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Energy flows and energy efficiencies in the operation of a modern
automobile are expressed in terms of simple algebraic approximations.
One purpose iIs to make a car”s energy use and the potential for
reducing It accessible to non-specialists with technical backgrounds.
The overall energy use depends on two factors, vehicle load and
powertrain efficiency. The former depends on speed and acceleration
and key vehicle characteristics such as mass. The latter depends on
heat-engine thermodynamic efficiency, and engine and transmission
frictions. The analysis applies to today®s automobiles. Numerical
values of iImportant parameters are given so that the reader can make
his or her own estimates. Various technologies to reduce the energy
consumption of automobiles are discussed.

The Need for Mre-Efficient Vehicles

In the United States, the fuel econony of new autonobil es
i ncreased 60% from 1975 to 1982. In terns of barrels per day of oil,
this efficiency inprovenent is far larger than production from any
oil field. A reasonable estimate of the inpact of this change on
today' s petrol eum consunption i s obtained by applying the 60%
i nprovenent, in average mles per US gallon or kmper liter, to
today's driving. The result is a gasoline savings of 3.3 mllion
barrels per day in the US, nore than half the total crude oil
production in the US of 5.8 mllion barrels per daé/.2 Fuel efficiency
is indeed a powerful way to help energy ends neet.

Si nce 1982, however, the fuel econony of new autonobiles in the
US has stalled at an average test-value near 25 nmiles per US gallon’
and has even been declining (Heavenrich & Hell man 2003).
"Aut onobi | es” refers here to passenger cars and light "“trucks™ under
4 tonnes, like "sport utility vehicles”, mnivans and pi ckup trucks.
The latter vehicles are in wde use in the US, and al nost all, except
for full-size pickups, are used in exactly the same ways as passenger
cars. That is, few of these so-called trucks are ever driven with

1

originally published in Contemporary Physics 38, no. 6, pp 381-394, 1997.
This version is updated in parts to 2004 and nodified in parts.

2 Annual Energy Review, Energy Information Adninistration, Tables 5.2 & 5.12c.
The estimate is 8.7*(1 - 1/1.60) = 3.3 nbd, where 8.7 is notor gasoline usage.
® This paper is witten froma US perspective. In the US, fuel economn es

were increased to their present |levels by regulation. |In many other

i ndustrial countries, relatively high fuel taxes are, in part, responsible
for average fuel economies up to 25% hi gher than in the US

* corresponding to 9.4 L/100 km
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different |oads than cars or are driven off road. But they are not
regul ated as cars in terns of energy, pollution, safety or taxes. A
maj or reason fuel econony has stalled is the increasing use of these
Iight trucks, whose fuel econony is typically poor. The other reason
is that nost nmanufacturers regard the fuel econony standards as
ceilings, exploiting efficiency inprovenents for increased size and
performance at the sane fuel econony. Meanwhile, driving is
increasing 2 to 3% per year. At this rate, US petrol eum consunption
woul d doubl e in about 3 decades. This open-ended dependence on
petroleum largely inported, is a major notivation for devel opi ng
nore-efficient vehicles. Emssions also provide a strong notivation.

First good news: Regulation of "criteria pollutant”™ em ssions
has | ed to nuch cleaner vehicles in the last 30 years. 1In the US new
2004 vehicles are restricted to emt |ess than about 2% of their md-
1960s grans/ mle | evels of hydrocarbons and nitrogen oxides, and |ess
t han about 5% of pre-control CO em ssions (so-called tier 2
standards)! Those are test levels; real-world emssions of these
pol lutants were several times higher than the test-levels of the
1990s (Calvert et al. 1994, Ross et al. 1995). Taking into account
the growth in travel during this period, the decline in total
em ssions from new aut onobi |l es since the md 1960s nay have been 80
to 90% This reduction has been acconplished by breakthroughs in
catal ytic chem stry and sophisticated controls, e.g, of the engine's
air-fuel ratio. This reduction has enornously inproved health and the
sinpl e enjoynent of our netropolitan areas. And while anbient air
quality is still not satisfactory in many cities, new autonobil es may
not have an inportant role in that.

Thi s good news is bal anced by the bad news about greenhouse gas
em ssions and gl obal clinmate change. Mbile sources contribute about
one-third of the em ssions of carbon dioxide in the US, and those
em ssions are growi ng. O eaning up the exhaust cannot reduce the C2
em ssions the way it does for the criteria pollutants. However, there
is away to enable reductions in these em ssions: increased vehicul ar
efficiency, or fuel econony.

In a sense, however, the strongest notivation for higher vehicle
efficiency is technological feasibility. Today's capability to
desi gn and manufacture hi gh-tech products is revolutionary, because
of new materials and new ki nds of sensors based on m croprocessors.
Manuf acturers are now able to carry out routinely concepts only
dreaned of by the autonotive pioneers of a century ago. |If
i ndi vi dual buyers, or society, placed a high val ue on fuel
efficiency, it could be greatly inproved at | ow cost. Let us explore
the possibilities.

Overvi ew of the Formalism

The consunption of fuel energy by a vehicle depends on two
factors: 1) the vehicle |load, the work or power involved in noving
the vehicle and operating its accessories, and 2) the energy-
efficiency of the powertrain (engine plus transm ssion).
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The powertrain efficiency is the product of the engine's
t hernodynam c efficiency, hy, the engine' s mechanical efficiency, hpy
and the transm ssion efficiency e

powertrain efficiency = Pioad/ Pfuel = htehpte (1)

where Pigag is the vehicle load and Pfye IS the rate of consunption
of fuel in energy terns, both in kW These quantities are al
functions of tinme, some of themsensitively. The vehicle load is the
powertrain output: the rate of increase in kinetic energy plus the
rate of energy loss in the air drag, tyre drag and accessori es.

The thernodynam c efficiency is the fraction of fuel energy
converted to work within the engine:

ht © (Prrict + Po)/ Pryel (2a)

where (Pfrict + Pp) is total work, which consists of output or "brake"
work, Pp, and internal frictional work, Pfrict.’

The nechanical efficiency is the fraction of the total work that
is delivered by the engine to the transm ssion:

hm = Po/ (Po + Prrjct) (2b)
And the transm ssion efficiency is:
e = Hoad/ Pb (2C)

except that the accessories are generally driven by the engine
wi t hout going through the transm ssion. The relationships are
different when the load is negative, in braking.

In the follow ng | address conventional autonobiles. | first
di scuss vehicle I oad and the engine's thernodynam c efficiency,
including a brief listing of techniques for inproving both of them

| go on to discuss nmechanical efficiency in nore detail, wth
nuneri cal exanples. Then | focus on the potential for inproving the
nmechani cal efficiency. Finally, I summarize the overall potential

for inproving fuel econony.

The spirit of the analysis is a physicist's, rather than that of
an engi neer who is responsi ble for a vehicle's performance. | want
to describe the energy flows accurately enough for general
under st andi ng and per haps conceptual design, not for designing an
actual vehicle. The approach is to develop sinple al gebraic
expressions notivated by physical principles, in contrast to the now
pervasi ve anal ysis based on nunerical arrays. Ceating an energy
analysis in, hopefully, transparent terns should nmake the issues

5 "Thernodynamic efficiency", is not standard terminology. |It's often called
"indicated" efficiency.
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accessible to non-specialists with technical background. Moreover,
with the naned quantities introduced, it is easier to discuss the
i mportant and interesting opportunities for efficiency inprovenent.

Energy Use by Today’s Vehicles

Vehicle Load. Neglecting mnor effects, such as wind and road
curvature, the instantaneous load is (G|l espie 1992):

Pioad = Ptyres + Pair + Pnertia * Paccess + Pgrade (3)
Here the terns are in kW and are:
a) power overcomng rolling resistance: Piyres » CGRMyV

where Cr is the dinensionless coefficient of rolling resistance®, M
is the mass of the | oaded vehicle, expressed in tonnes; and v is the
vehicle speed in nis;

b) air drag: Pair = 0.5r CoAv3/ 1000

where r is air density (roughly 1.2 kg/md), Cp is the dinensionless
drag coefficient, and Ais the frontal area in n?;

c) inertia: Pinertia = 0.5M[Dv2/Dt]

where M is the effective inertial mass, about 1.03M which includes
the effect of rotating and reciprocating parts,” and [Dv2/ D] is in

né/ s3;

d) vehicle-accessories (such as lights, radio, w ndshield w pers,
power steering and air conditioning): Paccess; and

e) grade: Pgrade = Myvsing

where tanq is the grade. The inertial and grade terns may be
negati ve.

The i nst ant aneous out put power required of the engine, Py, is
Pload/ €& eq(2c). The engine output required in a 1995 Ford Taurus is
shown in Fig. 1 for: 1) sustained hill clinbing on a 6% grade, the
hi ghest grade nornmally found on a notorway or expressway, 2)
sustai ned driving at constant speed on |evel ground, and 3)
accelerating 3 nph/s, or alnmost 5 (kmih)/s, on the level. The graph
denonstrates that, as of 1995 US driving, 50 kWwoul d suffice for

® Cris often considered to have sone v dependence.

" Strictly speaking, this effective mass depends on the engine speed to
vehicle speed ratio. E.g., inlowgears the ratio of the speed of

reci procating parts to vehicle speed is relatively high.
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sustained driving in alnost all situations, while the 105 kWor
hi gher capability provided in the average US car enables one to
accel erate rapidly at speeds well above nost legal limts.?

For current "mdsize" US cars, like the 1995 Ford Taurus, the
ti me-average | oad on the engine in the conposite US urban and hi ghway
driving cycle is Pp = 6.3 kW® In terns of gasoline 6.3 kWis
equivalent to 1.6 L/100 kmor 0.67 US gallons per 100 mles. |If it
weren't for the inefficiencies of the powertrain, the fuel econony
woul d be astonishingly good. Nevertheless, major fuel savings can
still be achieved by reducing the | oad, especially weight reduction.

Figure 1. Engine Power Requirements, 1995 Ford Taurus
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8 The figure is calculated using eq(3) with parameters given below. The
transm ssion efficiency is taken to be e = 0.9, and engi ne speeds are
sinmplified in the cal cul ation.

® Adriving cycle is a sequence of second-by-second vehicle speeds often
used to define vehicle performance for regulatory purposes.
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Al the vehicle loads in eq(3) can be substantially reduced
t hr ough i nproved design, and (for weight and tyre | oss) through
inproved materials. W have studied current cost-effective
t echnol ogi es, keeping the car's interior volune fixed. W found
that, relative to nodel -year 1990 averages, rolling resistance could
be reduced one-third, air drag one-quarter, and wei ght one-fifth
(DeC cco & Ross 1993). Based on that analysis for the conposite US
driving cycle, the overall |oad can be reduced 27%relative to
vehicles |ike the one described in detail bel ow

This weight reduction is a sinple estinmate based on early 1990s
production-nodel designs; it grossly underestimates what coul d be
done with new nmaterials, and new desi gns such as sandw ch panel s
(e.g. reinforced sheets with foamfilling), small engines with high
power -t o-di spl acenment capability, and small transm ssions such as the
doubl e cl utch autonatics.

Unlike the efficiency of the powertrain there is no ultimate
limit to load reduction. Traveling in vehicles with steel wheels on
steel rails in an evacuated tunnel would involve very small | oads
i ndeed. The situation is anal ogous to heating a building in cold
weat her. The efficiency of the heating systemis bounded by 100%
(ignoring heat punps). But the |oad can be reduced as nuch as
desired. It is nmediated by the buil ding envel ope, which could be
very thick, with high thermal insulation, and wth a ventilation
system usi ng excel | ent heat exchangers.

Thernodynam c efficiency of the engine. The ability of energy
to do work declines dramatically wth conbustion, i.e. when fuel
energy is converted to thermal energy. The el egant second-| aw
concepts of available work and | ost work were introduced by G bbs to
descri be such situations (AP 1974), and applied to autonobile
engi nes by Keenan and ot hers (Keenan 1948). Briefly: while high-
quality fornms of energy can, in principle, be converted entirely into
wor k, thermal energy cannot. The avail able work content of thernal
energy is the maxi numwork that could in principle be done in
particul ar surroundi ngs, such as the neighboring air at a given
tenperature. Decreases in available work associated with
irreversible processes |ike conbustion are counted as | ost work.
Wi |l e the escape of gas fromconfinenent at high pressure is the nost
commonly cited exanple of irreversibility, conbustion is another
excel l ent exanple. The lost work that results is |arge.

Wiy not use a technol ogy which directly converts a fuel's
chem cal energy into work? A fuel-driven battery, or fuel cell, does
so. It converts fuel to electricity without the internediate step of
conbustion; so its efficiency is not necessarily limted by the
second law to be rmuch | ess than 100% (Kartha & Gines 1994). But, at
present, fuel-cell technology is conplicated and expensive. Wen it
beconmes wel | devel oped, vehicle engines with thernodynam c
efficiencies over 50% shoul d be achieved. In the neantinme, we wll
continue to use a | ess-sophisticated technol ogy based on conbusti on.
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A typi cal nmodern spark-ignition engine's structure is
illustrated schematically in Fig. 2. Ar is admtted to each
cylinder through two valves, a throttle common to all the cylinders
followed by an inlet (or intake) valve (or valves) for each. Fuel is
injected outside the cylinder near the inlet valve. |In each ful
cycle the piston goes through four strokes, and the crankshaft goes
through two revolutions. The strokes are illustrated in the
pressure-vol une diagram Fig. 3.

Figure 2. Sketch of a Cylinder and Intake System
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WIRES TO ENGINE
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The t hernodynam c efficiency is broadly defined by eq(2a).
In particular, we take it to be the net work, relative to fuel Input,
done by the conpression-expansi on strokes in the pressure-vol une
di agram (Heywood 1988, Stone 1992). This work nmoving the pistons is
the area @QdV between the two upper curves in Fig. 3. And ht is that
work as a fraction of the fuel energy.

In an Gto cycle, the conpression and expansi on strokes are
assuned to be adiabatic with a constant vol unme segnent at the end of
each. The constant vol une assunption is notivated by the slow rate



FuelEff&PhysicsAutosSanders
of change in the active volunme when the piston is near either end of
its notion. (See Fig. 2.)

Figure 3. Pressure-Volume Diagram (Four Stroke Spark Ignition Engine)
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Wth an ideal gas as the thernmodynamc fluid, the Qto cycle
efficiency is:

hey = 1 - 1/rc9-1 (4a)

where rc is the conpression ratio, Vpax/ Vhin, and g = cp/cy, as

di scussed in many thernodynamcs texts. (See, e.g., Zemansky &
Dttman 1981.) The thernodynam c efficiency increases with

i ncreasing conpression ratio and with increasing cp/cy. The latter
is related to the fraction of the thermal energy which goes into
transl ational notion of the gas nolecules, i.e. to increased
pressure, as opposed to going into other nol ecul ar degrees of
freedom Thus, stable diatomc nol ecul es nake a nmuch better

t hernodynam ¢ fluid than conpl ex nol ecul es.

Texts on internal -conbusti on engi nes al so di scuss fuel -air-cycle
efficiencies, which still involve sinplified cycles but use neasured
t her nodynam c properties of the gases, including effects of
di ssoci ation at high tenperature. The fuel-air cycle defined by the
outer envelope in Fig. 4 is still essentially an Oto cycle, with
constant volune ends and adi abats connecting them The correspondi ng
efficiency, htpa 1S calculated nunerically as a function of re and f.
To a fairly good approxi mati on:

higa » (1 - 0.25f)he; (4b)

where f is the fuel-air ratio relative to stoichionetric (Tayl or
1985, v 1, p 95).' The f dependence represents the sane issue of

0 At the stoichionetric fuel-air ratio, all the initial oxygen and fuel
could conmbine to formwater and carbon di oxi de.
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conversion of thermal energy into increased pressure as gin eq(4a).
At the stoichionetric point, near which today's spark-ignition

engi nes nornal ly operate, eq(4b) shows hi{ga » 0.75ht;. This |oss of
efficiency occurs because the fluid is not an ideal gas and because
it doesn't have as large a value of cp/cy as air. Note that the
efficiencies (4a) and (4b) do not depend on engi ne operating point,
i.e. on speed and power.

The thernodynam c efficiency of an actual engine, hy, is roughly
0.8 times that of the fuel-air cycle. The ways in which capacity to
do work is lost relative to the fuel-air cycle are: 1) heat | oss,
heat escapi ng through the cylinder walls, 2) conbustion-tinme |oss,
del ay of some conbustion until well into the expansion stroke, 3)
exhaust bl omdown, pressure rel ease when the exhaust valve is opened
and, in addition, 4) fuel that is not burned within the cylinder.
The first three reductions in the area of the p-V |loop are
illustrated in Fig. 4, heat loss is the largest. As for the fourth
| oss, in engines controlled to operate stoichionetrically, unburned
fuel nmeasured in the exhaust is 1 to 2% of the fuel input; but the
actual loss is higher because sone burning takes place as the gases
| eave the cylinder.

Figure 4. Pressure-Volume Diagram and Lost Work in the Compression and Power
Strokes
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Let the effective heat loss, relative to the heat rel eased by
the fuel, be Q and let |osses (2)-(4) be approximately represented
by a constant efficiency, he. Then, for a real engine:

ht = hipache(l - Q (4c)

In stoichionetric operation, typical values are he » 95% and Q » 15%
(Muranaka et al. 1987). Qincreases with decreasing cylinder size as
the surface to volune ratio increases; and it declines with declining
fuel-air ratio and increasing engine speed. The variation of Qis of
interest in exploring novel engines.

The best thernodynam c efficiency of conventional spark-ignition
gasoline engines is ht » 38% relative to the | ower heating val ue of
the fuel (or 35%relative to the higher heating val ue).* For
conparison, boilers and steamturbines at electric power plants are
at nost 40 percent efficient, and these engines are |arge, expensive,
and stationary. |In new conbined-cycle power plants, involving
recovery of work fromthe exhaust of the main conbustion turbine, 50
percent efficiency is being achieved; and 60% perfornmance is being
sought through truly el aborate schenes. (The latter efficiencies are
based on the hi gher heating val ue of fuel.)

| am making two points with these conparisons: First, cost
restricts autonotive efficiencies; an autonobil e engi ne costs about
$20/ kW whil e the corresponding part of a power plant costs perhaps
$500/ kW  Second, substantially increasing the thernodynanc
efficiency is difficult for any engi ne based on conbustion; it can
never approach 100%

The nost practical neasure to increase the thernodynam c
efficiency of autonotive engines is to increase the fraction of heat
that increases the pressure, e.g. to have nore of the thernodynam c
fluid be air or, in practical |anguage, to use a lean fuel-air
m xture. In typical driving, ht mght be inproved this way by as

much as a factor 1.15, e.g. ht increasing to alnost 44%fromthe 38%
characterizing the best conventional gasoline engines.

The nost wi dely used | ean-burn engine is the diesel, another
| ean-burn engine is the newdirect-injection stratified charge (D SO
engi ne, which uses spark-ignition. |In conpression-ignition, or
di esel, engines the fuel has low volatility and is in the form of
smal| droplets after injection into the cylinder. Conbustion
initiates on droplet surfaces at the high tenperature and pressure.
The timng of conbustion is controlled by the injection. Power

' The heat loss is "effective" to the extent that it occurs at the

begi nni ng of the power stroke, which nost of it does. Thus the upper bold
curve in Fig. 4 is still essentially adiabatic except near nininmm vol une.
2 The lower heating value (LHV) is based on the water resulting from
conbustion being a gas in the final state; the higher heating value (HHVY)
is based on water as a liquid. |In vehicles extraction of the heat of
condensation isn't practical so it is conventional to use LHV.

10
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output is controlled by the anount of fuel injected. There is no
throttle, the same anount of air being introduced in every cycle. At
| ow power, the fuel-air ratio is far bel ow stoichionetric. But in
spite of their efficiency advantage, diesel engines have not caught
on for autos in the US because they have hi gher nitrogen oxide and
particul ate em ssions and they are heavier. Ten years ago, thelr
exhaust was apparent to anyone wal king a main street in London.*

In order for the flane front to advance fromthe spark
t hr oughout the cylinder in standard spark-ignition engines, the fuel
is vaporized, and mxed well with air. Power output is controlled
frictionally using the throttle, which creates a partial vacuumin
the inlet manifold (Fig. 2). At the sane tinme the anmount of injected
fuel is adjusted to obtain the desired fuel-air ratio. In the DI SC
engi ne, maki ng use of the control possible with direct injection,
turbul ence and a spatially-varying fuel concentration enable the
conbustion to be reliable at fuel-air rati os down to about one-third
stoichionetric.' The DISC engine is in its infancy so it is early to
make judgnments; but it appears to have a substantial advantage over
the diesel in the potential for em ssions control, while it cannot be
quite as energy efficient. An alternative to achieving sonme of the
ef fici ency advantage of |ean-burn engines at |ow power is to
recirculate much of the exhaust back into the cylinders (Lunsden et
al . 1997).

Anot her way to inprove thernodynam c efficiency is to change the
shape of the pressure-volune diagram One way is to adopt a | onger
stroke so that the expansion is nmore fully exploited, but the
conpression rati o experienced by the gases is kept the sane by
keeping the inlet valve open in the initial stage (the MIler and
At ki nson Cycl es now being introduced by Mazda and Toyota). Wile
hi gher conpression ratios increase efficiency in principle, as shown
by eq(4a), they cause knock and involve increased friction. Yet
another possibility is to nodify the engi ne fundanentally to recover
work fromthe hot exhaust gas in anal ogy with conbi ned-cycl e power
pl ants. Turbocharging of fers such an opportunity, but the gain has
been nodest so far; the primary purpose of turbochargi ng has been to
i ncrease power at |ow engine speed (G uden & R chter 1984, Shahed
2003, Institut Francg
ais du Petrole). Anbitious conbined-cycle neasures to save energy
have been adopted in some heavy-duty engi nes, but not yet in
autonobiles. Finally, sonme inprovenent of ht is also feasible
through insulating the cylinder walls; but in practice it probably
cannot be increased nuch in that way.

In summary, while today' s best gasoline engi nes achieve a
t her modynam c efficiency of 38% and the best that could be done is
much less than 100% it is practical to i nprove autonobile engines to

13 For discussion of health effects see Health Effects Institute website.
¥ In a quiescent fuel-air nmixture the flame goes out for fuel-air ratios

| ess than about two-thirds stoichiometric. See discussion of flanmability
[imts in conbustion texts. Achieving very |ow nitrogen oxi de em ssions
under these conditions is a major challenge for the technol ogy.

11
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roughly 45% Lean burn is the nmain |ine of devel opnent, but there
are ot her concepts which can even be conbined with | ean burn. The
chal |l enge for |ean-burn technology is to nmeet em ssions standards
with roomto spare, because those standards are in the process of
bei ng ti ght ened.

Mechani cal efficiency. The nechanical efficiency, hm accounts

for the frictional losses in the engine. It is the ratio of work
out put by the engine to the net work by the gases on the pistons in
t he conpression plus power strokes. Se eq. (2a) and(2b). There are
three engine frictions: 1) rubbing of netal parts, |ike piston rings
on cylinder walls, 2) gaseous friction, especially at the throttle
and valves, and 3) friction in the engi ne-accessories and their belt
drives (Heywood 1988, chapter 13).

The mechani cal efficiency averages sone 50 to 55%in the
conposite US driving cycle, or about 45%if transm ssion | osses are
i ncluded. |nstantaneous hmis very sensitive to the kind of driving,
near zero when the vehicle is coasting, braked or stopped, and high
when the load is high. At noderate engi ne speed and near w de-open
throttle hmis about 85% The power required in alnost all driving
is far bel ow the engine's maxi numcapability in today's vehicles, and
the resulting low hmoffers the easiest opportunity to increase fue

econony, as di scussed bel ow.

The key to understanding efficiency is to "nodel the |osses", in
this case the frictional work. A convenient notation is that of
"mean effective pressure":

mep ° 2000P/ VeN

Here P is power in kWaveraged over an engine cycle, nep is in kPa, V
is the engine displacenent or the swept volunme Vmex - Vnin Of each
cylinder times the nunber of cylinders, inliters, and Nis engine
speed in rps. (The factor of 2000 is 2 fromthe nunber of

revol utions per 4-stroke cycle tinmes 1000 L/m.) The reason for

i ntroduci ng nmean effective pressures is that power roughly scales
with engi ne size and speed; thus nean effective pressures are roughly
the sane for different engi nes and engi ne speeds.

The rate of frictional work in an internal conbustion engine can
thus be witten:

Pirict = fnepeVeN 2000 (5a)
where frmep is "friction" nean effective pressure, cylinder pressure
averaged over the full four-stroke cycle. Simlarly, the output
power can be witten:

Pp = brrepeVeN 2000 (5b)

where brep is "brake" nmean effective pressure.

12



FuelEff&PhysicsAutosSanders

Measurenents of the rate of fuel use by internal conbustion
engines show it to be essentially linear in the power output, except
near wi de open throttle (WOT).* This is known as Wllans' |ine
(Rounmegoux 1991, Ross 1994). An exanpl e of neasurenents supporting
this linear dependence is shown in Fig. 5. Here the y-axis is the
"fuel -equivalent” nean effective pressure which is defined as

(2000/ VN) P yel .

At normal engi ne speeds, a satisfactory approximtion for
friction in spark ignition engines is linear in brep:

frmep = (fnepg - cebnep) (6)

where fmepg is the friction nmean effective pressure at no |load. The
negative bnep termis primarily associated with the throttling | oss:
The throttle varies fromal nost closed at | ow power, to w de open, so
as the throttle valve is opened and power output increases, the
frictional loss at the throttle declines.

Figure 5. Measured Fuel Rate vs Power, Volkswagen 1.8 Liter Engine
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5 Fuel use increases faster near WOT because of the practice of injecting
extra fuel, or making the m xture "rich", to inprove perfornmance and cool
t he conponents.

13



FuelEff&PhysicsAutosSanders

Her e
cebmepwor » 60 kPa

the pressure drop into the inlet manifold at | ow power, a bit nore
than 1/ 2 at nosphere; and, for engi nes which do not conpress the
incomng air, brmepwr » 1000 to 1200 kPa. The |inear approximation
for the fuel energy rate is then:

Pfuel = [fnepo + (1-c)bmep]*VeN (2000ht) (7)
For good nodern engi nes, typical values to use in eq(7) are:
fmepp » 160 kPa, and hty = 0. 38

for engine speeds near 30 rps (and they are not sensitive to Vor N).
In the conposite US driving cycle, excluding operations where no
power is delivered to the wheels, the average bnep » 200 kPa. (Note
that it varies widely.) Thus a typical fuel-energy rate for a 2.0 L
engi ne is:

Pfuel = (160 + 0.94¢200) 230/ (0.38°2000) = 27.5 kW or
Pfuel/LHV = 27.5/44 = 0.62 g/s of fue

Here LHV » 44 kJ/g is the | ower heating value of the gasoline. From
eq(6) we al so see that the dinensionless slope in plots of the form
of Fig. 5is (1-c)/hy » 2.5.

Overal|l engine performance. The overall efficiency of the engine
i s:

h © hiehm = Pyl Pt yel (8)

In a first approximation, the efficiency hy does not vary nuch
from engine to engine or with operating point (Ferguson 1986,
section 11.2); but fnmepg increases with engine speed (Yagi et al.
1991; Heywood 1988 chapter 13) and increases sonewhat for snal
engi nes (Ferguson 1986, section 11.1).

In Figure 6, a performance map is shown for a 2.7 L gasoline
engi ne, showi ng the brake specific fuel consunption

bsfc © (Pfyel/ LHV)/ Py = 1/ (he LHV) (9)
The brake specific fuel consunption is commonly expressed as grans of
fuel consumed per kW of output work. At the nost efficient

operating point in Fig. 6, bsfc » 255 g/kWw. The overall engine
efficiency at that point is thus h = 3600/ (44+255) = 32.1%
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Figure 6. Performance Map for a 2.7 Liter Spark Ignition Engine
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Let us instead estimate h using the approximation eq(7), and the
paranmeters just given. Take the operating point w th maxi mum
efficiency to be near 30 rps and Pp/ Ppor = 0. 74:

h = brepeht/[fnmepg + (1-c)bnep]

740+0.38/[160 + (1 - 0.06)740] = 32.9%

which is in satisfactory agreenment wwth the value fromFig. 6. At
this operating point one also finds hy = 0. 86.

An engine's frictional work in a trip is roughly proportional to
the total number of revolutions made by the engine during the trip
and to the engine's displacenent, based on the VN factor in eq(7).
Turning the engine off when the wheels are not powered reduces the
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engine-on tinme in the US urban driving cycle by alnost 1/2 and the
nunber of revolutions by about 20% Adopting an engine with only

hal f as nuch di spl acenent reduces frep by alnost half. As we see

bel ow, with good design, such opportunities could enable major

i nprovenment in hmwith no or only mnor sacrifice in performance.

A typical autonobile’ s energy consunption. There are three ways
to display the energy flows in vehicle operation (Table 1): 1)
Overall viewpoint: one explicitly describes all the | osses within the
powertrain. 2) Wrk viewpoint: one explicitly describes all work
done against friction, but one allocates the "lost work", or
t hermodynam c i nefficiency, to the work categories. 3) Vehicle |oad
viewpoint: one explicitly describes only the vehicle | oads,
allocating all the losses within the powertrain to the final | oads.

TABLE 1. ESTI MATED USE OF FUEL ENERGY BY A TAURUS I N THE COVMPCSI TE
US DRI VI NG CYCLE, FROM THREE VI EWPA NTS
(based on 100 units of fuel energy consuned)

Vi ewpol nt — overal | wor k v. | oad

vehi cl e | oads

air drag 5 13 30
tyre rolling resistance 5 13 29
br akes 5 14 30
vehi cl e accessories 2 5 11
powertrain | osses

engi ne “l ost work” 62 NA NA
engine frictions 18 47 NA
transm ssion friction 3 8 NA
t ot al 100 100 100

As shown in Table 1, the three nmajor vehicle | oads are
conparable in the US conposite driving cycle (load viewpoint - right
colum). (More realistically, in today's typical driving, speeds are
hi gher and the air drag termwould be |arger.)

The overall powertrain | osses are shown in the |left-hand col um
of Table 1. The overall energy-efficiency, fromfuel to wheels in
average driving, is the sumof the vehicle loads, i.e. 17 units out
of 100. This is essentially the product:

<ht e hpt & » <ht ><hpp<e> » 38% 53% 85% = 17% (10)

Here <e>, the average automatic-transm ssion efficiency, is taken as
85% ' ne finds the overall 17%as the sumof the loads in the left-
hand col um of Table 1, and <hgpte> » 45% as the sumof the vehicle

loads in the central colum. The 17% average powertrain efficiency
is powerful information. For exanple, it helps you to estimte how

6 Reasonable estimates of <e> for urban and highway driving are 0.80 and
0.9, respectively. There is considerable variation; some anal yses take <e>
to be about 80%in the conposite cycle, with <e> in urban driving about
0.65. Manual transm ssions are about 90% efficient in nost driving.
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much nore efficient an electric vehicle with the sanme vehicle | oad
m ght be. That exercise is left to the reader.

The thernodynamc |ost work in the engine is 100 - 38 = 62% As
shown in the overall perspective of Table 1, sonme 55% of the
remai ning energy i s work agai nst powertrain friction. Thus, the work
against friction is 0.55¢0.38 or 21% of the energy input, of which 18
points are engine friction and 3 transm ssion friction. This overal
perspective is illustrated in Figure 7. However, since the |ost work
as a percentage is relatively difficult to change, the nost
i nteresting perspective may be that of the work viewpoint (mddle
colum of Table 1).

Figure 7. Approximate Flows of Available Work: US Composite Driving Cycle
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The reader who is interested can use the formalism wth the
hel p of a few paraneters, to cal cul ate fuel use by various vehicles
in various kinds of driving. Exanples are carried through for
constant-speed driving and driving in the US driving cycles in the

Appendi Xx.
| nprovi ng Mechani cal Efficiency

As the work viewpoint in Table 1 shows, over half the fue
energy in the conmposite driving cycle is used to overcone friction

within the engine and transm ssion. These |osses could be greatly
reduced t hrough changes broadly characterized as design.
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The Perfornmance Chal |l enges for New Designs. Before considering
design of a nore efficient car, however, let's review vehicle-
performance characteristics which may interact with design choices.
There are three inportant neasures of driving performance
characterized by times of mnutes, a few seconds, and a fraction of a
second:

The first is maxi mum sustai ned power - for mnutes - the
determ nant of speed in a long hill clinb. Substantially |ess power
than that of today's engines would do for today's typical mdsize
car. For exanple, 50 kWwoul d enable a m dsize car to maintain 65
nmph (105 km h) up the 6% grade on the expressway west of Denver (Fig.
1 above). H gh speed on |evel ground, albeit not autobahn speed, is
| ess of a chall enge.

The second is maxi numtransi ent power - for several seconds -
t he determ nant of acceleration capability in high-speed driving and
of 0 to 100 knih acceleration tine. This is where the maxi mum power
capability of today's cars of 100 kWor nore conmes in. For exanple,
this power will accelerate a mdsize car on level ground from 110 to
125 knmi h in about 3 seconds.

The third is maxi numtorque, or, nore particularly, power
accessible within a small fraction of a second, without an increase
in engine speed, where torque is related to power by P = 2pNt/ 1000,
with Pin kW Ninrps andt in NNm This perfornmance requirenent
concerns the strength of the powertrain’s inmedi ate response to the
driver’s signal for increased power. Wde open throttle torque at a
normal engi ne speed of, say, 2000 rpm is a good neasure. H gh
torque at normal N can be sensed immedi ately and is a major selling
point for autonobiles; it gives the feel of power, while the maxi num
transi ent power, achieved at high engi ne speed, may be | ess
i nportant.

| have briefly nentioned the opportunities to reduce the vehicle
| oad and i ncrease the thernodynamc efficiency. Reducing frictional
| osses in the powertrain is perhaps the | argest and easi est
opportunity to save fuel. Qpportunities to increase hpreare: a)
reducing or elimnating gaseous friction, i.e. reducing throttling,
b) reducing friction through engi ne downsi zing, c¢) reducing friction
bet ween rubbing parts and in engi ne accessories in other ways (not
di scussed here), d) turning the engine off when little power is
needed, and e) reducing transmssion friction, especially in
aut omati cs.

Control of power with Iess throttling. About one-quarter of the
wor k agal nst engine friction in spark-ignition engines is due to
throttling; so reducing throttling is an inportant target. As
nmentioned above, sinply varying the amount of fuel introduced into
the cylinder is the neans of power control in diesels. Unfortunately,
this non-frictional technique cannot easily be adopted for spark-
ignition engines, since conbustion is unstable in highly |ean
m xtures. In the DI SC engi ne nenti oned above, however, the fuel-air
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rati o can be varied enough to enabl e substantially reduced
throttling. Wthout any throttling, friction nmean effective pressure
woul d be reduced from

(frmepg - c<bnep>) » 158 to (fnmepg - c*bnmepwr) » 110 kPa

The conbi ned effect of |ean-burn on thernodynamc efficiency and
reduced throttling on mechanical efficiency could be a 25% i ncrease
in fuel econony in the conposite US driving cycle (Nakanura et al
1987) .

A different innovative nethod of power control can be achieved
with variable valve timng or WT (Amann 1989, Amann & Ahnmad 1993).
Conventionally the valves are driven by cans with a fixed relation to
crank angle. Instead of using the sanme val ve openi ng and cl osi ng
angl es under all conditions, it is highly advantageous to use
different timngs at different | evels of power and engi ne speed.
Thus, WT can increase power at wide open throttle as well as
reducing the need for throttling at |ow power. (The latter is
i nportant for fuel econony over an urban cycle.) The variation can
be realized by having alternate cans which can be noved into place,
as is done in sone production engi nes by Honda. Another WT
mechanismis electrical operation of the valves. Using sol enoids,
| ow energy val ve operation becones very effective - and appears
feasible, (Schechter & Levin 1996) although not yet inplenented in a
producti on engi ne.

One way to control the anmount of air with WT is through the
inlet valve opening tinme. The needed air is admtted (w th open
throttle), then the valve is shut early, and the rest of the
conpr essi on stroke conpleted. Wth the val ve cl osed, the conpression
is essentially elastic. 1In this way the control nechanismis changed
frompurely frictional to partly non-frictional. D mers of ordinary
electric lights are anal ogous: Like a throttle, variable resistors
were fornmerly used to dimelectric lights. Now pul se-w dth
nmodul ation is used for dimmng, nmeaning that the circuit is closed
part of the time and open for the rest of each short cycle. This
control method involves little resistive |oss.

Friction reduction by engi ne downsizing. Al three engine
frictions (rubbing, gaseous and engi ne-accessory) are roughly
proportional to displacenent. The ratio of maxi mum power to
di spl acenent, or specific power, has been al nost doubled in
production engi nes over the past 20 years. And technol ogi cal
devel opnents should enable this progress to continue. One can take
advant age of increased specific power to downsize engines, i.e. to
adopt snaller engines of the sanme power. There is a drawback. Sone
of the increase in specific power is achieved by increasing the power
at given engi ne speed, but much is achieved by increasing the nmaxi num
engi ne speed. Use of high speed engines to achieve high power
i nvol ves sone conprom se with fraction-of-a-second perfornmance,
because it takes a little tinme (about 1/2 second) to downshift and
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speed up an engine to achieve high power. (See Fig. 8.) | wonder
whet her a 1/2 second delay represents a significant sacrifice.

Figure 8. Transmission Management with a Smaller Engine of the Same Power
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One technique that increases specific power is to increase the
nunber of valves per cylinder, thus increasing the speed of gas
i ntake and exhaust (Gruden & Richter 1984). Four valves per cylinder
have been w dely adopted in recent years. Another technique for
i ncreasi ng power at a given speed, long used in race cars, is to tune
the manifolds. At a given engine speed, one can arrange to have a
hi gh- pressure wave arrive outside an inlet valve the nonent it opens.
Variable inlet “runners” are now bei ng adopted in production
vehi cl es.

Anot her techni que, which has nultiple benefits, is inproved
control of fuel injection, spark tim ng, and exhaust gas
recirculation (an anti-pollution technique). The trend is to
i ncrease the nunber and sensitivity of mcroprocessor-based sensors
and controls (Jurgen 1994). Sensors wi dely adopted in recent years
include: air flow or pressure in the inlet nmanifold, oxygen in the
exhaust, and knock. In addition, sensors of quantities such as in-
cylinder pressure, pressure or tenperature in the exhaust manifold,
and rotational acceleration of the drive shaft, are being devel oped
as part of an attenpt to achieve full control of conbustion in each
cylinder and each cycle. The D SC engine, already introduced in
Japan by Toyota and M tsubishi, helps realize these control
opportunities by injecting fuel directly into the cylinder each
cycle. The scope for control is limted in present engi nes which
inject fuel upstreamfromthe inlet valves (Fig. 2), because nuch of
t he fuel condenses on the walls.

20



FuelEff&PhysicsAutosSanders

Yet another option is variable displacenent, use of a snal
engi ne at | ow power and a | arge engi ne at high power. The nost
anbi tious concept is to have i ndependent engi nes on the sane shaft,
connected by clutches so that one or two or even three engi nes can be
used depending on the power required. This concept is being
devel oped by Knusaga, an engineering firmin Mchigan. It is not
efficient to use snall cylinders, because of their high surface to
volume ratio, so one is led to a two cylinder engine as the snall est
unit. If vibrations can be reduced to a satisfactory level, this
schenme coul d be attractive.

Hybrid powertrains. A hybrid vehicle supplenents the tank of
fuel and engine wth a second energy system a different kind of
ener gy-conversion device with its own storage. The hybrids in
production involve electric nmotors with correspondi ng el ectri cal
storage, in addition to the fuel tank and internal conbustion engine.
The storage technol ogies are batteries and el ectric capacitors.

Q her hybrids in research and devel opnent use hydraulic notors and
hydraul i ¢ accunul ators (tanks with a conpressible fluid under
pressure). And there are other options. Wth two energy systens on
board, a variety of powertrains and nmanagenent schenes are possible.
| will only discuss hybrids where all the energy on board origi nates
in the fuel tank, designs near to today’ s conventional vehicles

(Bur ke 1995).

There are three energy advantages with a hybrid: 1) Braking,
normal Iy achi eved through friction, can be achieved in part by
regeneration, absorbing the vehicle's kinetic energy into the
el ectronechani cal storage. For exanple, an electric drive notor
doubl es as a generator and can charge batteries during braking.
Regenerative braking is enphasized in the 2004 Toyota Prius hybrid.

2) The notor can drive the vehicle and its accessories w thout the
engi ne when power requirenments are |ow. As shown above, engine
friction domnates at | ow power; and, although notors and their
controllers also are |l ossy at | ow power, they are nmuch | ess so than
an | C engine. Vol kswagen pioneered turning the engine off in

decel eration and vehicle stop (Seiffert & Wal zer 1991). (Vehicle
accessories, other than an air conditioner, are run fromthe
battery.) The VWtechnol ogy works snmoothly in a small diesel-powered
production vehicle. Wwen | rode init, |I found the automati c engi ne
start and stop barely noticeable. As engine controls are inproved, a
snmooth restart with | ow em ssions could be achieved in any vehicle.

3) Wth the presence of el ectromechani cal storage and notor the IC
engi ne can be downsi zed and adequate power will be available in

al nost all driving situations.

As indicated below, a rough doubling of fuel econony is possible
with hybrid powertrains, but exactly how nuch will be practical, and
at what cost, is somewhat uncertain. The great variety of hybrid
concepts, both in conponents and nmanagenent schenes, opens up naj or
research opportunities.

Reduced transm ssion friction. Transmssions play a critical
energy role by determning the operating point of the engine (Stone
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1989, chapter 4). To reduce the role of engine friction in norma
driving, one wants the transm ssion to call for operation at |ow
engi ne speed and near w de open throttle; but when extra power is
needed, one wants a rapid and snooth shift to high engine speed. In
practice, many cars with small engines and automatic transm ssions
al ready operate in sonething like this node. (See Figure 8.) 1In
addition to downshifting fairly rapidly when high engine speed is
needed for power, automatic transm ssions snooth the accel eration at
| ow vehicl e speed. To achieve this kind of control, a torque
converter is used. It is a fluid (frictional) coupling.

A technol ogy wi dely adopted in recent years to inprove fuel
econony is torque converter lock up. Wth lock up, the coupling is
fixed by clutches in cruise driving. Wien acceleration is wanted,
the clutches are rel eased and the fluid coupling comes into play.
Anot her technol ogy towards which designers are noving is additional
forward gears. In |lowst gear, the gear ratio is essentially fixed
by considerations of starting the vehicle on an up grade (Stone
1989). Then, using convenient steps, one finds that with four
forward gears the ratio is still fairly high at high vehicle speed,
so that engi ne speeds are higher than desirable for fuel econony at,
say, 115 knmih or 70 nph. Thus one wants the "span” of gear ratios to
be large. Five forward speeds are essential for nanuals, and siXx
speeds desirable, and designers are beginning to create 5-speed and
6- speed automati cs.

Continuously variable transm ssions are al so bei ng devel oped,
and are in use in sonme snmall cars. They can offer less friction than
automati cs whil e snoothing accelerations. Qherw se, they may not
have nmuch fuel econony benefit relative to five or six speed gearing,
but may offer other advantages. For exanple, they m ght enabl e use
of a constant-speed engi ne or notor.

The nost exciting of recent devel opnents is the dual clutch
transmssion. In a transmssion with six forward gears two shafts
each carry three gears. One shaft has a gear connected to the power,
the other is idling, but is ready alnost instantly to be noved into
the line of power. The shift is quick and al nost unnoti ceabl e.

Concl usi ons

| f you have concl uded that propul sion based on the old internal -
conbustion engine is in state of flux, wth a bew ldering array of
good options to nmake it better, you're right. Rough estinmates of the
practical opportunities for inproved fuel econony for conventiona
aut onobi | es and a near-conventional hybrid are outlined in Table 4.

These i nprovenents are based on technologies presently iIn use,
whi | e sone of the technol ogi es di scussed above are still under
devel opnent. The inprovenents shown in Table 2 would bring ht to
al nost 44% and average hpre, from45 to perhaps 70% for an advanced
hybrid |ike the 2004 Pri us.
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TABLE 2. ESTI MATES OF THE FACTOR BY WH CH COWPCSI TE FUEL ECONOWY CAN
BE | MPROVED W TH CURRENT TECHNOLOG ES

Convent i onal D esel
Vehicle (a) Hybrid (b)
t her rodynam c
efficiency factor 1.15 1.15
mechani ca
efficiency factor 1.20 1.50
(engi ne and transm ssion)
regenerative | oad
reduction factor(c) NA 0. 90
OVERALL POWNERTRAI N
EFFI Cl ENCY 1.38 1.92
vehi cl e-1oad factor(c) 0.73 0. 80
OVERALL FUEL ECONOW 1.89 2.40
| MPROVEMENT FACTOR

a) US style nidsize car, DeCi cco & Ross 1993

b) sane car with 1.9 litre DI diesel and shallow cycling of battery-based
suppl enentary system

c) The reciprocal enters in the overall fuel econony.

The prospect for w despread adopti on of vehicles incorporating
i nprovenents such as those assuned in Table 2 is poor in the US at
this tinme in part because the price of petroleumfuels is very | ow,
inhibiting private sector initiatives. Indeed, while many efficiency
t echnol ogi es have been introduced in recent years, they have been
used to increase power and weight at fixed fuel econony. Moreover,
in the US there has been a resurgence of faith in perfect narkets,
what | call sinple economcs, inhibiting the creation of public
policies to stimulate technical change that woul d hel p neet
envi ronnent al goal s.

Thi s di scussion has focused on nore-or-|less conventi onal
vehicles. The existing investnment in factories, service facilities,
vehi cl es, and, nost inportant, people is so great that there is
consi derabl e nonentumtoward further refining the present kind of
vehicle. Nevertheless, there are also najor initiatives for new
fuel s, new kinds of propul sion, and new vehicl e structures.

The inprovenent in nmechanical efficiency from45%to 68% shown
in Table 2 for the conposite US driving cycle, would take advant age
of nost of the practical opportunity associated with friction
reduction. As noted, however, ht could be substantially increased

beyond the 38¢1.15 » 44% of Table 2 by devel opi ng and adopting f uel
cells instead of conbustion engines (WIlIlians 1993). Fuel -cel
vehicles with hydrogen as the fuel are under devel opnent, but it may
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be a long tinme before they are for sale (American Physical Society
March 2004 http://ww. aps.org/ public_affairs/index.cfm. Moreover,
as mentioned above, the vehicle | oad m ght be reduced nuch nore than
indicated in the table. Extrenely-high fuel econony cars have been
di scussed by Lovins in the context of deep weight reduction (Lovins
1993). Research is needed on |ightweight materials, e.g. to bring
their costs down, and on the safety and drivability of very I|ight
gener al - pur pose cars.

Finally, I have a claimabout research opportunities: Al areas
of science/technology with inportant social inplications, including
those that may appear nmundane, offer surprisingly varied, interesting
and accessi bl e opportunities for research.
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APPENDI X:  APPLYI NG THE FORVALI SM

Consi der a typical "mdsize" US vehicle, the 1995 Ford Taurus
with 3.0 L engine and automatic transm ssion; sone characteristics
are shown in Table Al. The fuel econom es in the US urban and
hi ghway driving cycles are also shown. Taurus is a |large car to nost
peopl e outside the US and even to many inside it. Snaller cars are
not so different froman energy perspective, however, i1f their design
is not focused on fuel economy. Conpare, for exanple, Vol kswagen
Golf with a two litre gasoline engi ne and 5-speed nanual
transm ssion, with the Taurus. The curb weights are 1169 and 1509
kg, respectively; the volunes of their passenger conpartnents are 88
and 102 cubic feet, respectively; and the US conposite fuel econom es
correspond to 7.4 and 8.6 L/100km respectively. 1In ternms of this
nmeasure of fuel econony, the Golf is 16% nore efficient.

TABLE Al. CHARACTERI STI CS OF THE STANDARD 1995 FORD TAURUS( a)

traditional units netric units
| oad characteristics
wei ght (curb + 300 | bs.) 3418 | bs. 1. 55 tonnes
drag coefficient 0. 33 0. 33
frontal area 22.9 ft2 212 nd
rolling resistance coeff. 0. 009 0. 009
powertrain
di spl acenent 182 cu. inch 3.0 litre
maxi mum power 140 hp@800r pm 104 kW
maxi mum t or que 165 ft. | bs. @250r pm 224 Nm
fuel econony(b)
urban cycl e 22.2 npg(c) 10. 6 L/ 100km
hi ghway cycl e 38.5 npg 6.1 L/100km
conposite cycle 27.4 npg 8.6 L/100km

a) Sone are estimates.

24



FuelEff&PhysicsAutosSanders

b) for the US driving cycles, unadjusted for actual driving. For the conposite
cycl e, conbine 55% urban and 45% hi ghway cycl e fuel -di stances rati os.
c) mles per US gallon

Wth the parameters from Table Al, readers can do their own fue
use calculations for particular kinds of driving. For fuel referred
to in US regul ati ons, one can use the energy density 120 M)/ US gal |l on
or 31.7 Ml/litre. Sonme fuel use calculations for these cycles and
for cruise driving have been presented (Ross 1994, An and Ross 1993).
Let us calculate the fuel use in steady driving at a speed of 100
kmih = 27.8 ms. Use eq(7) in the form

Pf uel = [ f n‘epo‘V‘l\V 2000 + ( 1- C) Pb] / ht
To find Py, one calculates Pigag/e fromeq(3). For Taurus:

Ptyres/ € = 0.009¢1. 55¢9. 8+27.8/0.9 = 4.22 kW

Pair /e = 0.6°0. 3322. 12¢27. 83/ (1000%0. 9) = 10. 02 kW

So, assum ng Paccess = 0.75 kW P, = 15.0 kW To find N, one can
adopt approxi mati ons where typi cal engi ne speeds depend only on
engi ne di spl acenent, not on details of the driving:

Nowr = 30(V/3)-0-3 and Nynp = (15 - V) rps

where Vis in litres and the subscripts refer to two driving nodes:
powered and unpowered. The latter | define as no power at the
wheel s, or vehicle stop, coasting and braking.*  Cbviously these
expressions for N are strong sinplifications. For the exanple under
consi deration, then, N =30 rps. Nunerically, we find:

Pfuel = [160330/2000 + (1-0.06)15.0]/0.38 = 56.1 kW or
56. 1kW3600s/ h/ (31. 7MJ/ L100km h) = 6.4 L/ 100km

The first termin the expression for Pfyel in kWis essentially the
frictional work inside the engine; and it is 7 kW not a small rate!

Carry out the sane calculation for Golf with a 2.0 L engine. W
need the inertial weight. Take it to be 300 Ibs, or 136 kg, plus the
curb weight; so for the Golf it is 1305 kg. W need frontal area A
an approxi mation for contenporary non-US cars is 0.81(w dt hehei ght),

which is 1.96 n? for Golf. According to another approxination just
given, the engine speed is 33.9 rps. @uess that Paccess = 0.5 kW
Al t hough one is not likely to know the other paraneters specific to
this car, the point is that they (rolling resistance coefficient,
drag coefficient, fmepg, ¢, transm ssion efficiency, and

Y I'n high speed driving <N>pwr is higher and increases nore rapidly wth
decreasi ng engi ne di spl acenent than suggested here.
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t hernodynam c efficiency) are roughly the same for all such cars.
Thus one finds:

Ptyres/€ = 3.56, Pajr/e = 9.26, and Pfyel = 45.6 kW

corresponding to 5.2 L/100km or 23% nore energy efficient at 100
kmih than the Taurus.

As a second exanple, let us calculate fuel use over the US
driving cycles. The way to handl e decelerations is to consider
energy conservation: the powertrain output over the entire trip is
the sumof energy for tyres, air and accessories, and the energy
ending in the brakes rather than in inertial change. Rewite and
approximate eq(7) for the average rate of fuel use for a trip or
driving cycle:

<Pruel > » {<fmepo>(<N>pTp + <N>yTy) V/ 2000
+ (1-c) <Pp>}/ <h¢> (AL)

Here subscripts p and u designate powered (beyond for accessories)
and unpowered driving, respectively; Tx is the fraction of tinme spent
in each of these nodes, with Tp + Ty = 1. In addition, the P, term
can al so be deconposed into the kinds of work done, using eqs(3) and
(2c), to obtain the separate itens in Table 1.

The main difficulty is estimating air and brake terns over a
varying driving pattern. The straightforward nethod is to obtain the
second- by- second sequence of vehicle speeds and cal cul ate the power
| evel s at each second. | express the results in terns of P, and
the kinetic energy evaluated at the overall average trip speed <v>,
because we found sone general approximations in that form (which I
won't discuss). Thus (An & Ross 1993b):

<Pair> = | " Pair(<v>), <Pprakes> = b' <v>ng0. 5M <v>2
where ng i s the nunber of stops per m and M was nentioned in
connection with eq(3). Values are given for the two US cycles in
Tabl e A2.

TABLE A2. CHARACTERI STICS OF TWD US DRI VI NG CYCLES

Ur ban (UDC) H ghway ( HDC)
<v> 8.74 m's 21.6 nis
Tp 0.55 0.90
|’ 2.87 1.11
b' 2. 24 1.94
n, 1.50 per km 0. 061 per km

Sone internedi ate stages in the calculation for Taurus are given
in Table A3. Here the friction termis the entire left hand
expression within the brackets of eq(Al); and the three <Pb> terns
are actually of the form(1-c)<Ptyres>/ _ and so on; and where _ is
taken to be 0.8 for UDC and 0.9 for HDC. | have included a factor
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for the effect of cold start in increasing engine friction. To find
Pfuel one adds the terns, including the Paccess term w thout
transm ssion | oss, and divides by <h;>.

TABLE A3. STEPS | N CALCULATI NG TAURUS FUEL ECONOWY (kW

<Pp> t er ngb engl ne
tyres air br akes frictiona |<Pfuel >
ubC 1.40 0.94 2.11 5.67 28.5
HDC 3.08 4. 90 0. 99 6.77 43. 3

a) Includes a cold start factor of 1.07, for the UDC only.
b) in the form(1-c)<Piyres>/€ etc.

The fuel econom es are then 100<Pf e >/ (31. 7<v>) = 10.3 and 6.3
L/ 100kmin the US urban and hi ghway cycles, respectively (or 22.9 and
37.2 mles per US gallon), in reasonable agreenent with the neasured
values in Table Al. In this exercise, although some major
appr oxi mati ons were made, the nost significant quantities may be
accurate within a factor of (1x0.05).
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