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THE GOAL


There is an emerging consensus in the U.S. and in the world that if man is to survive the threat of global climate change (global warming), we must cut CO2 emissions by 80% over the next 40 to 50 years, in REAL terms.  And we must start now.  But if we are to meet the practical human needs of a growing world population at the same time, we must actually cut greenhouse gas emissions by 90% on a per capita basis.


Transportation energy is the most problematic source of CO2 since it relies so heavily on petroleum today.  There are many ways to improve the situation.  Only one of the many solutions is considered here—we will assess the potential for improved efficiency of the automobile.  A 90% reduction in energy use, or a ten-fold improvement in fuel economy, would be ideal but what exactly is a practical efficiency level for a car?  Answering that question in a believable fashion is the goal.
GENERAL PRINCIPLES


It takes fuel to make power.  A car consumes fuel in proportion to the power delivered to the wheels.  The power needed is the force to keep moving multiplied by how fast the car is going.  The equation looks like this—

     Gallons per hour  =  C1 F(pounds) v(miles per hour).

C1 is the constant needed to balance the equation.  It contains within it all the properties of the car.  Dividing Gallons per hour by v(miles per hour), gives a measure of fuel economy:

     Gallons per mile  =  C1 F(pounds)

Gallons per mile is the inverse of miles per gallon.  This little formula teaches a powerful lesson about how parts of the problem are related to fuel economy.  It says you should add up all of the forces opposing the motion of the car, and multiply that total force times C1, a number representing various other aspects of car efficiency such as the energy content of the fuel, the efficiency of the engine, and other losses from things like the gears and bearings, etc.


Looking at fuel economy in gallons per mile is helpful because we can see how drag forces and other forces add together to cause consumption of fuel.  In Europe, the normal fuel economy units are liters per 100 km, a very nice choice.  Here, when fuel economy is calculated, the results are given in miles per gallon.

To get the best automobile efficiency, the goal must be to lower both C1 and F.  The total force F has four parts, representing air drag, energy to turn the wheels and tires, energy for acceleration, and energy to overcome gravity when going uphill.
      F  =   Fd (air drag) + Frr(rolling resistance) + mass times acceleration + uphill grade.

To summarize, C1 is a constant related to the fuel and the efficiencies of various car parts (and of course they aren’t always exactly constant).  C1 multiplied by the forces opposing the car’s motion gives a good measure of fuel economy.   The forces can be looked at one at a time and then added together.  The first two forces can be reduced with good engineering.  The last two force terms are reduced by lowering car mass.
AERODYNAMIC DRAG

The first force term is air drag, also called “wind resistance,” or aerodynamic drag.  It is the most important term because it is usually the largest force resisting a car’s motion.  The mathematical formula for air drag is composed of two parts, an interference factor and an energy factor:

 
Fd   =   (Interference factor) x (Energy factor)

Remember how the wind pushes against your hand when you hold it out a car window.   (Now imagine how much force is developed across the front of a car!)  With your palm held toward the wind, the force is large, but if you hold your hand in a “streamlined” position, like a wing, the force is very small.  These effects illustrate the interference factor, which depends on the size and shape of the car:

 
Interference factor   =   Cd A

Cd is the drag coefficient and A is the “frontal area” of the car that pushes against the air.  The combination of the two is also called the “drag area.”  If this number is small, you would say the car has low drag.  A car that has low drag is usually a car that can go fast, so everyone wants low drag whether they are interested in fuel economy or not.


The kinetic energy associated with a cubic meter of air is 1/2 ρ V2, where rho (the Greek letter) is the mass of that cubic meter of air.  The force needed to push the air out of the way of the car is proportional to this, and so it serves as the energy factor.  Putting the two parts together gives a very useful formula for calculating air drag:


Fd   =   Cd A 1/2 ρ V2  

Putting this in words, the force due to air drag is a combination of the drag coefficient and frontal area, the density of the air, and the velocity squared.  This velocity is the velocity of the air hitting the front of the car.  (To get power, you also have to multiply Fd by the speed of the car on the road.)


The “air speed” in this formula is the car speed plus an additional component from the wind.  Even without any wind, the air drag is the largest part of the force a car has to overcome.   The following table compares rolling resistance and air drag as percentages for a VW Jetta with a rolling resistance coefficient of Crr = 0.009 and Cd A =  0.72 square meters.  Car weight is 3553 pounds.

Comparison of Air Drag and Rolling Resistance

for a 2006 VW Jetta (No wind)

Car Speed
Air Drag    Rolling Resistance
40 mph
50%

50%

50

61

39

60

69

31

70

75

25

80

80

20
The energy loss is about evenly split at 40 mph.  At 60 mph, almost 70% of the car’s power is used to overcome air resistance.  The car speed here is actually the sum of car speed and wind speed.  Driving into the wind has a huge impact on fuel economy.  To see exactly how much effect car speed and wind can have, here are the approximate numbers for engine power needed to drive a Toyota Prius at constant speed:

Power Needed by a Prius vs. Speed and Wind

Car Speed
P (0 wind)     P (5 mph wind)    P (10 mph wind)    P (20 mph wind)
40 mph
 7 hp

     8 hp

 9 hp

       11 hp


50

11

    12


14

       17

60

16.5

    18


20

       24.5
70

24

    26


29

       34

80

33

    36


39

       46.5
It takes almost seven times as much power to drive 80 mph into a strong wind as it takes to drive at 40 mph with no wind.  By the way, a Prius engine can produce 110 horsepower.  The extra margin of horsepower is useful for acceleration and for climbing steep grades.

Now, look at the way the highway fuel economy of a Prius is affected by speed and air drag.   (For a Prius with Crr = 0.0095 and Cd = 0.26; Cd A = 0.57 sq.m.)
Fuel Economy of a Prius vs. Speed and Wind

Car Speed
MPG (0 wind)   MPG (5 mph)    MPG (10 mph)    MPG (20 mph)
40 mph
   74 mpg
     66.5 mpg
        60 mpg

48 mpg

50

   60

     54

        48

39
60

   48

     43

        39

32
70

   39

     36

        32

27
80

   32

     29.5
        27

23

Many lessons can be learned from this table.  For example, it shows fairly well that wind resistance is the THE factor that makes fuel economy change with speed.  The numbers in the table were obtained by just calculating the sum of air drag and rolling resistance, and multiplying by a constant factor for efficiency of the car parts, including the engine.  They match very closely with actual driving tests for most cars.  How very simple car physics really is.  Of course, there are plenty of things that aren’t quite that simple, but their effects are smaller.  Conclusion: air drag is the reason you get better mileage when driving slower.  From the table one can see a rule-of-thumb: speeding up by 5 mph cuts fuel economy by 10%.  The GREAT FUEL ECONOMY SECRET is out!  Driving slower gives a fantastic improvement in mileage.  Going just 5 mph slower on the highway gives as much improvement as you can get from millions of dollars spent on engineering to make the car more efficient.


What are the prospects for improving fuel economy through engineering, to reduce the aerodynamic drag coefficient?  Here are some Cd values that have been achieved in the past (most from Wikipedia):
Drag Coefficient Data

Cd =
· >0.6 - typical heavy duty truck
· 0.57 - Hummer H2, 2003 
· 0.38 - Volkswagen Beetle 
· 0.29 - Honda Accord Hybrid, 2005 
· 0.27 - Toyota Camry Hybrid, 2007 
· 0.26 - Toyota Prius, 2004 
· 0.25 - Dymaxion, 1933 
· 0.25 - Honda Insight, 1999 
· 0.24 - Audi A2 1.2 TDI, 2001 
· 0.21 - Tatra T77 a, 1935 
· 0.20 - Loremo Prototype, 2006 
· 0.19 - General Motors EV1, 1996 
· 0.19 - Alfa Romeo BAT Concept, 1953 
· 0.19 - Mercedes-Benz "Bionic Car" Concept, 2005 
· 0.16 - Daihatsu UFEIII Concept, 2005 
· 0.16 - General Motors Precept Concept, 2000 
· 0.14 - Fiat Turbina Concept, 1954
· 0.137- Ford Probe V Prototype, 1985 
· 0.11 -  MIT Solar Car  Typical of many solar and hypermileage cars that have been designed by college students
It appears, based on prior experience, that a future production automobile with a drag coefficient of Cd = 0.15 is entirely practical.  The following table shows how the fuel economy of a Toyota Prius would change if its drag were lowered to 0.15:
Fuel Economy of a Low-Drag Prius

(Only the drag coefficient is changed.)

                          Today               Future

Speed
             Cd = 0.26         Cd = 0.15
40 mph
   74 mpg
      91 mpg

50

   60

      77
60

   48

      66
70

   39

      56
80

   32

      47
The next step is to look at the potential for reducing rolling resistance.

TIRES AND ROLLING RESISTANCE


The force due to energy losses by the tires is the “rolling resistance.”  There is a simple formula for the rolling resistance:


Frr  =  Crr Mg
The first factor, Crr, is the rolling resistance coefficient, a commonly-used “constant” to indicate the efficiency of tires.  Mg (mass times earth gravity) is the weight of the car.  In truth, the rolling resistance coefficient can vary a little bit with speed so it’s not really constant.  Other things besides the tires can be involved.


An obvious way to lower rolling resistance is to reduce car weight.  But, for the moment, let's focus on tire properties that can lower the rolling resistance coefficient.  For ordinary production tires, the range of values for Crr is from 0.014 (cheap tires)  to 0.006 (very good tires).  Experimental tires used in solar car races have achieved a rolling resistance coefficient of 0.001.  Here is a list of tire properties that affect Crr:


Properties that Affect Rolling Resistance

Profile
Tire pressure

Diameter


Rubber stiffness and internal friction (depends on materials and temperature)

Profile

Engineers call this the “aspect ratio” of the tire.  For a tire description such as 
205 /65 -16,  205 is the tire width wall-to-wall in millimeters, /65 is the profile, and the wheel rim is 16 inches in diameter.  A large profile number such as /65 means that the side wall is very tall: the distance from the rim bead to the tread is 65% of the tire width.  

Experience has shown that a tire’s efficiency declines with its profile number.  This is consistent with theory since a tall, flexible side wall allows more give in the tire with less local flexing.    Alternate flex and rebound of the walls and tread as a tire rolls is the main source of energy loss in a tire.  The lowest profile an efficient tire should have is about /55.

Tire Pressure and Contact Patch Area


A car is held up entirely by the air pressure in its tires, except for just a few pounds used to deflect the tire rubber a small amount.  Each tire forms a flat spot on the ground called the “contact patch.”  This area transmits just enough force to exactly balance the load it supports.  From this, you can calculate the area of the contact patch:

 
mg  =  (Contact Area) x (Tire Pressure)

mg is the weight supported by the tire, which equals the product of its contact area and its pressure.  The amount of flexing of the tire is nearly proportional to the area of the contact patch.  That means the tire rolling resistance increases as the tire patch area increases.  Contact patch area can be reduced either by reducing the weight of the car or by increasing tire pressure.  If wheel and tire weight are reduced, suspension springs can be softened, allowing a pleasant ride at higher tire pressure.
Tire Diameter


Tire diameter affects many aspects of a car.  Increasing the diameter gives the following improvements:


Lower rolling resistance


Higher engine efficiency at lower RPM

Longer tire life


Smoother ride and improved control.

Theory suggests that rolling resistance is proportional to one over the tire diameter.   The reason is that there is less deflection of the rubber to get the needed contact patch area

Rubber Internal Friction and Stiffness

Some kinds of rubber are much more “efficient” than others.  Superballs were so surprising because they could bounce up almost as high as they fell.  The ratio of bounce to fall is the “coefficient of restitution” of the ball rubber.  This is the efficiency with which the material returns strain energy as it rebounds.  “Internal friction” is a common term for this energy loss.  The amount of energy lost by the tire rubber in each rotation is proportional to the amount of flexing, and that in turn is proportional to the weight of the car (for all four wheels combined).  This is why rolling resistance is proportional to the car’s weight.  Many tire companies are now putting additives in the rubber to lower its internal friction.


The weight of a car is held up entirely by air pressure in the tire.  Having stiffer rubber in the tire doesn’t have any practical effect in holding up the car.  But the energy to bend the rubber is proportional to stiffness.  And a part of that energy is not returned when the rubber rebounds.  The effect on mileage is understandable—tires made of stiff rubber have high Crr, and result in lower miles per gallon.  Rubber gets softer in hot weather and becomes stiff in the cold.   Therefore, one should expect that car fuel economy improves in hot weather and this is usually observed to be true.  (Engines run more efficiently when hot also.)  The most efficient energy-saving tires are made of softer rubber with comparatively flexible sidewalls and tread.


A reasonable guess for improved rolling resistance of future production tires might be mid-way between today's production best at Crr = 0.006 and Michelin's special solar car tires at Crr = 0.001.  Consider the impact on Prius fuel economy of tires with Crr = 0.003—

Fuel Economy of a Prius with Low-Drag and Low Rolling Resistance 

(Only Cd and Crr are changed)

                         Crr = 0.0095       Future              Future #2
Speed
             Cd = 0.26         Cd = 0.15        Crr = 0.003
40 mph
   74 mpg
      91 mpg
      173 mpg
50

   60

      77

      131
60

   48

      66

      100
70

   39

      56

        79
80

   32

      47

        63
EFFECT OF VEHICLE MASS AND SIZE

Besides being a factor in rolling resistance, vehicle mass consumes energy during acceleration and hill climbing.  With these added parts, the formula for force acting against the car is now complete.  Here is the full expression—

F  =   Cd A 1/2 ρ V2  +  Crr Mg  +  M a  +  Mg • (grade%/100)

M appears in the last three terms.  The third term is the force for acceleration and the last term is energy to lift the car as it goes up-hill.  Terms three and four will be neglected by calculating only the energy efficiency of the car in steady, level driving.  The frontal area of the car, A, appears in the first term for the aero drag.  To explore the effects of reducing M and A, let's reduce the size ( A ) of the car by 10% and the car weight by 20%.  The dry weight of a 2009 Prius is 2,932 pounds.  With fuel added, that would be about 3,000 pounds.  Reducing this by 20% gives 2,400 pounds. (The new car doesn't need as much gas.)  400 pounds are added for "cargo," the weight of which is unchanged—


A is reduced from 23.5 sq.ft. to 21 sq.ft.  (The size of a 1990s Civic)

M is reduced from 3,400 lb to 2,800 lb  (Weight of a 1998 Civic)
Now the fuel economy table can have another column to represent the new, slimmer car—

Low-Drag LRR Prius, with Smaller Size and Weight

(Cd, Crr, A and M are changed)

                   Crr = 0.0095      Future             Future #2          Future #3

Speed
         Cd = 0.26       Cd = 0.15       Crr = 0.003       Lower A,M
40 mph
74 mpg
91 mpg
173 mpg
200 mpg

50

60

77

131

150
60

48

66

100

114
70

39

56

  79

  90
80

32

47

  63

  72
POWER PLANT EFFICIENCY


In the calculations so far, the "Prius" engine is assumed to have a brake efficiency of 29%, and of that energy only 85% is applied to the wheels due to other losses such as drive line friction and power for accessories.  These factors are included in the constant C1.  At the present time, automotive engine maximum efficiencies range from about 25% in some cars to 45% for engines in large trucks.

Prospects for raising power plant efficiency in the future are excellent due to advances in many areas.  Noteworthy improvements are better engine control through turbocharging, direct injection, and cylinder pressure sensing, and use of higher compression ratios with alternative fuels.  Reduced ancillary power requirements and improved lubricants are also making a big impact.  We can reasonably expect that future cars will have engines running at 40% efficiency.  (Electric vehicles are on the threshold of achieving that "well-to-wheel" efficiency today.)  Discounting other areas of improvement, one final column will be added to the fuel economy table for incorporation of a 40% efficient automotive power plant.  (Still utilizing 85% of the shaft power at the wheels.)  Nothing remains of this car that one might identify as a Prius.—
Low-Density, Low-Drag and RR Car with 40%-Efficient Power Plant

                   Crr = 0.0095      Future          Future #2        Future #3
Future #4
Speed
   Cd = 0.26      Cd = 0.15     Crr = 0.003     Lower A,M      40% Engine
40 mph
      74 mpg
   91 mpg
173 mpg
200 mpg
276 mpg
50

      60

   77

131

150

207
60

      48

   66

100

114

158
70

      39

   56

  79

  90

124
80

      32

   47

  63

  72

  99

The final (#4) car, incorporating all expected future efficiencies, will be getting 110 mpg even at 75 miles per hour.  This is a small car, but capable of carrying four to five passengers in comfort.  
CONCLUSIONS


As part of a response to threats of energy insecurity and climate change, we can reasonably expect that the personal automobile will increase its energy efficiency by a factor of five to six times, achieving 150 miles per gallon for a family-size car, within the next twenty years.  The only real question is will we have the will to do it?

Many, if not all, of the stated technological targets used in this analysis will be evident in the cars that will compete in the X Prize competition in 2010.  A stated requirement for a main entry in the race is a production-ready car capable of carrying four passengers and having an average fuel economy of 100 miles per gallon or better throughout the competition.

The anticipated future car specifications are—
2030 Family Car
Dimensions……….. 21 square feet of frontal area.  (Approx. 67 in. wide x 54 in. high.)
Weight………….….2,400 pounds

Engine efficiency…..40%  (May be an EV with 10 kWh storage, 100 mile range.)
EV efficiency………70%  (Plug to shaft. 123 watt-hours /mile at 60 mph.)

Eff.shaft to wheels…85%

Drag coefficient……0.15   (Drag area = 3.15 sq.ft.)
Rolling resistance….0.003  (Light, soft puncture-resistant wheels and tires)

Ernie Rogers

____________________________

