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INTRODUCTION

Since 1939, the California Legislature, mindful that motor vehicles are a
major sousce uf air pollution, has developed increasingly siringent automotive
emission standards, A vital part of such legislative sction is the development
of factual data, in support of tight but realistic standards.

During 1967-68, studies and hearings by both state and federal agencies
revealed that certain alternatives to the internal combustion engine (ICE)
might be feasibie as low-emission automotive powerplants. One alternative is
the external combustion engine (ECE), in which fuzl s hurned continaously
and completely to generate power. There are severil types of ECE, but the
most familiar is the steam engine, technically known ss a Rankine cycle engine.
The studies and hearings suggested that the ECE, far from being an outmoded
concept, could hecome a workable alternative to the ICE, with the aid of
modern technology. With this in mind, the California State Assembly decided
to sponsor the demonstration and evaluation of ECE propulsion systems.
This work was supported in part by a grant of fueds from the Urbar Mass
Transportation Administration of the U.S, Department of Transportation.

The purpase of the Californin Steam Bus Project was to evaluate the tech-
nical feasibility and public acceptance of the ECE as & low-emission, cuiet
propulsion system, using city buses as demonstration vehicles. Emphasis was
to be placed on the early demonstration of porential, rather than exiensive
development o technical perfection. The title “Steam Bus” was adopted after
the project’s engineering contractoss chose Rankine cycle systems 1o exemplify
the ECE.

Engineering development work began in June, 1970, Three contractors
developed and initalled steam propulsion systems in three 40-foot urban
transit coaches, replacing the original diesel engines. The three steam buses
were lested and demonstrated in the metropolitan areas of Oukland, San
Francisco, and Los Angeles. The buses traveled 8,372 road miles under steam
power, including about 800 miles in revenue passenger service. The program
ended on Sepiember 30, 1972,

FINDINGS

The following s an abstract of the findings of the Steam Bus Project. Tables
of supporting data are presented in the Appendix.

Performance, Sieam bus acceleration, top speed and hill climbing were
equal (o or exceeded road performance of buses powered by six-cylinder
diesel engines.

Emissions. In tests by the California Air Resources Board, all steam buses
were well below the 1975 California emission standards for heavy duty ve-
hicles, but none of the diesel busei tested came close to meeting the require-
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mienty bl hydoscarbons and nitrogen oxides combined. When the cleanest
steam huy was compared tu o composite of the cleanest diesels tested, the
steamn bus produced 30.5 percent less carbon manoxide (CO) and 86 percent
less. hydrocarbons (HC) and nitrogen oxides (NO, ). The cleanest steam bus
registered & 94 percent reduction in NO, when compared to the cleanest die-
sel tested.

Noise. In measurements by the California Highway Patrol, the quistest
steam bus was 2.5 to 10 decibels below the quietest diesel buses in drive-by
tests and 6 10 14 decibels below in curb-side tests. On the other hand, interior
sound levels were similar or higher than diesels,

Fuel Consumption. [n the steam bus™ state of limited development, fuel
consumption wus high. Diesel fuel consumption rates during dctual stop-and-
go route conditions were more than three times lower than the best steam
bus, Diesel fuel mileage at a steady 20 m,p.h. was iwo to three times beiter
thun the best steam bus. Idle (uel consumption rates showed even a wider
margin for diesel buses. Although fuel economy of present steam buses is
poor when compared 1o diesel power, the discrepancy s not as great when
compared (o fedgling systems, such as the gas turbine and spark-ignition
engines fueled with nutural gas.

Operating characteristica. Conventional driver controls were used, mink
mizing the need for special driver instruction. Water recovery was inadequate,
but startup times, performance and drivability were equivalemi to fleet re-
quirements for existing diesel equipment. Special knowledge and extensive
attention were required, however, for powerplan! maintenance.

Revenue service. Steam buses usially were able to duplicate time schedules
ol diesel buses in actual revenue passenger service, All buses demonstrated
satisfactory performance in terms of operational safety and passenger com-
forl, One bus provided air conditioning, which was effectively driven by shaft
power taken from the main expander, Riders interviewed on the steam buses
indicated o high degree of user s¢ceptance for these experimental vehicles.

Composite picture. Although not all three installations showed every po-
tentinl atirihute of an ECE, a8 composite picture demonstrated that steam
bitses can equal roud performance of diesel buses. One bus was considerably
guieter than the diesels. One system was lighter in weight than present diesel
powerplants. Although all three systems occupied more space than diesels, one
bus demonsirated that passenger space need not be diminished if the several
companents of the powerplant are located separately. Another system met
almost ull space requirements within the existing engine compariment. As with
any experimental device, a great deal of inspection, rework and maintenance
was nevessary in field demonstrations. It must be emphasized, however, that
these buses were converted only for use in an early demonstration of feasibili-
ly and pofential. They are not pre-production prototypes, and much engin-
eering development would be required before such power systems could meet
transit industry standards for system layout, reliability and operating economy,



Potential for fuel comumption improvement, With progressive engineering
over a two-year penod, the fuel consumption of steam buses could be im-
proved until it is only 52 percent more than present diesel in stop-and-go
service, Improvements in the transmission and powerplant would be required
to achieve this reduction. Eventually, fuel consumption could be improved
until it is only 6 percent more than present diesels.

Potential for emissions improvement. Emissions of steam buses could be
reduced significantly by developing cleaner bumners and by consuming less
fuel. Within two years, present steam bus emissions of CO could be reduced
by 68 percent and HC plus NO, by 67 percent. Eventually, steam bus
emissions of CO could be reduced by 88 percent of present levels and HC

plus NO, by 89 percent,

CONCLUSION

The California Steam Bus Project successfully achieved its goals. Both the
mission and the organization may appear unorthodox, but the involvement
of many concemned private and public entities at an early date was very bene-
ficial.

Steam propulsion systems were the first alternate power systems to be
visibly supported by the public sector. Continued research and development
is essential, if not for steam alone, then to legitimize other possible alterna-
tives. This is the only way Lo insure that the sources of vehicular air pollution
can be corrected, if attempts to control existing power systems fail. Acceler-
ation of lowemission engine development appears to be among the more
pressing needs in society. Public agencies have responsibilities Lo support bath
the technology and the market. Buses are, in a sense, merely symbolic of the
variety of vehicles that could benefit from needed powerplant improvements.

RECOMMENDATIONS

Rankine cycle engines were found to have sttributes that are needed in
urban transportation. With further development, present drawbacks, such as
high fuel consumption, can be eliminated or considerably reduced. Advantas-
ges, such as engine braking, can be developed in the future. The Assembly
Office of Research, therefore, recommends the following:

. We recommend the continued exploration of the Rankine cycle by
developing an application for heavy duty vehicles in a basic research and de-
velopment program.

2. We caution tha! many ycars of progressive and persistent engineering
will be needed to make Rankine cycle powerplants technically feasible. Such
2 program should consist of the following elements:
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(1)  Afrontal attack on technical problems identified by the California
Steam Bus Project and other programs.

(2) Siress on design engineering and bench testing, rather than studies
and demonst rations.

(3) Exploration of both turbine and reciprocating expandars, bacause
it is not yet clnar which form is superior for heavy-duty, stop-and-go vehicles.

(4) Use of the research wark on Rankine cycle components and sys-
tems currently sponsored by the Environmental Protection Agency for auto-
motive application.

(5) Funding at no less than $20 million over a four-year period.

3. If the above development phase clearly indicates the potential of this
alternate system, we recommend that the federal government make the policy
decisions that will be required to achieve the reality of low emission vehicles
for urban areas, including automobiles, trucks and buses,

4, We encourage all state legislatures to follow California’s lead by con-
sidering the need for market support if o suitable alternate propulsion system
is developed. Such a need could be addressed by the following threefold legis-
lative program:

(1} Establish low emission vehicle centification programs that rank
propulsion systems by their cleanliness and performance.

(2)  As u matter of public policy provide incentives, such as subsidies
or lax reliel to heavy duty vehicle users for purchasing low emission fleet
vehicles, especially because such vehicles may be avallable only at premium
prices.

(3) Legislate more stringent heavy duty vehicle emission standards
for urban areas when clean slternatives are available, after fleet operational
feasibility Is demonstrated and low emission experience is validated.

PROJECT HISTORY

The California State Assembly submitted a grant application to the Urban
Mass Transportation Administration (UMTA) of the US. Department of
Transportation on December 17, 1968, seeking funds to demonstrate and
test ECE systems in city buses. This application was approved on February 17,
g::. making this the first major research grant made 1o a state legislative

Qualified suppliers of ECE systems were sought by means of a Request
for Propusals issued on May 1, 1969, Replies from potential suppliers revealed
that ECE systems, far from being available off-the-shelf, would require
extensive engineering development before any demonstration could be
scheduled. With this knowledge, the program was restructured to provide
time and funds for development and new proposals were solicited.

On September 20, 1969, a panel of eight experts appointed by the Assem-
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bly selected the toree best qualified system vendors,

The actual work of designing and developing these steam power syslems
began with the signing of engineering contracts in June, 1970, Each system
vendor was paired with a transit district as follows:

1. William M. Brobeck & Associates, Berkeley, California with neighboring
Alameda-Contra Costa Transit District (AC Transit) headquartered in
Oakland.

2. Lear Mutors Corporation, Reno, Nevada with the San Francisco Muni-
cipal Railway (5.F. Muni).

3. Steam Power Sysiems (SPS), San Diego, California, with nearby South-
ern California Rapid Transit District (SCRTD) in Los Angeles,

Overall direction was provided by the Assembly Office of Research. This
office was assisted by two systems management firms. The first was Scientific
Analysis Corporation (SAC). 2 non-profit research firm in San Francisco,
which was to sdminister the project on o daily basis, conduct public and
patron attitude surveys and supervise making of a documentary motion
picture. The second was International Research & Technology Corporation
(IR&T), a Washington, D.C. firm, which was to monitor and report technical
progress and evaluate bus performance through a field office in San Ramon,
California. Kerry Napuk was made project manager by SAC and Roy Renner
became project technical manager for IR&T. These sysiem managers repre-
sented the Assenibly on all matters of administration, coordination and evalu-
atlon.

AC Transit and SCRTD contributed late model coaches to be retrofitted
o steam power, Lear Motors furnished its own bus and powerplant for lease
to S.F. Munl. The Bay Area Educational Television Association, KQED, in
San Francisco, was selected to film project activities. Exhaust emissions were
tested and evaluated by the Californis Air Resources Board. The California
Highway Patrol messured sound levels and performed motor carrer safety
inspections. Support also was provided by the Assembly Rules Committee
stall, the Auditor General's Office, Division of Highways, Department of Pub-
lic Health and the Office of Insurance, During special demonstrations, assist-
ance was provided by D.C. Transit und the Sacramento Transit Authority.

William Brobeck & Associates was the first to complete installation work
and have a steam bus operational, in September, 1971, This bus was delivered
to AC Transit on September 27, |97 1. The Lear installation was first operated
In January, 1972 and delivered 10 San Francisco on July 20, 1972, Steam
Power Systems completed installution in March, 1972 and brought the bus
to Los Angeles on August 7, 1972,

In addition to participating in engineering testing and fleet trials, these
experimental vehicles were involved in two major demonstrations.

The Brobeck-AC Transit steam bus was demonstrated in Washington, D.C.
on November 17, 1971, in canjunction with a Steam Bus Symposium spon-
sored by UMTA and the U.S. Department of Transportation, During its stay
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in the nation’s capitol, the first modern steam bus traveled more than 75
miles and carried nearly 500 people in showings to Department of Trunsporta-
tion officials, members of Congress and symposium guests.

On April 26, 1972, all three steam buses were demonstrated before mem-
bers of the California Legisiature in Sacramento.

Financially, the original grant application requested $450,000. This figure
proved to be inadequate and California made application for added funds
which were subsequently approved. At the end of the program, federal funds
totaled $2,294,525, Local contributions of about $5.7 million were made to
the project by the state, the transit districts, and by the system contraciors,
Thus, the total project cost was approximately $8 million. The largest share
was the local contribution made by the system contractors, approximately
§5.5 million.

TECHNICAL EXPERIENCE

Introduction

During the experimental period, the three contractors were encouraged to
develop their own design approaches. Each vendor considered or implemented
more than one design which benefited the project. Reciprocating, rotary and
turhine engines reached preliminary bench test stages. A number of working
flulds other than water were examined. Severul varlations of control systems,
auxiliary drives, feed pumps and burners went onto an expensive junk pile
before vehicles became operational.

The final systems had some features in common. All used water as the
working Muid. All vendors generated steam in forced-circulation, continuous-
coil tubular steam generators, Steam temperature control was by the “norma-
lizer” principle in which supplemental water Is injected into the superheater
as required, Condensing was by fan-cooled, finned tubular radiators, While a
variety of liguid Tuels may be used, No. | diesel was selected because it was
the standard fuel of the industry,

Because time was an importani factor, many technical compromises had to
be accepted. As an expedient, commercially available multi-ratio sutomatic
torque converler transmissions were used, even though these converters were
not well matched to steam expanders. Fixed cut-off was used in the piston
engines instead of the more difficult but much more efficient variable cut-off
types, The main expanders were used to drive accessories at idle, although
more efficient methods were known. Development of engine retarding with a
piston engine, although desirable, was hypassed in this program. Complete
uperational safety, on the other hand, was # mandatory requirement, which
all vendors met satisfactorily.
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System descriplions

William M Brobeck & Associates. The Brobeck sysiem was an outgrowth
ol the automatic monotube steam generators and compound-expansion plston
engines developed earlier by Doble and Besier. The steam generator and its
automatic conirols were mounted in the engine compartment at the rear,
while other system elements were located amidships under the floor as shown
in Figure 1. All sccessory and auxiliary units were belt driven from pulleys on
the forward end of the engine camkshaft. Condenser fans were remotely
driven by hydraulic motors. The transmission was a Dana-Spicer model 184
with two speed torque converter umit, which locked up into direct drive at
28 m.ph

Brobeck's steam generstor was of the continuous-coil, forced-circulation
type, using sbout one quarter mile of small diameter rubing which is shown
instulled in Figure 2. Both tangential and axial bumer firings were explored,
with the former yielding better results in this configuration. The burner used
s single gir-atomizing novile, with mutomatic swiiching among four steady
state levels: aff, Idle, low fire and high fire.

Brobeck’s expander had three double acting cylinders. Compound expan-
sion was used, with one high pressure cylinder exhausting into two low-pres-
wre cylinders, Ad an expedient. o non-reversible fixed cut-off velve gear was
used, By placing the system components in existing spaces, the original seat-
ing capacity for 51 passengers wus retained. AC Transit"y coach was 3 1969
General Motors bus, which, like all other vehicles in this program, was 40 feet
tong and 102 inches wide, weighing between 21,000 and 22,000 pounds un-
luden,

Lear Motors Corparation. The Lear system differed strikingly from the
other twa in ity use of & turbine as an expander. All major components are
placed in the engine compartment, which had (o be enlarged 10 sccomodate
the steam generstor confliguration and regenerators and, thereby, reduced the
original seating capacity by five passengers. Lear Motors supplied thewr own
1970 General Motors s,

Lear Motors” steam generstor (eatured a radial outflow of hot combustion
gases through the tube bundie. During development, several types of bumers
were tried, including vaporizing, mechanical stomizing and air atomizing,
with the liter finally adopted.

Thus vehicle appears 10 be the first in history to be successfully propelled
by a steam turbine. The single stage impulse turbine was small, with a wheel
dismeter of 5.6 inches. and rotated at high speed, up 10 65,000 r.p.m. Re-
duction gessing of 24 to 1 connected the turhine through an Allison HT-740
fourspeed sutomatic transimission 1o the rear axle. Most auxiliaries also were
driven from the speed reducing gearbox, including the feed water pump, two
condenser fans and burner blower, Figures 3 and 4 show the general arrange-
ment of this powerplant and its installation in the demonstration bus.




Steam Power Systems, Inc. The SPS powerplani featured a six-cylinder,
double-acting compound<xpansion engine. Steam was reheated between the
Iwo expansinn stages Steam gereration was by a serfes-parallel tubular boiler,
with an additional section for the inter-stage resuperheating. The steamn gen-
erator, expander, suxiliaries and one condenser were located in the roar eo-
gine compartment, which was enlarged at the sacrifice of five rear seais for
passengers, Thrée additional condensers were located under the bus, just
behind the front axle. Installed components in SCRTD's 1968 Flexible bus
are shown in Figures 5 and 6. .

Of the three buses, the SPS bus was the only one to provide air condition-
ing and retain the original transmission, a GM-Allison Super V, and angl>-
drive rear axle. Two significani innovations were carried (0 bench test, but
were laid aside when time did not permit development. One attempted inno-
vatlon was the use of infinitely variable cut-off valve gear, which would allow
engine speed control without s throttling valve while being conducive to high
thermal efficiency. Another attempt was the elimination of oil lubricants in
the steam cylinder, which would aveid the problem of oil carryever into the
condenser and boiler.

Safety. Complete operational safety was a firm requirement with surveil-
lance and control exercised during all phases, such as design review, laboratory
proof-testing and Trequent in-service inspections. The following criteria were
applied:

|. Toxic, lammable or explosive working fluids were not permitted.

2. Steam generators were designed to be inherently nonexplosive,

3. Several safety limiting devices were used, such as pressure and tempers-
ture limit switches in the automatic steam generator control circuits, as
well as afety valves.

4, Limiting governors were applied to prevent accidental expander over-
speeding.

5, Flame sensors were installed to stop fuel flow in the event of ignition
failure.

6. Driver controls were simplified and made as similar as posible 1o those
for a standard diesel coach.

In this project, large pressurized vessels were not permitted for Steam
generition, which eliminaied any possibility of 2 sudden explosive release of
the boiler’s energy content. A relatively small amount of steam and water is
confined to » long coiled length of tubing us shown in Figure 5. On a number
of occasions, tube failures did occur in these experimental steam generators,
but they proved to be inconveniences rather than hazards.

Becauss of good design practice and careful workmanship by system
vendaors, the potential hazard level of these systems was judged to be similar
to that of gs turbines, which have large quantities of fuel burned in com-
bustors outside an engine hlock.
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Road performance. These steam powered vehicles are capable of equaling
or exceeding road performance of buses powered by six-cylinder diesel en-
gines, Steam buses could usually duplicate, to the minute, time schedules
achieved by diesel power during revenue pasenger service.

Because torque-converier trunsmissions were used, there was little oppor-
tunity to take advantage of the favorsble torque rise, high stall torque and
potentisl retarding «ffort inheront in steam engines,

Emissions. Several tests were made of exhaust emissions of diesel and
steam buses by the California Air Resources Board. Results confirm that the
ECE can produce low exhaust emissions even though the steam buses con-
sumed significantly more fuel, All steam buses met the 1975 California heavy
duty vehicle standards, which limit carbon monoxide emissions to 25 grams
per brake horsepower hour (bhp/hr) and hydrocarbons and nitrogen oxides
combined to 5 grams per bhp/hr. While diesel buses 1ested easily met the CO
requirements, none came close to meeting the combined HC and NO limits,

When the zleanest steam bus was compaied to a composite of the cleanest
diesel bus test data, the steam bus produced 30.5 percent fess COand 86,0
percent less HC and NO,. OF special interest was & 94.0 percent reduction in
NOy recorded by the cleanest steam bus, Testing was done with a chassis
dynamomete:, with emissions sempled during | 3 separate steady-state modes
of speed and load. This procedure does not include any road load transients
during sampling, but transients from boiler and burner to hold a given road
load were integrated o test resalis,

All emissions tests were made with Number One diesel fuel. With proper
adjustment, combustion is virtually smokeless. During testing, smoke opacity
numbers were similar 10 that of well-maintamed diesels, with readings gener-
ally of one to three percent excapt for occasional visible smoke when loads
were changed. Light odors reminiscent of gas turbine or jet engine exhaust
wire sometimes noted,

Noise, The Culifornin Highway Patrol made surveve of sound levels botl
inside the buscs and in the near-field outside environment. Three types of
tests were conducted: first, drive-by, full throttle, second, standing start; and
third, interior,

Test results are in the form of decibel readings, whch are comparmative
maasures of sound-pressure levels. A logarithmic scale is used; thus, a reduction
of three decibels corresponds to a 50 percent reduction of sound levels.

During drive-hy tests, the quietest steam bus was 2.5 to 10 decibels below
diesels a1 » distance of 50 feet. Morcover, the quietest steam bus in simulated
curb-side tosts was 6 (o 14 decibels below the quietest diesels tested, On the
other hand, interior sound levels were similar or higher than the diesels, with
the exception of the lutest results for the Brobeck powerplant installation.

The Lear system emitted a high frequency sound characteristic of turbines.
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It Is possible, however, that transmitted and rediated sound levels of this ve-
hicle, now higher than diescls, cun be reduced by techniques proven successful
in gas turbine practice.

Fuel consumplion. Steam buses had very high fuel consumption, The hest
cruise fuel mileage of the Brobeck power plant was 3.5 miles per gallon (mpg)
at 30 mup.h,, while a diesel bus can schieve 7 to almost 12 mpg under the same
conditions, During actual stop-and-go route conditions, steam fuel rates of
0.6 to 1.1 mpg were noted compared with diesel rates of 3.02 to 3.68 mpg.
Idle fuel consumption was also high, with steam systems using 3.2 1o 4.7
gallons per hour compared with diesel figures of 0.5 to 0.65 gallon per hour.

Operating characteristies. Driver controls on all steam vehicles were similar
to those on the diesel coagh before conversion. These controls included a foot
throttle, air brake treadle and forward-neutral-reverse selector lever. In addi-
tion to the criginal panel instruments, a tachometer and a steam pressure
gauge were included along with indicator lights signifying powerplant condi-
tions and incipient problems.

All fire-up procedures were controlled from the driver’s sear, Sufficient
steam to start the expander was available within a minute from a cold switch-
on. While careful warm-up of the expander required an additional two to five
minutes for systems with reciprocators, the Lear turbine could move as soon
as sieam was ready. All three steam systems had 1o be driven {or a few blocks
before the entire system reached proper temperatures and maximum power
was available, Once the powerplant is hot, however, it may be restarted with-
in & matter of seconds, even after a lapse of 30 minutes.

Although all thiee power systems employed condensers for recnvery of
water, none wus i completely sealed system, By means of relief valves, excess
steam exhaust could be relieved under overload conditions on a hot day. The
ariginal goal was a touring range at least equal (o o hormal day’s operation for
diesel buses. In practice, however, all steam buses sometimes fell shon of this
gual, because of unfavorable condenser mounting configurations ( Brobeck
and SPS) and periods of imufficient turbine operating speed (Lear).

Waste heat release from a Rankine cycle powerplant is appreciably greater
than that of internul combustion engine systems. Much consderation, there-
fore, was given fo directing beat flow away from the passenger compartment
and bystanders,

Urban driving eycles. During the project, diesel and steam buses were fitted
with portable instruments for measuring and recording a number of vehicular
and route characteristics. Urban bus routes were then experimentally driven
with a constant hallast payload of 4,500 pounds, representing a partial load of
30 passengers. Several types of driving cycles encountered by urban and sub-
urban buses were thereby identified and used as a basis for evaluating bus
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PUBLIC SERVY CE EXPERIENCE

Steam buses entered revenue passenger service in the cities of Oakland,
Berkeley, Huyward, San Francisco and Los Angeles, The longest individual
public service was eighteen operating days; the shortest was two. Several
special demonstrations were provided, however, before and after delivery of
the steam buses 1o their assigned transit districts, These three vehicles accumu-
lated a total of 8,372 road miles, including about 800 miles while carrying
paying passengers.

Public experience on a district-by-district basis was as follows:

AC Transit, On January 23, 1972, the AC Transit steam bus entered its first
day of public service, operating from East Oakland to Berkeley und back.
While completing is third round trip of the day, an engine failure, involving
a broken crosshead, forced the vehicle to retire only three blocks from com-
pleting its day’s service.

On May 25, 1972, the steam bus returned to public service making one
round trip per day between Onkland and Berkeley. On June 5, the bus opera-
ted from downtown Hayward to Oakland and back. During eight days of pub-
lic service, 13 one-way trips were completed and three were aborted. Numer-
ous operating problems were encountered, including control instability, a
blower motor failure, a feed water pump failure, relief valve bellows failure
and poor water consumption. The steam bus was withdrawn from public
service on June 9 to undergo improvements,

On September 19, 1972, the AC Transit steam bus retumed to public
service, operating between downtown Hayward and downtown Oakland, a
distance of 39 miles. It operated on this route for nine continuous days with-
out any operational problem, ending service on September 29, the last day of
operation under the project terminated on September 30, Operating at much
reduced notse levels, coach Number 666 traveled 353 miles during this peviod,
accumulating a (otal of 3,465 miles under steam power from September 1971
through September 1972. No stops were required for water or fuel, and only
occasional odors from an improper fuelfair ratio marred its otherwise perfect
Service.

S.F. Municipal Radlway. On August 7, 1972, the Muni Railway steam tur-
bine hus began its revenue service between the Southern Pacific Station and
Fisherman’s Wharf and back. On August 9 through 11, it was withdrawn from
service to make a boiler repair and to adjust the burner which emitted notice-
able smoke. From August 14 through 18, the coach operated as 3 commuter
shuttle between the Ferry Building and the S.P. Station, making up to four
trips a day with 4 maximum of 98 passengers on board. From August 22
through 25, it operated on a more rigorous route involving ten miles of free-
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way and 3 six perceni grade. On August 25, during the last day of public
service, the steam wrbine bus attempted two round trips with full loads and
lost a fan belt on the combustion air blower on a freeway dunng rush traffic.
This was the only operational problem during eleven days of revenue service,
and the bus returned to the barn under its own power.

On #t least two occasions, once with a simulated payload of 4,500 pounds
and once with fifteen passengers, the bus successfully traversed the Sacra-
mento Streot route, which includes San Francisco's steepest bus grades of 16
and 19 percent. Underscoring its relatively trouble-free time in San Francisca,
the steam bus was driven from San Frandisco to Reno under its own power on
August 31 and September |, traveling 230 miles over the Sierra Nevada with-
out major problems. During its brief exposure, therefore, the bus provided
early indications of the potential for high system reliability. In eight months
of operation since January, this bus traveled 3,900 miles.

SCRTD. During its first week of public service, the SCRTD steam bus
encountered numerous difficulties, Jts first two days of attempted public
service on September 5 and 6 were aborted, because a bolt sheared on the
combustor air fan assembly and a gear mechanism in the ofl pump failed. On
September 7, the bus entered public service, but it completed only a one-way
trip of 7.3 miles because a pulley slipped which prevented the fan from turn-
ing inside the boiler. On September 8, the bus was withdrawn from public
service when a boiler leak was detected; however, the bus traveled 86 miles
on September | | during performance testing until the boiler leak deteriomted.

After the bus was towed to San Diego and the repaired boiler was (nstalled,
the bus returned to Los Angeles on September 28 and re-entered public ser-
vice on September 29, operating on Wilshire Boulevard, It completed a success-
ful 15-mile round trip with sir conditioning operational and favorable per-
formance, except for a loose battery terminal which caused a 27-minute
delay. The bus thereby completed its second and last day of public service,
because vendor and fleet operator contracts expired on September 30, In 5.5
months since March, this bus logeed 1,007 road miles.

PUBLIC ATTITUDES

Part of the project evaluation involved measuring public understanding
and acceptance of steam propulsion systems, The attitudes of four groups
were surveyed: the general public, diesel and steam bus riders, transit district
managers and steam bus drivers.

Community attitude surveys, Three surveys conducted by the Survey Re-
search Centers at the University of California at Berkeley and at Los Angeles
were designed 1o measure public concern about air pollution and the need for
alternative transportation systems. Standard metropolitan surveys were con-
ducted in Los Angeles County in October and November 1970 and in March
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and Apal 1971, The San Francisco I3y Area was tested May and June 1971,

In the Los Angeles County studie., sir pollution ranked as the third most
serious domestic problem facing Amaiicans today (53%). Concern over the
seriousness of air pollution held constant for variables of age, income, eds-
cation and ethnic background, except for blacks who placed property taxes,
mace relations and quality of schools ahead of air pollution. Moreover, 85% of
those sampled felt air pullution had reached a point where it was dangerous o
human health.

When asked to identify the causes of air pollution, 67% of respondents
blamed the automobile. When asked whether or not steam buses would help
reduce smog, 42% of those surveyed thought steam buses would help a great
deal and 38% thought they would help some, More than 85% of the respond-
ents would ride 2 bus powered by steam, if they had an opportunity to do sc.
An insignificantly small number (1.3%) expressed fear about riding steam
buses,

A survey was conducted in the San Francisco Bay Area with similar results.

Patrum surveys. Rider reaction of steam buses was measurad by surveying
239 passengers on the theee steamn buses and 307 riders of conventional diesel
buses traveling the same routes at the same times in Oakland, Hayward, San
Francisco and Los Angeles. Because of carefully controlled selection pro-
cedures, the diesel and steam bus riders shared similar characteristics, which
insured a high reliability for comparisons. Interviews were spaced throughout
the day.

Steam bus riders were asked about their reactions to the experimental
vehicle itself. Overall acceptance was high. Almost 65% said they noticed
some difference in performance. Most riders felt the bus provided a smoother
ride (63%), produced less smoke (74%) and generated less air poliution than
a dicsel (83%). Opinions on odors, noise end vehicular power varied dramati-
cally with each steam bus.

On the important question whether nders felt steam buses would -belp
reduce air pollution, 47% of the steam bus riders felt it would help a great
deal, 44% said it would help somewhat and only 1,7% felt it would be of little
help. Diesel bus riders sew lesa impoct, with 32% belleving it would help a
great deal and 447 that it would help somewhat,

Transit manager surveys. Sixty-five transit managers who operated st least
100 buses were mailed questionnaires. The 48 responses represented public
and private ownership of about B6% of all city buses. The relatively large
response rate allows the data to be considered both representative and reliable.

Nearly all transit managers, both public and private, expressed concern over
wir pollution, About 54% felt it was very serious and 40% belicved it was
fuirly serious. When asked if it had reached a point to be dangerous to health,
42% said that it had and 40% thought it might have.

The majority of managers (67%) believed the transit industry needed to
adopt a clean propulsion system. If steam buses offered quieter and cleaner
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operation, would transit managers purchase them? About 54% said yes, 1 2.5%
said no and one-third had no opinion, When asked if they thought steam buses
would help reduce air pollution, however, only 2% said & great deal and 27%
said it would help some, but about 54% believed it would be of little help.

If steam buses were available only at a higher price than diesels, how much
would teansit managers pay? Only 4% wore willing to pay one-fourth more and
20% were willing to pay one-tenth more. One-third of the managers were not
willing to pay any premium. Another two-fifths wanted to wait for more in-
formation on operating costs or expressed no opinion.

Steam bus driver attitudes, An in-depth personal interview was conducted
with five drivers who operated both diesel and steam buses, and who had be-
tween nine and 43 years of service, Three drivers were regular operutots and
two were instructors,

When asked which bus they would choose to operate on a daily basus, all
five drivers said they would prefer the steam bus, because if provided a
smoother, quieter ride and was less polluting; however, all drivers recognized
that many Improvements would have to be made in steam buses before a
choice of vehicles became a reality.,

POTENTIAL FOR IMPROVEMENTS

General outlook. The External Combustion Engine attacks the problem of
air pollution at its roots, which are the physics and chemistry of the com-
bustion process. Almost by definition, the ECE can have the cleanest com-
bustion system possible. With its smooth, quiet application of high torque
propelling energy, the Rankine cycle appears (o be en excellent candidate for
urban vehicles aperating under stop-and-go ¢onditions,

Some years, perhaps less than a decade if funding is adequate, of pro-
gressive engineering work will be required before the ECE is ready for general
application and acceptance, Obvious areas for improvement are fuel economy,
operating relinbility, system layout, combustor technology, automatic con-
trols and improved transmissions. Winterizing mobile steam powerplants is
another important consideration,

Fuel Consmmption. High fuel consumption i the steam buses hus been
identified as the largest ohstacle 1o the potential acceptance of these alternste
systems. Such concern goes beyond the economics of fleet operations, since
fuel costs are only about three percent of the total costs of operating bus
systems, An additional consideration is an impending national energy crises.
Other important reasons 1o improve fuel economy are as follows:

. The already low total emissions of the ECE would be reduced even
further.

2. Waste heat released into the environment wouald be reduced.

3. Boilers and condensers would become smaller and lighter.
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4. Condenser fan power requirements also would decrease, increasing
sysiem efficiency and reducing noise.

Improvements in fuel consumption can be made in a number of sepurate
areas as follows:

l. Basic improvements can be made by increasing temperatures of steam
or other working fluids. Values of ideal Rankine cycle efficiency can be raised
from the present 25% to about 30% in the short term of two years and (o 32
to 35% or more eventually.

2. The presenmt thermal efficiencies are as low as 40% of the ideal cycle
efficiency. Sixty percent of the deal efficiency may be attainable in the shon
term and possibly 70% sventually, Major gains can be made by reducing
parasitic auxiliary loads and by increasing expansion efTiciencies. One example
for auxillury load reduction is improvement in condenser fans, which con-
sume 30 horsepower in present systems but could be reduced to 10 or 15
horsepower with more efficlent fans,

3, The present method of sustaining the whole steam powerplant at idle
is wasteful. The use of o small auxiliary expander for essential idle loads could
reduce idle fuel consumption by two-thirds,

4, Heavy power losses incurred with transmissions used in this project,
hecause available units were poorly matched to expander characteristics. In
the case of reciprocating steam engines, direct-drive or, at least, elimmation
of the hydraulic torque converter would appreciably incrense vehicular effi-
ciency. Transmission improvements also are possible for turbine expanders.
which would allow the turbine to operate more of the time at peak efliciency.

The above improvements would have a major impact on fuel consumption.
At present, diesel buses average around 3.5 mpg under local route conditions,
and the best present steam bus about | mpg, It should be possible, however,
1o raise the fuel mileage of steam buses to about 2.3 mpg with two more years
of development and to 3.3 mpg within & decade's time. Eventually, then,
there would be g differentinl of only six percent between steam and diesel
vehicles,

Emissions. Although emissions demonstrated in this program were accept-
ably low, they were not optimized. Further reductions can be obtained by
two actions: fArst, reducing the amount of pollutants generated per pound of
fuel burned through cleaner combustion; second, reducing, in turn, the
amount of fuel burned per horsepower hour of work produced.

Burners produced in this early demonstration were designed and built
without the benefit of extensive combustion research. Since that time, o new
body of pertinent research Information became available through contracts
spomsored by the Advanced Automotive Power Systems (AAPS) program of
the Environmental Protection Agency. One of their contractors, in steady-
state burnes tests, demonstrated, on the basis of grams pollutant per unit
mass of fuel burned, less than one-fourth the CO, one-tenth the HC and ore-
third the NO, found in some of the better steam bus emission test runs.
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Figiwe 7 portruys the magnitude of projected future reductiors.

System layout, Much was learned from these installations, even though
work was on the bass of performing an ad-hoc retrofit, It was found, for
example, that the Rankine cycle system offers considerable Mexibility in the
location of major components in the chassis. While the total volume occupled
by the ECE probably always will be greater than space occupied by prezent
diesels, it was shown that seating capacity need not be reduced. Both volume
and weight will diminish with future development., Substantial progress already
was mede in reducing the relative size and weight of system components. The
Lear steam generator, for example, can deliver more than twice the power of
carlier Doble units without increased size or weight.

Present diesel propulsion systems, with transmission and suxiliary items,
weigh about 19 lbs. per net horsepower. The present Lear system weighs
approximately 17 Ibs. per net horstpower, Therefore, it is realistic to expect
15 Ibs. per net harsepower would be possible in the short term and 10 or 12
Ibs. per horsepower eventually.

Cost projections, More engineering must be done before Initial cost of
powerplants can be sccurately forecast. Future steam systems will cost more
per pound than diesels, but they will be considerably lighter in weight. Unit
cusis are sensitive to the production quantities invalved . Because the urban bus
marke! represents less than 5,000 units per year in the foresseable future,
commonality with other segments of the heavy-duty engine market might be
needed to keep costs at reasonable levels.

Maintenance costs. Eventual maintenance costs also remain a matter of
speculation. Costs to service brakes and transmissions may be reduced with
steam systems, but attention would have to be devoted to steam generators
and controls, Piston expander maintenance would be similar to present diesel
engine blocks, but would be much less for a turbine. Maintenance costs for a
diesel, however, may rise sharply if pollution control devices are added and if
sophisticated chemical treatment is needed to reduce oxides of nitrogen.
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Figure 5.  An interior view of a steam generstor built by Steam Power
Systems, Ine, Hol gases, generated in the combustion chamber
on the nght, pass through the tubing bundle to produce & super-
heated l?ah-mpﬂn tu;?\: extensions shown are temporary, for
hydrostatic proof testing.
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Figure 6. Actual installstion of Boiler and Engine in Steam Power Systems
Demonstration Bus (March 1972).
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APPENDIX

TABLE 1

COST SHARING IN THE CALIFORNIA STEAM BUS PROJECT

(As of August 31, 1972)

Federal

. Funds Local Total

Project Participants (UMTA) Contributions* Costs
Brobeck & Associates £518.304 $ 60,256 § 578560
Lear Motors Corporation 649 782 3473205 4,122 987
Steam Power Systems 553,500 1,957,668 2,511,168
AC Transit ——— 55,365+ 55,365
S. F. Muni =S 10,793 10,793
SCRTD _— 35,039 35039
IRET 252996 e 252996
SAC 232934 —— 232934
Film Producer, KQED 32,000 - — = 32,000
California State Assembly =S 40724 49 724
California Air Resonrces Board — - 25 000** 25,000
California Highway Patrol =2 809 899
Other Project Costs 55,000 —_ 55,009
TOTAL $2.294 525 55,667 949 §7962474

*Project contnibutions still outstanding for September 1972

**Through July 31,1972
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TABLE Il
STEAM POWERPLANT SPECIFICATIONS
BROBECK LEAR SPS
Expander type Reciprocating Turbine  Reciprocating
Mux. expander gross bhp 240 2490 275
(Brake Horsepower)
Max. auxiliary load, hp 40 40 50
Rated net system bhp 200 180 225
Max, expander rpm 2,100 65,000 | B850
Max, steam rate, [b/hr 2,500 2,340 3,600
Mux. Tuel rate, galfhr 30 30 47"
Builer heating surface, it 180.2 275 3560
Combustion intensity, 0.5 x 10° .25 x 100 11 x 100
BTU/ hr ﬁ]
Condenser frontal area, ft 34.5 19.4 322
Steam conditions, psi/°F 1.,000/850 1,000/1,000 1,000/750¢
(Pressure/ Temperature)
Lowest bsfe, Ib/net bhp-he. 0,985 1.13 .18
(Brake Specific Fue
Consumption)
Approx. weights, Ibd:
Boiler with burner 920 B90 #50
Expander 965 1108 1,250
Condensers with fans 750 420 R00
Transmission 625 J00 600
Auxilianes 491 392 8OO
Other 1,026 590 400
Tartul system dry weight 47171 3,102 4,700

MNoles:

a, Derated for installation in buses.

h, Includes reheater section.

¢. Steam leaves the reheater at 240 p.s.l. and 650 1o 750°F,

d, A compamble 6-cylinder diesel power system, including transmission,
radiator and suxiliaries, weighs approximately 3800 pounds.

2, With gearbox.
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TABLE IV
EXHAUST EMISSIONS OF STEAM AND DIESEL BUSES
(grams per engine brake horsepower hour)
co HC NO, HC+ NU:

Steam Buses:
Brobeck (test 10-71) 20 1.2 1.2 24
Brobeck (5-72) 1.6 0.8 0.5 1.3
Lear (9-72)* 19 1.1 1.6 2.7
Lear (9-72)** s6 02 16 1.8
SPS (5-72) 2.7 1.6 15 3.1
SPS (8-72) 44 0.6 4.2 48
Average Steam 4.0 09 18 2.7
Diesel Buses:
AC No. 678 (GM 6V-71) 4.4 .5 9.0 1.5
STA No. 408 (GM &V-71) 26 1.5 139 15.4
MUNI No. 3141 (GM 8V-71) 79 09 84 9.3
SCRTDNo. TIBS (CUM. 903) 23 0.5 10.2 10.7
Average Diesel 43 14 104 11.8
California Heavy Duty Standards:

1973 40 - - 16

1975 25 = . 5

Notes:

These emissions were considered official test results for first complete
emissions test without any tuning adjustments.

The second Lear Motors test was a composite of the best results from
both tests, with an improved but not optimized idle setting between
tests.

All 12sts were performed by the California Air Resources Board,

Diesel results are from a limited sampling of well-maintained wehicles

and may not be representative or typical of diesel engines in general
service. No steam bus had burners or controls optimized for low emis-

sion results.
NO, was measured as nitric oxide (NO) and expressed as equivalent

NO3.
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Figure 1.  Installation of Boiler in William Brobeck & Associates Demon-
stration Bus.
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Fignre 2 Diagram of Steam Generator Installed in William Brobeck &
Associates Demonstration Bus,






This page is reproduced at the

back of the report by a diferent

reproduction method 1o provide
better detail.

LoD W .

4,g_,‘_ik X
S S ~_ \

~
AUTOMATIC REDUCTION GEAREO ALK DIWVE GEARBON (Y
TRANIMIASION

Figure 3. Lavout of Com
tion Bus,

ponents in Lear Molors Corporation Demonstra

-~

Figure \ctual lnstallation of Boiler and Turbine in Lear
ation Demonstration Bus (January 1972).

Motors ‘_urpnr






This page ix roproduced at the
back of the eport by a different

l’l:[..'-Tt:ll.rIJ-'_ tion el b [ o provide

better detail.

Figure 5.

An interior view of a steam generator built by Steamn Power
Systems, Inc, Hol gases, peneraled in the combustion chamber
rough the tubing bundle to produce a super-
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Figure 6.  Actual installation of Boiler and Engine in Steam Power Systems
Demonstration Bus (March 1972).
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