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SERIES HYBRID VEHICLES AND
OPTIMIZED HYDROGEN ENGINE DESIGN

J. Ray Smith, Salvador Aceves and Peter Van Blarigan*
Lawrence Livermore National Laboratory
*Sandia National Laboratories

Livermore, CA 94551 '

Abstract

Lawrence Livermore, Sandia Livermore and Los Alamos National Laboratories have a joint
project to develop an optimized hydrogen fueled engine for series hybrid automobiles. The
major divisions of responsibility are: system analysis, engine design and kinetics modeling by
LLNL; performance and emission testing, and friction reduction by SNL; computational fluid
mechanics and combustion modeling by LANL. This project is a component of the Department
of Energy, Office of Utility Technology, National Hydrogen Program. We report here on the
progress on system analysis and preliminary engine testing. We have done system studies of
series hybrid automobiles that approach the PNGV design goal of 34 km/liter (80 mpg), for 384
km (240 mx) and 608 km (380 mi) ranges. Our results indicate that such a vehicle appears
feasible using an optimized hydrogen engine. The impact of various on-board storage opuons on
fuel economy are evaluated.

Experiments with an available engine at the Sandia Combustion Research Facility demonstrated
NOy emissions of 10 to 20 ppm at an equivalence ratio of 0.4, rising to about 500 ppm at 0.5
equivalence ratio using neat hydrogen. Hybrid vehicle simulation studies indicate that exhaust
NOx concentrations must be less than 180 ppm to meet the 0.2 g/mile California Air Resources
Board ULEYV or Federal Tier II emissions regulations.

We have designed and fabricated a first generation optimized hydrogen engine head for use on
an existing single cylinder Onan engine. This head currently features 14.8:1 compression ratio,
dual ignition, water cooling, two valves and open quiescent combustion chamber to minimize
heat transfer losses. Initial testing shows promise of achieving an indicated efficiency of 42 to
46% and emissions of less than 100 ppm NOy. Hydrocarbons and CO are to be measured, but are
expected to be very low since their only source is engine lubricating oil. A successful friction
reduction program on the Onan engine should result in a brake thermal efficiency in excess of
40% compared to today’s gasoline engines of 32%. Preliminary engine test data on indicated
efficiency, MBT timing and burn duration are reported. Based on system studies requirements,
the next generation engine will be about 2 liter displacement and is projected to achieve 46%
brake thermal efficiency with outputs of 15 kW for cruise and 40 kW for hill climb. The concept
of the series hybrid includes on/off engine operation mode with all operation taking place at wide
open throttle to minimize pumping losses.




Introduction

Two recent developments have increased the interest in high fuel economy and low emission
vehicles. High fuel economy vehicles, with up to 34 km/l (80 mpg), are one of the goals of the
Partnership for a New Generation of Vehicles (PNGV); and the California Air Resources Board
(CARB) has mandated the sale of low and zero emission vehicles.

Series hybrid vehicles appear to be a good solution for obtaining high fuel economy, low
emission vehicles (Burke 1992, Smith 1993, Ross and Wu 1995). Series hybrid vehicles operate
with an engine in an on-off mode.* The engine is turned on when it is necessary to charge a
buffer storage system (flywheel, ultracapacitor, battery). When the storage is full, the engine is
turned off, and all the energy is provided by the storage system. Series hybrid vehicles cannot
transfer mechanical energy between the engine and the wheels. All the energy out of the engine
is first converted to electrical energy, which is then used or stored according to the vehicle
demands.

Considering the importance of the storage system, it is not surprising that series hybrid vehicles
are very sensitive to the turnaround efficiency, power capacity, and energy storage capacity of
the storage system. If minimum values of these parameters are not achieved, series hybrid
vehicles lose their advantage with respect to paraliel hybrid and conventional vehicles. Recent
flywheel (Post et al. 1993) and ultracapacitor (Burke 1995) developments indicate optimism in
reaching target performance values, which would make series hybrid vehicles the best choice for
high fuel economy, low emission vehicles.

Series hybrid vehicles have a high efficiency because the engine operates mostly at the
conditions that result in maximum vehicle fuel economy, without idling. When additional power
is required during long hill climbs, the engine can be switched to a higher power level, trading
off some fuel economy for the capacity of climbing long hills at higher speed. Series hybrid
vehicles have low emissions because engine operation is not linked to vehicle driving conditions,
therefore avoiding high emissions during hard accelerations. The energy level in the energy
storage system can also be monitored for predicting the time for engine startup. This prediction
can be used for preheating the catalytic converter, if this is required to reduce emissions.

This paper presents system analysis and hydrogen engine development work directed to
obtaining a vehicle that approaches the 34 km/1 (80 mpg) PNGV goal, and has very low
emissions. Some of the vehicle and engine characteristics have been described in previous papers
(Smith 1993; Smith 1994; Aceves and Smith 1995). The system analysis section of this paper
shows a comparison between the hydrogen series hybrid (considering all the possible ways that
can be used to store the hydrogen in the vehicle) and other technologies currently being
considered for obtaining high fuel economy and low emissions. The engine development section
of this paper gives a brief description of the engine characteristics, the expected engine
performance, and the current status of the development work.

System Analysis

The system analysis presented in this paper uses HVEC, a vehicle evaluation code described in a
previous publication (Aceves and Smith 1995). This code can be used to predict the fuel
economy, range and performance of electric and series hybrid vehicles. In this paper, HVEC is

*On-off mode operation in a conventional drivetrain automobile during coast and stopped
periods has recently been brought to the European market by Volkswagen in its Ecomatic
automobile (Volkswagen 1994).



used to compare series hybrid vehicles with several combinations of fuels (gasoline, natural gas,
diesel, methanol, hydrogen) and primary power supplies (piston engines, turbines, fuel cells), to
evaluate which of these vehicles are most likely to meet the PNGV goal of 34 km/1 (80 mpg,
combined EPA driving cycle, 55% urban, 45% highway).

The vehicle comparison presented in this paper considers that it is possible to build a gasoline
series hybrid having a 1000 kg empty weight and a 384 km (240 mi) range. This vehicle is then
used as the base case for the comparison. The weight of other vehicle configurations is calculated
from the base case vehicle by replacing the engine and fuel storage with alternative components,
and calculating the differences in weight between the replaced components. It is also assumed
that the chassis weight has to be increased by 0.3 kg for each kg of power train weight increase,
due to the need for providing the required structural support.

The comparison between the different series hybrid vehicles is carried out under equal
performance requirements. All vehicles analyzed in this paper have equal time for 0-97 km/h
(60 mph) acceleration (10 s), equal hill climbing capacity (6% infinitely long hill at 97 km/h, or
60 mph) with a payload of 273 kg and equal range [either 384 km (240 mi) or 608 km (380 mi)].
Requiring equal performance implies that power train components (engine, motor, transmission)
have different power output for each vehicle, as the power required to keep a desired
performance increases as the vehicle weight increases. This constant performance requirement
guarantees that all vehicles are being compared on equal terms. Other vehicle parameters, also
considered equal for all vehicle configurations, are listed in Table 1.

Figure 1 shows a schematic of the vehicle configuration. Flywheels are used for energy storage
in all vehicles, due to their high energy and power densities, and high turnaround efficiency. A
detailed flywheel model has been incorporated into HVEC, which describes the measured
performance of a flywheel which is currently in the prototype stage (Post et al. 1993). The model
predicts flywheel turnaround efficiency and bearing losses as a function of flywheel state of
charge and power.

Figure 2 shows the main results of the simulation and comparison of the series hybrid vehicles
considered in this analysis. The figure shows lines of constant fuel economy (combined cycle) as
a function of vehicle test weight and engine brake thermal efficiency. These contours have been
generated by HVEC for vehicles with the desired constant performance parameters listed above.
Figure 2 also shows points and regions, which indicate where the different series hybrid vehicles
fall within the weight-efficiency diagram, for both the 384 km (240 mi) and the 608 km (380 mi)
ranges. For some vehicles, the difference in weight for the two ranges being considered is very
small. In these cases, only a point is indicated in the figure. A summary of the weights, engine
efficiencies, and fuel economies for the series hybrid vehicles is listed in Table 2. Table 3 shows
the weights of the hydrogen storage systems for the two ranges. Each of the vehicles is briefly
described in the next section.

Vehicle Descriptions

Gasoline hybrid: This is the base-case vehicle, and it is assumed to have an empty weight of
1000 kg (1136 kg test weight) for a 384 km (240 mi) range. Engine efficiency is assumed to be
32 %, based on the peak efficiency of a current 9.5:1 compression ratio productlon engine
(Thomson et al. 1987).

Gasoline hybrid. Lean-burn engine: This vehicle has a Iean-burn (0.7 equivalence ratio) gasoline

engine, which is assumed to have a 35% efficiency. Emission control for NOy in this engine may
require the use of a lean burn catalyst, still in the development stage. This vehicle is heavier than
the previous, because lean-burn engines have a lower power output per unit of displacement than




stoichiometric engines. Hence to maintain the required performance the engine must be bigger
and heavier which also adds slightly to the chassis weight as described above.

Diesel hybrid: The efficiency for the diesel engine is assumed to be 46%, based on a recent
production truck engine (Tsujita et al. 1993). However, small diesel engine efficiencies can be
substantially lower than this (Lawrence and Evans 1990). A region is shown in Fig. 2, which
indicates the possible efficiency of current and future small diesel engines.

Compressed Natural Gas (CNG) hybrid: Due to the higher effective octane number, CNG

engines can operate at a high (12:1) compression ratio, and therefore their efficiency can be
higher than the efficiency of gasoline engines.

CNG hybrid, I ean-burn: CNG engines operating lean are assumed to have a 38% efficiency.
This vehicle-is slightly heavier than the previous, due to the extra weight of the lean engine.

Gas turbine hybrid: Gas turbines are expected to be lighter than any other engine. However, their
efficiency is relatively low, due to the limit in maximum temperature that the turbine materials
can withstand. A 32% turbine efficiency is assumed here for automotive turbines. However, an
area is indicated in Fig. 2, extending to a maximum efficiency of about 40%, which has been
recently set as a PNGV goal (PNGV 1995), and may be possible in the future with high
temperature turbines.

Hydrogen Fueled Vehicles

Hydrogen hybrid, Cryogenic liquid hydrogen storage: This vehicle operates with an optimized
hydrogen engine, that is expected to have a 46% brake thermal efficiency (see the Engine
Development section of this paper for a description). The engine operates at a very high
compression ratio (15:1), very lean (0.4 equivalence ratio), and is therefore substantially heavier
than a stoichiometric engine. The cryogenic liquid storage has a reasonable weight and volume,
and has a proven record of safety (Peschka 1992).

Hydrogen hybrid, Iron-titanium hydride storage: Iron-titanium hydride is a very safe way to
store hydrogen with a very low energy penalty for compressing or liquefying (Buchner 1977).
The storage system also has a reasonable volume. The major drawback of hydride storage is the
high system weight. The mileage penalty is 10 mpg for the nearly 400 kg vehicle weight increase

over the liquid hydrogen hybrid.

n hybrid. Magnesium hydride storage: Magnesium hydrides are lighter than iron-
titanium hydrides. However, they require high temperature thermal energy for releasing the
hydrogen. Exhaust gases emitted by the optimized hydrogen engine have a low temperature
(~300°C). Therefore, it is necessary to burn some of the hydrogen fuel to desorb the hydrogen
contained in the hydride. This reduces the engine-storage system efficiency to about 40 %
(Handrock 1995).

n hybrid torage at i: This system has a low weight, but a very high
volume (about 300 liters for a 608 km range), which may rule out this form of storage for
automobiles. The volume can be reduced by using higher pressure containers. However, cost and
safety issues still have to be addressed for very high pressure tanks.

Hydrogen hybrid. Methanol and reformer: This vehicle is fueled by methanol, avoiding

therefore many of the direct infrastructure problems associated with hydrogen. Methanol is
reformed on board, and converted into hydrogen and carbon monoxide, which are then burned in
the engine. The transformation of methanol does not introduce any energy losses if exhaust
energy is used for the process [energy gains may even occur (Pettersson and Sjostrom 1991)]. An
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on-board reformer introduces a weight penalty. However, the system volume is acceptable
(estimated at 120 liters, including the methanol tank).

- n ri i: This vehicle is fueled with a 50%-50%
molar mixture of methane and hydrogcn The presence of hydrogen in the mixture allows the
engine to operate very lean, while the presence of methane results in an acceptable volume for
the pressure storage (150 liters for 608 km range). The efficiency of the engine is assumed to be
slightly lower than the efficiency for the pure hydrogen engine, because the presence of higher
hydrocarbons in the methane may limit the compression ratio to avoid engine knock.

Proton Exchange Membrane (PEM) fuel cell hybrid, Cryvogenic liquid hydrogen storage: Fuel
cell efficiency and weight are obtained from a recent publication (Allison 1993). This vehicle has
the highest fuel economy of all vehicles being compared. A fuel cell region is also shown in Fig.
2 to indicate the possibility of future improvements.

System Analysis Summary

Figure 2 shows that the lines of constant fuel economy have a small slope, indicating that mass
does not have a great effect on fuel economy (34 kg of weight reduction are necessary for a

1 mpg increase in fuel economy). This indicates that, in reaching the 34 km/1 (80 mpg) PNGV
goal, it is more important to achieve a high engine fuel economy than a low vehicle mass.
Figure 2 also shows that turbines, CNG engines and gasoline engines are unlikely to achieve the
PNGY goal in a vehicle with the characteristics considered in this paper. Diesels, hydrogen
engines, and fuel cells remain as the three technologies that have the possibility of reaching the
PNGYV goal. However, these have other limitations that may restrict their access to the market.
The main difficulty with diesel engines is meeting the emission requirements for NOx and
particulate matter. Hydrogen vehicles can achieve very low emissions, but the need for a
hydrogen infrastructure may limit their extended use. Hydrogen storage is also a problem. Fuel
cells are currently bulky, heavy, and very expensive. Many of the existing fuel cells are fueled
with hydrogen, and therefore have the same infrastructure and storage problems as hydrogen
engine vehicles. Solving satisfactorily the problems associated with either one of these
technologies will result in an efficient, low emission car that may reduce oil imports and urban
pollution. At the present time, hydrogen engine vehicles appear to be the most likely to meet all
the requirements, since the storage and infrastructure issues can be solved with current
technology at a reasonable cost, as shown in this and in a recent publication (Berry et al. 1994).

Optimized Hydrogen Engine Development
Emissions

The major emissions from hydrogen-fueled engines are NOy which consists of NO (nitric oxide)
and NO2 (nitrogen dioxide). These can be considerably higher than the NOx emissions from
conventional gasoline-fueled engines due to its higher adiabatic flame temperature. High NOx
emissions are the result of high combustion temperatures in the burmed gases, which occur when
engines are operated at or near stoichiometric fuel-air ratios. In stoichiometric spark-ignition
engines, NO usually represents 98% or more of the NOy, while in compression ignition engines
(diesels) NO exceeds 90% only at high loads or high speeds. An excellent discussion of the
detailed chemical kinetic mechanisms of the NO formation process can be found in the literature
(Heywood 1988).

To reduce combustion temperatures, and hence NOy, the fuel-air ratio is reduced, which dilutes
the combustion products with air. It is also possible to achieve similar results by recirculating
exhaust gases (EGR) to dilute the hot products (Ibid.). However, as the equivalence ratio is




decreased, flame speed decreases until unstable (incomplete or late) combustion precludes

further leaning. In extreme cases the flame speed is so low that combustion is not completed

before the exhaust valve opens. In some situations, turbulent gas motion mixes the flame front

with products and the flame is quenched. This occurs at an equivalence ratio of about 0.65 when

using hydrocarbon fuels. Fortunately, hydrogen has a unique property that allows it to be burned

at significantly lower temperatures than any other fuel: its high flame speed. A comparison of the ,
laminar flame speeds of hydrogen, gasoline methanol reformate, a hydrogen/CNG blend, and

methane are shown in Fig. 3. Note that flame speeds comparable to the lower equivalence ratio

limits for methane and gasoline (about 0.65) are in the region of 0.3 for hydrogen. The flame -
speed in an engine is much higher than the laminar flame speed because of turbulence.

Turbulence and burned gas expansion act as multipliers on the laminar flame speed.

The extensive work of Homan (Homan 1978) on direct injection of hydrogen in a CFR
(Cooperative Fuels Research) engine operated in both the spark-ignition and compression
ignition modes indicates that late injection always results in one to two orders of magnitude more
NOx production than does lean, premixed, spark-ignited operation. Thus it does not appear
promising to consider diesel cycles when trying to minimize NOy production. Homan measured
0.005 g of NOy per kWh of work produced using a spark-ignited hydrogen air mixture at
equivalence ratio 0.38 (Ibid.). Das (Das 1990) measured the NOx emissions from another
hydrogen-fueled research engine as a function of equivalence ratio at compression ratios up to
11:1 and are consistent with the extensive measurements of Swain in an 8.5:1 CR engine (Swain
et al. 1983). Figure 4 shows measurements made by this project on a Sandia CLR (Council for
Lubricating Research) engine which are in agreement with the literature values of Swain and
Das. '

Operation at premixed equivalence ratios that are too low will result in unbumned hydrogen that
can form hydrogen peroxide within the combustion chamber. Hydrogen peroxide emissions
could act as a source of hydroxyl radicals to promote photochemical smog. Sinclair and Wallace
(Sinclair and Wallace 1984) found that hydrogen peroxide levels rose as the equivalence ratio
was reduced below 0.4. At low hydrogen peroxide levels, passage of the exhaust through a
conventional tailpipe and muffler resulted in greatly reduced peroxide levels. They state that a
high-surface-area exhaust system would easily decompose the hydrogen peroxide on the metal
walls to negligible levels. Even so, hydrogen peroxide emissions will put a lower limit on useful
equivalence ratio. ‘

Hydrogen engines emit small quantities of hydrocarbons (HC) and carbon monoxide (CO) from
the decomposition and partial oxidation of the lubricants left on the cylinder walls by piston rings -
and from the valve guides. The exact HC and CO levels produced are probably very dependent

on the detailed engine design. However, it is possible to get what is probably an upper bound on
these emissions from recent measurements made on a large two-stroke diesel engine that was run
on hydrogen (Hedrick 1993). The average of the “11 Mode Emission Test” gave HC of

0.010 g/kWh and CO of 0.0176 g/kWh in the 9.05 liter displacement engine. These are probably
upper bounds because this two-stroke diesel sweeps the piston rings across the intake ports,

which is likely to cause more oil to be transported into the combustion chamber by the passage of
intake air.

There is a considerable body of knowledge on how the design details of piston rings affects oil
transport into the combustion chamber (McGeehan 1979). Experiments by Furuhama, Hiruma,
and Enomoto (Furuhama et al. 1978) with a three-piece oil ring reduced HC by nearly a factor of
two in a liquid-hydrogen-fueled premixed engine. These researchers also removed the chamfer




from the upper piston rings, which reduced blowby by a factor of four. Thus, with attention to
the design issues of lubricant contributions to hydrogen engine emissions and with the current
knowledge of the emission causes, it should be possible to keep the HC and CO emissions
extremely low.

It is interesting to note that the tests done (Hedrick 1993) determined a NOy emission of

0.575 g/kWh for the diesel. This is more than 100 times the value measured by Homan in the
premixed spark-ignition case. This again supports the conclusion that diesel operation of '
hydrogen engines is not likely to have tolerable NOx emissions. However, there is the possibility
of using very large amounts of EGR to reduce temperatures and NOy production in diesels.

Thus the literature gives clear guidance that an optimized hydrogen engine that minimizes
emissions should operate as a premixed homogeneous-charge, spark-ignition engine at an
equivalence ratio of about 0.4, and that attention in its design should be given to limiting
lubricant contributions to the emissions. Note that the low emissions achievable in this type of

engine do not require a catalyst.
Efficiency

There are two primary reasons to optimize a hydrogen engine for maximum efficiency. First, on-
board hydrogen storage is a difficult task for automotive applications and, second, the cost of
hydrogen on an energy content basis will likely remain higher than gasoline for the next several
decades. The automotive storage problem is discussed in some detail by Robinson and Handrock
(Robinson and Handrock 1994). The cost of hydrogen depends not only on hydrogen production
costs but also on the distribution and bulk storage systems used. These infrastructure issues are
addressed (Berry et al. 1994).

The thermal efficiency as a function of compression ratio for a number of single-cylinder
research engine experiments on hydrogen is shown in Fig. 5. Indicated efficiency is more
appropriate to report for single-cylinder research engines (net work done on the piston), because
the high friction of most research engines is not representative of modern multi-cylinder engines.

Included in Fig. 5 is a plot of:

n=1-[/R)Y]] (1)

the Otto cycle indicated thermal efficiency for constant ratio of specific heats. R¢ is the

compression ratio and 1y is the ratio of specific heats, taken here to be 1.3. The indicated
efficiency data by King (King et al. 1958) is for the most part below the ideal indicated
efficiency. A hint as to the possible cause for the rolloff in efficiency measured by King et al., is
given by the work of Caris and Nelson (Caris and Nelson 1959), who achieved 44.5% indicated
thermal efficiency at 17:1 compression ratio using highly leaded gasoline at an equivalence ratio
of 0.93. Their experiment, like virtually all of the engine compression ratio variation
experiments, reduced the clearance height (the distance between the top of the piston and the
head) as the compression ratio was raised. Thus at low compression ratios the surface-area-to-
volume ratio of the combustion chamber at Top Dead Center (TDC) is low, and at high
compression ratios the surface to volume ratio is high. This can have a major effect on heat
losses from the burned gas. Heywood states that the boundary layer during expansion is of the
order of 2 to 3 mm (Heywood 1988) and that because it is cooler than the core gases, it contains
the majority of the mass in the cylinder if the surface-to-volume ratio is high. This effect has
been highlighted in a recent engine model that compared well with production engines of varying
surface-to-volume ratios (Muranaka et al. 1987). Based on the dimensions supplied in King’s




work on a modified CFR engine, it is estimated that the clearance height at TDC was 8 mm at
12:1 compression ratio and only 4.6 mm at 20:1. Thus at the higher compression ratios there is
little or no unaffected (uniform high temperature) core gases — virtually all the mass is in the
cooling boundary layer. This is supported by Fig. 6, where the difference between the ideal
thermal efficiency calculated from Eq. (1) and the measured indicated thermal efficiency of King
et al., Ochmichen (Oehmichen 1942), and Mathur (Mathur and Khajuria 1984) are plotted
against the surface-to-volume ratio which has been estimated from the engine schematic and
dimensions provided in their papers. (Figures S and 6 also include preliminary data from the
Onan experiment and are discussed later.)

Thus heat transfer losses are likely to be the main reason for experiments to fall well short of the
ideal efficiency. It is noted that “timing losses™ also contribute to less than ideal performance
since the heat addition is not at constant volume due to the finite time it takes for the charge to
burn. However, as Muranaka et al. show this loss is small if the burn duration is less than 50 to
60 crank angle degrees. This is further supported in Fig. 6 by the comparison of King’s 1200 rpm
data with the 1800 rpm data, which shows slightly greater than 50% increase in losses. This is
what would be expected because the time for heat transfer to take place is inversely proportional
to engine speed, and the equivalence ratio for the lower-speed case is a bit higher than the 1800
rpm case. The effects of heat transfer losses (Muranaka et al. 1987) for stoichiometric gasoline
engines can be reasonably well fit by:

Qc/Qf = 20 (1400/N )0-5 2)

where Q¢/Qf is the fraction of energy of the fuel lost in percent and N is engine rpm. This fit of
the model output is for wide open throttle.

Thus an optimized engine should have a compact combustion chamber to minimize heat losses if
it is to be successful. Using a conventional engine and merely raising the compression ratio by
reducing the clearance height is not likely to give acceptable results. This implies a longer stroke
engine, which raises issues about friction.

Care must also be exercised in the design of an optimized engine that friction does not reduce the
output excessively. Since constant-speed, constant-load is the requirement for hybrid
applications, there is an opportunity to reduce friction because intermittent high-speed operation
is necessary only for hill climb. In addition, by matching the engine to its load (the electrical
generator) accurately, only wide-open throttle operation is required. Thus pumping losses can be
minimized, and the engine intake and exhaust system can be tuned for maximum volumetric
efficiency. Such tuning could compensate for the nearly 12% loss in volumetric efficiency that
occurs by operating at an equivalence ratio of 0.4 because of the volumetric displacement of air
by hydrogen.

Engine friction rises rapidly with speed. A correlation of friction (in bars of pressure) for four-
stroke engines in the range of 0.85 to 2 liter displacement was found by Barnes-Moss (Barnes-
Moss 1975) as:

fmep (bar) = 0.97 + 0.15(N/1000) + 0.05(N/1000)2 » (3)

where fmep is friction mean effective pressure, and N is the rpm. This fit is in good agreement
with data in the range of 1000 to 5000 rpm and was done for wide-open throttle. Thus there is a
compromise that must be made in engine speed between friction rising with engine speed and
heat losses dropping with increasing engine speed. Since the fraction of work lost to friction
depends on the indicated mean effective pressure, it is not possible to predict analytically the



optimum engine speed. However, it is likely that the ideal speed will be between 1500 and
3000 rpm. Thereforé, optimized hydrogen engines probably will not be high-speed engines.

Although the points cited here about engine efficiency are encouraging for achieving brake
thermal efficiencies in the mid-to-upper 40% range, low equivalence ratio and low speed will
mean low power output for a given displacement. The displacement required for the projected
need of about 40 kW (54 hp) for the hybrid vehicle application will probably require a 2.0 liter
engine in a four-stroke version. A modern gasoline engine can produce 100 to 110 kW from a
2.0 liter displacement engine. The impact of turbocharging to raise specific output and indicated
mean effective pressure needs to be considered. Alternatively, the problems of engine oil
contributing to emissions in a two-stroke version may have to be addressed if the four-stroke
engine is too large for integration into a low-aerodynamic-drag automobile. Combustion and
engine models can guide our choices of the parameters for an optimized engine, but only
experimental data can confirm our goals.

Engine Development Summary

From a review of the available experiments on hydrogen engines, the following conclusions are
drawn;

~ o Low emissions can be achieved without a catalyst if a hydrogen engine is operated at an
equivalence ratio between 0.3 and 0.5. The lower bound is controlled by rising hydrogen
peroxide production, while the upper bound is controlled by NOy production. In addition, the
engine design should minimize lubricant contributions to the combustion chamber.

' High efficiency in an optimized hydrogen engine is hkely to be achieved if:
1. A compact chamber with low surface-to-volume ratio is used to minimize heat losses to
the walls.
2. Mechanical friction is minimized for the constant-speed/load conditions.
3. High volumetric efficiency is achieved through intake and exhaust tuning techniques to
maximize the indicated mean effective pressure and engine output relative to mechanical
friction.

. Cptimum engine speed cannot be accurately predicted but will be relatively low.

» Specific power output will be relatively low and may require either turbocharging or
consideration of two-stroke operation.

Current Engine Development Status

We have designed and fabricated a cylinder head for an existing Sandia Onan engine. This
engine was originally a small, single cylinder diesel. The new head draws upon our
understanding of the literature implications on NOy emissions and efficiency. It also incorporates
many of the suggestions by Professor Mike Swain to minimize oil intrusion into the combustion
chamber. The design includes dual ignition from spark plugs located to minimize the flame travel
distance for low cyclic variation at very low equivalence ratios. This will compensate for the low
flame speed of lean operation. The design uses a low turbulence right circular cylinder shaped
combustion chamber to minimize heat loss. Details of this first attempt at an optxmlzed engine
are given in Table 4.

The choice of chamber shape appears to be the best based on the recent work of the Lund
Institute (Johansson and Olsson 1995) where ten chamber shapes were compared at 12:1
compression ratio. Using CNG at an equivalence ratio of a 0.67, they achieved 49% indicated




efficiency. The Onan design uses 14.8:1 compression ratio to achieve high efficiency, but has
higher surface to volume ratio than the Lund Institute experiments.

Preliminary measurements, as shown in Fig. 7, yield 42 to 46% indicated efficiency on the Onan
experiments. These values have also been shown in figures 5 and 6 for comparison to previous
work. The lower indicated efficiency value is computed from the cylinder pressure data taken via
the AVL model XX water cooled transducer while the higher values use the motoring method
that used a BBBXXX torque tranducer. It has been shown (Kerley and Thurston, 1962) that the
pressure method gives a lower indicated efficiency than the motored by 1.5 to 2% in the 10:1 to
14:1 compression range. The preliminary experimental differences in the two methods of
determining indicated efficiency are 3 to 5%. One potential explanation for the lower than
expected indicated efficiency is that the particular combination of intake runner arrangement and
no intentional swirl has accidentally resulted in much greater turbulence than desired. Such an
explanation is supported by the relatively fast burn observed even at 1200 rpm which requires 16
degrees of advance for MBT (minimum advance for best torque) at an equivalence ratio of 0.35
and only 10 degrees required at 0.46 equivalence ratio.

The authors remain hopeful that higher volumetric efficiency and higher engine speeds will
result in higher efficiencies. The surface to volume ratio in the Onan experiment is limited by the
engine stroke which will be changed in the next generation engine for improved efficiency.
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Table 1. Parameters common to all vehicle configurations being analyzed.

Frontal area, m?2 2.04
Aerodynamic drag coefficient 0.24
Coefficient of rolling friction 0.007
Transmission efficiency 0.95
(single speed transmission)
Flywheel energy storage capacity, kWh 1.0
Flywheel maximum power output, kW 100.0
Generator efficiency 0.95
Accessory load, W 1000
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Table 2. Engine efficiencies, weights and combined cycle (55% urban, 45% highway) fuel
economies for the vehicles being compared in the paper. All vehicles have the same
performance parameters. Two vehicle ranges are considered: 384 km (240 mi) and 608 km
(380 mi). Overall test weights assume a 136 kg pay load which is added to the empty weight.

y Vehicle Engine Test Fuel economy

description efficiency, % weight, kg km/1 (mpg)
384km 608 km 384km 608 km

Gasoline hybrid,
stoichiometric engine 32 1136 1146 25(58) 25(58)
Gasoline hybrid,
lgan—bum engine 35 1174 1183 27(63) 27(63)
Diesel hybrid 46 1148 1158 35(83) 35(83)
CNG hybrid,
stoichiometric engine - 35 1137 1152 27(64) 27(64)
CNG hybrid,
lean-burn engine 38 1174 1188 29(69) 29(69)
Gas turbine hybrid 34 1105 1115 26(62) 26(62)
Hydrogen hybrid,
cryogenic liquid storage 46 1218 1247 34(81) 34(80)
Hydrogen hybrid, '
Fe-Ti hydride storage 46 1479 1643 31(74) 30(70)
Hydrogen hybrid
Mg hydride storage 40! 1409 1514 28(66) 27(63)
Hydrogen hybrid, |
3600 psi pressure storage 46 1239 1262 34(80) 34(79)
Hydrogen hybrid,
methanol and reformer 46 1283 1302 34(79) 33(78)
Hydrogen-methane hybrid '
3600 psi pressure storage 45 1226 1242 34(79) 339(78)
PEM fuel cell hybrid,
cryogenic liquid H 2 storage 472 1171 1192 36(85) 36(84)
1 This value takes into account the amount of hydrogen that is necessary to burn to extract the
hydrogen from the storage.

. 2 Fuel cells do not require a generator, therefore, “engine efficiency” for a fuel cell is given as

the fuel cell efficiency divided by the generator efficiency (95%), to allow a direct comparison
with engine efficiencies.




l——.

Table 3. Empty weights in kilograms for hydrogen storage
systems, for the two ranges being considered.

384 km 608 km
range range
Cryogenic liquid 25 39
FE - Ti hydride 202 321
Mg Hydride 153 232
3600 psi 35 47
Methanol and reformer 46 48

Hydrogen-methane 50/50 @3600 psi 21

28

Table 4. Modified Onan research engine specifications.

Displacement

Bore

Stroke

Bore to stroke ratio

Compression ratio (initial)

Intake and exhaust valve diameters
Spark plug location from centerline

493 cm3

82.55 mm

92.075 mm

0.90

14.8:1

34.6 mm '
20.6 mm (2 each)
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Figure Captions

1.
2.

Series hybrid drivetrain schematic.

A comparison of series hybrid automobiles with equal acceleration, hill climb
capability and range. Open symbols are for 240 mile range, filled symbols are for 380
mile range. ‘

Comparison of the laminar flame speed of hydrogen (data compiled by Marinov,
LLNL) with that of methane, gasoline (Heywood 1988), methanol reformate and a
hydrogen/CNG blend.

Based on recent Sandia experiments in a CLR research engine, NOx decreases
dramatically as a hydrogen engine is leaned below 0.5 equivalence ratio.

Thermal efficiency of various hydrogen-fueled research engines compared with ideal
indicated efficiency.

Efficiency loss (ideal minus indicated) versus estimated surface-to-volume ratio in King
et al., Ochmichen and Mathur experiments on a hydrogen engines. Preliminary and
predicted data for the Onan experiment are also shown.

Preliminary indicated thermal efficiency by pressure integration and motoring methods.
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