results witlt. carbon monoxide (CO) and hydrocarbon (HC) emissions were

also experienced with the V-3 eagine.



The initial multi-cylinder V-8 engine thermal effi-iency measurements
2xhibited a marked difference from: the single cylinder results., 7The CFR
results showed clear and sharp maxima. The multi-cylinder engine maxima
was broad and not clearly defined. This is thought to be mainly the result of
cvlinder-to-cylinder variations ia equivalence ratio. The phenomena is illus-
trated in Figure i. The same engine was operated with two different induction
systems; one was the system used for the hydrogen generator/engine tests
described in Section 1IC of this report and the second a laboratory system
specifically designed to give uniform equivalence ratio distribution.

Work performed by JPL (after the work reported here) for the Depart-
ment of Transportation, Transportation Systems Center (DOT/T3C) (Ref, 10)

contributed to the knowledge of lean operating V-8 engines. The implementation
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of several engine modifications cllowees the V-8 e. .e, f:eled by gasoline oaly,
to operate approximately 50% leaner thar a stock engine. Although nc hydrogen
enrichment dat> have been token with this modified engine, the same trends of
improved leanness are expected for ultra-lean operarion, Ii the same improved
performance is realized with hydrogen enrichment as has been observed with gas-

oline, then the lean limit lines of Figure 5 will result,

4, Test Vchicle
a. Description
A complete car was modiiied to operate on gasoline /iydrogen mixtures.

This vehicle used aa experimental induction system and high-pressure cylinders
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of hydrogen gas mounted in the trunk. This vehicle was used initiaily to demon-
strate to the NASA the feasibility of the concept of adding gaseous hydrogen to
the fuel-air mixture to reduce emissions and increace fuel ecconomy, The
vehicle used was a 1973 Chevrolet Impala 4-door sedan squipped with 2 250-
cubic-inch V-8 engine.

This vehicle was tested with certain auvxiliary equipment operating such as:
power steering, power brakes, and ar automatic transmission.

Equioment not operated hecause of the complications that would have
resulted to a feasibility demonstration, or because it waz not required, included

-

the following:

° Evaporative cuntrols

] Vacuum snark advance

e Exhaust gas recirculation
° Air injecction reactor

° Arr conditioner/heater

A bottled-gas supply system consisting of three K-siz=2 Lotties was instalied
in the trunk and a prototype mixed {uels induction system replaced the carbhure-
tion system supplied by the car manufacturer, Ali engineering test instrumen-
tation and associated power supplies wcre located on board the test vehicle.

The test vehicle was started by means of the ignition-kev with some auxiliary
manual procedures. However, all start assistan~e equipment was on-board and
all start operations were controlled from the front seat.

b. Performance Summary

Early tests indicated that th> driveability, handling characteristics, and
power response were very similar to a s*2:.dard automobdile. Initiai « issicns

test results over the FDC were promisiny and are summarize .s fc .ws:

12



Parameters Pehiele Bottled Gas E:Sf:ndl:r-’:
Hydrocarbons (gm/mi 2.3 3.1 0. 41
Carbon Monoxide {gm/mii 43.9 2.2 3.4
NOx (gm/mi 1.8 0.6 0.4

HE

Tests continued with added benefit. These additional tests indicated that
hydrocarbon emissions were reduced when the amount of hydrogen was increased
and, for a giver hydrogen flowrate, also showed 2 mininum as a {unction of
equivalerce ratio (see Figuvre 6). This work is discussed in greater detai: in
Section il. D, Task E,

The amount of hyd:ogen 2dded to prevent misfire and the design -equire-

ments of a hydrogen generator ars constraints on the amount of hydrogen tnat

e e e e s e e e ey

®- Gt

HC EMISSIONS, gm/mi

Fig. 6. HC emissions vs equivalence ratio

13



should be added to the gasoline-air mixture. When one considers the
equivalence ratio and the amount of hydrogen requisc2 for low NOx emission
operation, the HC emission vielded by Figure 6 is substantially higher than the
1978 Federal Standard.

This information led to the consideration of using an exhaust catalyst to
reduce the HC and CO emissions with the JPL hydrogen-enrichment concept u:sed

to simultaneocusly reduce the 'NOx emissions.

Refinements to and fine tuning of the bottled-gas test vehicle enabled
JPL to collect test data which reilected the lowest probable emissions that
could be expected without internal engiae modifications and without the use of
an exhaust catalyst. Urpon completion of those tests, an exhaust catalyst was
added to determine the effects. Data from bcth sets of Federal Driving Cycle

tests are summarized as follows:

Updated Bottled-Gas Car
[ M "
. Witk Exhaust | EPA 1978
Parameters No Exhaust Catalyst Catalyst Standard
Hydrocarbon (gm/m) 2.6 0.39 0.41
Carbon Monoxide (gm/mi) 1.6 2.04 3.4
NO_ (gm/mi) 0.31 0.39 0.4

The total gasoline energy used (BTUs per mile) for the unmodified car
as purchased was 12,700 for a2 miles/gallon equivalent of 9.5. The bottled-
gas car with or without the exhaust catalyst used 8,850 BTUs per mile of hydro-~

gen and gas:linc for an equivalent 13 miles per gallon: an improvement of 37%.

5. Hydrogen Generator
A gencral descrip:ion of the hydrogen generator was presented ii: Section

I.B.l., Cverview. More specifically, the generation of molecular hydrogen
14



from a hydrocarbon source is an industrial process in wide ase. The process
used by JPL is described in the following paragraphs, and is similar to those
employed industrially. There are, however, several major differences. A
feel rich mixture of heated air and vaporized gasoline is fed to a reaction
chamber where a small portion of the gasoline feed is completely oxidized.
This combustion supplies the energy necessary for the hydrogen formation.

The remaining gasoline is partially oxidized according to the chemical equation:

C + 49‘.————» 8CO - 9HZ

stis
In addition to the CO and HZ' there are also N; and small amounts of COZ and
uaburned hydrcrarbons (principally CH 4) in the product stream. The products
exit the reactor at a temperature of approximately 1800°F and arc ;-rsed
through a heat exchanger where the air and gasoline feeds are heated.

This concept produced a maximum of 14. 5% hydrogen by volume with a
chemical energy ratio of 67% and had the disadvantages of req- iring water as
well as a large size. Tiis thermal generator was approximately 40 in. long
and 12 in. in diameter.

The reaction chamber may be empty {thermal reformation) or may be filled
with a non-noble metal catalyst (catalytic reformationi. The initial JPL
experience has shown several major advaniages for the use of a catalyst. The
ca.alytic retormation has resulted in a higher hydregen yield (although there is
no theoretical advantage' and has proven much more amenable to the suppression
of soot formation. The thermal reformaticn has required, at least at JPL, the
use of water in the generator feed to prevent soot formation.

Tests were conducted to determine the sensitivity of catalysts to potential

poisoning sources such as leaded-gasoline. A 106-hour test yielded no adverse
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effects from the lcaded test gasoline fuel on a promising hydrogen generator
catalyst. A compact catalytic hydrogen generator was designed and fabricated
which yields 22% aydrogen by volume. This represents an improvement of

52% over the older, therma!l g -nerator designs. In addition, the comga-t
catalytic generator requires no water feed and is only 10 inches iong, about

7 inches in diameter, and operates at 2 chemical energy ratis of 80% (improving

the efficiency by 20% over the t..ermal design).

16



SECTION 11
EXPERIMENTAL WORK

A. OVERVIEW

In this section of the report, the experimental work will be described and
the results of these experiments presents=d. The work statement tasks which
will be discussed here are Task A, Catalytic Generator Characterizatio:

Task D, V-8 Engine Tests, and Task E, CFR Engine Tests.

Three distinct experimental tasks were completed as part of the hydrogen-
enrichment critical evaluation. These were characterization of a hydrogen
generator for both steady-state and startup operation, single-cylinder Coopera-
tive Fuel Research (CFR) engine tests, and multiple-cylinder engine tests with
both gasoline only and gasoline/gas generator product mixtures as the fuel.
Data from these three areas were used to evaluate the state of technological
develanment «f the hydrogen enrichment concept, to assist in the development
of the computer simulations described in sect:cn IIl. C. and III. D. of this report,
and to evaluate the potential of the hydrogen enrichment concept which would
result irom further engine-related improvements.

Prior to beginning the effort described in this document, a significant
amount of engine and vehicle test experience had been acquired using mixtures
of gasoline a. d compressed bottled hydrogen. This previous experience
included operation with single-cylinder engines, multi-cylinder engines, and
vehicles. All these results confirmed the hypothesis upon which the hydrogen
enrichment concept is based (i. e., the use of hydrogen/gasoline mixtures
allows ultra-lean operation with the attendant benefits of increased engine
efficiency and decreased NOx emissioni, but left unanswered the questions

concerning engine operation and performance with hydrogen-gas generator
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products. Specifical'y, questions such as the ‘>llowing remained open: what
is the effect of having combustibles, other than hydrogen, in the hydrogen gas

enerator prcducts? Will the hydrocarbon emissions be acceptable? What is
the variation of engine thermal efficiency with equivalence ratio”> What is the
eifect of hydrogen-gas-generator products on the engine hardware?

The primary cbjectives of the hydrogen-gas generator work was to char-

cterize the input-output relationship of a gas generator and to determine the
startup sequence and cold-start response of a generator. Although the state-
ment of work required only an analytical estirnate of the generator startup
properties, experimental results are presented. The input-output relatiorships
of the generator, which was subsequently used in the V-8 engine/generator
tests, were completely determined and are presented below. It should be noted
that there were two generator designs involved. The generator used for the
engine testing represents an early state of design and was suitable only for
steady-state operation. A NASA-sponsored generator development activity,
which was carried on in parallel with the work descrited in this report, resultec
in a generator design with vastly improved thermal characteristics. This latter
design was the source of the start-up data presented below.

The objective of the multicylinder engine test was to determine the

engine performance, in terms of fuel consumption and exhaust emissions, for
a range of engine RPM, BMEP, and equivalence ratio. This was accomplished
with three distinct engine configurations. Each of the configurations is described
in detaii. The first was the stock engine complete with two-plane manifold,

4-barrel carbureter, exhaust gas recirculation (EGR}, positive crankcase

“As explained in the detailed discussion of these tests, the air injector
reactor (AIR! was not used.
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ventilarian (PCV:, and stock ignition system/spark advance curve. An engine
speed range from idle to 4000 RPM and an engine load range from zero o
wide-open throttle were cavered. These tests were performed, using the same
test stand and instrumentation employed for all the multicylinder engine tests
and thus provided a firm base for comparisons with the hydrogen-earichment
concept.

For the second engine configuration, an Autotronics induction system was
employed and the EGR was disconnected. The Autotronics system replaces the
iutake manifold, the carburetor, and ignition system. For this configuration
the spark advance was controlled manually and was, in general, set for maxi-
mum economy. This configuration was identical to the one used for the com-
bined engine/generator tests and thus provided a measure of how much of the
performance improvemen: resulted from the hardware changes. The engine
conditions were covered as for the stock configuration.

The third configuration, as noted above, was identical to the secoud
except for the addition of a manifold for distribution of the hydrogen gas genera-
tor products, Data were gathered at three steady-state generater flowrates
corresponding to 0.5, *.0, and 1.5 lbm/hr of hydrogen. For each generator
flow, data were taken at approximately 30 combinations of RPM and BMEP.
This covered an RPM range from 1000 to 3000 and a BMEP range up to 70 psi.
This test matrix was selected to provide a good definition of the level-road-load
performance and includes the maximum power conditions required to cover the
EPA Federal driving cycle {TDC). At each operating condition the equivaleace
ratio and spark advance were chosen to yield maximum economy.

The single-cylinder CFR engine tests were designed to aid in understanding

the "hydrocarbon problem,” which appears to accompany lean combustion, and
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to deiermine the eff-ct of hydroeen addition on critical compression ratio.

The T tzats performed at the California Institute of Technology campus,
which led to the hydrogen enrichment concept, did not include measurements of
exhaust hvdrocartons. The multicylinder engine work which preceded the effort
described in this document indicated that as equivalernce ratio was reduced a
minimum hydrocarbon level was achieved. This minimum typically occurred

on the rich s.de of the maximum economy ejquivalence ratio, but the resuli was
always clouded by the fact tha: in a multicylinder engine there are cylinder-to-
cylinder variations in the equivalence ratio. This means that one or more
cylinders reach a misfire condition well before the majority of the cylinders

and hence excessive exhaust hydrocarbons may result even though the overall
equivalence ratio is far removed from where misfire would be expected. There-
fore, a series of CFR engine tests were performed to examine this question but
without the complications of the multiple cylinders. Complete sets of exhaust
emission measurements were made as well as measurements of engine thermal
efficiency. The results of these tests are presented in Section II. D. 2.

It had been postulated that the use of hydrogen enrichment would increase
an engine's critical compression ratio (i. e., the compression ratio at which
"knock’ occurs). A second series of CFR tests were performed to check this
postulate. The results of these tests are also presented in Section II. D. 3.

B. CATALYTIC HYDROGEN GENERATOR CHARACTERIZATION/
STARTUP TESTS (EPA TASK A)

1. Introduction

The JPL approach to improving the efficicncy of an internal combustion
engine, while simultaneously reducing exhaust emissions, is based on operating
the engine in an ultraiean mode as a result of the adcdition of gaseous hvdrogen to

the fuel stream. The source of hydrogen chosen to meet this requirement is
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one that can convert the conventional gasoline fuel, already onboard the ~.ehicle,
to hydrogen on demand. This eliminates the requirements for storage of gaseous
hydrogen cr other hydrogen convertible materials.

There are two basic processes which have been developed for the industrial
production of hydrogen from hydrocarbons. These are steam 1 eforming and
partial oxidation. The steam relorming process consists of a reaction of a
hydrocarbon, such as methane shown below, with steam to produce carbon

moncxide and hydrogen:

Kcal

(1
gm: mole

CH - CG - 3H

4 + H,\? + 280

2

The reaction is highly endoth:rmic and requires an external source of energy.
The partial oxidation nrocess may be visualized as a two-slep reaction
process in which a portion of the fue! is oxidired to >rovide the energy necessary

for the reforming process., The first step is:

. N . Kcal .
CH4 02 — COZ : HZO l300——gm m.ole 104)

This is then followed by the process of Equation 1.
The partial oxidation process was chosen for the JPL automotive applica-
tion for the following reasons:
® Partial oxidation providzs a simplified system design by
elimination of the external water and heat supply required
for steam reforming.
¢ Potentizlly better transient resoonse characteristics since there are
no heat-tracsfer surfaces involved,
® There is little or no soot production dependence upon type of fuel,
® The reduced propensity for soot production allows the use of liquid
fuels from naphthas to heavy iuel oils; whereas, steam reforming

feedstocks are limited to naphiha or lighter hydrocarbons,
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Both types of reactions may be catalyzed with either noble or non-nobl: metal
catalysts. The use of a catalyst allows a closer approach to equilibrium hydro-
gen yields. The relatively high catalyst reacticn temperature (1000 °C) in the
partial oxidation process is considered t> be the source of lead and sulphur
tolerance at concentration levels of 200 and 300 ppm, respectively (Refs. 1

and 2).

Initial fecasibility demonstrations of the hydrogen injection concept used
pure, gasenus hydrogen. Since the product resulting from the partial oxidation
reforming of gasoline contains species other than hydrogen, the enginc per-
formance with generator products was somewhat unknown. Thereiore, it was
agreed that EPA test activities would employ a gas generator. The character-
ization of this gas generator is described below.

It should be noted that the gas generator used for the engine testing was
tha first catalytic generator attempted at JPL. The hydrogen yield was excel-
lent: nearly equilibrium concentrations. However, as noted below, the physical
size of the generator is much larger than necessary. Although no generator
development was done as part of the »£1'A effort, a parallel, NASA-funded
development has been carried out. A considerable red:ction in size was accom-
plished, while stiil producing the same generator ocutput. The transient char-
acteristics of this significantly smaller NASA-funded generator are also
described below, in lieu of the analysis called for in th: statement of work.

2. General Characterization Tests

a. Test Objectives

The objective of the characterization tests of the catalytic generator was

to determine the generator product composition over a range of generator fuel

flowrates, reaction chamber pressures and equivalence ratios,
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b, Gas Generator Hardware Description

The hydrogen generator is shown in Figure 7. A schematic of the
generator is also included in Figure 8. The principal elements of the generator
are a burner section, a catalytic reaction chamber, and a heat exchanger.
During steady-state operation, the burner section ensures completion of the
gaseous fuel-air mixing by means of a hollow cone, swirl injector. The burner
section also includes a second set of fuel and air inlet fittings (see Figure 7) for
generator startup with ambient temperature air and liquid gasoline. This
particular mode of startup was not used during the work described in this
report. As described later, generator startup was always accomplished by
pre-heating the catalyst bed.

The burner is designed to permit two modes of operation, one for startup
with ambient temperature air injection through the side fitting and liquid fuel
atomization through the pressure atomizer. The second is the normal test
mode with a mixture of vapcrized-fuel and preheated air being injected via the
swirl chamber, This chamber produces a short, kighly-vortical-flow burning
pattern between the burner and catalyst chamber,

The reaction chamber shown in Figure 7 serves as the structural and
product containment vessel. It was fabricated from a 26. 0-inch long section
of 8-inch, schedule 5, Hastalloy-C pipe. 7.ne inlet flange, with 3-inch diameter
burner aperture, is bolted to the chamber and the exit flange with 1. 5-inch
exit flow aperture is welded to the chamber. The operating temperature of the
chamber wall is reduced to 1000° F from the catalyst bed operating tempera-
ture of 1850 ° F by the addition of the ceramic liner shown in Figure 7. The
liner is a composite of two ceramic cylinders. The inner cylinder is high
purity alumina purchased from the Coors Co. with a 5. 5-inch internal diameter
by 24 inch length with 1/4 inch wall thickness. The outer cylinder was cast in
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place using a2 ceramic fiber insulation consisting of 50% eack alumina and
silica, and haa a wall thickness of approximately 1 inch.

A total of 13.5 1bm of catalyst was used. The catalyst bed container is a
welded stainless-steel unit (type 316, 0.06 inch wall thickness) with perforated
end plates and is shown with a wrap of asbestos. The chamber contained 4 Ibm
cf 15% nickel catalyst pellets (5/8 inch diameter x 3/8 inch long) and 6 1bm of
25% nickel catalvst pellets {1/8 inch diameter x 1/2 inch long). An additional
3.5 1bin of 11% nickel catalyst pellets (1/2 inch diameter x 1/2 inch long) were
installed betweea the catalyst bed and burner, extending to within 1 inch of the
burner face in a similar container not shown. The cataiysts were obtained from
the Chemtron Corporation and are commercial grades ($3. 00 per 1bm) of hydro-
carboa steam reformirng catalyst.

The heat exchanger is shown schematically in Figure 8. The heat exchanger
was used to cool the generator products and to simultaneously preheat the air-
gascline mixture supplied to the generator. This was accomplished in a 12-foot-
long triple -concentric tube. Heat exchange occurs between the generator pro-
duct gas and ambient temperature combustion air being supplied to the burner.
The cooling air flows through the center 1/2 inch liameter tube and returns in
the outer anaulus, between the 1-1/2 and 2-inch diaineter tubes., The generator
procuct is cooled in vne nass through the i1nner annulus, between the !/2- and
1-1/2-inch diameter tubes.

c. Test Description

Previous experience with the -atalytic generator had identified two opera-
tional constraints. These were: (1) the temperature of the fuel/air mixture
at the inlet of the generator should be maintained above ~40G*F; direct injection
of the liouid fuel into the burner section results in degraded verformance of the

catalyst; The degradation is presumed to be the resuit of carbon accumulation
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on the catalyst; and (2) the maximum catalyst temperature should be niaintained
below ~2000°F. At a temperature of 2080°F there was a two-order-of-magnitude
increase iu the soot (mixture of carbon and partially oxidized hydrocarbons)
production rate. This is presumed to be the result of thermal cracking of the
methane in the product stream,

An electrical air heater shown schematically in Figure 8 was used during
startup to meet the first constraint of air/fuel preheat (the cold-start require-
ments were investigated under N._SA scaasorship). After startup, the heat
exchanger provided t' - necessary air preheat and the electrical heater was de-
energized. Exploratory tests -vith the fuel heater found that it was not needed.
Injection of the liquid gasoline into the nre-keated air stream was suificient to
insure complete vaporization of the gasoline. The second constraint was met
by maintaining the fuel/air equivalence ratio of the generator at 2.8 £ 0.1. For
values of the ratio above 2.9, soot is formed. At equivalence ratios below
2.7, the hydrogen prcduction rate ie reduced witk elevated catalyst temperatures.
These effects -.re shown in Figure 9,

The characterization cests ot the generator consisteZ of a series of forty
operating conditions. Three values of reaction chamber pressure of 2, 8, and
12 psig at each of three fuel flowrates were included. All these tests were
conducted to verify performance repeatability as well as to determine per-
formance variatior as a function of equivaience ratio. At each of the operating
conditions, after steady-state operating temperatures and product cemposition
had been established, a group of 35 operating data parameters were recovded
with a digital data acquisition 2ystem on magnetic tape for post-test computer
daia reduction and analysis. Each data set consisted of fourteen temperature
measurements, ten pressurc measurements which included instrumentation of

the sharp-edge orifice type air and fuel flowmeters, and four generator product
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composition analyses for dry mole fraction of hydrogen, carbon dioxide, carbon
monoxide, and unconverted hydrocarboas (CH s through C6Hl 4\. A gas chromo-
tograph was used to provide backup hydrocarbon analysis as well as verification
of the composition of the unconverted hydrocarbons. In general, the hydrocar-
bon analysis showed 207, methane, ¥, ethylene and only trace amounts of hesav-
ier hydrocarbons.

One other operating characteristic was dctermined for the generator.
This was the soot production rate over the operating range. The p-imary means
of determining soot content of the generator product was to pass the generator
product flow through a 10-micron filter for periods up to 30 minutes, using th-
filter-element weight increase aiter oven drying as a measure of the soct
deposition. A second device was built and installed to provide continuous
optical opacity rucasurements of the product stream, utilizing a var.able
intensity lamp and photo-muitipiier. This device w22 used to indicate qualita-
tive carbon content variatiore with the filter measurements being used to
quantify these measurzments.

d. Test Results

The generator was operated at an equivalence ratio of 2. 8 0.1 over a
fuel {lowrate range from 3.7 to i16.2 Ibm/hr with a corresponding generator
product hydrogen flowrate of 0.4 to 2.1 lbm/hr. The mass yield of hydrogen
was found to be relatively insensitive to reaction chamber pressures over the
test range of 2 to 12 psig. A* the ma~vimum fuel flowrate, a 5% hydrogen yield
increase was observed for a pressure increase from 4 to 12 psig. Figure 10
shows this variation of hydrogen volume percent in the generator product with
pressure. A 10% hydrogen concentration increase from 20% to 22% is shown

for the flowrate increase from 3.7 to 6.2 lbm/hr of fuel. The yield increases
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wi‘h flowrate because of a catalyst tcmnerature increase from 1700 to 1800 ° F.
This, in turn, results in increased catalyst activity. This yield increase
corresponds to a performance increase from 0. 89 to 9. 97 of the theoretical
value of hydrogen volume percent concentrations in the generator product. The
hydrogen and cerbon monoxide concentration data as a function of air to fuel
ratio, shown in Figure 11, agree closely with the theoretical curves.

Figure 12 shows a similar comparison f:r water, carbon dioxide, and
methane equivalent in the genzrator product. The deviation between measured

and theoretical methane ccncentration reflects the source of the sub-equilibrium
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hydrogen yield. It was found in preliminary tests that the amount of unconverted
hydrocarbons could be reduced to the theoretical value with an attendant increase
in hydrogen yield if the catalyst was operated 2t a temperature of 2080 ° F. This
operating condition has been avoided in subsequent tests since the methane
conversion to hydrogen apparently takes place through a mechanism of thermal
cracking as opposed to steam reformung. The thermal cracking is evidenced
by a factor of 50 increase in soot in the generator product. This data is shown
in Figure 13 where soot content as a fraction of fuel flow is plotted as a
function of catalyst temperature.

The theoretical curves shown in Figures 11 and 12 were obtained from

the computer program of Ref. 3. JP-5 (C8H15 35! was used as the fuel in
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those calculations since the hydrogen to carbon fuel ratio is most similar to
the fuel (Indolene-clear) used in the generator tests. The data presented ir
Figure 10 are basically raw data from the hydrogen analyzer on a dry basis
since the analyzer requires sample drying with a water vapor trap. The same
data are shown in Figure 11 where the hydrogen concentrations are slightly
reduced as a result of including an estimate of the water vapor content in the
generator product. The water vapor estimate is made in the computer data
reduction program in an iterative calculation which consists of (1) picking a
value of moisture content, (2} converting the measured values of mole fraction
to a wet basis, (3) calculating the output mass flowrates for CO, COZ’ CH4,

HZ' NZ' and HzO, and (4) calculating a hydrogen mass baiance. This procedure
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is repeated until the hydrogen balance (input minus output) is equal to zero.
Carbon, oxygen, and nitrogen have shown agreement tc within 1% for oxygen
and :utrcgen, and to about 3% for carbon. The soot production measurements,
shown in Figure 13, have characterized this generator as producing 0,002 1bm

of carbon per 1bm of fuel. This accounts for 2/3 of the carbon balance error.

During the generator development tests, an operating condition was
noted in which there was no apparent flame in the void volume upstream of
the catalyst bed. This ~flameless catalytic-oxidation is a desirable condition
and was employed in all subsequent generator/engine tests. The operating
procedures which result in "flameless’ operation also preclude catalyst
temperatures abeve 2000 F. The conclusion that there is no flame is based
on observations of the temperature of the gasoline/air mixture in the void (see
Figure 8 for location of TC-56). At at equivalence ratioc of 2. 8 and in a chamber
without a catalyst, combustion was visually observed at the TC-56 lccation.
Under these conditions, the temperature indicated by TC-56 ranged between
1800 and 2200 F. With the addition of a catalyst and using the proper startup
technique, the TC-56 temperature ranged between 400 and 1600° F. This low
void temperature occurs with high yields of hydrogen and catalyst bed tempera-
tures of ~1800° F. The temperature at TC-56 is apparently a strong function
of the distance between the swirl tube and catalyst bed. This dimension has
been varied from | to 18 inches. It is concluded that the transition from the
flameless mode to the high carbon yield mode, where the catalyst temperature
is 2100 ° F and the TC-56 temperature is 2400° F, is controlled by a combination

of rich tlarnmability limit dependence on temperature and flame instability.
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The computer data analysis ouiput for a typ.cal run condition is shown in
Figure 14. The first four groups of printout lists the operating temperatures,
pressures, input flowrates, and flow dencities. The next two lines of printout
show the wet and dry mole fraction cuncentrations in the generator product.
Using the water vapor esiimate from the hydrogen balance calculation, the
bottom line of printout shows the mass balance errors for the product flowrates
shown in the line above. A set of caiculation results are shown in Table | for
the same test condition. For this calculation, an iterative hand calculation
was made in which all four species mass-balance errors equal zero. Tke
mole fraction and output flowrates in Figures 14 and Table | are seen to agree
closely.

Figur s 15 and 16 show the generator product mass composition variation
as a function of input fvel flowrate. The lines represent the locus of operating
conditions at an equivalence ratio of 2. 8. This equivalence ratio was used for
all subsequent engine/generator tests. The prodact variation with input fuel-
flow rate is very nearly linear, over the range >f fuel flowrates tested, and
the variation in composition of the combustibles is small for a range of ® from
2.4to3.1.

3. Startup Tests

a. Background

In parallel with the engine/generaior tests described in Task D, further
develupment of the catalytic hydrogen-gas generator occurred under NASA spon-
sorship. The improved generator is significantly smaller than the one described
above and consequently has superior thermal transient properties. In lieu of
the analysis called for in the work statement, the startup tests conducted with

this generator are described below.
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Table 1. Results of cal-ulation for operating conditions
with exact input/output mass balances for
carbon, oxygen, nitrogen, and hydrogen

INPUT CONDITIONS

AIR FLOWRATE, lbm/hr
FUEL FLOW, lbm/hr

AIR/FUEL RATIO
EQUIVALENCE RATIO

GENERATOR PRESSURE, psig
CATALYST TEMPERATURE, °F

OUTPUT CCONDITIONS

MOLE
FRACTION
HZ 0.2160
CcO 0.2360
CH4 0 1103
C2Hy 0.09(9
co, 6.0123
H,C 0.0120
N, 0.5125
1.2009
MEAN MOLECULAR
WEIGHT
H,/FUEL
H,/C

EXIT PRESSURE, psig
EXIT TEMPERATUK:, °F
GENERATOR EFFICIENCY

45. 6
8.9

5.16
c. 83

1 4
1774

MASS

FRACTION

0.0194
0.296
0.0074
0.0011
0.024
0. 0097

0.6420

i.0000

22.33
0.12
1.925

EFFICIENCY/THECRETICAL EFFICIENCY

MASS
OUTPUT
lbom/hr

1. 06
16.16

0. 404
0. 062
1.326
0. 529
35.15

54. 72

1.9
1527.0
0. 785

37




OUTPUT FLOWRATES, Ibm/he

CO, CH4, and H

2

as a fanction of fuel flow
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As noted in the description of the generaior characterization above, the
maximu: ~ ~roduction of hydrogen, without sool production, requires a homo-
geneous, single-phase mixture of fuel and air and a mirimum catalyst tempera-
ture of 1400 °F. A stactup process was evolved which v ould allow a smooth,
reasonably rapid transition from an ambient temperature catalyst bed and liquid
fuel t the cond:tions necessary for maximum “ydrogen yield noted above. The
three-s.cp process consists of:

1)  Operation at 2n air/fzel ratio ¢f 9.0 for -30 sec. During this
step, combustion occurs upstream of tne catalyst bed. Tkis
step is primarily one of “activating™ the catalyst bed.

2) Operation at an intermediate air/fuel ratio of 6.6 for ~30 sec.

This step continues the catalyst activation, but at a reduced air/
fuel ratio so as to preclude catalyst overheating which may result
from prolonged operatior at an air/fuel ratio of 9.
31 The final step is a richening of the air/fuel ratio to 5.2 (é = 2. 8).
This is the desired operating condition.
Further d«tails oz thi= startup process a.e given below. This further dis-
cussion is keyed to Figure 17, which is a schematic of the generator used for
the startup develooment.

During step ore of the startup, liquid gascline flows to the air/fuel mixer
and is ignited and burned in the startup reaction chamber. The air for step |
is directed through the startup heat exchanger. Sitep 1l is considered complete
when the temperature of the air leaving the star up heat exciianger is ~500°F
(i. e., bkigh enough to ins- e vaporization of the gasoline} and the catalyst itself

is at a minitnum temperature of 350" F. This is hot ensugh to allow mixture
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richening to an A/F = 6. 6. Cperation time a: an A/F = 9 must be minimized so
as to prevent overheating the catalyst.

At the end of step I the fuel and air are re-routed, as shown in Figure 17,
through the steady-state heat exchanger and the A/F ratio is reduced to 6. 6.
Step two results in at least a partial shift of the reforming process from thermal
to catalytic and continues until the catalyst bed reaches a temperature of
~1400°F. That temperature is high enough so that the catalyst is sufficiently
activated to sustain steady-state operation at an A/F = 5.2. Mixture richening
to an A/F = 5. 2 completely extinguishes the flame in the startup reaction
chamrber, but the reactions continue, 'flamelessly’ on the catalyst.

b. Test Hardware Description

The generator hardware used for the startup tests is shown in Figure 18.
As shown there, two coiled tube type heat exchangers were used. The tube
material was 321 SS, with an O of 0. 375" and a wall thickness of 0. C35".

There are 30 in. of tube length in the startup heat exchanger and 57 in. of

length in the steady state unit. The catalyst shown in the 3.5 in. dia. by

4.5 in. long wire mesh container is 1.5 lbm of 1/8 in. dia. x 1/8 in. long
cylindrical alumina pellets containing 10% by weight molybedenum and 2. 4%
cobalt. This was purchased from the Harshaw Chemical Co. as catalyst type
0402T. The burner housing provided the volume neccs: sary for the startup reac-
tion and served as the actachment point for the fuel/air feed lines and the startup
heat-exchanger lines. The chamber is 13 in. long with a 4 in. ID and is lined
with a 1/4 in. layer of alumina. When assembled, the reaction chamber is 3-1/2
in, in diameter with 2-1/2 in. between the exit of the fuel/air mixer and the
start-up heat exchanger. There is a 1/4 in. gap between each of the two heat

exchangers and the catalyst bed. A conventional automobile spark plug is shown
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installed in the chamber wall. It is used to initiate combustion, and once com-

busticn has been established the plug is no longer energized,

<. Test Results

Figure 19 summarizes the tecmperatures variations during the three-step
startup sequence. The temperatures were measured by the thermocouples
located as shown in Figures 17 and 18. The temperature in the void upstream
of .he catalyst bed, TC 56, indicates the presence of the flame durin~ operation
at an A/F = 9.0. During this same period, the air preheat temperature, TC 59,
reaches 490 °‘F. Imm.ediately after the air/fuel ratio is eurichecd to 6.6, the
void temperature (TC 56) begins a rapid decrease. During the second step
operation, the catalyst bed temperature (TC 52) rises at an increasing rate.

At the end of this second step, the air preheat temperature (TC 59) and void
temperature (TC 56) are nearly equal, and the catalyst bed temperature is well
above the catalyst activation temoerature of 1400° F. The product gas tempera-
ture {TC 51) rises continuously during the startup process and reaches its
equilibrium value of ~1200° F after approximately 200 seconds.

Continuous analysis of the generator products during startup was made
for concentrations of four species. A thermal conductivity analyzer was used
for hydrogen, nondispersive infrared aralyzers for carbon dirxide and carbon
monoxide, and a flame ionization analyzer was used {0 measure unconverted
hydrocarbon concentrations. As in previous generator tests, product analyses
with a gas chromatograph indicat=d the composition of the unconverted species
was generally 90% methane, 10% ethylene and only trace quantities of higher
molecular weight hydrocarbons.

The analog output from the four gas analyzers as well as all other test

data (temperatures, pressures, and flowrates) are recorded on printed paper
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and magnetic tape. The magneiic tape is used for post-test computer data
analysis. The gas analysis daia, as well as key temperatures, are also recorded
with contiruous recording multiscle-pen recorders. The response lag of the
analysis system, considering both the sample transit time from generator-to-
analyzer and the analyzer equilibration time, has been subtracted from the gas
analysis data in Figures 23 and 21. By operating the generator at steady-state
conditions and alternately samgling the generator product an injecting 100%
nitrogen into the sample line, the response chkaracteristics of the analysis
svstem was determined. The sample transit time is 20 seconds, and the
analyzer equilibration period is 35 seconds for the hydrogen and carbon
monoxide,

Figures 20 and 21 show HZ' CoO, COZ and CH, compositions as functions

4
of time for the startup test shown in Figure 19, The dashed lines represent

the theoretical equilibrium composition assuming instantareous response to

the step changes in air ‘fuel ratio. Forty-four seconds are required to reach

the equilibrium level at A/F - 9,1, with an additional 20 seconds to reach the
A/F - 6 leve., ans 10 seconds more to reach the steady-state level. This
assumes the asymptotic approach to equilibrium shown is not a generator char-
acteristic but a result of not completely subtracting the analyzer response char-
acteristic. The doited line shown is considered to be the actual hydrogen
responsa. Earlier tests have shown the generator response to be instananeous
for fuel flow =1d air-to-fuel ratio changes of 25% as long 2s the catalyst tempera-
ture is 1800°F or kigher. Similar instantaneous response was obtained when

doubling the air and fuel flowrates at a coustant air/fuel ratio.
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Figure 21 shows the carbon dioxide and unconverted hydrocarbon (as
methane equivalent) concentrations normalized by their respective steady-state
concentrations. This shows the average methane concentration to be approxi-
mately 2. 5 times the steady-siate value during the first 50 seconds of operation.
This is the result of the relative ease of thermally decomposing gasoline to
methane (as compared to cracking for hydrogen) when the average reaction
temperature is less than 1000° F. This is a fortituous condition which raises
the heating value of the generator product to a izsvel, after only 20 seconds,
sufficient to start the engine; whereas, the heating value of the hydrogen plus
carbon monoxide does not reach the same value until 55 seconds after generator
startup.

Using the mole fraction composition data of Figures 20 and 21, the mass

flowrates, r'ni, of the four species were calculated from the following equation:

nxmw. x{(m <+ m.,}
1 1 a

. f
m, =
mw
where
. .th .
r. = mole fraction (wet) of i species

(HZ, CcoO, COz. CH4, NZ’ HZO‘n

mw, = molecular weight of ith species
r'na = input air flowrate
r'nf = input fuel flowrate

mw = mixture molecular weight

. 6

mw = Z n; % mw,

pour

1=
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This calculation requires nitrogen and wat:r mole fraction as input quantiiies.
The nitrogen concentration is, of course, directly calculable from the input arr
flowrate. The water vapor content in the generator product is unknown.

An iterative type calculation is used to estimate the water-vapor content
which balances the atomic oxygen mass balance. Carbon and hydrogen mass
balance calculations for the product compusition during the last 20 seconds of
the startup show the compositional data to be consistent. Carbon and hydrogen
mass balance differences during the first 45 seconds of generator operation indi-
cate that the concentrations shown in Figs. 20 and 21 for hydrogen and methane
underestimate the actual generator outputs. Since this will provide a conserva-
tive estimate of generator startup performance, the higher methane and hydrogen
concentrations that are calculated using mass balance constraints are not shown
here. Future tests will be required to verify the apparent undermeasurement
of hydrogen and methane.

The mass flowrates of HZ' COZ' CO ard CH4 calculated trom Figures 20
and 21 composition daia are shown in Figure 22. The mass flowrates of the
cormbustible species (HZ' <O, and CH4% were used to calculate the heating value
of the gererator product during the generator startup. These values are shown
in Figure 23, normalized oy the lower he>ting value of the gasoline (5 lbm/hr)
required tc idle the V-8 engine of Task D. When this parameter, termed heat-
ing value fraction (HVF) becomes unity, the engine should start on generator
product alone. The engine/generatcr combination of Task D has already demon-
strated an engine start on a steady-state flow of generator products conta:iaing
0.5 Ibm/hr of hydrogerz. This corresponds to an HVF = 1.33,

The calculated flowrates for carbon monoxide, carbon dioxide, methane,

and hydrcgen species are shown in Figure 22, The total generator exit
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flowrates, including nitrogen and water vapor flowrates, were found to be 12,
{, and 1% less than the air plus fuel input flowr te 30, 50, and 80 secs after
startup, respectiveiy. The error in composition is attributed to incomplete
compensation for the sl>w response of the ,as analyzers. The response -“har-
acteristic consists of a 20-second sample trans.t period plus an additional
35 seconds for full hydrogen analyzer respcnse and 20 seconds for the CO, COZ'
and CH, analyzers. A molecular species mass balance can be made to estimate
the prcduct composition from time zero at startup, but this requires the assump-

tions (1) tha: there is an equilibrium concentration of water vapor of 12% and

no free oxygen, and {2) there is no mass holdup of either solid caxbon or
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unreaciec hvdrocarbons whici. ~ondense on the cold catalyst or cold chamber
walls during the first 20 seconds of operation. With these uncertainties, it was
con=idered prudent to use the gas analyzer-induced-composition even though in
errur by approximately cC: over the startup cy~le since tke indicated compo-
sition is an undcrastimate of the actual generator output.

The variation of generator thermal efficiency during generator startup is
also shown in Figur-: 23. The quantities HVF and n shown in Figure 23 are

defined as follows:

HVF = aenerator product he=ling value fraction
a2 p B

n = generator thermal effic.ency

3\
2rh xh
=1 0!
V7 oo =
HY. e X h
o g
HVF xm
q = ——2 % 100
m
g
where:
. -th .
m = mass {lowrate of i species (HZ’ CO, CH4)
h, - lower heac of combustion of 1" species
m_ = gasoiine flowrate at cngire idle
"o
hg = gasoline lower heat of combustion
n"'.g = gasoline flowrate to g:nerator

The heating vzlue fraction is shown in Figure 23 to be 2. 03 by the end of
generator startup, indicating tne engine speed at the end of MCDE Z would be

aprroximately double normal engine idle speed. Figure <4 shows the air/fuel
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raiio and fvo~l flowrate variation necessary during startup to achieve constant
engine | l= speed (i.e., achieve a constant value of HVF = 1, 0) during generator
startup.

4. Conclusions and Summary

a) A catalytic generator with 12.5 iLm of catalyst has demonstratzd
experimental hydrogen yield fractions of 0. 89 to 0. 98 of theoretical
yield. Hydrogen output flewwrates of 0.4 to 2. 1 lbm/hr of hydrogen
were obtained. No water or steam was required for these results,

b The increase in hydrogen yield fraction with increasing fuel/air
flowrate inc’cated the generator volu=e (i. e., the generator con-
taining 13.5 lba® of catalyst) and/or the catalyst volume is larger
than needed to obtain hydrogen outputs of up to 2 Ibm/hr.

c High efficiency operation was obtained over a wide range of catalyst
temperature, 1500 to 1900° T, thus providing a satisfactory safety
margin.

d) The relatively Icw reaction temperature ccmbined with the usc of
ceramic liner materizis produced reaction chamber temperatures
of 1000 °F or les<, thus making the use of inexpensive structural
materials possiblc.

o Che controllability of the flameless catalytic oxidation process in
the generator was established. This process is requisite for (1)
high-yield efiictency, {Z} climination of water 2 steam injection,
and (3) low solid-carbon production rates of 0. 002 'bm of carbon
per pound of uel.

) Equilibrium hydrogen output was achieved in ~60 seconds.

g) The energy content of the generator output stream was sufficient

~20 seconds after generator startup to ackieve engine start.
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C. MULTI-CYLINDER ENGINE TESTS (EPA TASK D)

1. Introduction

The primary objectives of the task were to assess quantitatively the
state-of-the-art cf ths hydrogen enrichment concept and to provide an experi-
mental base from which to estimate the potential of the concept. The work
described in the report was undertaken early in the evolution of the hydrogen
enrichment. In particular, it was recognized that both the hydrogen genz~atsr
and IC engines, as reclated to ultra-lean operation, were not maturely developed.
Nevertheless, previous experience using mixtures of pure hydrogen and
gasoline had shown a dramatic decrease in NOx emissions and a significant
increase in engine thermal efficiency. However, since the same experience
had been acquired with bottled, compressed hydrogen and nct with the products
from a hydrogen gas generator, there were still unanswered guestions con-
cerning hydrogen enrichment. In particular, (1) the effect of non-hydrogen
constituents, both combustible and non-combustible, in the generator gas
stream; (2) the effect of the use of a gas generator on overall brake specific
fuel ~onsumption {(BSFC): and (3) the effect of the use of generator products on
Lvdrocarben cnd carbon monoxide exhaust emissions, were all unknowns.

Three Gi.li: t engine configurations were used. These were: (1) a stock
engine, compiete with car>uw.ct~~, two-plane intake manifold, inductive ignition
svsiem, exhaust gas recircuialion (EGR) and operated with only ga2soline as the
ime1; (2) the same engine block as (1) but equipped with a single plane intake
manifoil, an Autotron.:.s gasoline delivery system, and a rnultiple-strike,
capacitive discharge ignition system and operated with only gasoline as the fuel;
and (3) the sam: configx. ration as (2) but further modified to allow distribution of

the hydrogen-;.:neritor products and operated with mixtures of gasoline and
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generator prcducts as the fuel. The details of these engine configurations are
given below,

The rationale for testing the three engine configurations are as follows.
Configuration (1) duplicated as nearly as possible the engine as used on a vehicie.
Tests of this configuration represented a baseline condition from which all other
test data were compared. Configurations (2) and {3) were ide.atical except that
generator products were not used in tests of the (#2) configuration. Tests of
the (#2) engine were performed so that any benefits atiributable only to the hard-
ware change could be so identified. The configuration (3) then differed {rom (2
only in the use of hydrogen-generator product gases and was the hardware used
to evaluate the hydrogen -enrichment concent. The test recults of these three
engine configurations are presented below.

2. Test Hardware Description

a. Engine Configuration (i}

The Chevrolet 350 CID engine {1973) was selected as representative of a
production passenger car engine in wide use. A few of the pertinent character-
istics are tabulated below.

Induction System

The stuck engine induction system consisted of a dual-plane intake mani-
fold and 4-barrel Quadrajet carburetor. In place of the engine fuel pump, a
pressurized facility storage tank was used to teed gasoline to the carburetor

fi. at chamber.

Ignition System

The stock ignition system was the standard breaker-point type consisting
~f a coil, condenser. distributor, wiring and spark plugs. Factory equipped

~arbon-core spark plug wires were replac~2 ..1ith metallic conductor,

-~}
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Engine Manufacturer Specifications

Engine: Thevrolet 1973

No. Cyl.: V-8

Bore: 4.00 in.

Stroke: 3.48 in.

Displacement: 349.7 cu. in.
Specified Compression Ratio: 8.5
Advertised HP: 175 ¢ 4000 RPM

Advertised Torque: 260 Ib-ft ©€ 2800 RPM

silicon-insulated ignition wire. The AC R-44 resistor type spark plugs were
gapped at 0. 035 inches.

Emission Control Devices

The factory-installed devices for emissions control included (11 an air
injection reactor (AIR) pump and distribution manifold, (2} an exhaust gas re-
circulation (FGR) system and (3) a positive crankcase ventilation (PCV) system.
The purpose of the AIR system was tD provide additional air o the exhaust gases
and thus reduce unburned hydrocarbons and carbon monoxide. The EGR (used
to reduce oxidzs of nitrogen) control valve was externally Incated in the intake
manifold adjacent to the rocker arm cover. Internal flow passages directed the
exhaust gases into the intake manifold below the carburetor throttle plates. The
PCV system maintained a positive flow of crankcase blowby gases back into the
engine air intake sysiem and was used during all tests of the baseline stock

engine and modified test configurations.
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b. Engine Configurziions (2) and (3)

The modified engine was derived from configuration (1) by removing the
AIR and EGR emission devices and replacing the carburetor and intake manifold
with an Autotronics induction systemm. The PCV system was connected for ail
engine tests using the Autotronics induction control system. The Autotronics
equipment was selected primarily for the flexibility of the associated controls
and for the potential improvements in atomizatior and distribution offered at lean
operating conditions. The modified system is shown schematically is Figure 25,
Air flow to the engine was sensed by a turbine air-flow transducer. Gasoline
flow to the engine was controlled by a variable speed, positive displacement pump.
The pump speed, proportional to gasoline flow, and the air flow signal were
used by the proce:sor to calculate air/fuel ratio. The computed air/fuel ratio
was compared to the value selected by the user and the resulting error signrai
was used by the pump power-drive circuit tc supply more or less elecirical
power to the pump, hence changing the sasoline flowrate in accordance with the
user selected air/fuel raiio setting. Componcat parts of the Autotronics induc-
tion control syster: are shown in Figure 2o.

Air throttling was achieved by rotation of an air butterfly valve located
upstream of the plerum chamber. Primary air for the engine entered the
chamber with a vortex flow pattern while a partion of the air bypasses the
throttle rlate and was the working fluid for a Hartman whistle atomizer. The
atomizer, which was centered directly above the intakz manifold, rcceived
gasoline from the positive displacement metering pamp. The atomized gaso-
line was then mixed with tke primary air stream as it flowed through thz
plenum chamber. The gasoline and air mixture was distributed {o each
cylinder with an aluminum, single-plane Tarantula (Edelbrock Co. ) intake
maifold.
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A modified ipnition system, supplied as a part of the Autotronics
equipment, was used. The ignition system included a special voll with a rige
timie fagter than the stock system, a condenser, and distribation breaker puints.
The high ¢nergy (60, 000 volts open circuit voltages capacitative discharge
ignition svstern also provided multinle striking capability with external control
of the number of degrees of crankshaft rotation over which mult.ple sparss
would take place. An elecironic retard capability exists but was not used fur
the tests described here. Champion RBL-17Y spark plugs were used with a
0.070~inch gap. The Autotronics electronics reguired shiciding from: the
ignition svster: therefore, special ignition wires were emploved that bad
metal conductors with Monel wire shields. The stock dual-exhaust manifolds
were replaced with special headers to permit exhaust gas sampling of the
individual cylinders. Figure 7 shows the engine gas generator test setup.

The products from the hydrogen-gas generator, described earl er in th 35
report, were connected to a special distribution marifold. This manifold was
installed between the Autotronics air plenum and single-plane intake manifold.
The genzrator gases enter the distribution manifold through four lines, spaced
90" from each other, ard into ar annular space. Flow from the annulus iato
the intake manifold is through e: skt slots. Generator produci gases were
injected at near-atmospheric pressure into the engine-induction system. During
generator warmup, the output gases were vented overboard using a fac:lity vent
valve (see Fligures 25 and 27, The product gas was perisdically analyeed to
determine the %Z’ é‘l’i}éé, O and {?OZ content prior to its introduction to the
engine. No significant deviations from the data of Table | and Figure |5 were

noted,
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3. Test Instrumentation

The following paragraphs contain a general discussion of what parameters
were measured, the type of transducer used for the key parameters, the
recording devices, and special data techniques used.

A digital data acquisition system was used and is the heart of the instru-
mentaticn capabilities. The IDAC (Integrated Data Acquisition and Control)
data system was designed at JPL in 1966 for rocket propuision test programs
and includes both real-time engineering unit output and control capakilities.

The real-time data capability is provided by a combination of printed
paver tape, eight video displays, and 16 digital-to-analog converters. In
addition, recording onm magnetic tape is possible. Tha engineering units capa-
bility includes ranging and scale factors for al! standard transducers, thermo-
couple linearization, and output with appropriate units. The system will limit-
check 64 data channels in real~-time. The IDAC can also accept digital inputs
in addition to analog signals. The digital capability was used for gasoline flow-
rates (turbine flowreters), for digital spark timing data, and to accept digital
codes which automatically define the status and range of the various emission
instrurneats.

The IDAC hardware and basic program w2s used for the engine tests,
described Lere, without modification. An additional program was developed
that provided the real-time calculation and dispiay of several parameter:
unique to the engine test program. This program calculated these key param-
eters and was used to facilitate the testing. These parameters were:

1) Gasoline mass flowrate (for both engine and gas generator).

2) Air-mass flowrate (for both enginc and gas generator).
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3) Equivalence ratio (including the contribution of the generator

products).

4) Thermal efficiency (including the effect of the generator).

5) Emission data independent of thc operator selected instrument
range.

Calculation errors for these parameters, independent of transducer
errors, were on the order of 0.2%. Calculations for approximately 30 other
parameters were also made and were available for real-time output. Data
were ujuated at approximately 1/2-second intervals, which was more than
adequate f{>r the steady-state test conditions employed. A much-faster sampling
capability is inherent in the IDAC, but was not used for the testing described in
this report.

The hydregen enrichment concept leads to engine operating conditions
vhich result iu very low flowrates of liquid gasoline to the engine. Gasoline
flowrates ranging from 0. 00l gpm to 0.5 gpm were encountered. JPL has
successfully made use of turbine flowmeters for flows of liquids, and the IDAC
was designed specifically to be compatible with this type of meter. However,
turbine flowmeters typically have a dyramic flow range of 10:1. To cover the
range of flowrates of interest here, three meters were required. They were
arranged as shown schematically in Figure 28, and the gasoline flow was rorted
to the desired flowmeter by the solenoid valves.

The flowmeter frequer.cy, gasoline temperature, gasoline pressure, and
flowmeter codes (i.e., which meter was active) were input to the IDAZ. The
code signai was used tc access the flowmeter calibration constants for the active
flowmeter; a quadratic equation was used to convert the frequency to volume
flow. Real-time mass flowvrate data, corrected for temperature effects, was

output in units of lbm/hour.
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Gaseous flows were measured by a laminar flow transcucer; the
differential nressure across the flowmeter is linearly proportional to t. actual
volume flow through the flowmeter. To provide mass flow data, absolute pre-
sure and temperature of the flowing gas were measured and input to the
IDAC.

A signal proportional to spark timing was derived from the mechanical
hardware shown in Figure 29. The disc, attachsd directly to the engire crank-
shaft, contains a ring of holes (the innermost) located at 10° crankshaft inter-
vals, A light source on one side of the disc excites a light sensitive detector
whenever a disc hole passes between thz light source and detector.

These pulses are input to an clectronic phase -locked locop circ.it. This
loop tr:<ks the 10° pulses and provides an out_ut frequency 1CO times the input
frequency, i.e., 1.1° degree resol-tion. Firing of the number | svark plug
generates a signal that passes the 0.1° pulses to a counter. The counater is
turned off at top dead center, TDC, taus providing a count equal to the spark
timing with 0.1° resolution. The logic inclu. s the capability to measuie
spark timing after TDC. he spark timing error is less than 0.2 at steady-
state engine speedc. The counter cutput is available in binary coded decimal
form and i- recorded by IDAC via a digital input channel.

Continuous analyses were made of the engine exhaust gas to determine
the concentration of CO, COZ’ NOx (NOZ and NO), and unburned hydrocarbons.
The CO‘,‘ and CO analyzers operate on the principle of non-dispersive infrared
adscrption. Nitric oxide (NO) and nitrogen dioxide (NOZ) were measured with
a chemiluminescent instrument. Oxides of nitrogen (NOx) are reported as the
sum of NO and NO2 contaired in a gas sampole as if the NO were i the form of

NOZ' Hydrocarbons were measured with a flame ionization _tactor,
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Engine brake horsepower was measured with a water -brake dynamometer
rated ‘rom 4 to 300 BHP at speeds to 10,000 RP\, A part throttle friction
horsepawer curvc, obtrined from Generai Motors icr 2 similar engine, was
used to calculaie the corresponding indicated horsegower,

4. Test Descrintion

As nated earlier, three distinct sets of tests were made. The first tests
involved tus “stock’ engine, as acsrribed in preceding paragraphs, «nd provided
the haseline data from which comparisons were made. These tests used the
equialencye ratio (i. e., fuel/air ratic) buiii irto the carburetor and the snark
timiag built inro the distributor. Two deviations from a ~siccld engine counfig-
uration we:~ employed. First, the engine-driven fuel pump was removed, and
a pressurized tank was used to supply gascline to the carburetor flocat chamber.
This was done t» improve the guality of the fuel flowrate measurement. Secondly,
the “"stock exhaust manifolds were replaced bv exhaust headers (sce Figure 273,
These headers aliowed exhaust samples to be taken from the individual cvilinders,
but prevented the use of the air injection reactor {AIR) device. Thus, the HC and
CO emissions presented here for the “'stock™ enginc are not truly representative
of the 1273 Chevrolet 3-2 CID engine but are more nearly indicative of those from
an uncontrolled engine.

The baseline tests covered an engine speed range from idle (~S00 RP\) up
v 4000 RP\:. Engine output from a no-load condition up to the wice-open throt-
tle (WOT) power was covered, Data were taken at approximately 70 discrete
RPM -load combinations. Measurements of exhaust emissions and engine per-

formance were recorded ..t each of these operating conditicns.



The data taken during these tests were first reduced to obtain calculated
values of parametcrs such as brake specific fuel consumption (BSFC), equivalence
ratio, brake and indicated specific emissions, and brake and indicated power.
The final desired forn. of the dai> was contour plots of BSFC and brake specific
emissions of oxides of nitrogen, of unburned hydrocarbons, and of carbon
monoxide, as functions of engine RPM and brake mean effective pressure
(BMEP). (See Figures 30 through 33.) The computer program which produced
the coatour plots required that all data points be provided at specific RPM
intervals. Thus, it was oft~n necessary to refer a data point taken zt 2010 RPM,
for example, back to 2000 RPM. This was accomplished by assuming indicated
specific fuel consumptior,, engine air flow and emissions were constant for the
range of the correction. To increase t! : number of points for the contour
plotting program, the reduced data was curve fit with a third-order polynomial.
This polynomial was used oniy to interpolate the data. No attempt was made to
extrapolate the contcurs beyond the region where data were taken. These same
techaiquss were used for the data from all tests including those invoulving the
g2s generator.

The other two engine configurations tested required a somewhat different
test approach siace neither the equivalence ratio nor the spark timing could be
specified in advance. The following approach was adopied. The use of hydrogen
allows operation at ultra-lean equivalence ratios, which in turn resulis .n greatly
reduced peak combustion temperatures. As a result, a spark timing which gives
best engine economy (i.e., peak thermal efficiency) is entirely feasible. All
tests involviag the gas gencrator (i. ¢., configuration {3;) were performed at an
equivalence ratio and spark timing which gave best engine efficieacy. Therefore,

tests involving configuration {2) were likewise performed at maxiinum engine
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Fig. 31, BSNO, ccntours (engine configuration 1)
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efficiency conditions. This allowed a direct assessment of how much of th=
gain associated with the use of the gencrator products could be assigned to the
other hardware differences.

To determine the best operating condition for a given RPM-load condition,
a series of ''sensitivity”’ tests were performed. These sensitivity tests con-
sisted of (1) determining in real time the 'oest’ operating condition by maximiz-
ing the engine thermal efficiency,” and (2) making small perturbations in equiv-
alence ratio and spark timing, as shown in the Sketch A below. Data were recor-

ded at the conditions indicated by the darkened circles.

L -+ + —e-

APPARENT

—¢
B
E:

:
—¢
+-

-1 —* — — —e-
-0.05 ] 0.05 Q.1
8 FQUIVALENCE RATIO
Sketch A

“When the hydrogen-gas generator was used, the system thermal efficiency,
which includes the gasoline flowiug t» the gas geaerator, was used. This
parti~ular technique was icasible onls because the IDAC system provided a
reai-time calcilation and display of the thermal efficiency.
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A typical result of the sensitivity tests is siown in Figure 34, From
these plots, an equivalence ratio ard spark timing v-ere then selected for use
in the mapping tests. The RPM-load condiiions for which sensitivity tests
were performed for engine configuration (2) are listed in Table 2. It was
found that best efficiency for configuration (2) was achieved at an equivalence
ratio of ~0. 85 and a spark timing of ~50° BTDC and was almost incependent of
RPM and load. These values were used for the mapping tests which resulted in
the contour plots of Figures 35 tnrough 38.

Simuiar sensitivity tests weres Londucted using the engine configuraticn (3)
in conjunctior with the Lhydrogen-ges generztcr  These tests occurred shortly

after completion of the modzi adevelopment described in Task C. The models

0,40 T T T T
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Fig. 34. Seusitivity test results for engin confisuration 2
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Table 2. Jensitivity engine/generator test matrix

RPM BMEP
800 0
1500 0
2000 0
100C 10
10900 40
1000 73
1500 15
1500 30
1500 50
1506 65
2000 29
2009 45
2000 64
2000 Max
250¢ 30
2500 £5
2500 68
3000 64
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were most helpful in the testing by predicting the best engine operating conditions.
Ar the same time the sensitivity data showed areas where the models needed
improvement. Because of the synergistic effect between model and data, more
sensitivity testing was performed than originaliy planned.

5. Test Resuits

A typical set of results from the engine/generator sensitivity tests are
shown in Figure 39. The apparent best efficiency point, as determined by the
test crew, was at an equivalence ratio (®) of 0. 74 and a spark timing of 40°
BTDC. The sensitivity data were then taken at spark timings of 30°, 40°, and
Z0®* BTDC and at $'s of 0. 70, 0.75, 0.80, 0.85, and 0.90. No data were taken
at 30°* BTDC and $ - 0. 70, because the engine was misfiring badly at this con-
dition. As can be seen from Fig. 39 the best efficiency actually was at a spark
timing of 50° BTDC and &= 0. 73. However, the cfficiency at 40° BTDC is the
same, within the experimental error, but occurs at a slightly richer & of 0. 75.
Therefore, for the purposes of the mapping tests, data for this same engine con-
dition were taken at @ = 0. 74 and 50° BTDC. The sensitivily tests turned out to
be a convenient method for deciding on an engine operating condition.

The engine/generator combination was mapped for three values of genera-
tor throughput. These throughputs, 26 lbm/hr, 52 lbm/hr, and 79 lbm/hr
corresponded to 0.5 lbm/hr, 1.0 Ibm/hr, and 1.5 lbm/hr, respectively, of
hydrogen in the product gas stream. The contour maps, Figures 40 through
51, are the resuits of .hese tests. Only a portion of the RPM-BMEP plane was
covered in the engine/generator tests. Low values of BMEP were precluded by
the chemical energy content of the generator gases. Thus, for a generator
hydrogen flowrate of 1.5 lbm/hr, BMEP's less than ~45 psi could not be

achieved. BMEP's above ~70 psi were precluded by the operating equivalence
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ratio. This is another way cf stating that the engine was air- limited. #For any
given equivalence ratio and RPM, the maximurm amourt of fuel (and hence the
maximum torque which can be produced by the engine) is fixed by the maximumn
air flow possible. Higher BMEP s coild be achieved simply by increasing the
the equivaience ratio.” Siace the results of operating at increased equivalence
ratio are not expccted 2o be greatly different from that achieved witz engine
configuration il:, no attermpt was made to operate the engine /generator combina-
tion at anv equivalerce ~atic sther than test efficiency. Nnte thet the engine
configuration (2) re=sulis, Figures 25 through 33, exhibit the same iimilatio= to
a smaller degree. No daia were taken ior 1PM« In excess of 3G00. The par-
SHcular vehiclc/enyine /generator combination of concern does not require an
enr:z2 speed above 2700 RP){ to rua the drivisg cvcle.

In additior to the ejquiva.eace ratie limitations imposed on the engine,
there was a limitation associated with the test hardware. In particular, the
water supply to the water brake dynamometer was not adequate to allow large
loads at low eagine RPals. This is reflected in all the contsur plots.

The coutour plots (Figures 40 through 51) contain a wealth of inicrmatlon.
However, making compariscons between engine configurations with only those
plots is verv difficult. Complete comparisons can best be done using a computer
simulation of the driving cycle and these arc included in the Task F results.
Howevcer, several iuteresting observations are readily apparent when the test
results are presented in a differert manner. Fizures 52 through 57 show the

performance of the three engine configurations at ar cagiae speed of 2,000 RPM.

*This option of increasing the equivaience ratio vould most likeiy be incladed
in the coatrols cf any vehicle employing the hyldrcogen-enrichment concept.
For rapid accelerations, such as passing or entering a high-speed highway,
the driver would be allowed to enrichen the mixiure, hut at the expense of
both fuel economy and increased emissinns.
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Figures 58 through 62 compare the BSFC and NOx emissgions for the three con-
figurations at level-road load conditions. Figures 63, 64, and 65 illustra‘e the
relatioaship between BSFC, BSNO_, and hydrogen flowrate at three different
engine speeds. These 14 figures are discussed in more detail in the following
paragraphs.

Figures 52 through 57 show BSFC, BSNOX, BSHC, BSCQO, engine thermal
efficiency, and equivalence ratio, respectively, as functions of BiiP at an engine
speed of 2000 RPM. Data for each of the three engine configurations are shown
there; however, only the 1.0 Ibm/hr of hydrogen results are included for con-
figuration (3).

Figures 52 and 53 illustrate the two primary benefits associated with the
hydrogen enrichment concept, and at the same time Figure 52 illustrates one of
the negative aspects as well. The BSFC associated with hydrogen enrichment
is ~10% improved over the stock configuration (1) at 20 and 70 BHP. At 40 BHP,
the condition is equivalent to 55 mph level-road load, the improvement is 6%. The
configuration (2) BSFC results are virtually identical to those of configuration (3)
even though the operating equivalence ratios are very different (see Figure 56).
This is clearly the result of including (as it properly should be) the effect of the
hydrogen-gas generator on fuel consumption. Reference to Figures 56 and 57
shows that configuration (3) was operated at a lower equivalence ratio, and as a
result the engine therma! efficiency was ~10% higher. However, since there is
about a 20% loss in chemical energy for that portion of the gasoline which goes
to the generator, all of the improvement in thermal efficiency is not translated
into improvements in BSFC. For the particular operating conditions shown,

the net effect is that configuration (2) and (3) achieve the same BSFC.
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The use of the Autotronics hardware does not in and of itself lead to improve-
ments in BSFC. The BSFC improvements shown in Figure 52 are the direct
res:it of lcaner operation ancd the use of MBT ignition timings. Presumably. if
tne configuration 1) engine wore operated at the same equivalance as the con-
YIgiration (2), the BSFC's would be the same. The same comments ma. be
‘tade with regarc to nvdrogen. The use of hydrogen in and of itzeif offers no
oarticular advantage in tern:s of engine efficiencv, and the CFR engine results
~f{ page :)% of this report verify this. However, the use of hydrogen does allow

uitra-{ean operation and this is what results in reduced fuel consumption.
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Figure 53 clearly shows the advantage of they hydrogen-enrichment con-
cept in terms of NOx emissions. Use of the generator products permits opera-
tion ~t ultralean equivalence ratios (see Figure 56) an4 results in the significant
reduction in ch emissicns shown in Figure 53. Recall also that ¢ .figurations
(2) and (3) include nc devices such as EGR, f.r NOx control. ‘thus, the advan-
tage shown by configuration (3) is due alr.ust entirely* ‘0 the low equivalence
ratio.

Figures 54 and 55 are plots of hydrocarbra (BSHC) and carbon monoxide
(BSCO) exhaust emissions against BHP. .Jost lean-burn engines, including the
hydrogen-enrichment concept, do rot exhibit good hydrocarbon emissions.
Under conditions of low equivalence ratio, the hydrogen-enriched fuel results
are a factor of ~ 3 greater than either the configurations (1) and (2). Recall that
neither of the latter engines included any air injection into the exhaust manifold
and, thus, the hydrocarbon emissions for those two engines are probably larger
than in a roadable vehicle. However, note that at ~70 BHP, where the configu-
ration (3) engine equivalence ratio is about the same as configuration (2), the
kydrocarbons are slightly lower for configuration (3). This is quire likely the
result of having a significant part of the fuel in a totally gaseous condition.

The carbon monoxide results are similar in that at low BHPs the hyd:ogen
enriched fuels prodice higher CO emissions than the other two engine configura-
tions tested. At higher BHPs the BSCO from configurations (1) and (3) are
comparable. Again note that at higher BHPs where the operating equivalence

ratios of configurations (2) and (3) were about the same (see Figure 57), BSCO

*The generator products contain large quantities of the diluents N, and CO3.
They play no role in the combustion process but do affect NO, emissions in
much the same way as EGR.
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levels from engine (3) vwcre much low .c. The source of the CO for the hydrogen
enriched engine is unques’ionably the generator products. Operating the same
engine at the same equivalence ratio, but with pure hydrogen, the amount of

CO emitted is about 2 orders cf magnmude .ess than shown on Figure 55.

Figure 58 through 62 also compare the three enginc configurations, b»i
at level-road load conditions. The abscissa of Figures 58-62 are engine rota-
tional spced. For each value of engine speed, there is a unique engine load that
corresponds to a vehicle speed. The vehicle speeds indicated are for a 4530-
ibm Chevrolet Impala as driven in third gear. Three rhydrogen-generator
flowrates, equivaleat to 0.5, 1.0, and 1.5 lbm/hr ot hydrogea, are shown in
Figures 58-62.

The level-road-load data exhibits many of the same features as the con-
stant engine speed results of Figures 52-57. The hydrogen enriched fuels give
fuel consumptions which are superior to the stock engine over the entire range
of engine speeds tested, but ar= no better than configuration (2). The interplay

equivalence ratio and hydrogen flowrate can be seen in Figures 58 and 62.
Increasing amounts of hydrogen allow 'ower engine equivalence ratio (see Figure
62) and hence a higher ¢ngine thermal efficiency, but the benefii is offsett .ae
losses in the generator to the extent that minimum system BSFC occurs not ar
minimum equivalence ratio but at ~1.0 lbm/hr hydrogen flow-ate. O the other
hand, increasing amounts of hydrogen, and hence lower equivalence ratios,
leads directly to lower NOx emissions as shown in  gure 59.

The hydrocarbon and carbon monoxide emitted are again higher for the
hydrogen erriched fuels, as they were for the constant engine speed results,

but the differences are not nearly as large.
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The interactions and effects of equivalence ratio and generator flowrate
are illustrated in Figures 63, 64, and 65. In Figure $3 BSFC is plotted against
!‘.SNOx for an engine snred of 2000 RPM. Each of the data points correspond to
a differem engine load. The levei-road load points are shown as the solid
symbols. At both 200C and 2500 RPM, additional hydrogen has beneiicial effects
on bath NO_ and fuel consumption, although at both engine speeds the BSFCs
associated with 1.0 and 1.5 iom/hr f hydrogen are the same. At 1570 RPM,
however, this is not the case. Increasing the hydrogen flowrate from 0.5 lbm/
hr to 1. 0 ibm/hr° decreases the NOx emitted but results in a poorer BSFC.
However, note that the BSFC associated with 1. 0 lbm/hr hydrogen flowrate is
still superior to that achieved with stock engine.

6. Conclusions

i, The initial test< o which a hydrogen gas generator was mated to

a maulti-cylinder IC engine went very smocthly. Theres was no
evidence cf any deleterious effecis on the engine hardware, and
there were no incidents to suggest any sigaificant safety problem-
associated with the use of hydrogen.

2 The trends of increased engine cfficiency and decreased NOx
emissions in the ultra-lean : 2gime, which were observed with
bottled hydrogen, were also observed with hydrogen gas generator
products.

3 The trend of increasing hydrocarbon cmiss:ons with ultra-lean

combustion, reported by several inv:st:gatcrs, were observed

with the hydrogen-enriched fuels. Increasing <+ ants of hydrogen

=At 1.5 Ibm/hr of hydrogen, the chamical ener: con! t ~{ the zeneraior
nroducts is too large to operate at the level-road loa: .- ndlition of 22 R:iiP.
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has a beneficial result on the problem, but under no operating
conditions were the HC emissions below the equivalent EPA 1978
standard.

4) Quant:ties of carbon monoxide emissions approximating the 1978
CO allowable level of 3.4 gm/mi were observed in conjunction with
use of the hydrogen generator products. Carbon monoxide emis-
sions were extremely low when pure hydrogen was used, and hence
the conclusion is that the CO contained in the generator products
is not completely oxidized in the engine ~ombustion chamber.

5 Brake specific fuel consumptior. decrzases (including the generator
iosses) of 10-15% from the stock engine were observed over most
of the engine BMEP-RPM operating regime. Thcse are the result
of lean operatior and th. use of M3T ignition ttming,

Y Oxid:: of ritrogen emizsions were significantly reduced when the
hydrogen enriched fuels were used. The specific amont ci the
reduction varies directly w:th the engine equivalence ratio, which
in turn is directly affected b ti.e power required from the engine.

D. CFR ENGINE TESTS (EPA TASK E)

1. Introduction

A single-cylinder, Cooperative Fuels Research {CFRi engine was used to
investigaic two aspects of the hydrogen enrichment concept. The first of these
was the general relationship between engine performance, in terms of thermal
efficiency and emissions, and equivalence ratio and fuel composition. The
second was the dependence of critical compression ratio on equivzlence ratio
and fuel composition.

The two groups of tests differed not only in objective, but also in physical

location of the engine, in several of the test procedures, and in the details of
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the hardware installation. Where significant to the test results, these are
noted below.

The investigation of the relationship between engin~ inputs and outputs is
very nearly a duplicate of the muliti-cylinder engine mapping tests. That is to
say, the inlet conditions were varied in a systematic way and the engine efficiency

"and exhaust gas composition determined. The use of the CFR engine, however,
has the advantage of allowing a2 more distinct sepa-a2tion of concept phen-
omena from hardware phenomeaa. In particular, the use of the CFR engine
elimircates cylinder-to-cylinder distribution and engine speed as experimental
variables. The data from the CFR engine tests is believed tc give a good repre-
sentation of what may be expected from: the hydrogen earichmert concept. It is
then reascnable to expect that significant differences between V-8 and Cr2 4data
are results of hardware limitations and not fundamental limiiations.

The critical compression tests are easily accomplished with the CFR
engine since that is closely related to the purpose for which the CFR engine
vwas criginaliy developed. That is, the “octane” rating cf fuels. The techniques
used to dete-t “knnck” in the experiments described herc is differeat from that
used in the 2<tane testing. The deiection method is discassed in detail belew.

The remainder of thus task description is divided into two parts. The
first is a descripticr of the pcrformance tests and the second deals with the
critical compression ratio tests.

2. Performance/Emission Tests

a. CFR Engine Description

The CFR engine in use at JPL for this test series was acquired on loan

from the Union Oil Co. The CFR is a single-cylinder engine of continu-

ously variable compression ratio up to a maximum of ~13,5:1. The
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engine is connected by pulleys and belts to a synchrunous electrical m.otor
cagable of starting the eng:ne and of either absurbing tke excess power developed
b7 the engine or supplying power s0 as to maintain a constant speed of 1200
RPM.° Detailed dimeasions and compozent descriptions are given in Ref. 4.

No changes were made to the basic CFR engine except in the induction
arez. The CFR carburetor was replaced by a pneumatic atomizer (Spraying
Systems Atomizer with 2 ¥64 Air Nozzle and 2 1€50 fuel nozzleli. The modified
inductinn system is shown in Figure 66. The pneumatic atomizer provides
superior atomizstion >f the liguid gasoline and is also a convenient means of
mixirg the gasoline and gaseous hydrogen. (The hydrogen is introduced through
the pneumatic half of the atomizer.i The atomizer is connected to the CFR
eagine intake port by mears of 3 28" long x 1-1/4" 1. D. fiexible tube. The
connectiag tube provides a large mixing 'vaporization volume and helps to iasure
a uniform, largely gased>us charge to the engine.

b. Instromentation

The parameters measured Juring the test series, i.«ciuded cylinder
chamber pressure, engine inlet manifold pressure and temperature, exhaust
gas pressure and temperature, indicated horsepower and the pressure, tempera-
ture, and veoiumetric flowrates of the a:ir, liquid fael, and gaseous hydrogen.

The flowrates (air, gasoline, and hydrogen) were measured by Rotameters
{Brooks and Fischer & Pcrter): the pressures were measured by both electronic
sirain-gage transducers (Statham and Kistler) and direct reading dial gages:
and temperatures were measured by dcth thermecoiples (Cr. -Const. and
Cr. -Al) and direct reading dial gages (Weston). The parameters measured are

specified in Table 3 with the insirument locations ccded to the Figure 67 schematic.

*Other preset speeds are possible by using different pulley combinations.
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Table 3. Instrumentation {Refereace Fig. €7)
1. D. TYPE SOURCE MFG/MODEL RANGE
FLOW
@ Ratameter Induction Air Brooks /Md. 0-55 é /HR
Feed 9-1110-15
@ Rotameter Atomizer Air F & P/FP-1/4 | 0-5 ¢/HR |
Feed -20-G-5/26
@ Rotameter Casoline Feed F & P/MD. 0-5 s/HR
10A3565A
@ Ratameter Hwdrogen Feed F & P/MD. 0-1.2=/HR
g 10A3565S ;
g
° PRESSURE ! j
! ;
! @ Gage Hydrogen Rottle ' Victor 0-4090 PSIG
Manifold
: Gage Hydrogen Fecd U.S. Gauge 3.200 PSIG |
v’s *
Gage tiydrogern. Feed Heise 0-100 PSIG
3 | ©/s
A | e | Gasoline Feed U.S. G 0-30-PSIG
: \y age . Gasoline Fe ! . auge -30-T
§ !
CiPs Gage i Atomizer Air 3 U.S. Gauge 0-30 PS'G
: - ! Feed !
‘ |
X @ Gage ' Alain Engine Ashcroit 0-60 PSIG
: Air i
1 .
LN : " !
fl:y Cage ;  Atomizer U.S. Gauge 2-60 PSIG
i :
' @ Gage Joolamt Water C.S. Gauge 0-100 >~ |
! ' i
!

-
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Table 3. Instrumentation (Reference Fig. 67) (Contd)

L D. TYPE SGiRCE MFG/MODEL RANGE
Gage 0Oil G. W. Corp. 0-100 PSIG
Monometer Inlet Air - -
Transducer Cylinder Kistler/ 0-100PSIG

MD. 601
@ Transducer Inlet Statham/ 2 1/2PSID
M.D. PM280
Transducer Exhaust Statham/ 12 1/2PSID
M. D. PM131
TEMPERATURE
@ Gage Main Air Weston -40—120°F
@ Gage A:omizer Air Weston -40—120°F
e Gage Gasoline Weston 0—200°F
e Gage Hydrogen Weston -40—120°F
@ Gage QOil J. P.Marsh
Thermocouple Inlet Cr.-Al. - -450
Const. —1222°F
@ Thermocouple Exhaust Cr.-Al AT
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One of the key measurements, indicated horsepower, will be described
here since it is somewhat different from the usual measurement of engine power.
Indicated horsepower (I*P) is derived from a direct measure of combustion
cylinder pressure and a signal proportional to the chamber volume. The
cylinder pressure is measured by a high-response transducer. The chamber
volume signal is derived in the same manne: as the spark timing signal for the
V-8 tests. (See Section II. C.-3.) The chamber volume signal is taker from
the same disc (see Figure 29) as spark timing in the case of the CFR engine.
The disc used for the spark timing circuit includes a second set of holes that
provide pulses at equal combustion chamber voiume increments. Fifty holes
for each 180° of crankshaft rotation were drillec at locations calculated from
the piston stroke and connecting rod length to provide equal volume increments
between the holes. The equal volume pulse is sent to the control logic; an analog
switch is closed causing the cylinder pressure to be sampled for 2 period of
145 microseconds. Signals from the spark timing circuitry control the switches
that define positive (power stroke) or negative (compression stroke) IHP. The
resulting voltage-time pulse is stored in a capacitor, providing an electrical
charge proportional to the average cylinder pressure for the volume increment.
The sum of the charge generated by the 50 pressure-time samples for each
cycle is, thus, proportional to the integral of pressure and incremental volume
(i.e., fpdv). With the proper scaling, this signal is directly IHP.

The charge stored on the capacitor is amplified and scaled to provide an
anclog voltage that reads directly in IHP. The time constant of the analog cir-
cuitry is approximately 2 seconds, so that the analog output voltage represents

IHP averaged cver several cycles.
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An emissions sample was taken from the exhauat products through a line
connected from the exhaust pipe to the emissions analyzer bench. The same
emissions analysis instrumentation used for the V-8 tests was utilized, and
hence will not be further described here.

Because the CFR engine was in a temporary location for this first group
of tests, only the emissions bench was connected to the IDAC. Consequently,
all data were hand-recorded and later reduced 1o engineering units. Further
manipulatic:: ¢f the data was by digital computer. The parameters of interest
here, equivalen e ritio, indicated thermal efficiency, and indicated specific
emissions were results of the computer treatment.

c. Test: Description

The single--vlinder engine was operated at local ambient inlet conditions,
at full throttle, at a constant engine speed of 1200 RPM, and with a compression
ratio setting of 8.0 to 1.

Approximately 120 discrete combinations of equivalence ratio and hydrogen
fraction were tested. These tests were grouped and are identified as Series 1
through IX. Each series corresponds to a constant value of the ratio of air
flowrate to hydrogen flowrate. Series I and Il were conducted w:th pure
Indolene-30 and pure hydrogen, respectively. The mixed-fuels tests were con-
ducted by fixing the hydrogen flowrate and varying the gasoline flowrate. This
procedure was cheser for its experimental convenience. However, it does
result in the simultaneous variation of both equivalence ratio and the hydrogen
{raction. The specific values of air-to-hydrogen ratio tested are :'oted on
Figure 68. Additional mixed-fuel tests were made in which the shrouded valve
was replaced by a plain (i.e., non-shrouded) valve. All test points represent a
condition of maximum power spark advance (MPSA), and data were recorded

only after a period of stabilized operation.
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d. Test Results

The data from the individual test series were plotted versus equivalence
ratio and curves hand-fitted to the data points, Indicated thermal efficiency
(qt). indicated horsepower (IHP), volumetric efficiency () spark advance
(SA), and indicated specific emissions (NOx, CO, and HC) were each plotted.
Typical plots of N N, and SA for four fuel compositions are shown in Figures
69 and 70, The derived curves of n, and SA for all the tests are shown on the
single plot, Figure 71, Figure 72 is a plot of IHP as a function of equivalence
ratio and shows the nmagnitude of the power loss associated with ultra-lean com-
bustion.

The individual plots of n ¢ VS ® were used to locate the two lines labeled
CFR lean limit and CFR maximum Y of Figures 68 and 73. The maximum
N line is simoly the lcci of the maxima as typified by Figures 69 and 70. The
lean limit is the loci pointa which are 5% lower than the maximum and to the
lean side (i.e., lower @) of the maximum. The CFR misiire curve of Figures
69 and 72 represents the minimum ¢ at which the engine could be operated
without significant misfire. The curve labeled BM flammability limit is cal-
culated according to Le Chatlier's Rule from Bureau of the Mines data. This
curve was first presented in Reference 5. Plots of specific emissions for all
tests are shown in Figures 74, 75, and 76.

The data, when plotted with air/hydr gen ratio as a parameter, are of
limited value since one of the key parameters, %HZ {(or synonomously hydrogen
to gasoline mass ratio) does not appear explicitly. By choosing data points
which fell within a selected band of hydrogen percentage, the plct of Figure 77
was constructed. The emissions curves of Figures 78 and 79 labeled 5% H,
and 10%1-1‘2 were derived in a similar way, although the scatter of the emissions
data made that task more difficult.
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INDICATED HORMPOWER, Iy

Fig. 72. Equ'valence ratio vs indicated HP

Several cbservations may be made from Figures 75 through 77. These

1)

2)

3)

4)

The inverse relationship of n  with & has been clearly verified.
The addition of hydrogen allows the combustion of gasoline at con-
ditions which are well below the flasmability limit < gasoline
alome.

There is a clear dependence of "t’ CO, and HC on the fuel
composition.

More data at low percentage of hydrogen should be gathered since

that is the region of interest for the multi-cylinder engine.

123



HYROGIN MASS PRACTION

2 2 g 1
os} O e 1 :
O sosm
O sBsm
A S v
s} vemsy
@ S vi
@ s v
C SEomes v
@ SERIES IX
o2} ]
b 3
*
[ o
x
b
.-‘- —
X g 4
ot
oo} 4
0} .
L AN
9 o! ©02 03 0< 05 08 08 0% 10 I 12 13 1.4
EQUIVALENCE RATIO, ¢
Fig. 73. Equivalence ratio vs hydrogen mass fraction

124



YA

NO_ EMISSIONS, g/ Thp-te

©
-

0,01

3
H

0,001

MEoICY
OASOLING
ONLY

oy c§
MIDICT 0
My ONLY Q

. PREDICT
GAIOUINE « 1y

Q

0

I\ i JA i

SMROUDED VALVE SRS
O s
C senies 11
Q stans
A MRS v
Vst v
® senies vi
& staus v
O staits vin
@ LS ix
o SIRNS | (INMAY)
8 MAHL 1| RIMAD)
O SINS 1 (MMADR

8300

A A ol

3 1,
0, 0,2 6.3 0.4 0.5 0.4 0.7 08 0.9 1,0 1.4 1.2
CQUIVALINGE RATIO, ¢

Fig. 74, Nox vs equivalence ratio

1
' L) (] )

[




HC TMISSIONS, o/ ihyp=iv

o}

@i

Q SErsEs m
4 SEREES v
U SEREES v
@ SERES VI
@ sEmEs vn
O SERES v
@ SER¥ES IX

A A e A - A, "

0.1 62 03 ©04 05 06 07 08 09 10 11 L2 13 i
EQUIVALENCE RATIO, ¢

Fig. 75. HC emissions vs equivalence ratio

126

.5



L2

CO EMISSIONS, g/Bp-br

O MK |
O serms it
O strks N
L SIRMS WV
VoSS v y
/m "2 @ s v
/ @ semies v
! O st vin
/' ® snms ix

L. oL d 1 I\ L A

— 'S
0.1 002 003 0.‘ 0.5 0.0 °|7 0.. o-’ 'lo '.' '.2 ,.’ 'o‘ ‘Ds ‘0‘
IQUIVALINTE RATIO, ¢

Fig, 76, CO emissions vs equivalence ratio



821

THERMAL EFRCIBNCY, o,

MAX P'W'R’ SPARK ADV, *STDC

0.4

0.2

0.2

k)

10

r
r-
100% 40-90%
I\ i 4 L 1 )| | 1
4 0.2 0.4 0.6 0.0 1,0 1,2 1.4 ()
EQUIVALENCE LATIO, ¢
Fig. 77. Thermal efticiency vs equivalence ratio



621

THERMAL EFFICEENCY, o,

0.4

0.3

0.2

0.1

O SeriEs |
GM REF, ? O senigs N
O ses i
A SIRNES v
O seREs v

Q\ @ SN VI
@ series viy

\ O SEANS VINl
® SERIES IX

CAL TECH-JPL ')

Il L . 1 A 1 i 1 )
0.2 0.4 0.6 0.0 1.0 1.2 1.4 LP)
CQUIVALINCE RATIO, ¢

Fig. 78.

Thermal efficiency vs equivalence ratio




HYDROGEN MASS PRACTION, m"’/m"’ + v

Fig. 79. Hydrogen fraction vs equivalence ratio
5) The strong dependence of NOx emissions on equivalence ratio is
apparent, thus confirming that control of NOx by ultra-lean
combustion is possible.

6) The HC difficulties observed with the V-8 engine are also apparent

in the CFR engine data.

A comparison was desired between the data reported here and both the
unpublished data of Rupe, Lee, Houseman, and Shair (which led directly to the
hydrogen enrichment concept) and the data of Stebar and Parks {Ref. 6). This
comparison is shown in Figure 78. Indicated thermal efficiency data from all the
test series were plotted as a function of equivalence ratio and a composite

curve drawn. Although the data within the envelope appears to exhibit excessive
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scatter, as shown previously (Figures 72 and 73), the data actually represents
a "family of curves.’ The three sets of data exhibit the same inverse relation-
ship of equivalence ratio and thermal efficiency. However, the GM data does
not show a maximum in thermal efficiency. The absolute values of N differ
considerably among the three curves, but this may reflect in part the three
different experimental setups and differences in instrumentation techniques.

For comparative purposes, the lines identified as the flammability limit
and the lean limit (Figures 68 and 73) were replotted in Figure 79, along with
the line identified as the GM lean limit. (This line is defined in the GM report
of Reference 6.) This comparison shows that the GM and JPL lean limits start
tc diverge at an equivalence ratio of approximately 0. 25, and the divergence
increases at higher equivalence ratios. The JPL data indicate lean limit opera-
tion for 100% gasoiine at a much lower equivalence ratio than the GM data. This
is most likely the result cf the good gasoline atomization and long mixing length
in the JPL experimen=ial setup.

It had been specuiated at the beginning of this work that the use of
shrouded intake valves would improve the engine thermal efficiency and simul-
taneously reduce tae unturned hydrocarbons. It was presumed that low
efficiency and high hydrocarbons resulted from incomplete combustion in the
main charge. Consequently, it was planned to do a comparative set of tests
using shrouded and iinshrouded intake valves in the CFR engine. A small
number of tests with the unshrouded valves were conducted, but were not
definitive because the range of equivalence ratio covered was not large enough.
These tests were not repeated because during the relocation of thé CFR engine,

similar multi-cylinder engine tests were performed.
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Comparative tests of shrouded and unshrouded intake valve, using a V-8
engine, have thown that the original speculation was false. In these tests the
use of surouded valves did significantly increase the engine thermal efficiency,
but the unburned hydrocarboas emitted increased by a factor of ~3. It is clear
that the use of shrouded valves increases the turbulence level of the charge,
and hence increases tiie apparent flame speed. The increase in efficiency then
arises from the fact that combustion occurs over a much shorter time interval
and thus more closely approximates the ideal cycle. However, at the same time,
the increased turbulence changes the heat-transfer rates to the "'cold"” chamber
walls, increasing the amount of hydrocarbons trapped in the quench layer. There-
fore, it is no longer believed that the use of shrouded valves will de~<rease the
hydrocarbons; however, it is clear that combustion turbulence is a key para-
meter in achieving ultralean, high-efficiency operation,

3. Critical Compression Ratio Tests

a. Discussion

The objectives of this group of tests were to investigate and to quantify
the "knock” characteristics of hydrogen-enriched gasoline. It was expected
that for a fixed hydrogen-to-hydrocarbon ratio, the critica! compression ratio
(the compression ratio at which knock is first observed) would vary inversely
with equivalence ratio, ®, and in fact this trend was observed. All "knock"
tests were done using Indolene-clear as the liquid fuel. Indolene-clear is lead-
free and has a research octane number of 97. Since all previous CFR testing
at JPL was perfermed with Indolene-30, research octane number of 104, a set
of tests using the Indolene-clear as the fuel were first conducted. Two other

fuel compositions, 5% and 10% by mass hydrogen, were tested.
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Knock is generally presumed to result from the detonation of the '‘end
gas."” (Ref. 7.) The end gas is the last fuel consumed during ary given cycle,
and as a result of the high cylinder pressures and temperature existing at that
time, the end gas may be detonable. The passage of the detonation wave resuits
in the audible sound (termed knock). Since the strength of the detonatin wave
is variable, differznt magnitudes of knock are observed.

One of the characteristics associated with knock is a high-frequency pres-
sure oscillation superimposed on the normal cylinder pressure waveform. The
characteristic frequency of these pressure oscillations is determined by the
combustion chamber geometry and volume, and the physical properties of the
gas through which the detonation wave passes. Since these do not vary appreci-
ably for a given engine, this characteristic may ke used to detect knock and to
quantify its strength. The signal from the high response pressure transducer,
also used for thc IHP measurement, was filtered and conditiored. Two knock
measurements were derived, These were the {raction of cycles (KP) for which
knock was detected and the relative measurement of magnitude (KM). The
magnitude is a combination of the superimposed pressure amplitude and the
KP measurement, For KP = 100% and ""large" (i.e., clearly audible knock)
amplitude pressure fluctuation, KM = 100%. Either KP = 50% and large pres-
sure amplitudes or XP = 100% and moderate pressure amplitude will r=sult in
KM = 50%. This technique for quantifying knock magnitude is not an accepted
one anc presents some obvious difficulties in interpreting the results. In addi-
tion, the entire technique is a very sensitive one and detects "knock" when there
is no audible indication. This presents difficulties in defining the onset of

knock.
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Comments concerning the -experimental technique employed may be
summarized as follows. The technique is a sensitive one, perhaps too sensitive.
The correlation between it and industry-accepted techniques is not clear at this
time and further effort is required to achieve that understanding. In spite of the
difficulties noted, the method employed is felt to give valid relative results,
althougk the absolute values are open to question,

b. Test Description

The CFR engine was installed in its permanent location and was setup as
depictad schematically in Figure 80. This installation differed from that used for
the performance/emissions tests in that the inlet air heater was added, tl.e inlet
and exhaust surge tanks were replaced by newly designed tanks, and other minor
modifications were made to accommodate the new location installation.

Instrumentation utilized in the new location (Figure 80) was similar to
that used in the Series I, but included additional transducers aad the special
electronic equipment to characterize 'knock® of the mixed fuels. The same
high response pressure transducer, which supplies a portion of the signal for
the IHP meter, also served as the source for the "knock' measurements.

Initial operation of the CFR engine showed a characteristic (Ref. 6) low-
amplitude oscillation super-imposed on the normal cylinder pressure signal
during conditions when audible knock was apparent (See Figure 93). This char-
acteristic frequency of 2pproximately 6.3 kHz was used tc provide a compara-
tive indication of knock at different engine operating conditions.

The cylinder pressure signal is sent to a bandpass filter that passes only
the characteristic knock frequency. This 6th-order filter has selectable low
and high pass sections; the cutoff frequency controls were experimentally varied

to optimize the filter output ratio between the knocking and normal operation
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modes. Two output meters were used to provide ndications of the frequency
(i-e., the fraction of engine cycles exhibiting knock) and the magnitude of the
knock signal. The frequency meter defines the percent of cycles when knock
occurred. This signal is developed by a2 constant width, constant amplitude
pulse whenever the characteristic 'nock frequency exceed: a miaimum threshold.
The circait is calibrated to provide full-scale meter deflection when the knock
frequency is presented on every firing cycle. The magnitude meter indicates a
relative combination of the knock amplitude and its frequency. Maximum meter
deflection is obtained w:.th 100% frequency and high amplitud>; either a 50%
frequency and high amplitude or 100% frequency and half the amplitude will give
50% meter deflection.

As was the case for the performance/emission tests, the CFR engine
was operated at a constant sg.ed of 1200 rpm and at wide open thrattle. “"Knock’
is a function of the incoming charge temperawre, and so this temperature was
eliminated as an experimental vaciable. This was accomplished by heating the
main air. The energy added was controlled, through a feedback loop, so that
the temperature of the charge (i.e., gasoline, hvdrogen and air) was maintained
at ~80°F.

Three fuel compositions were tested. These were 0%, 5%, and 10%
hydrogen by mass. The gasoline used for all "knock™ tests was Indolene-clear
(i.e., contains no lead). Equivalence ratios from J.4 to 1. 15 were tested,
although not all combinations of fuel composition and equivalence ratio were
covered. The combinations covered are shown in Table 4.

The test procedure used was as follows. Steady-state engine operation
was esta! lish -d ior the d2sired fuel comnosition and equivalence ratio at a comn-

pression ratio of 8. 0. The spark advance was set for maximum power, and
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Table 4. Fuel composition and equivalence ratio
for knock tests

| Fuel C :n;imsi!‘-‘&-“- Equivalence Ratio
* Yz

0 1.15
0.8
0.6
5 0.7

0.55

0.47
16 0.8
0.5
J 0.4

Note: All tests run 2t mavimum power spark advance.

All tests run with Indolene-clear.

the data were recorded. The compression ratio was then increased to a
higher value (the increment generally employed was ACR = 0.5), the spark
advance was re-adjusted for maxirmum power, and the data were recorded.
This procedure was continued until a strong, audible knock was observed or
until 2 compression ratio equal to ~11.5 was reached.
c. Test Results

The test data were reduced to engineering units, plotted, and curves hand
fitted to the data. Figures &1 through 89 are plots of knock magnitude (KM)
knock frequencv (KP), indicated thermal efficiency ("t)' and maximum power
power spark advance (MPSA) versus compression ratio. Several observations

can be readily drawn from these figures. Thermal efficiency varies directly
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as compression ratio. This is predicted by theory; Ref. 7 shows that the first-

order efficiency is related to compression ratio by

(where 7 is the ratio of the specific

1
n=1-——573 £ i
t (CR)’ 1 heats for the combustion gases)
Therefore,
Myl
dCR  (cr)

This equation predicts values of the deri-rative ~0.015, for y=1.3 and CR = 10.
e measured slopes of Figures 75 through 89 fall between 0. 0097 and 0. 027.

The maximum power spark advance decreased with increasing compression
ratio indicating that the combustion interval also decreases with increasing
compression ratio.

Figure 90 is a collection of all the knock magnitude curves from Figures
81 through 89. Two trends are apparent. For a given compression ratio,
lower equivalence ratio yields less knock, or at least knock of lower magnitude.
For a given equivalence ratio, the fuel richer in hydrogen yields less knock.
For the twc test series run at ®'s of 0. 48 and 0. 4, there was very little change
in the knock rnagnitude over the entire range of compression ratios tested. If
an arbitrary value of KM=10 were chosen to represent the onset of knock, then
a compression ratio of 10.2 could be used if £<0.56 and if the % H,>5.

The results of the tests with 10% HZ are somewhat anomalous. The shape
of the curve for ® = 0. 8 is different than for all other conditions in that the
slope becomes negative instead of becoming more positive. The data “.r

®=0.4and ®= 0.6 do not show a slope reversal, but on the other hand they do
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not show the sharp increase in slope exhibited by the other conditicns. There
is nothing in either the thermal eficiency or snark advance data to indicate some
change in the character of the combustion process.

One of the potential disadvantages of increasing the compression ratio
is the possibility of increasing the quantity of NOx produced for a fixed equiva-
lence ratio. This was unot the case for the experiments described here.

Figure 91 is a plot .f NOx, in uni*s of gm/IHP-hr, versus compression ratio.
As seen there is no significant cnange in NOx with increasing compressic-

ratio. The shapes of the curves of Figure 91 may be explained as follo

the compress on ratio is increased, two competing processes occur. ‘r-  ng
compression ratio results in increased peak combusticon pressure and tempera-
ture and this tends to increase the amount of NOx produced. On the other hand
the combustion interval is shortened (at least for this engine) as indicatzd by

the smaller spark advances required for maximum efficiency. Decreased spark
advance means the zombustion gases are at peak temperature for a shorter
time, and hence there is less time for the N()x to form. Apparently, the two
phenomena cancel each other and there was virtually no dependence of NOx emis-
sions on compression ratio,

Figure 92 is a plot of the unburned hydroca-bon emissions versus com-
pression ratio. Again, HC is apparently not strongly influenced by compres-
sion ratio. The amount of HC observed agrees with the values shown on
Figure 75.

The preceding discussion of test results has been somewhat non-definitive
with regard to what compression ratios are feasible for the mixed fuels. Th.
trends noted seem clear, but this is not the case for absolute vilues. The

problem lies in defining, from the experimental data, the critical compression
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ratio. This difficulty is illustrated in Figure ©3. The three photos comprising
Figure 93 are the combustion pressure, (upwer trace) 2s a {unction of time,
for three different compression ratios, and are taken from an oscilloscope.
The l'ower trace is derived from the basic pressure signal and is used for the
knock measurements.

Since the knock tests were conducted with a gasoline having a research
octane number of 97, it was expected that operation at a compression ratio
of 8. 6 would exhibit no knock. However, associated with the upper phosto was a
KM valus nf 3 and a KP of 12 (i. e., during 12% of the engine cycles, some
indication of knock was detected). The lower photo, compression ratio of 10.3,

shows clear evidence of knock. The center photo is apparently exhibiting knock.
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The pressure trace appears to show a knock that is stronger than for compression

ratio of 8. 6 and this is borne out by the KM value of 16. Note that the center

photo corresponds to the knee of the curve in Figures 82 and 90, and it might

be argucd that the knee is an indication of the onset of knock. The question,

which is unanswered, is what causes the acoustic excitation shown in the upper

ohato?

source?

2)

3)

4)

5%

Did this result from a Jdetonation or was it triggered by some other

d. Conclusions

Increases in compression ratio are possible for ultra-lean combus-
tior. Raising the compression ratio to ~10 should be feasible.
Thermal efficiency increases with increasing compression ratio,
as expected.

NOx was not adversely affected by increased compression ratio,

but neither was it helped.

There was no significant effe<t of compression ratio on unburned
Lydrocarbons.

For a given compression ratio, a knock magnitude is inversely

oroportional to the amount of hydrogen in the fuel mixture.
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SECTION 11
ANALYTICAL WORK

A. OVEiL VIEW

In this section of the report, the analyu.cal work performed will be
described and the results of these analyses presented. The work statement
tasks which will be discussed in this section are Task B, Definition of System
and Operational Characteristics, Task C, Thermodynamic Cycle Analysis, and

Task F, Estimation of Performance Potential and System Capability.

To perform these tasks, three interrelated analytical models were
developed and will be described. The first was a model of what is ‘ermed the
Hydrogen-Generator Subsystem. It aggregated the operating characteristics of
each of the auxiliary components necessary to the hydrogen generator (for
example, the air compressor and air compressor drive train} and prsvided an
estimate of the additional loads the subsysiem would impose on the engine. In
addition to making these estimates for a set of performance assumptions corre-
sponding to a nominal case, bounding cases of minimum and maximum loads
were estimated.

Next these estimates of hydrogen-generator subsystem auxiliary loads
as a function of hydrogen generator flow rate were combined into the second
model. This system model provided an estimate of engine/hydrogen generator

osutput and i\"Wx production rate as a function of three primary variables:

L Gasoline flowrate to the enzine.
® Gasoline flowrate to the hydrogen generator.
L Air flowrate.
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The output of this model was a prediction of brake specific fuel
consumption and brake specific NOx emissions as functions o7 brake mean
effective pressure (BMEP) and engine speed (RPM). The effect of chaages in
the performance of elements of the system on fuel consumption and NOx emis-
sions could then be predicted using this model.

The third model was a simulation of the Federal Urban Driving Cycle
(FDC). It used the cutput cf the system model or measurements made on an
engine dynamometer to estimate vehicle performance over the driving cycle
and to predict fuel consumed and NO_ produced.

The portion of this section, discussing the work perfornied under Task C
of the statement of work, will describe these models in more detail and will
compare their output with measured data. The description >f the work per-
formed under Task F will discuss the predictions of thes. rmodels mace for
assumed improvements in sysiem performance.

B. DEFINITION OF SYSTEM AND OPERATIONAL CHARACTERISTICS
(EPA TASK B)

1. Introduction

The cbiective of the work performed under this task was to define a
vehicle systen: using the hydrogen-enriched fuels concept and to estimate the
performance of elements of that system. In this section of the report, the
system and subsystem will be described. The elements of the hydroge: gen-
erator subsystem will be identified, their operation described, a.: their
assumed performance parameters discussed. A model of the h.'r.g=% 3en-
erator subsystem was developed tc integrate these elements of {".e hvdrogen
generator subsystem. The output of this model was an 2stimate of the loads
the subsystem imposed on the engine as a function of hydrogen generator flow

rate. A description of this model and it. outpat is presented in this section.
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2. System Description

The block diagram of the hydrogzen generator/engine system is shown in
Figure 94. This system is made up of ar engine and a hydrogen generator sub-
system. This generator subsystem provides the engine with a hydrogen rich
product gas to promote lean operation and taxes the engine for the power
needed to drive the air compressor and fuel pump supplying fluids to the hydro-
gen generator. Also included in the hydrogen generator subsystem are the

sensors and control elements necessary to control the hydrogen generator flow

~

rate.
Examination of the elements of the system will be accomplished by follow-
ing the individual fluid flow paths.
a. Fluid Flow Paths

(1)  Engine Fuel Flsw Path. Fuel flow to the engine is pro-

vided by a variable speed, pesitive displacement, electric motor-driven fuel
pump. This electric pumg ieplaces the sto~k mechanical pump to provide pre-

cise knowledge ani control of fuel flow to the enginz.

(2)  Generator Fuel Flow Path. Hydrogen generator fuel

flow control is obtained from a pump similar to the engine fuel pump and sized
for the much smaller generatcr subsystem fuel flow rates. Generator fuel is
pumped through a start/run valve to either the generator burner pressure-
atomizer or the fuel vaoorizing heat exchanger. The pressure-atomizer flow
path is used during initial engine start-up only. Switchover to heat exchanger
operation occurs when hydrogen generator product gas temperatures are high
enough to permit fuel vaporization.

(3) Generator Air Flow Path. Generator subsystem air

flow is provided by a variable speed air compressor powered by an engine
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V-belt driven hydraulic pump/motor assembly. The hydraulic motor is
directly shaft-coupled to the compressor. Compressor discharge airflow
rate modulation is achieved by varying hydraulic motor speed by controlling
the hydraulic pump by-pass valve.

Airflow discharging from the compressor is measured with an orifice-
type flow meter to provide a feedback signal for system controls. Compressor
discharge flow then continues to the air hrat exchanger where the air is pre-
heated to 500’ F by heat exchange with generator product gas.

Preheated air is directed through the check valve into a transition
s=ction where mixing with vaporized fuel occurs. This mixture discharges to
the generator bu. -er section, and sut'sequently to the combustion/reaction
chamber. The reacted, high temperature hydrogen-rich product gas then flows
through the fuel, air, and coolant heat exchangers, decreasing the product gas
temperature tc approximately 500°F at the generator discharge port. Cooled
product gas is ducted through a filter and subsequently discharged to the engine

induction system mixing manifold.

(4) Engine Air Flow Path. Engine airflow is controlled by

a driver actuated throttle position. Both throttle position and engine airflow

are measured to provide input command signals for systm controls.
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(5) Generator Coolant Flow Path. A generator coolant flow

loop is required to reduce product gas temperature to ar acceptable level so
that:

e Engine volumetric efficiency penalties are ‘ninimized.

° Exposure of downstream components to excessive tempearatures

is precluded.

L Auto-ignition of the engine fuel is prevented.

Although othcr meth-xds of reducing product gas temperature may be
feasible, tue cooling heat exchanger is considered one practical approach
because it permits low-cost, near-term implementation.

Generator coolant flows from the high pressure, low temperature side
of the engine cooling system, through a thermostatic flow control valve (which
regulates coolant temperature to 220°F at the coolant heat exchanger discharge
port), and then is returned to the high temperature, iow pressure side of the
engine cooling system.

b. Estimates of Component Performance

To estimate the effect of the accessory loads on system operation,
typical performance properties for these major components were aggregated
in an analytical representation of the hydrogen generator subsystem. The out-
put of these analyses was an estimate of total accessory loads imposed on the
engine as a function of hydrogen-generator flowrate (Figure 33).

In this section, the performance properties used for each of the major

components will be individually described.
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c. Component Hardware Description

(1) Hydrogen Generator. The kasic components of the

hydrogen generator coasist of the burner se-iion, reactor, combustion chamber,
and three integral, compact heat exch.ngers.

During steady-state operat*ion, t.e generator provided (by the catalytic
partial oxidation of gasoline in air) hydrogen yields in the nroduct-gas stream
controllabie between 0.5 and 1.5 lbm/hr.

Extensive development and testing ~f nydrogen generator units at JPL.
under NASA sponsorship, has provided a breid data base upon which tne per-
formance characteristics of the propocted unit can be estimated. Section II. B.
described the generator perforruance parameters, gas composition, tempera-
ture, and pressure over che complet: steady-state operaticnal envelcpe.

It has bYeen demonstrated, :xperimentally, that ~pl{imum yield, sootless
production of hydrogen gas i< achieved when cperating at an air/fuel ratio of
.27 {equivalence ratio, g equal to 2.75).

Table 5 comp=.res the thcoreticai hydrogen-generator product-gas com-
position with the actual gas compositior obtained at a tvyi_al operating point.
Averaged product gas comrosition ot:itaine” uver the -ange of flowrates was
used for the purpose of syster perfcrmance pre-ictions and analysis.

(2) Compressor. Variation of the speed of a centrifugal
or vaned type air compressor was used to provide the necessary variation in
hydrogen-generator subsystem air lowrate and pressure. Representative
compressor performarnce characteristics were constructed from dimensior.less
data presented in Ref. 8. i igure 96 shows the resultant compressor pescfor-
mance map from which overail compressor efficiency was predicted for the

range of anticipated system operating pressure ratios and flow-rate functions.
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Table 5. Catalytic hydrogen-generator output comne=zition

Volume, %
Component

Theor=tical Actual
HZ 22.8 21.60
CH4 0.1 1.03
CZH-i - 0.09

CcO 21.3 23.6
CO2 ! 0.8 ‘ 1.23
HZO 0.8 ‘ 1.20
NZ —51.2 Sl.Zi
160.00 100. 00

Operating Equivalent Ratio = 2.75

The compressor was oversized slightly to ofbtain improve:d design
efficiencies when operating at maximum hydrogen demand flow (1.5 lbm/hr).
This improvement resuits from ti.e typical increase in c~ pressor efficiency
experieaced as design flowrate is decreased from maxirr.um to nominal at
constant pressure ratio.

Maximum predicted compressor efficiencies range from 67% to 78%,
which is considered consarwative for devices of this kind. Table 6 presents
compressor predicted performance for the anticipated operational envelope.

(3) Hvdraulic Pump and Motor. The hyciraulic motor was

assumed driven by a hydraulic pump, driven in turn by V-belt power from the
engine. Characteristic hydraulic pump performance is shown on Figure 97.
This curve was conservatively scaled down by app -~ximately 10% from pump

performance data presented in Ref. 9.
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Fig. 96. Typical compressor performance

Table 6. Required cemgpressor performanc- for
operatioral envelope

Compressor efficiency {n.: required
Hydrogen flowrate for various 2 niaent temps.
{1b/hr)
120°F 60° % -25°F
0.5 0.61 0.59 0.45
1.0 0.74 0.72 0.70
H i 0.74 0.75 0.75
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Figure 97 performance data were also assumed %o be valid for the
hydraulic motor, except that maximuin efficiency was estimated at 70% instead
cf 80%. The values shown were, therefore, muitiplied by 0.875 to obtain
hydraulic motor effiiency.

(4) Heat Exchangers. Product gas temperature ac the

reactor chamber exit plane is dependent on in’et plane air/fuel ratio. mixiuire
temperature, and flowrate. Based on test results, steady state product ga<«
ten:peratures for the range of required h-drogen-yield flowrates and A/F

mixture inlet ternperatures a1 . presented ir. Table 7.
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Table 7. Estimated steady-state hydrogen-generator
reactor chamber discharge teraperatures

Reactor chamber discharge
te.nperature
Hydrogen flowrate
(1b/hr) Fuel/air mixture temp., °F
@ 450 @ 550
0.5 1570 1630
1.5 1770 1839

As can be seen, the product-gas exit temperature was in the range of
1500° F to 1850°F. As described above, this temperature is reduced by using
product gas heat to preheat *he combustion air and to vaporize and preheat the
combustion gasoline. These operations do not require enough heat to rediuce
the product gas temperature below 506°F. Such a reduction was desirable
from the standpoints of improving volunietric efficiency, of reducing the prob-
iermns asszciztad with component exposure to high temperatui es, and of
eliminating any safety hazard that might exist. in these analyses. this was
accomplished by 2ssuming that this excess neat was rejected tc the engine
cooling system.

Heat-exchanger performance 35 expressed in terms of cffectiveness, ¢,
shich is dcfined as the ratio of the act:al rate of heat transfer to the maximum
possible rate ~f heat exchange. Maximum heat exchange would be obtained in a
perfectly insulaved c-ounterﬂow heat exchanger of infinite heat-transfer area.

Heai-exchanger «ffectiveness reiations are:

.6 THin " Tuouw  “c Tcou-Tc:a
CMIN 'H ..  Tcin COMIN Tiin- XCin
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where:

CH = my - cp Hot-side heat capacity
c S Mm_-cp Cold-side heat capacity
CMIN = smaller of CH and Cc
TC = temperature of cold side
Ty = temperature of hot side

The effectiveness method allows definition of heat-exchanger performance with
a minimum of required test data z..d calcuiation steps since logarithmic or
mean temperature differences are not iuv--ved. Definition or calculation of
overall heat-transfer coefficients can be avoided when effectiveness is
expressed as a function of the hot and cold side fluid flow race=.

A typical compact heat exchanger effecti~zaess ~iap obtained from
Ref. 8 is shown on Figure 98. Some of the ~::rves shown are steeply sloped
with maximum elfectiveness obtained at low values of hot-.side flow. The shape
of suck a curve is rzpresentative of a2 heat exch. ager where high performance
is desired and achievel with large heat-transfer areas combined with a high
Reynolds Nuruer and fully developsi turbulext _ow. High performance, how-
ever, 1s usually comprom::zed by the weight and pumping loss penaities associ-
ated with these large areas an high Reynolds Mumbers.

The effectiveness curve obtained ircm tects of a preliminary version of
the air heat exchanger is presentad in Figure 99. The skape of this curve and
the low maximum rzquired effectiveress (only 47%) indicates that a high per-
formance keat exchanger is nct required tor this application.

Figure 99 also presents predicted effectiveness curves required for the
f.el, air, and coclant production heat exchangers. The predicted curves

similarly show that relatively high performance is not required. The
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Fig. 98. ZCompact heat-exchanger typical performance

production heat exchar.gers are, therefore, vxpected to be low cost, light
weight, and easily fabricated compact units.

The predicted heat-exchanger performance of Figure 99 was obtained by
constructing faired curves through the effectiveness reguired at design-point
flow aad temperature conditions.

Heat-exchanger desinn gnals include fuel vaporization, air preheat, and
product gas cocling wtile simultaneously limiting the reactor chamber tem-
perature to a region where optimum hydrogen yields ave obtained. Figure 100¢
shows the resulting steady-state heat exchanger discharge temperatures when

the effectiveness curves of Figure 99 are used over the system-design.
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"ig- 99. Hydr~gen-generator heat-exchanger required performance

envelope. These temperatures show close agreement with design requirements,
cemonstrating that an aciive temperature control system is not required.

3. System Pressure Losses

Table 8 presents the predicted pressure loss factors for the hydrogen-
renerator air-flow circuit. These loss factors .- cresent the dissipation of
tot:l pressure head due tc friction and to the losses asstociated with sudden
enlargements, contractions, and turns of the air flow stream. The tabulztea
factors. K, can be used to calculate system pressure ~rcp witk either the
compressible flow dynamic head approach or by usins Fanno Line relations.

The dynamic head : pproach was used for all the caleculations in this study.
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Table 8. Estimated pressure loss factors for
hydrogen-generator air-flow path

AP, 5%
Description Item K= —— K + Safety
9c Factor
Compressor Six 90° Bends at 1.8 1.89
Discharge K =0.3
to Air HX 2 ft. of Sched. 80 0.96 1.01
Inlet .
Tubing
Flowmeter 1.0 1.05
Air HX KroT = 3-95 =4.0 at
Inlet Area = 0.195 sq. in.
to Hydrogen Generator
Generator K = 32.4 at
Dischargz Area = 0.196 sq. in.
Generator Eight 90 ° Bends at 2.4 2.52
Discharge k = 0.3
to .
2.51ft. of 17 1I.D. 0.6 0.62
Carburetor Tubing
Filter 6.0 6.30
KTOT = 9-45 9.5 at
Area = 0.785 sq. in.
4. Gas Filtration Provisions

The system design includes provision for the filtration of product gas.
Such a filter may not be necessary, however, if the r.roduction generator itself
demnonstrates acceptable corntainment of contaminants that might be introduced
to the discharge gas stream in the event of an upstream failure. This filter
could be either a flow reversing type or a simple, wire miesh, low-npressure
drop screen System analvtical performance predictions include a conserva-
tively large filter loss factor of 6 dynamic velocity heads to provide for the
se’ection of a high-pressure drop device.
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5. Subsystem Model

These component perfcrmance pronerties were combined in a model of
the hydrogen-generator subsystem which produced an estimate of tiie accessory
loads imposed on the engine as a function of hydrogen-generator flowrate.
This estimate wwas shown earlier in Figure 95.

To assess the influence of changes in these performance properties,
bounding cases in which these properties were modified as indicated in
Table 9 were calculated. The results of these calculaticns are included in
Table 9 and are labeled "'maximum™ and "minimum’.

6. Conclusions

Based on these calculations, it is concluded that the accessory loads
imposed on the engine will be in the range of G. 5 Hp to 2.3 Hp.

The effect of these accessory loads on system periormance will be pre-
sented as part of the description of Tasks C and F, which follow.
C THERMODYNAMIC CYCLE ANALYSIS (EPA TASK €)

1. Calculation Scheme

The introduction of a hydrogen generator requires some modification to
the ordinary methods of calculatiag the performance and emissions character-
istics of a spark ignition engine. This sectioa will describe the method used in
this work to analyze the hydrogen genera’or, *ngine system. Some comparisons
of the analysis results with iest dota will be given to provide ccridence in the
analysis method.

The operating cha-acteristics ¢ the hydro~en generator which was used
in the hydrogen genr-ator/engine analysis were bascd ~n the data from the
catalytic generator characterization t~sts ceportecd in Catalytic Hydrogen

Ger srator Characterization/Start Up Te. ts, Secticn II-B of this report. For
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Table 9.

kange of component parameotric variation

Parameters

Performance Penalty Factors®

Minimum

Nominal

Maximum

For Nominal

Valves
Refer to

Air Compressor
Efficiency (n c)

Hydraulic Motor
Efficiency (y m)

Hydraulic Pump
Efficiency (r\p)

Pressure Loss
Factors

K = 2P

9

NDucting Flow
Sensor, Generator,
Filt-r

Generator Heat
Exchanger (HX)
Effectiveness (¢)

Gencrator ¢
and Product Gas
Composition

1.10

1.10

1.10

0.9

1.9

1.0

1.0

i.0

1.0

1.0

1.0

1.0

0.8

0.9

0.9

1.20

1.0

1.0

Fig. 96

Fig. 97

Fig. 97

Sect. LGI-B-3

Fig. 99

Table 5

tMultiplication factor to penalize system:

r\c. min

n., max

"c’ nom - factor

N ncm - factor

= ""Best’' Systeir Performance

= "Worst' System Performance
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the hydrogen flowrates considered (0.5 lbm/hr to 1.5 lbm/hr), the average
nroduct corposition from the generator is tabulated below for a generator

equivalence :ratio, QG' of 2.75.

Hydrogen-Generatsor Average Tutpur Composition

T

Comporent ! Voiume Percent
H. 21.22
Z

CH*1 1. 11
coO 23.24

c
COZ 1.0¢
HZO 1.33

4

NZ £2.05

Over the range of hydregen flow rates, the generator requires ar. average of
8.4 Ibm of gasoline for every 1 lbm of hydrogen in the product gas. These
average quantities werc used in all the analyses since only minor deviatiors
from these values v .& cbserved in the generator component tests.

In engines op :rating on gasoline, the equivalence ratio is used as the
measure of leaness and provides a reasonably good correlation of NOx emis-
sions. The equivalence ratio is not as useful in engines running on generator
products or mixtures of generator products and gasoline since it fails to
properly account for the effect of the diluents i~ :h~ product gas irom the
generator. Better correlation of thermal efficiency and NOx emissions data
from engine dynamometer tests of the generator/engine system was obtained,
using an effective equivalence ratio, O'E, which accounts for the dilution effect

in an approximate way, as iollows:
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- C i/ (1)
E -
(maE) + E ‘(mGl)
NC
where:
Lg = stoichiometric fuci/air for gasoline
gG = stoichiometric fuel/air for itk component of the generator

i producc gas.

r'naE = air flow rate to engine

3.

gE gasoline flow rate to engine
rhG = fiow rate of ith component of the generator product gas to engine
C = combustibles

NC non-combusiibles

Combustion of a fuel is nossibie only over the range of fuel/air for which
the fuel is flammable. The generator product gz s has a much lower lean flam-
mability limit than gasoline becavse of the hydrogen concencration in the product
gas. This permits the generator product gas to be burned at a lower equivalence
ratio than gasoline 10 help in controlling NOx emiscions. The lean flammability
limit of mixtures of generator gases and gasoliine piaces an operating ccnstraint
on the generator/eng ae sv<iewn. Using Bureau of Mines flammability data and
LeChatlicr's Rule for computing the flammability limit of mixtures, the lean
flammability limit for mixtures of generator gases and gasoline wa; calculated
and is shown plotted in Figure 101.

2. Constraints

It is rarely possible in practice to operate an engine at this calculated

lean flamm  bility limit. Theoretically, as the equivalence ratio is decreased,
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the thermal efficiency of the engine should increase, approaching the air cycle
efiiciency. In a practical engine, the combustion time increcazes and the cycle-
to-cycle press' ~e variations increase as the lecan-flammability limit of the fuel
is approached. These factors comhinecd with cylinder-to-cylinder equivalence
ratio variations result in a decrease in .hermal effici_ncy, as the lean limit is
appro-.ched. S°nce it is not desirable to operate learer than the point where peak
thermal efficiency is obtained, peak thermal efficiency data from engine dyna-.
mometer tests were used to establish an equipment lean ‘lammability limit for
the 350-CID Chevrolet engine used in this study. This equipment lean limit is
also shewn in Figure 101 along with the data corresponding to peak efficiency.

Another engine operating constraint is the maximum volume flow rate of
charge through the engine. This is imposed by the engine displacement and the
wide-open-throttic (WOT) volumetric efficiency, e of the engine at anv given
engine speed. The WOT volumetric efficiency was assumed to be constant at a
value of 0.7 for all the analyses. For a given effective equivalence ratio, this
constraint places an upper bound on the allowable gasoline flowrate tc the engine.

3. Operating Regime

These two engine operating constraints heip define an available «_ rating
regime for the engine as shown in Figure 102. The engine cannot operate to the
left of the iecn limit constrain. without a loss in thermal efficiency. The
engine breatning constraint is shown for an engine speed of 2500 RPM and the
minimum hydrogen flow rate of 0.5 lbm/hr. Increasing the hydrogen flowrate
decreases the available operating regime on this plot by shifting the engine
breat :ing constraint down. For a given engine speed and hydrogen flowrate,
any operating point in the available operating regime can be cbta‘ned by changing

the engine efiective equiva'ence ratio and/or air throttling ratio, v. Itis
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desirable to operate near the equipment lean limit since this leads to peak
thermal eificiency and helps minimize NOx emissions.

4. Prediction Model

The relationships and assuniptions used to predict the brake specific
fuel consumption and brake specific NOx emissions of the nydrogen generator’
engine systera will now te described.

The product gas from the hydrogen generator subsystem will, in general,
he at 2 higher temperature than the ambient air being inducted into the engine.
For a given generator flowrate, a model of th: hydrogen-generator subsystem,
described in Task B, Section III. B., was used to calculate the product gas
‘emperature entering the engine. The product gas is assumed to thoroughly
mix with the gasoline-air charge in the intake manifold. An expression for the

mixture temperature, T was obtained by assuming steady ilow, adiabatic

mixing of the two streams.

(i £} {Cp V(T ) 4 E (%-\{Cpca)ac’

] P~ " 2
Ty = : ) (2)
(th_ ) (Cp,) +2(mc-)(cp _ )
P i Gi
where:
CPa = coastant pressure specific heat for air
Cp = constant pressure specific heat for ith component of the

Gi generator product gas

= air temperature
TG = temperature of generator product gas

P = product gas from generator
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The gasoline was assumed to have a negligible effect on the mix*ure
temperature.
An expression for engine air-flow rate, n'xa g Was obtained by equating

the engine pumping capacity to the flow of mixture to the engine.

N - —
. ®v T vD Pamb Ma Ma .
< R Ty, Mg
where:

T = air throttling ratio

e, = WOT volumetric efficiency

N = engine RPM
VD = engine displacemen:

R = universal gas constant

Pamb = ambient pressure

KIG = molecular weight of product gas
ﬁa = molecular weight of air
r'nG = generator flow rate

This equation includes the effects of mass flow rate and temperature of the
generator product gas on the air breathing capacity of the engine. The gasoline
is assumed to remain in an atomized state during the induction process and to
have a negligible effect on engine breathing.

For a given air throttling ratio, engine speed, and hydrogen flow rate,
Equations (2) and (3) can be solved simultaneously for mixture temperature and
engine air flow rate. Once engine air flow rate is known, Equation (1) can be

used to calcalate gasoline flow rate to the engine for any given engine effective
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equivalence ratio which falls within the allowable operating regime describe!
in Figure 102,
The equipment lean flammability limit line can be represented by the

following equation.

: TeE
) = (| —B= {4)
ELL thec
where:
ELL = equipment lean limit
mgG = gasoline flow rate to generator
ng = gasoline flow rate to engine

For system operation at the equipment lean flammability limit, it is necessary
to solve Equaticas (11 and (41 simultaneously to obtain the engine gasoline flow
rate and engine _{iective equivalence ratio.

In the analysis, it was assumed that the engine indicated thermal
efficiency. E could be adequately represented by a linear function of the

engine effective equivalence ratio.

qIE = 0.50 - 0.!105 {5

This kind of relationship is predicted theoretically if the combustion time can
be maintained constant while decreasing the equivalence ratio. Hydrogen
generator/engine data from engine dynamometer tests is shoun along with this
equation in Figure 103. The assumed equation passes through the data at the
higher equivalence ratios and begins to deviate from the data as the thermal
efficiency begins to decrease at the leaner equivalence ratios. It is felt that

the assumed equation is adequate to represent the thermal efficiency in the
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available operating regime for the engine and which is identified in Figure 102.
It also provides a means for evaluating the effect of engine changes which per-
mit efficient operation at leaner equivalence ratios.

Once engine gasoline flowrate and engine indicated thermal efficiency

are known. the following equation was used to caiculate engine brake horse-

power, P B

PB > ng Q8 . E me Q(;i - PF (&)
C : '

where:
Q - lower heating value of gasoline

th

Q - lower heating value for i combustible component of generator

& product gas
C - combustibles

P, - engine friction and pumping loss horsepower pluse horsepower
required to operate hydrogen generator subsystem.

Pumping and engine friction losses were based on data supplied by GM for
the 350-CID V-8 as shown in Figure 104. An average loss characteristic, mid-
way between the WOT and closed throttle data, was used in the hydrogen gener-
ator/engine model. The horsepower required to operate the hydrogen generator
includes the power input to the hydraulic pump/motor assembly in the generator
subsystem and the additional power required by the engine water pump to provide
the necessary cooling of the product gas from the generator. A model of the
hydrogen generator subsystem was used to calculate the pc ver loss for any

operating condition.
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The brake mean effective pressure, BMFP, was calculated using the

following equation.

ZPB

NVD

BMEP = (7N
Using the results of the above calculations, the brake specific fuel con-

sumption, BSFC, of the hydrogen generator/engine system can be calculatec

tor a given engine speed, air throttling ratio, hydrogen flowrate, and engine

effective equivalence ratio.

BSFC - —BE,_EG i8)
B
where:
: gE = gasoline flowrate to engine
fngG = gasoline flowrate to hydrogen generator
PB = engine brake horsepower

Given the hydrogen requirement, the gasoline flowrate to the generator
is known being an average of 8. 43 lbm/gasoline/l1bm hydrogen.

Hydrogen generator/engine data from engine dynamometer tests were
used to obtain the NOx emissions correlations used in the system anaiyses. For
a hydrogen flow rate of 0.5 lbm/hr, the indicated specific NOx emissions, ISNOx,
are shown plotted versus engine effective equivalence ratio in Figure 105.
Similar correlations were also available for hydrogen flow rates of 1.0 lbm/hr
and 1.5 lbm/hr. The NO_ correlation assumes that ISNOx is a function of the
effective equivalence ratio and the hydrogen flow rate. There is a need for a

more comprehensive analysis of the NOX data to evaluate the effects of other
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Fig. 105. NOx emissions characteristics for generator/engine system

factors such as engine RPM and throttle setting. This would help identify
better NOx correlation parameters. Although some of the data deviates signi-
ficantly from the present correlation curve, the correlution does an adequate
job of estimating the total NOx emissions over the urban driving cycle, which
covers a wide range of engine RPM and load conditions. Once indicated
emissions were obtained from the data correlations, the brake specific NOx

emissions, BSNOx, were calculated using the following equation.
ISNOx x PB + PF

- (9)
*p

BSNO_ =
x
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where:

P = power

B = brake

F = friction
5. Prediction and Test Comparison

This semiempirical model of the hydrogen generator/engine system was
used to compile tables of brake speciiic fuel consumption ard brake specific
NOx emissions 23 a function of brake mean effective pressure for engine speeds
from 1000 to 4006 RPM. The results of these calculations are compared with
engine dynamnometer data for a hydrogen flowrate of 0.5 lbm/hr in Table 10.

It is necessary to evsy uate the agreement between analytical, estimate,
and experiment. The analysis provides a reasonably good, slightly optimistic
estimate of BSFC and a somewhat poorer, conservative estimate of BSNOx
based on the following rationale.

If the differences between the test and predicted columns in Table 10 are
averaged over all the listed RPM-BMEP combinations, the following results
are obtained. The average BSFC difference is -2.2% (analysis yields smaller
values) and the average BSNOx difference is +50% (analysis yields larger
values). The agreement for individual points may vary significantly from the
average, but on the average the analysis yields slightly smaller BSFC's and
much larger BSNOx's than were measured experimentally. The results for the
other two generator flowrates tested (1.0 and 1.5 lbm/hr of Hz) were similar.
For the 1.0 lbm/hr data, the average BSFC difference was -3.0% and the
average BSNOx difference was 0%. For the 1.5 lbm/hr data, the average
BSFC difference was -1.1% and the average BSNOx difference +290%. Averaged
over all the test points, the difference in BSFC was -2.1% and the difference ir
BSNOx was 105%.
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Table 10.

Comparison of test and predicted results for
baseline engine (0.5 1b,,,/hr Constant

Hydrogen Flowrate

BSFC BSNO,
RPM BMEP
Test Predicted Test Predicted
1000 14.90 0.8876 0.7773 0.42 0.06
+i.46 0.3279 0.5036 1.59 0.53
59.87 0.5054 0.4578 0.77 0.98
1500 13.80 0.3031 0.8477 0.45 0.52
32.35 0.5736 0.5611 1.00 1.16
50.06 0.4990 0.4897 1.88 2.46
65.47 0.4698 0.4612 7.89 1.64
20060 10.48 1.1927 -- 0.89 1.24
19.92 ¢.7697 0.7317 1.08 1.78
30.59 0.6291 0.6018 2.81 3.02
16.16 0.5494 0.5234 4. 16 6.53
55.07 0.5116 0.-991 5.87 8.17
6+4.70 0.4804 0.4811 10.85 9.80
82.60 0.4580 0.4640 27.40 16.26
2500 9.33 1.4042 .- 1.53 3.52
20.08 0.8556 0.8055 1.67 5.41
30.73 0.6800 0.6538 2.26 8.97
40.52 0.5826 0.5857 5.92 11.01
55.44 0.5235 0.5312 10. 56 13.73
68.18 0.4785 0.5049 13.14 16.64
3000 50.26 0.6365 0.5784 8.45 19.51
64,33 0.5212 0.5388 15.28 24.37
€9.39 0.4978 0.5290 17. 37 26. 39
83.23 0.4824 0.5122 22.98 27.05

BSI\'Ox prediction average error for above comparison = 50%

BSFC prediction average error for above comparison = -2.

2%
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These results indicate that the analytical work is adequate for the purpose
of predicting performance potential. The fuel economy predictions should be
optimistic by several percent while the NO’t emissions should be conservative
by a factor of two. However, it should be noted that simply averaging differ-
ences over all test conditions gives equal weight to eack BMEP-RPM combina-
tirn. These averazed differences wouid not be appropriate tor the FDC since
the engine obviously does not spend equal time at all points in the BMEP-RPM
plane.

A more meaningful estimation of the validity of the analytical techniques
over the driving cycle is given in Table 11. Driving cycle calculations of fuel
economy and NOx emissions based on steady-state engine dynamometer data
are compared with actual vehicle data from chassis dynan.ometer tests. These
comparisons between experiment and calculation lead to slightly different con-
clusions than those reached in the preceding paragraph. The fuel economy

values of Figure 107 show that the agreement between experiment and analysis

Table 11. YUrban driving cycle results

Fuel NOy
Parameters Economy Emissions
(MPG) (GM/MI)
Stock measured (vehicle-chassis dyno) 10.6 2.05
calculated (steady-state engine dyno) 12.11 2.16
Autotronics*.measured (vehicle-chassis 12.8 5.12
dyno)
calculated (steady-state engine dyno) 13.82 5.54
#All emission equipment except PCV disconnected.
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is on the order 8-14%, but stiil optimistic. The agreecment for the NO_
emissions is much closer, 5-8%, and still coaservative. Of more significance
are the incremental changes »retweer two different engine configurations,
engine coniigurations {1) and {2). An incr:ase in fuel economy of ~2!% was
measured and an increase of ~14% was predicted. The change in NOx emissions
was predicted to be 156% and the measured change was 150%. Thus, the follow-
ing conclusions concerning the analysis methods used to predict performance
potentiai of the hydrogen enrichment concept are offered.
1) The absolute values of fuel economy are optimistic, but the rela-
tive change from the baseline engine is valid within 10%.
2) The absolute values of Nox emissions are conservative, but again
the relative change is valid.

A computer program was written to simul2te the EPA urbarn driving cycle
which is the standard test cycle for evaluating automobile emissions. The
program divides the driving cycle into l1-second increments and uses the
velocity profile, vehicle inertia, rolling resistance and drive train losses to
determine the required engine brake mean effeclive pressure and RPM. Tablzs
of brake specific fuel consumption and brake specific Nox emissions as func-
tions oi brake mean effective pressure and engine RPM were used to establish
the fuel consumed and NOx emissions produced in each increment of the cycle.
The results for each increment were then summed to obtain the miles per gallon
and emissions for the cycle. The tables of brake specific fuel consumption and
brake speciric emissions needed in the mcdel c2n Le based either on steady-
state engine dynanometer data or or results of the hydrogen generator/engine

system model.
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A third model used in this study was the Biumberg-Kumm er cycle
analysis program. The program incorporates the modified Zelaovitch kinetics
mechanism for NOx prcduction into a general thermodyramic analysis of a
spark-ignited internal! ~omhustion eangine cycle. It is possible to predict
quantitatively the NOx emissions, mean effective pressure, horsepower,
specific fuel consumption, and thermal efficiency as a function of fuel type,
equivalent ratio, percent exhaust gas recirculation (EGR), compression ratio,
intake manifold temperature and pressure, RPM, combustion ‘ .terval, and
sparx advance.

The Blumherg-Kummer mode! was used to provide a theoretical basis
for the thermal efficiency relationship used in the hvdrugen geaerator/=ngine
analysis. The effects of compression rz 1o changes on fuel consumption and
Nox emissions were alsc estimated using this mxdel.

D. PERFORMANCE POTENTIAL AND SYSTEM CAPABILITY (EPA TASK F)

1. Introduction

Using the engine dynamometer data from the hydrogen generator/engine
tasts reperted 1n Jection il C, and the analysis techniques descrited in Sec-
tion III C, ti.e potential of the hydrogen gererator/engine system was evaluated
based on the iean performarce of the 350-Ci{D Chevrolet V.8 used in this study.
Four control strategies were considered: three constant hydrogen ilow rate
cases, and one variable hydrogea flow-rate strategy. The sensitivity of fuel
coasumption and NOx emissions to the parasitiz loads imposed by the hydrogen
generator suodsystem: were studied. The effects of increasea compression ratio
and improved lean limit operation of the V-8 on che hydrogen generator/engine

system performance were also exaluated.
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2. Contro! Strategies

The coatrol strategies considered can be explained using Figure 106,
which shows the engine breathing constraint and equipment lean limit coanstraint.
The most desirable uoerating points for the hydrogen generator/cngine system
lie on the left boundary of the operating regime since this leads to the highest
thermal efficiency and helns control NO’E emissicns. For the constant hydrogen
fNow-rat: strategy, the system operates along path ABC with one hydrog=n
flowrate. For maximum engine power, the engine operating pnint correspoads
to an equivalience ratio of 1.5 and wide-open-throttie (WOT) representaed by
point A, Power output i reduced by egaivalence ratio throttling along line AS,

the WOT engine corstrawnt. Further reductions in power ares obtained by air

“"'~WG (A 4
TOTAL

[N
GAS,
GIN,

*E

Fig. 106. Generator/engine system control stratexy
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and equivalence ratio throttling ~loi:g line BC, which is also the equipment
leaa-limit constraint.

For the variable hydrogen flowrate stirategy, the hydrogen generatoi
fiowrate is assumed to vary over the range n=cessary to supply from 0.5 to
1.5 lbm/hr of hydrogen to the engine. Again this control strategy can be repre-
sented by ihe path ABC in Figure 126, For maximum power, the engine operat-
ing point corresponds to an equivalence ratio 0of 1.0 and WOT with the minimum
hydrogen-gererator flowrate. Power is reduced by equivalence ratio throttling
along line AB while maintainring WOT and minimum generator flowrate. When
the equipment lean limit is reached at point B, further power reductions are
obtained by moving along line BC by increasing hydrogen generator flowrate
and decreasing engine gasoline flow rate while maintaining WOT. This 'operat-
ing mode continues until the maximum hydrogen generator flowrate is reached
at point C. Further power reductions are obtained by air throttling while
simultaneously reducing hydrogen generator flowrate and engine gasoline flow-
rate to maintain operation at point C. For the variable flow-rate strategy, the
generator is assumed to respond instantaneously to changing hydrogen demands.

3. Nominal FDC Performance Prediction

Using a constaat hvdrogen flow-rate control strategy and fuel consurnption
and emissions data from engine dynamometer tests, the performance of the
hydrogen generator/engine system over the urban driving cycle was estimated,
using the driving cycle computer simulation program. The results of these
calculations are given in Tabic 12 along with similar results for the stock

engine and the Autotronics-modified engine running on gasoline only.
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Table 12. Predicted urban driving cycle performance

NO,
Fuel Economy Emissions
Parameters
Percent
MPG Improvement GM/MI

Stock engine 12.11 0 2.16
Autotronics-modified 13.82 14.1 5.54
engine
Hydrogen génerator/engine

0.5 lbm/hr hydrogen 14.14 16.8 1.29
NOTE: Predictions used engine dynamometer data.

The results for hydrogen flowrates of 1.0 and 1.5 lbm/hr are not given since
the BMEP/RPM range needed on the federal driving cycle (FDC) cannot be met
satisfactorily with these flowrates because of the high heating value of the
generator products. The case using 0.5 lbm/hr of hydrogen shows a 16.8 per-
cent improvemnent in fuel economy and reduced NOx emissions when compared
wi‘h the baseline stock engine.

4. FDC Performance Predictions with System Losses

Several components in the hydrogen generator subsystem require power
inputs from the engine for their operation. Calculations were made to assess
the effect of these parasitic losses on generator/engine performance. The
rnominal hydrogen generator parasitic loads were defined in Task B, Sec-
tion III. B., as a function of generator flowrate. A range of load requirements
for each generator component was considered to determine the sensitivity of

system performance to variations in these parasitic loads. The load variations
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considered were given in Table 9. Because system performance is insensitive
to heat exchanger effectiveness, no variation in this parameter was considered.

Using the fue! consumption and NOx 2missions calculated with the hydro-
gen gen=rator/engire system model, the system performance over the urban
driving cycle was calculated with the driving cycle coraputer simulation program.
Results for the curren. engine are shown in Table 13 for 0.5 and 1.0 1bm/hr
hydrogen flowrates and for th: variable hydrcgen flow-rate control strategy.

Results are given for no parasitic loads, minimum, nominal, and maxi-
mum parasitic loads. For the range of par:sitic loads considered, there is no
significant effect on fuel consumption and NO‘x ermissions of the system.

The case corresponding to a hydrogen flowrate o 1.5 lbm/hr is rot pre-
sented since the BMEP/RPM range needed for the driving cy-.'e cannot be

Table 13. Effect of hydrogen generator parasitic loads on urban
driving cycle performance

. NO,
Configuration Fuel Economy Emissions
Hydrogen
Engine G;;‘:t":!:" Flow MPG |  Percent | (GM/MD
(lbm/hr) P
Baseline | No Penalty 0.5 14.69 21.3 1.30
1.0 14.99 23.8 0.86
Variable 14.43 19.2 0.43
Baseline | Min Penalty 0.5 14.47 19.5 1.38
1.0 14.60 20.6 0.97
. Variable 14.06 16.1 0.50
Baseline | Nom Penalty 0.5 14.41 19.0 1.38
1.0 14.58 20.4 0.98
Variable 14.04 15.9 0.50
Baseline | Max Penalty 0.5 14.25 17.7 1.38
1.0 14.52 19.9 1.00
Variable 13.99 15.5 V.51




provided by this generator flowrate. The variable hydrogen flow-rate strategy
used the entire hydrogen generator flow rate range from 0.5 to 1.5 lbm/hr of
hydrogen.

5. FDC Performance Predictions with Systemm Improvements

To further assess the potential of the hydrogen generator/engine system,
the effects of increased compression ratio ard improved equipment lean limit
on system performance over the urban driving cycle were evaluated. The two
lean-limit improvement cases considered are shown in Figure 107. For a
given fuel mixture, these cases represent a movement of the equipment lean
limit 50 percent and 75 percent of the distance (in ¢) from its current value
toward the calculated lean limit for the mixture. The driving cycle resuits for

these cases are given in Table 14 considering nominal parasitic lcads.
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Fig. 107. Two le*n-limit improvement cases considered
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Table 14. Effect of engine improvements on urban driving
cycle performance
Configuration Fuel Economy NO,
Emissions
Hyd o *
ydrogen
Engine Ggnerator Flow MPG | Percent | MM
y (1bm/hr) P
Lean Limit | Nom Penalty 0.5 14,93 23.1 0.27
Improved 1.0 14.85 22.6 0.85
50% Controlled | 14.56 20.2 0.27
Lean Limit | Nom Pe.alty 0.5 15.07 24.4 0.29
Impraved 1.0 14.93 23.3 0.86
75% Controlled | 14.84 22.5 0.29
Compr. No Penalty 0.5 15.77 30.2 0.17
Ratio = 1.0 15.83 30.7 0.71
10.0:1 Controlled | 15.56 28.5 0.17
Lean Limit
Improved
75%
Compr. Nom Penalty 0.5 15.47 27.7 9.20
Ratio = 1.0 15. 41 27.3 0.70
10:0:1 Controlled | 15.20 25.5 0.20
Lean Limit
Improved
75%

#Relative to the stock 1973 vehicle which was used for this program.

Improvements in the equipment lean limit of the Autotronics-modified

eangine have been demonstrated in work sponsored by the Department of

Transportation Systems Center, Ref. 10, using gasoline as the fuel.

tions were made to reduce combustion duration by increasing combustion

chamber turbulence and improving the ignition system for lean mixtures.

The

peak thermal efficiency for the improved engine operating on gasoline occurred

at an equivalence ratio of 0. 75 compared with the 0. 85 equivalence ratio for

the Autotronics-modified engine which was used for the hydrogen generator/

engine data previously discussed.

Performance improvements similar to those
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demonstrated with gasoline should be realized in the hydrogen generator/
engine system utilizing the improved engine. It is expected that this improved
systemn will yield lean limit data close to the 50 percent improved lean limit
curve in Figure 107.

The effect of increasing compression ratio from 8.5 to 10.0 was evalu-
ated for the no parasitic load and nominal parasitic load cases, assuming the
7% percent improved lean limit operating constraint. The results of these cal-
culations are given in Table 14. With the engine improvements specified, the
ultimate hydrogen generator/engine system is predicted to yield a 28 percent
increase (relative to the stock 1973 vehicle) while controlling the NOx emissions
to 0.2 gm/mi over the urban driving cycle. The performance improvements of
Table 14 are in addition to those gains resulting from other vehicle modification,
such as weight reduction, rear axle ratio changes, radial tires, etc.

It should be noted that while the increased compression ratio is for lean
operation, it is possible that it would result in knock-limited performance at
higher equivalence ratios and thus lead to a reduction in the maximum power
output of the engine. There is some indication from CFR tests that the pres-
ence of hydrogen in he generator products increases the knock-limited com-
pression ratio for all equivalence ratios. Further work is required to determine
the compression-ratio limitations of the hydrogen generator/engine system.

6. Calculated Contour Plots

For each calculation of mileage and emissions over the FDC, contour
plots of BSFC and BSNOx as functions of Brake Mean Effective Pressure
(BMEF) and RPM were calculated. Typical examples are shown as Figures

108 and 109,
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1. Conclusions

Based on these analyses, two major conclusions may be drawn:

1) Integration of a hydrogen generator with an unmodified 1973
Chevrolet 350 CID V-8 engine is predicted to provide a 15%
improvement in the mileage of a 1973 Chevrolet Impala and a
reduction in NOx emissions to 0.5 gm/mile. The mileage improve-
mént may be as high as 20% and the NO,_ emissions may be as
great as 1.5 gm/mi. Mileage and NOx emissions predictions were
for operation over the Urban Federal Driving Cycle.

2) If the equipment lean limit of this engine were improved significantly
and if its compression ratio were increased tc 10:1 from 8.5:1i,
mileage was predicted to improve 25% to 277 and NO_ emissions
were predicted to be in the range of C.2 to 0.7 gm/mi.

E. ESTIMATED UNDERHOOD TEMPERATURES (EPA TASK A)

1. Introduction

The hydrogen generator, because it contains a high temperature reaction,
has the potential of increasing the already high vehicle underhood temperatures.
To estimate the magnitude of this temperature increase, a brief anal;sis was
performed. At the minimum hydrogen-generator flowrate, this temperature
increase is estimated to be less than 4°F, and at the maximum flowrate to be
less than 10°F,

Figure 110 shows the predicted steady-state engine compartment maxi-

mum temperatures for a vehicle powered with the 350 CID Chevrolet V-8
engine. The figure shows that a baseline compartment temperature of 110°F
was assumed for the stock engine powered vehicle at all engine speed condi-

tions and 60°F ambient temperature.
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Fig. 110. Maximum engine compartment temperatures

2. Calculation Scheme

Baseline heat rejection rates at maximum power for the stock engine
were obtained from stock test data assuming 52% of the consumed fuel energy
content was rcjected to the engine coolant. If the heat rejected to the engine
coolant were considered proportional to the temperature increase of the air

flowing into the underhood area, the following relation can be used:

Q, = K(110-60) Btu/hr

R

where:

) o)
l

Engine heat rejection rate (Btu/hr)

=~

. Overall heat-transfer coefficient (Btu/hr - °F}
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110 Engine compartment air perature (° F)

"

60 = Ambient air temperature (°F)
Ergine compartment temperatures for a vehicle equipped with the hydrogen-
enriched fuels system were predicted by using the abave relation, mcdified to
accourt for the heat loads imposed by the hydrogun generator and its auxiliary
componerts. The pump/motor and air compressor heat loads w2re assumed to
consist of component mechanical or thermal inefficiencies which armcoent to

Th=> generatoer

0.7 HP at C.5 1b/hr H, delivery and 1.15 HP at 1.0 lb/hr H

2 2°
heat 1oad consisted of the heat transfer required to cool the produci gas from
reactor chamber temperature to generator discharge temperature. Generator
heat balance calculations (which included allowance for generator air preheat!
predicted engine compartment heat loads of 6, 244 Btu/hr at 0.5 lb/hr H, and
19,811 Btu/hr at 1.5 lb/hr HZ' The following equations were used to combine

engine hecat rejection rates with generator system heat-rejection rates for

calculation of engine compartment ste..c y-state temperatire.

QR + QMech + QGen - K(Tec - 60)
or
Q, +Q +Q. )
T - R Mech Gen +66
ec K
where:

= Engine compartment temperature (° F,

ec
QR = Engine heat rejection rate (Btu/hr)
QMec.‘z Heat rejection rate due to I-I2 generator system inefficiency

(Btu/hr)
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&)
H

Gen Generator product gas heat load (Btu/hr)

e

K = T3-50) = Overall heat-transfer coefficient (Btu /hr-"F)

60 = Ambient temperature (°F)
3. Results
The results of these calculations are cthown :n Figure :110. One of tl.cse
curves shown is appropriate to both the 9.5 b/he Hz and variable HZ flow-rate
cases, since maximum engine power is achieved on the schedule with 0.3 Ib/h-
HZ. The other curve shown is for the maximum hydrogea-generator fiow-rate

case, that containing 1.5 lbm/hr of hydrogen in the product gas.
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SECTION 1V

CONCLUDING REMARKS

Detailed summary discussions are presentad at the con:lusion of Sec-
tions IIB., IIC., IID., for the experimental work and in Sections I'IB., INC.,
I1ID., and IIIE for the anzlytical work. Remarks of a summary nature also
<ppear in the Executive Summary section, and in the Introductory section,
Section L.

From these varicus sources, concluding remarks based on particularly
significant findings are presented below.

A catalytic hydrogen generator has demonstrated hyarogen yields of
89-98% of theoretically possibie values over a hydrogen flowrate range of 6.4 to
2.1 1bm/hr. No water or steam was required for this periormance. The
catalyst volume used was later determin=d to be larger than required indicatir=z
‘hat a further economy of operation and design/manufacturing is possible.

The operating temvoerature of the generator provides a satisfactory safety
margin and will allow the use of inexpensive structural materials. Eguilibrium
hydrogen output was achieved in approximately 60 seconds with sufficient cut-
put stream encirgy content to achieve a V-8 engine start after 20 seconds.

A hydrogen generator; V-8R engine cembination was operated smoothly with
no evidence of deleterious effects on engine hardware and no evidence of safety
pr-bhiems as a result of the presence of the hydrogen gas.

The trends of increased engine efficiency and decreased ch emissions
in the ul*ra. lean regime, which were observed with bottled hydrogen, were
also observed with hydrogen-gas-generator products.

The trend of increasing hvdrocarbon emissioas with ultra-lean combustion,

reported by several investigaiors, was observed with the hydrogen-enriched
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fuels. Increasing amounts of hydrogen has a beneficial result <n the problem
but uncder no operating conditions were the HC emissions below the equivalent
EPA 1978 standard.

Large quantities of CO en.issions wer<z observed in conjunction wit.: vse
of the hydrogen-generator products. TO emissions were extremely low when
pur= hydrogen was used and, heace, the obvious concivsion is the CO contained
in the generator products is not completely oxidized in the engine combustion
ckhamber

Brake specific fuel consumption (inciuding the losses associated with the
gas generator) decreases of 6 - 15% from the stock »ngine were observed over
maost of the engine BMEP - RPM aperating regime.

Critical compression ratio tests using a CFRK test engine indicate that
compression rat:s increases o a value of ~i0:1 are possible in the ultra-lean
combustion region and that thermal efficienc will also incre2ase wilh increasing
values of the compression ratio. Increased compression ratio resulted in no
significant changes in either the '.’\70x or unburnez hvydrocarbon emissions.

The integration of a2 hydrogen generater with an unmodified V-8 engine
having a 8.5:1 compressior ratio s predicted to mprove fuei economy 15%
with ;\’Dx emissices of 0.5 gm/mi over the FDC. This performance is relative
to an unmwaified but otherwise identical 1973 Chevrolet Impala. The integration
»f a hvdrogen generator with a V-8 engine having a 10:1 compression ratio and
an improved equipment lean limit is predicted to improve fuel economy 25%
with NOI emissicn of 0. 2 gm/mi on the FDC relative to an unmodified 19873

Chevrolet Impala.
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A mode! of the hydroger. generator and its attendant accessories has been
developed to produce an estimate of the loads this subsystem will impose on the
rest of the vehicle system. The maximum additional loads imposed on the
engine by the incorporation of a hydrogen generaior are estimated to be from
1.6 to ¢. 3 HP «t maximum bhydrogen-generator flowrate.

An analytica: technique for correlating and replicatirg the data produced
during test of a hydrogen generator/engine system has been developed and
verified. This technique provides the means for examining the future potential
of the hycrogen-enriched fuels concept.

A model permitting simulation of the performance of a vehicle on the
Urban Federal Driving Cycle was develcped and shown to predict, from steacyv-
state engine data, the mileage and I\'O’t emissions of a vehicle driven over the
cycle to within 147 and 8%, respectively, wken compared to vehicle, chassis-
dynamometer vesults.

The hydrogen generator contains a high temperatare reaction and has
the potential of increasing the already high vehicle underhc >d temperatures.

To estimate the magnitude of this temperature increase, a brief analysis was
performed. At the minimum hydrogen-gencrator rlowrate, this temperature
increase is estimated to be less than 4°F. and at the maximum {lowrate to be

less than 10°F.
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