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Glossary

A ............................................ Amperes
C ............................................ Temperature in degrees Celsius
CE-CERT .............................. College of Engineering-Center for Environmental Research and

Technology at the University of California, Riverside
ECM ...................................... Engine control module
I.............................................. Current
K ............................................ Temperature in degrees Kelvin
lpm......................................... Liters per minute
mA......................................... milliamps
µA.......................................... microamps
psi .......................................... Pressure in pounds per square inch
R ............................................ Resistance
V ............................................ Voltage
VGF....................................... Variable Gaseous Fuels engine concept
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Abstract

Hydrogen is attractive as an engine fuel because it is extremely clean, renewable, abundant, and
potentially affordable. The College of Engineering-Center for Environmental Research and
Technology (CE-CERT) at the University of California, Riverside, has developed internal-
combustion engine technology designed to use hydrogen as fuel. These engines demonstrate
extremely low emissions with performance comparable in most respects to that of conventional
engines. They also are suitable for use as near-zero-emission auxiliary power units (APUs) in
hybrid-electric vehicles. Their commercialization, however, is impaired in part by the lack of
hydrogen refueling infrastructure. CE-CERT has determined that it is feasible to produce a
Variable Gaseous Fuels (VGF) engine, capable of burning any mixture of hydrogen and natural
gas stored in a single pressurized tank. This engine would be able to use hydrogen when
available, but its range and flexibility could be extended through the ability to use natural gas
(which at present is much more widely available) at other times. This project has demonstrated
that sensor technology can be applied to determine the mixture of hydrogen and natural gas in the
fuel line. Output from the sensor can be used to adjust engine controls to provide consistent
vehicle performance regardless of the fuel mixture. Future research will develop the engine
controls to the point where they can be applied to an engine and tested in a vehicle.
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1. Project Description

1.1 Summary of Objectives and Accomplishments

As originally proposed, this project consisted of four tasks toward development of a variable
gaseous fuels (VGF) engine:

1. Investigation of thermal conductivity sensors for use in sensing the fuel mixture.
2. Investigation of infrared sensors for use in sensing the fuel mixture.
3. Engine computer design.
4. Reporting.

Partway into the project, it was determined that thermal conductivity sensors would perform well
for the desired purpose. Because of funding and time limitations, all of the sensor research was
concentrated on thermal conductivity. Infrared sensors were not investigated.

The research determined that thermal conductivity sensors are sensitive to temperature and
pressure as well as to the mole fractions of natural gas and hydrogen present. Because the
responses are measurable and predictable, however, we have succeeded in developing maps of
sensor responses to various mixtures of hydrogen and natural gas, which are monotonic.
Therefore, this project has demonstrated that it is possible to develop engine control strategies for
consistent vehicle performance regardless of fuel mixture. This is one of the central design
requirements of the VGF concept.

Based on these maps and our knowledge of the properties of hydrogen as an engine fuel
(Norbeck et al., 1996, 1997; Heffel et al., 1995; Heffel, 1997; Farrell et al., 1998), we undertook
preliminary design work on development of a VGF engine control system. This will require
further development before it can be implemented on a demonstration engine. Future research
and development activities are described in Section 3.

1.2 Sensor Evaluation

The thermal conductivity sensor used in this study is a metal resistance wire (filament) made of
5% rhenium in tungsten (supplied by the GOW-MAC Instrument Co.). The choice of the
filament material and its physical size were based on the temperature consideration and the
corrosiveness or oxidation characteristics of the materials to be analyzed. Especially for this
application, any oxidative impurity level of the fuel gas and the excitation current level would be
the important factors that could limit sensor lifetime.

Figure 1-1 shows the location of the sensing element in a T-shaped branched line and provides a
photograph of the sensor as used on the laboratory bench. This configuration makes the sensor’s
signal less sensitive to convective flow. Internal diameter of the branched line for the sensing
element (A) and the distance between sensor element and fuel flow line (B) were critical for the
sensor signal level as well as sensor response time. In this study, these sizes were kept constant at
value of 0.53 and 2.3 cm. respectively.
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Figure 1-1a. Sensor position and dimensions.

Gas flow
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Figure 1-1b. Sensor (in oven) in fuel line on laboratory bench.

A constant current source was used to heat the wire, and a digital voltmeter with differential
input was used to measure filament voltage. Commercial instruments used for early
measurements (a FLUKE 3330B Programmable Constant Current Source and DATA
PRECISION 3500 Digital Multi-Meter) were later replaced by designed-for-purpose sensor
interface circuitry. Using the four-probe method, separate lines for the current path and voltage
measurement, the resistances of the wire and contact element were eliminated. The resistance of
the filament is given from these measurements by use of Ohm’s Law. (i.e. R= V/I).
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A diagram of the Sensor Test Bench is shown in Figure 1-2, and a photograph is provided in
Figure 1-3. The sensor was located inside a temperature-controlled oven. The oven temperature
was measured by an integrated circuit (IC) temperature sensor (National Semiconductor Inc.
model LM35). The LM35 signal was used to control the temperature (using a personal computer
for feedback control) to any desired value from ambient temperature to about 350 degrees K.
Two kinds of the calibration gas — pure hydrogen and pure methane — were fed into the sensor
simultaneously or sequentially with the operation of a solenoid valve. The gas flow rate was
adjusted by a needle valve and a ball Flow Meter (FM1, FM2) for the range from the static
condition to about 2 liters per minute (lpm). A calibration measurement of the actual flow rate
resulted from observing the motion of a soap bubble meniscus in a burette. Gas pressure could be
adjusted by pressure regulators PR1, PR2 and the pressure value was sensed by pressure
transducer PT. (The 0 – 200 psia pressure transducer was by Bourns Inc. model ST3100.)

Figure 1-2. Sensor test bench diagram.
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Figure 1-3. Test bench.
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1.2.1 Sensor Characteristics and Calibration

A typical plot of resistance change by the temperature of the gas is shown in Figure 1-3. The
amount of current was kept as small as possible, within the limitations of the 0.1 mv voltmeter
resolution, to minimize the self-heating effect (i.e. change of the sensor temperature caused by
injected current). With the current level up to a few mA, the expected value for the self-
generating heat was estimated to be a few tenths of µ watts and yielded negligible temperature
change. All metal materials (including the sensor investigated) exhibit a positive change in the
resistance for a positive change in temperature. The relationship between temperature and
resistance can be expressed as a simplified Callendar-Van Dusen equation:
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RT = Ro ( 1 + α T)

Where :
RT = Resistance at Temperature T  (Ω)
Ro = Resistance at T = 0 °C  (Ω)
α =  Temperature Coefficient at T = 0 °C (Ω/Ω/°C)

From the slope and intercept of the curve in Figure 1-4, Ro and α could be calculated to 30.19 ±
0.11 Ω  and (32.4 ± 0.23) x 10-4 Ω/Ω/°C  in 95% confidence level, respectively.

Also, using the above equation and the constants, it was possible to measure the gas temperature
within the accuracy of ± 1 °C without another temperature sensor by use of a small amount of
current injected into the sensor.

Figure 1-4. Effect of temperature on sensor filament resistance, measured at I=1mA.
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The change of the filament resistance for various currents injected for each gas is shown in
Figure 1-5. In the low current region below 10 mA, as discussed above, the sensor precision was
not adequate to measure the gas composition. The resistance value is indicative of the
temperature of the gas. However, as current increased, the sensor showed a dramatic change of
its signal depending on the gas composition. Obviously, there were compromises to be
considered between the sensitivity of the signal and the lifetime of the filament when choosing
the current level for this application. We have set the current level to 80 mA, well below the 200
mA maximum current suggested by the filament manufacturer. This current level resulted in
more than adequate sensitivity for this application.
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Figure 1-5. Current heating of sensor filament vs. thermal conductivity of hydrogen.
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For the present sensor design, it was shown that the gaseous flow rate can be varied to in excess
of 1 lpm without notable filament cooling. This behavior of the sensor is ideal for vehicle fuel
line monitoring like this application. A linear increase in sensor signal was observed with
increasing sensor body temperature. It was apparent that the sensor signal must be compensated
by the temperature at the time of measurement to give the correct value for the gas composition
(or the filament mounting block must be controlled to constant temperature with flow sufficiently
slow that it equilibrates at the block temperature).

The effect of gas pressure was shown to be more complex than other variables. From a
theoretical point of view, the filament temperature (hence the resistance of the sensor) is reduced
by gaseous conduction. The thermal conductivity of the gas, κ, defines the proportionality
between heat flux and temperature gradient. The kinetic theory of gases shows

κ =  K sqrt(T/m)/S

where K is a proportionality constant, T is the absolute temperature, m is the molecular mass and
S is the molecular cross-section.

Note that this simple kinetic theory shows no thermal conductivity dependence on the number
density of the gas, or hence on the pressure. The driving parameters are the mass and the
molecular cross-section, and since hydrogen is very light and very small, hydrogen has by far the
highest thermal conductivity (seven times that of methane).

In reality, only “perfect” gases with very limited molecular force conditions fit this simple kinetic
model. The limitations of the model were shown with measurements at varying pressures.
Whereas hydrogen is nearly a “perfect gas,” showing little change of conductivity with pressure,
the conductivity of methane (and methane-rich mixtures) depends strongly on the pressure.
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1.2.2 Calibration Curves

As described in Section 1.2.1, the resistance change of the sensor was affected not only by the
gas composition, but also by the gas temperature and pressure. Figure 1-6 shows sensor
resistance with varying temperature and pressure of the gas. A plot of the sensor voltage as
dependent upon gas pressure and gas composition at fixed temperature is shown in Figure 1-7.
Calibration curves were developed at each pressure and temperature. Some of these are shown in
Figure 1-8.

1.3 Engine Computer Design

To find the composition of a certain fuel mixture gas, a three-dimensional curve-fitting algorithm
was developed using a multi-variable regression analysis. A composition of the gas could be
formulated by:

C = f ( P, T, E)
Where :

f ( P, T, U) =  three-dimensional curve fitting equation
T  = Temperature (K)
P  = Pressure (psig)
U =  Voltage from sensor

With this three-dimensional curve-fitting algorithm, the composition value of a certain mixture
could be found. Worst case error level was 2% (±1%). In this application of the sensor, as a
variable gas fuel vehicle, maximum error level of 2% seems acceptable for controlling the engine
variables according to the fuel composition.

A schematic view of the sensor system is shown in Figure 1-9. The two sections are the analog
sensor interface circuits and the digital micro-controller circuit. The analog circuit consists of
two current sources. Filament resistance is measured at high current to determine gas
composition and at low current to determine the gas temperature. A programmable gain amplifier
(PGA) is used for the amplification of sensor signal. Switching between two kinds of currents is
performed automatically by the microcontroller circuit according to a programmed timing
scheme (T1 and T2). Using this current switching technique, the gas temperature is measured
without use of another temperature sensor. Further, increased filament lifetime is assured owing
to the relatively reduced time under the high current condition. T1 and T2 periods were set to 50
seconds and 10 seconds respectively. With this timing schedule, this sensor system can measure
the composition of the fuel just after the engine ignition and update it every minute. This is
considered to be more than adequate, since the overall composition of the fuel in the tank will
change only after each refueling event. This is discussed further in Section 1.4.2.
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Figure 1-6. Typical plot of sensor resistance with varying sensor body temperature and gas
mixture.

Figure 1-7. Typical plot of sensor voltage with varying gas pressure and gas composition.

Figure 1-8. Calibration curves.
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Figure 1-9. Block diagram of sensor system (T1=low current and T2=high current).
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The digital microcontroller circuit consists of Z180 32-bit microprocessor from Zilog with 9MHz
clock, Z84C20 PIO, 128K flash memory and TLC2543 8 channel 12 bit A/D converter for sensor
signals. An Analog Devices Inc. AD7302 2 channel 8-bit D/A converter was used for the
composition output. The software code for the switching current source and calculation of
composition by 3-dimensional equation was developed and embedded inside of the micro-
controller. It was originally written in C language and final code size was about 24 K byte.

1.4 Design Considerations

1.4.1 Engine Control Strategy

Hydrogen’s energy density is approximately one-quarter that of natural gas. Additionally,
hydrogen has an extremely low minimum ignition energy and wide flammability range. The use
of hydrogen also enables engines to operate at higher compression ratios and leaner air/fuel
mixtures. Previous research (Norbeck et al., 1997; Farrell et al., 1998) has demonstrated that fuel
injectors designed for natural gas engines can be used without modification to deliver hydrogen.
However, the injectors should be oversized to provide enough fuel in each cycle to provide
adequate horsepower.
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1.4.2 Uniformity of Fuel Mixture

Questions have been raised as to whether the fuels in a VGF vehicle will be adequately mixed,
such that in the space of a single tank at any time there is a uniform mixture. For fast fill, the
turbulence in the tank due to inrushing gas will initiate a rapid mixing. In any case, a simple
dimensional analysis (or by use of the diffusion equation) suggests a time constant on the order
of L2/D12, where L is an appropriate internal dimension of the containing vessel and D12 is the
binary diffusion coefficient. For hydrogen-methane, D12=0.72 cm2/sec at 298 K. Thus the
diffusion mixing times are on the order of 1,000 seconds for a 30 cm3 vessel. This suggests that
even in the case of slow (overnight, for instance) fill, the gas will tend toward uniformity.

A related question is whether there will be separation due to gravity. Certainly at very low
temperatures, the thermal motion of the molecules may not be adequate to prevent separation;
methane could be liquid as the hydrogen is still gaseous. At normal temperatures prevailing
inside a compressed-gas tank, the change of density in the gravity force field is accurately
represented by an exponential relationship, with a scale height proportional to kT/mg, where k is
Boltzman’s constant, m the molecular mass and g the gravitational constant. For air the scale
height is about 10 km, for methane 14.5 km, and for hydrogen near 100 km. Hence the gravity
effect on density is less than one part per thousand at normal temperatures.

The final response to the question of uniformity may be instrumental, as it appears
straightforward to measure the percentage of hydrogen as needed — every second or so. Thus the
mix properties may be monitored as (or if) they vary, and the engine parameters may be
continually updated with the ECM (Engine Control Module).

1.4.3 Refueling Port

An issue yet to be addressed is how the refueling port on a VGF vehicle will be designed. In the
United States, standards for natural gas refueling have been established. Hydrogen fueling does
not yet have an industry standard, but it would seem obvious that a different fuel should have a
different filling fixture to prevent a dedicated natural gas vehicle from accidentally being filled
with hydrogen, and vice versa. Because of this, it is likely that a VGF vehicle will need two
filling ports, one for natural gas and one for hydrogen.

2. Conclusions and Recommendations

The composition of a VGF mixture can be conveniently measured by use of thermal conductivity
sensing. This fuel sensor is simple in principle, indicating the possibility that it can be produced
inexpensively and operated reliably. The resulting electrical signal can, in principle, be used to
control ignition timing and injection parameters for an engine using VGF.

For the first years of introduction of hydrogen to a world which is reluctant, at best, to be weaned
from hydrocarbon fuels, VGF offers notable advantages:
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• An ICE with VGF, suitable for operation on a range of gaseous fuels, likely can be produced
at a modest cost premium to present day engines.

• Using pure hydrogen, a vehicle based on such technology can be designed to have zero
criteria emissions (using exhaust gas recirculation and catalytic scrubbing of the last bits of
NOx)

• Home refueling using the new Personal Fueling Appliance will be as convenient as any
electric car, but the vehicle likely will have a much greater driving range.

• Using the VGF capability, thousands of natural gas refueling stations already established can
be used to extend the range of hydrogen-fueled vehicles, and to complement rather than
compete with hydrogen infrastructure.

• The VGF vehicle will, of course, be able to refuel with hydrogen from any available fast fill
source. Due to the inherent insensitivity to impurities, this ICE based vehicle will be ideally
suited to operation from landfill or digester gas derived fuels which might contain impurities
damaging to fuel cell operation.

Noting the disadvantages of using on-board reforming as a crutch to introduce fuel cells, the
availability of high performance VGF vehicles can be expected to stimulate the development of
gaseous fueling infrastructure. At such a time as fuel cell vehicles become available at reasonable
cost, the early introduction of hydrogen as one of a mix of gaseous fuels will aid establishment of
the needed new fueling infrastructure.

3. Future Work

The next step toward development of VGF vehicles is implementation of an engine control
strategy. Clean Air Now, a group that has worked to develop hydrogen-based energy systems,
has agreed to allow CE-CERT to modify a hydrogen-fueled engine installed on a Ford Ranger
pickup truck. CE-CERT will install the fuel sensor and modify the engine controls to develop
control strategies for the VGF concept, either aboard the truck or on the engine dynamometer.
Horsepower, emissions, fuel economy, and other parameters will be investigated.

As noted in Section 1.2, some research is warranted on the uniformity of the fuel mixture in the
common storage tank. Results will help to determine how often the fuel mixture should be
sensed.

As noted in Section 1.3, work will be needed on the design of fueling ports. This is a necessary
step toward commercialization, but it will require the involvement of the Society of Automotive
Engineers and other standard-setting organizations more than true university-level research.

4. Contractors and Subcontractors

The prime contractor for this project was the Regents of the University of California. All work
was performed by the College of Engineering-Center for Environmental Research and
Technology (CE-CERT) at the University of California, Riverside.
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