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EXECUTIVE SUMMARY

TECHNICAL PROBLEM

The work reported here is part of a larger effort concerned
with the possible large-scale use of hydrogen as a fuel. This
effort is aimed at (1) identifying and defining the technical
problems ascociated with such use, and (2) indicating solutions
or approache. to solving such problems. At its initiation in
January 1974, the program effort was to cover hydrogen production,
storage and handling and energy conversion. During the program,
hydrogen production was deemphasized by mutual agreement. Like-
wise, early in the program, hydrogen furnaces, catalytic burners,
and fuel cells were precluded from consideration as energy-conver-

sion devices.

The present report is Volume II of the Third Semi-Annual Tech-
nical Report for the subject program. Volume I was prepared pre-
viously.* The intent of both of these reports is to provide docu-
mentation for much of the program's Final Technical Report. There~
fore, the present volume emphasizes problem identification although
routes to the solution of various key RD&D problems are called out.
The final report will emphasize synthesis and a broader viewpoint

in treating hydrogen-uce problems and solutions.

*Cole, R.B., Magee, R.S., and Hollenberg, J.W.; "Hydrogen Storage
and Transfer", Report ME-RT~75008 (to ARPA under Contract N000l4-
15-C~0220), stevens Inst. of Tech., August 1975, 79 pp.
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GENERAL METHODOLOGY

The present report on hydrogen energy conversion represents
two major efforts, one concerned with hydrogen-fueled reciprocating

engines and the other with gas turbines.

These two specific classes of power plants were emphasized at
the expense of concern for more visionary power-plant concepts for
two reasons (which will be treated further in the final report for
this program). First, these are the most common present-day power
plant types and, considering capital investments and operating ex-
perience with them, they are most likely to maintain in the near
future (e.g., 25 years). Therefore, any large-scale, near-future
use of hydrogen must necessarily impact substantially on these
widespread energy-conversion devices. Second, there is a need for
practical experience with hydrogen in commercial, industrial and
military situations more presentative of large-scale use than are
the rigorously controlled and monitored situations of hydrogen use
by NASA and industry in the past and present. A major demonstration
of a hydrogen-fuel system is desirable for the near-future, and
this should necessarily involve reciprocating and/or gas-turbine
engine.

Reciprocating engines were investigated most strenuously in
the early stages of the subject program, and these results were pre-
viously reported.* Early emphasis on reciprocating engines was
justified on the basis of immediate availability of a large body of
experimental data which had never been overviewed and evaluated.

The present report adds to the previously reported work in two re-
gards: (1) some additional, experimental data have been incorporated
(particularly for cylinder-fuel-injected engines) and (2) the re-

sults of theoretical perform: ace calculations are incorporated.

Hydrogen-fueled gas turbines were investigated in detail later
in the subject program. A smaller body of experimental data exist

in this area, and the literature iu this area is less immediately

* McAlevy, R.F.III, Cole, R.B., Hollenberg, J.W., Kurylko, L., Magee,
R.S., and Weil, K.H.; "Hydrogen as a Fuel®", Report ME-RT-74011 (to
ARPA under Contract N000l4-67-A-0202-0046), Stevens Inst. of Tech.,

Aug. 1974, 235 pp.
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accessible, being comprised largely of NACA reports of the late
1950's.

Since the gas turbine is conceptually a multi-fuel power plant,
performance estimates for hydrogen were made by comparison with
conventional hydrocarbon-fuel performance rather than in absolute
terms. The potentials for significant gains in performance were
identified in order to focus concern on hydrogen-fueling problems.
Those areas were identified (e.g., improved hot-section cooling)
which offered the most advantages to trade-off against the known
major disadvantages of hydrogen fueling (production costs, storage

volume, and uncertainty of safety).

In addition, problems related to gas-turbine fuel-system opera-
tion were focussed on. Numerous reports (in the literature and
otherwise) indicated substantial practical problems with fuel
pressurization and control. 1In addition, the likelihood of liquid
hydrogen (LHZ) use in marine and air-borne applications led to con-

cern for problems in LH2 pumping and heat transfer (vaporization).

Beside use of the published literature, extensive consultation
with experienced hydrogen users and researchers was employed in this
program. Numerous technical discussions were held with current
and past reciprocating-engine investigators and with gas-turbine
manufacturers (e.g., Pratt & Whitney) and hydrogen gas-turbine users
(e.g., NASA, U.S.A.F.)

TECHNICAL RESULTS

Reciprocating Engines

H2/02 reciprocating engines, while unique in several respects,

are undeveloped aid unlikely to see large-scale application.

Compression-ignition hydrogen engines hold little promise, except

as dual-fuel engines employing pi.iot charges of hydrocarbon fuel.

H2/air-modifications of conventional spark-ignition engines
operate satisfactorily at low output power levels by means of lean
burning and power-control through mixture-ratio variations (rather
than throttling). The relatively bigh efficiencies and low NOX
emissions which are typically reportad for such lean burning can be

correlated on theoretical grounds, and even incomplete performance

(¥8]
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data from diverse s rces can be ccnsistently rationalized
theoretically. A ¢ rehensive, experimental "mapping" of H2/
air vis-a-vis gasoli../air operation is not, however, available

from previous experimental work.

Lean burning of hydrogen is advantageous due to the resulting
high efficiencies (e.g., 50% higher than with gasoline) and low
NOx emissions (e.g., 1/10 to 1/1000 of those with gasoline) at
comparable low loads. Lean burning, while yielding efficiency and
emissions benefits, is necessarily accompanied by a specific power-
output* penalty (relative to gasoline) of 40 to 50% or more. This
is a major problem** and is inherent if high efficiency and/or low
NOx emissions are to be achicved. The power-output penalty can be
overcome by dual-fuel operation (hydrocarbon at high load, hydrogen
at low load) or by hydrogen supercharging ("direct"- or "cylinder-
fuel-injection"). Cylinder fuel injection can theoretically result
in a maximum-power advantage for Hz/air relative to hydrocarbon/air.

To date, this potential advantage has not, however, been demonstrated.

Several H2/ air engines have been operated with cylinder fuel
injection ("CF1"), but testing and developmentof this type of hy-
drogen engine are insufficient to allow definitive evaluation of it.
Theoretically, a maximum-power gain of 10 to 12% is possible relative
to a comparable hydrocarbon/air engine. Experimentally, the highest
specific power output for a CFI engine is still about 10% below that
of a comparable gasoline engine. CFI engines, however, have demon-
strated power output levels nearly 30% higher than comparable non-
fuel-in jected hydrogen engines even while operating lean to avoid

rough-running,

Richer, near-stoichiometric (peak-power) operation of CFI
engines has in some cases been forestalled by mechanically trouble-
some "rough-running". In other cases, near-stoichiometric operation
has been reported but with power outputs so far below theoretical as
to suggest combustion inefficiency. It is not clear that CFI engines

* e.g., power/displacement

**the only other fundamental problem identified is that of safety
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can maintain High efficiency (or low NO, emissions) at high power
output, for example, by the usual "fixes", i.e., exhaust-gas re-

P

circulation or water injection. The major fundamental problem with
CFI Hz/air engines is a lack of experience which demonstrates this
engine's potential advantage in power output while achieving reason-
ably high efficiency and (less likely) low NOX emissions through
fuel-injection and combustion control.

More practical, less fundamental problems (aside from hydrogen
production and storage and logistics problems) include:
(i) lack of long-term operating experience
(uncertain reliability and maintenance),
(ii) lack of experience in conversion of exist-

ing practical Diesel-engine hardware to
effective operation with hydrogen,

(iii) need for state-of-the~art advances in Hz—
gas compressors and H,-gas injection

equipment (for CFI).

Gas Turbines

Being inherently multi-fuel engines, gas turbines should en-
counter no fundamental problems with hydrogen fueling*. However,
for the same reason, hydrogen presently offers little technical
advantage to gas~turbine performance except decreased emissions
of carbon compounds and decreased hot-section corrosion problems
(1f sulfur-free hydrogen is used).

Between industrial and vehicular gas—-turbine applications,
hydrogen is only especially favorable for aircraft, but this is due
to its high heating value (per 1lb.) rather than its performance in
gas turbines. Otherwise, there is no unigee value in hydrogen

fueling except decreased carbon-compound erissions; performance gains
are modest.

Between large-size and small-size gas turbines, hydrogen is ]

favored more in small units. In small gas turbines, hydrogen's

L]
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* excepting safety and materials compatibility, perhaps. No
materials problems are apparent from prior hydrogen gas-turbine
experience (over very short test periods).
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potentials are relatively more advantageous: increase thermal
efficieacy, decreased emissions, and (with L”Z) iecreased turbine
cooling-air requirements. However, LH, use withgits increased
fuel-system complexity and size is not as favorably joined with

a small gas turbine as with a large one,

Future development to provide high-temperature fuel-injection,
increased temperature uniformity at combustor outlet, and/or
improved hot-section cooling offer potential for modest improved
eng.ne efficiency (e.g., 5 to 15%) over hydrocarbon-fueled turbines.
This derives from a potential for increased turbine inlet temper-
ature. There are no major problems apparent if such development
were undertaken, though if high-pressure hydrogen is not available
from storage, fuel-gas compression is a substantial practical
problem. Costly, sizeable, special equipment of questionable

reliability for gas compression.

No single hydrogen-fueled gas-turbine is known to have been
operated over about 20 hours, and no complete powerplant has appar-
ently ever been designed, fabricated, and used (or tested) in a

fully operational mode.

Cooling of gas-turbine hot sections using (indirectly) the heat-
sink capacity of cryogenic liquid hydrogen (“LHZ") is attractive and
offers the largest potential for improvement of gas-turbine engine
performance. Efficiency increases o~ 10% or more are possible, again
by way of increased allowable turbine inlet temperatures. However,
the use of LH,
none fundamental (except safety), but all representing needs for

is accompanied by a variety of practical problems,

substantial engineering development. LH, pumping and vaporization

are significant problem areas especially because of the large variation
in fuel-flow rates required in many gas-turbine applications and
because of the desirability of fast start and transient response in
many situations as well as the need for over speed protection.
Appropriate pumps are non-existent and probably require major develop-
ment programs, particularly if aircraft applications are involved;
suitable flight-weight pumps have apparently never been designed or
produced. Workable vaporizers have been produced ard tested but not
over extended life-times or in full-range operational systems subjected



to typical fuel-flow turn-down ranges. Fuel-flow control problems
(e.g., flow and pressure oscillations) have been common in previous,
limited-scope investigations of LHZ—fueled gas turbines, and clear
choices among alternative control schemes will depend on substantial

control ,design,and development efforts in the future.

LHz—fueled gas-turbines have the potential of operating in
combination with auxiliary-power heat engines using the LH, turbine
fuel as a heat sink or as the working fluid; the former is prefer-
able thermodynamically. While extensive parametric studies of
this alternative were nct performed, rough calculations indicate a
potential for reccvering close to 50% of the ideal energy input re-
quired to produce LH,, adding about 10% to the gas-turbine power
output and, hence, to its efficiency. Such a gain is modest com-
pared with the actual energy cost for H, liquefaction (e.g., 15%)
and overall powec-system efficiency (including liquefaction) are
still low (e.g., 15-20%). Substantial engineering design and develop-

ment would be required.

Safety

Despite an extensive data bank concerning hydrogen's hazardous
properties, significant operat’onal-safety data is scant. A major
reason for this is that large-scale use of hydrogen (especially LHZ)
has to date been in carefully controlied situations and generally
not in enclosures. Hydrogen use in enclosed quarters or engine
compartments (e.g., marine, aircraft, land-vehicle) carries a sub-
stantial risk including, at the worst, detonation. Experienced
users emphasize tnat good prior safety experiences with hydrogen
are a result of extreme care in design, operating procedures, per-
sonnel training, etc., and that wide-scale use by inexperienced
personnel cannot be expected to maintain a low accident frequency.
Considering the large volumes required for typical hydrogen-fuel
storage, armoring and other military precautionary measures are
likely to be very compromising of functional design. Though not
developed sufficiently at present, metal hydrides are relatively
promising media for safe storage of engine fuel for land-based power-
plants. Hydrides, however, carry a profound weight and/or cost
penalty at their present stage of development.




IMPLICATIONS FOR FUTURE RESEARCH

Open questions regarding hydrogen as a reciprocating-engine
or gas-turbine fuel have heen identified in the subject study.
However, for the most part, these are not fundamental, research-
oriented questions; the unresolvec guestions in hydrogen-fuel use
with air-breathing engines are largely at the development and

demonstration end of t.ie RD & D spectrum.

Several engineering research efforts should, however, be
undertaken in the near future., Hydrogen production costs are
anticipated to be high. Therefore, potentials of hydrogen for
increased energy efficiency must be well established to factor into
meaningful alternative-fuels studies. Tc establish better hydrogen's
fundamental potential vis-a-vis other fuel alternatives, the fol-

lowing researches are recommended:

Reciprocating Engines

(1) A full experimental "mapping" of hydrogen's performance
in conventional, naturally-aspirated reciprocating engines.
Presently available data are not sufficient in scope to
provide a clear-cut bhasis for comparing hydrocarbon-fueled
and hydrogen-fueled engines. This is particularly true
at low part-load conditions where hydrogen enjoys an
efficiency and emissions advantage. Such data are imper-
ative for realistic appraisal of the energy savings
available in hydrogen in vehicular applications.

(2) The small base of experimental data on cylinder-£fuel-
injected hydrogen engines must be augmented. Experimental
research investigations of fuel injection as a means of
combustion control is imperative if the 20% penalty in
maximum power of naturally aspirated hydrogen engines is
to be avoided and at the same time NO,, emissions are to be
minimized and efficiency maximized over a wide range of
output power. High combustion efficiencies and practically
low rates-of-pressure-rise and low NO_, emissions have yet

to be observed in high-output-power hydrogen engines.




Gas Turbines

A detailed engineering trade-off study of LH2's potential
for providing improved gas-turbine efficiency and/or relia-
bility is needed. Two parts are required in such a

study:

(a) A parametric trade-off study of turbine cooling-air
chilling: The parametric influences on the chilling of
turbine cooling-air must be better established. Sizing
and costing of equipment should be traded off with
realistic analysis of performance gains over a range of
operating variables.

(b) Study of heat-engine performance with LH, heat sink:

same as in (a), except for heat engine.

Both of these subject areas can be viewed as on-board means
for recovering the substantial enery previously "invested"
as work of liquefaction, and hence, they are highly relevant
to overall energy efficiency comparisons of hydrogen with

other alternative fuels.

In the areas of development and demonstration of hydrogen as
a fuel, efforts would certainly be required if any major commitment
were to be made to large-scale hydrogen use. The necessary develop-

ment areas are mentioned in the preceding Technical Results section.

They include establishing long-term-reliability, state-of-the-art
advances in H, gas-compression equipment and in LH, pumping and flow-
control equipment. However, even hefore any long-term commitment to
hydrogen use, open questions concerning these areas as well as safety
and materials compatibility impede well-justified conclusions as to
the practicality of H, relative to other fuel alternatives. A modest-
scale, well-engineered demonstration could satisfy, at least partially,
these concerns; the engineering development involved would necessarily
force confrontation and resolution of with many of the key problems
outlined herein. Experimental conversion and long-term operation of

a small marine or stationary installation with a completely opera-

tional liquid-hydrogen fueling system is recommended.
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SECTION 1 - HYDROGEN-FUELED IECIPROCATING ENGINES

1.1 -~ BACKGROUND AND INTRODUCTION

A substantial body of experimental data has been accumulated
for hydrogen-fueled reciprocating engines. Naturally-aspirated
engines have been used for almost all of this work, despite the
performance and operational shortcomings that they exhibit when
operated on H2 rather than gasoline. As early as 1933 (Ref. 1),
however, it was demonstrated that certain of these shortcomings
could be eliminated simply by injecting :he H2 direc*ly into thg
cylinder following closure of the air intake valve. wvespite the
potential of this mode of operation, it appears that only a few
other Hz—fueled engines have been operated in this way (Ref's. 2,3,
4,5).

HZ/OZ engines were developed in the 1950's and 1960's (Ref's.
6&7) as "packaged" systems for space applications and more recent-
ly with the intention of radically reducing pollutant emissions
(Ref. 8).

H2 has also been partially substituted for gasoline in order
to allow leaner operation than is possible with naturally-aspirated
engines fueled by only gasoline.* Engines have been operated on
this "mixed" fuel (Ref's. 9&10).

Compression—~ignition engines have not apparently been
operated successfully with pure H2 as a fuel. For example, reliable
compression ignition has not been achieved in tests at compression
ratios as high as 29/1 (Ref. 11). It is apparently necessary to
inject another fuel for reliable, controllahbl: "pilot" ignition
of the H
have typically been obtained with spark-ig: or glow-plug ig-

2 (Ref. 12). H, engine data for ! npression ratios

nition.

During the present program, performance data for many of the
Hz—fueled engines have been assembled, evaluated and reported a

year ago (Ref. 13). Since then: (i) additional data have been
obtained and evaluated: (ii) the theoretical performance of Hz—fueled

*conventional Otto-cycle with throttling
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engines has been calculated using the fuel/air-cycle approximation;

(iii) the influence of cylinder fuel injection on engine cycle effi-
ciency has been analyzed using the air-standard-cycle approximation.

Hz-fueled engine performance is compared frequently herein to
gasoline-fueled engine performance. Thus, the similarities and
differences between the relatively unknown entity and the universal-
ly known entity can be readily drawn. This approach should make it
easier to perform "trade-offs" in evaluating H2 as an alternative
fuel for the future.

The new work reported herein, in conjunction wich the previous
work, represents a rational basis for the evaluation of H2 as a
reciprocating-engine fuel. But due to shortcomings and incomplete-
ness in existent Hz-fueled engine data, the results of the subject

evaluation must be ccnsidered tentative.

Most importantly, a complete experimental "performance map" of
Hz—fueled engine data does not exist, thus undermining the confidence
level of comparisons and conclusions based on the fragmentary avail-

able data collected and evaluated herein.

More generally, almost all of the Hz—fueled reciprocating en-
gine performance data have been obtained with naturally=-aspirated,
air-breathing, spark-ignition, Otto-cycle engines. All such engines
have been designed and in varying degrees optimized (over decades)
for use with gasoline as a fuel. Typically, only minor modifica-
tions were made in adapting these engines for H, operation; certain-
ly they were not transformed into "hydrogen engines", optimized

for the use of H,. Thus, data from operations with H. as a fuel

2 2
3

4 in a gasoline engine are at a congenital disadvantage vis-a-vis
gasoline operation. Comparisons based on such data are intrinsical-
ly biased against H2 as a fuel. However, there is no reasonable

alternative, and therefore, such comparisons are made.

Finally, it appears that no reciprocating hydrogen-fueled engine
has ever been operated on H, for more than a couple of hundred nours.
This is certainly an inadequate period for evaluation of lubricant
| contamination and degradation by water, which could lead to high
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wear rates or failure. Consequently, practical engineering judge-
ment concerning this aspect of hydrogen as a fuel for reciprocating
engines cannot be prudently rendered at this time. It must await
accumulation of suitable longevity data.

1.2 - PERFORMANCE CALCULATION FOR NATURALLY-ASPIRATED OTTO-CYCLE
ENGINES AND EXPERIMENTAL RESULTS

dss 2ieedi Hz—Fueled Engines

The fuel/air-cycle approximation to the Hz—fueled Otto-cycle
was used to calculate both indicated thermal efficiency (nI) and
indicated mean-effective-pressure (IMEP) as a function of engine
compression ratio (CR) and fuel/air equivalence ratio, ¢*. This
level of approximation incorporates realistic thermodynamic proper-
ties of the fuel/air mixture and the combustion products, but ide-
alizes the compression and expansion processes (assumed isentropic)
and idealizes the combustion processes (assumed constant-volume and

adiabatic). Details are presented elsewhere (Ref. 14).

Figure 1-1 is an updated version of Figure C.3-1 of Ref. 13
and shows ny vs ¢ calculated for a compression ratio, CR, of 10/1.
Also displayed is the envelope of hydrogen-fueled engine data from
a variety of sources, all scaled to & common reference of CR=10/1.
This was accomplished by multiplying the experimentally-determined
value of Ny by the ratio of the air-standard-cycle efficiency at
CR=10/1 to the air-standard-cycle efficiency at the experimental CR.
The highest actual indicated efficiencies, as scaled, fall within
85 to 90% of those calculated for the Hz—fueled Otto-cycle, as long
as the engines are operated at levels of ¢ that are not below about
0.4, i.e., as long as ¢ does not approach the fuel-lean limit of

0.15 or so.

Figure 1-2 is an updated version of Figure C.3-2 of Ref. 13
and displays IMEP vs ¢ calculated for CR=10/1l. Also displayed are
hydrogen-fueled engine data from a variety of sources, all scaled
to a common reference CR(10/1) in the same way as was done previously

¥ 1s defined here as the actual fuel/air (mass) ratio divided by
the stoichiometrically-correct ratio.
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for efficiencies. The maximum actual IMEP values fall within about
70 to 80% of the calculated values.

The results of Fig's. 1-1 and 1-2 establish the validity of the
calculated values from the fuel/air-cycle approximation as a basis
for rationalizing the performance of Hz-fueled engines. As in the
case of such comparisons with gasoline/air engines (Ref. 15),the
actual and calculated values show the same trends and the actual
values are low by a fairly constant factor, in a certain region of

¢ variation.

The differences between the calculated values of Ny and those
obtained experimentally (Figure 1-1) result from the effects not
modeled by the fuel/air-cycle approximation (e.g., heat loss, non-
constant-volume combustion, finite time for valve opening and closing,
etc.). For ¢ below 0.4 or so, these effects result in actual engine
efficiencies falling below the 80 to 90% of calculated values which
is characteristic of the region of ¢$>0.4. For ¢ below about 0.3
these effects can apparently result in a precipitous fall in actual
engine efficiency below the calculated values; the data are quite
scattered at low ¢, and the confidence level of any conclusions
based upon them is necessarily quite low. More investigation of

this region of lean-mixture operation is needed.

The differences between the calculated values of IMEP and ac-
tual engine data (Figure 1-2) are due partially to the same effects
that produce the shortfall in indicated efficiency. Additional in-
fluences also contribute to IMEP differences, such as pressure drop
during induction of the fresh mixture into the cylinder, heating
of the incoming mixture by hot engine parts, e¢tc. These addition-
al influences reduce the "volumetric efficiency" below that which
is calculated within the context of the fuel/air cycle approximation.
The fuel/air cycle approximation accounts only for the influence of
residual combustion products on the incoming "fresh" charge. Com-
parison of the data with calculated values of IMEP yields values
of volumetric efficiencies between 80 and 90%, comparable to or
slightly higher than those exhibited by gasoline-fueled engines
(Ref. 15).
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The results of the fuel/air-cycle calculations can be con-
veniently displayed in ihe nI-IMEP plane where, theoretically,
lines of constant ¢ radiate from the origin. Figure 1-3 (Ref. 14)
shows the results of fuel/air-cycle calculations over a wide range
of ¢ and CR. Figure 1-4 displays the calculated results for CR=10/1

only and also the experimental date from Figures 1-1 and 1-2.

Figure 1-5 can be used to illustrate how the shortfall of ac-
tual engine performance below that calculated is due to (i) cycle
nonidealities that majorly influence both n and IMEP (such as heat
loss, nonconstant-volume combustion, etc.) and (ii) volumetric effi-
ciency losses that influence only IMEP for the most part (pressure
drop during charge induction, heating of the new charge, etc.). Cy-
cle nonidealities result in displacament down from the calculated
curve along lines of constant ¢ (e.g., for ¢=1., from point (A) to
point (B) in Figure 1-5). Losses in volumetric efficiency result
in a reduction of IMEP along lines of constant Ny (e.g., from point
(B) to point (C) in Figure 1-5). Thus, the actual data point at a
particular value of ¢ is displaced to the left from the theoretical-

ly-calculated ¢=constant lines radiating'from the origin.

Differences between the volumetric efficiencies calculated for
the fuel/air cycle and actual volumetric efficiencies can be ob-
tained easily from such plots. For example, the ratio of the actual
to the theoretical volumetric efficiencies at ¢=1. is the ratio of
IMEP at point (C) to that at point (B). Since theoretical volumetric
efficiencies are very near unity (e.g., 0.98 to 1.01), th:se ratios

are very nearly the actual volumetric efficiencies.

To sammarize the preceding, the fuel/air cycle was used to cal-
culate the performance characteristics of Hz—fueled reciprocating
engines as has historically been common with gasoline/air engine.
However, compared with gasoline-fueled engines, Hz—fueled engine
performance characteristics are relatively scarce and have been ob-

tained at a variety of disparate conditions with various engines.

The H2
ratio (10/1), and it was found that the upper limit of the data

envelope was a relatively constant fraction of the calculated values

~-fueled engine data were scaled to a common compression

e
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of Ny and IME™ in the ¢ region above 0.3 to 0.4. 1In this region,
losses due to effects not modeled by the fuel/air cycle approxima-
tions are relatively small. It is concluded that the calculated
values reasonably represent the performénce of H2—fueled engines
in this ¢ region. Below $=0.3 to 0.4, data are scant and too scat-
tered to allow confident interpretation. More experimental data

are needed in this lean-mixture region.

In the following sections, comparisons between H2 and gasoline
are made based on fuel/air-cycle calculations of Ny and IMEP while
recognizing the validity of those for ¢H >0.3-0.4 and the uncertain
relationship between calculated and actu%l values for ¢<0.3. Con-
clusions are drawn with the eXpectation that comparisons based on
future data will yield nearly identical results as comparisons based

on the calculations in the ¢ region above 0.3 to 0.4.

1.2.2 Comparison of H. to Gasoline

2
1.2.2.1 OQuality control of power output

The solid lines of Figure 1-6 show values of N vs IMEP at Ca=
10/1 for both H, (Ref. 14) and gasoline (Ref. 15) according to the
fuel/air-cycle approximation. Both solid lines represent the case
of "quality-control" of engine power output (i.e., variation of ¢
with "wide-open" throttle). Based on these calculations, gasoline
is inherently superior to H2 as a fuel as regards Ny (by several
percent) and IMEP (by about 20% near $=1.0, where maximum IMEP oc-
curs). This fact is supported experimentally (Ref. 13) over the

range of ¢ variation where operation on both fuels is possible.

In practice, pathological combustion-related phenomena, such
as "knock", etc., prevent operation of unmodified, naturally-aspi-
rated, H2—fueled engines at meximum IMEP, e.g., above ¢>0.65 or so
with CR=10/1 (see Figure C.3-6 of Ref. 13). The actual engine ef-
ficiency falls noticeably from the calculated values for ¢ below
0.3 to 0.4, albeit the data are greatly scattered. Thus, opera-
tion at lower values of ¢ may be impractical in applications where
fuel economy is important unless lean-mixture efficiencies can bé
improved. 1In practice, therefore, the range of ¢ variation in

unmodified, naturally-aspirated, Hz-fueled engines will probably
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be quite limited. In modified engines, the upper ¢ limit can be
extended to beyond ¢=1 (Ref. 13), but so far, only by accepting
performance penalties that result from, for example, exhaust gas

recirculation, nonoptimum spark-timing, etc.

In practice, gasoline~fueled, naturally-aspirated engines can
operate at ¢<1 though the vast majority of current, production gaso-
line engines maintain ¢ near 1 and control power by throttles rather
than quality control. However, lean-burn gasoline engines that
operate normally at ¢=.75 are currently in production (Ref. 16) al-
though they suffer from decreased "drivability". It might be pos-
sible to operate‘advanced types of lean-burn engines with quality
control of power output in the near future. Presently, operation
with gasoline at ¢<0.75 requires either injection of "gasoline"
directly into the ;ylinder, producing a "stratified-charge', or a
two-chamber cylinder design. These can allow operation dowr to
¢$=0.2 (Ref. 17). Such gasoline engines allow quality control of
power output. The theoretical performance of stratified-charge
ehgines lies only slightly below the quality-controlled (homogene-
ous charge) line for gasoline in Figure 1-6 (Ref. 18, pg. 128),

i.e., comparable in trend and values with those of H,.

The scope of the present program did not permit gathering
definitive data for stratified-charge gasoline-engine performance.
However, based on calculated performance, it is expected that at
comparable values of ¢, gasoline in a stratified-charge engine can
produce comparable ng and higher IMEP than a Hz-fueled naturally-
aspirated engine. There are indications that in the near future
a large number of automobiles manufactured in the U.S.A. will em-
ploy stratified-charge or other type of lean-burn engines to take
advantage of the efficiency and emissions benefits that accompany

quality control of power output (Ref. 19).

1.2.2.2 Quality-controlled, Hop-fueled engines vs guantity-controlled

gasoline-fueled engines

The power output of almost all currently used naturally-aspi-
rated, gasoline engines is reduced by closing a throttle-valve on
the mixture intake side. This reduces the density of the mixture

entering the cylinder and, therefore, the amount of chemical energy
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available for conversion by the engine into mechanical work output.
The process has been referred to as quantity-control of power out-
put. It introduces "pumping losses" that result in decreasing
cycle efficiency with decreasing power output. The dashed lines

in Figure 1-6 were calculated for throttled gasoline-fueled en-
gines operating at ¢=1.0 and ¢=1.4 (Ref. 14). At low loads, that
is, low IMEP ,the values of Ny calculated for quality-controlled
H2—fueled engines are seen to be much greater than those calculated

for quantity-controlled gasoline-fueled engines.

As discussed at the end of Section 1.2.1, indicated performance
data from Hz—fueled engines are scattered and fall precipitously
below calculated valves in the region of ¢ below 0.3 to 0.4. How-
ever, it is in this region that the performance of quality-controlled,
H2-fueled engines is calculated to be superior to that of quantity-
controlled, gasoline-fueled engines (compare the solid H2-line with
the dashed lines in Fig. 1-6). Thus, until more reliable H2—fueled
engine data are obtained in the region below ¢=0.4, it will not be
possible to determine if the indicated performance of quality-con-
trolled, H2—fueled engines are, in fact, superior to that of quanti-
ty-controlled gasoline-fueled engines - as shown by the fuel-air
cycle calculations. For gasoline-fueled engines operating at ¢=1,
the efficiency data should be about 85% of the calculated valves
(Ref. 15), whereas for H2—fueled engines operating below ¢=0.3 to
0.4 efficiencies start to fall precipitously from the calculated
values (Section 1.2.1). The scope of the present program did not
permit gathering the data required to actually carry out the com-

parison.

Friction losses reduce the indicated performance quantities to
the values measured on the shaft - the "brake" quantities. A sim-
plistic attempt has been made to account for friction within the
context of the fuel/air-cycle-approximation calculations (Ref. 14).
Compared with Figure 1-6, these results show that frictional ef-
fects strongly attenuate the calculated superiority in low-load
performance of quality-controlled, H2—fueled engines over quantity-
controlled, gasoline-fueled engines. Again, the usefulness of these
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calculated results is undermined by the shortfall of Hz-fueled
engine data below calculated valves in the region below $=0.3 or
0.4 - exactly where H, is calculated to produce superior perform-
ance. Recently, however, some data have been published that sup-
port this superiority (Ref. 20).

1.3 - OXIDES OF NITROGEN GENERATED IN AND EMITTED FROM NATURALLY-
ASPIRATED OTTO-CYCLE ENGINES

Limitations on the emission of oxides of nitrogen, NOX, from
automotive vehicles are imposed by Federal standards. Also limited
are the emissions of carbon monoxide and unburned hydrocarbons. Hy-
drogen-fueled engines produce all three types of pollutants. The
latter two originate from the engine lubricant and their emission
from "unmodified" engines can exceed the Federal standards, under
certain conditions (Ref. 9). The oxides of nitrogen originate
from reactions between oxygen and nitrogen in the hot combustion
products by means of a common mechanism in both Hz-fueled and gaso-

line-fueled engines.

In the cylinder of an engine operating on a homogeneous fuel/
air mixture, soon after passage of the flame front, oxygen atoms
react with nitrogen molecules to produce nitric oxide, NO. The
rate of NO production, rate of NO destruction, rate of NO oxida-
tion to higher oxides in the engine, and the NO, concentration in
the exhaust products at any stage of expansion during the power
stroke, all depend on combustion-product oxygen concentration and
temperature. Fuel properties wirelated to these two factors play

negligibly small roles insofar as NOX is concerned.
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