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Why are our piston aircraft engines so@#$%*! inefficient? -OUR PISTON AIRCRAFT engines convert chemical energy into 
mech an ical work, but they don't do it very efficiently. It turns out 
that only about one-third of the energy contained in the lO0LL 
we burn winds up getting to the propelle r and doing useful work 
to propel us through the air. The remaining two-thirds winds up 
getting lost between the fuel truck and the prop hub. At today's 
stratospheric avgas prices, that's pretty depressing. 

LET'S DO THE MATH 

Cons ider a Continental IO-550 engine rated at 300 hp. If the fu el 
system is set up properly per Continental Service Bulletin 
SID97-3F, fuel flow at maximum takeoff power is about 26.6 gal 
lons/ hour or 156 pounds/hour. How much chemical energy does 
that fuel provide? 

We can calculate that. lO0LL is rated at a "minimum lower 
heat value" of 18,700 BTUs per pound. Let's convert that figure 
into something more meaningful to pil ots like you and me. 

(1) Divide 156 pot1nds per hot1r by 3,600 seconds per hot1r to get 
0.0433 pot1nds per second. 

(2) M t1ltip ly by 18,700 (the thermal con tent of WOLL in BTUs 
per pol.Ind) to get 810 BTUs per second. 

(3) M ultip ly by 1.414 (the horsepower equivalent to 1 BTU per 
second) to get 1,146 hp. 

Does this mean that your IO -550 consumes lO0LL with ther
mal energy equivalent to 1,146 hp, and yet produces only 300 hp 
of output power? Unfortunately, that's exactly w hat it means
and that works out to a miserable thermal effici ency of 26 
percent. Good grief! 

Should an IO -550 really be d rinking this much fuel? Well, we 
can calculate that, too. 

(1) A t takeoff powe,~ the eng ine is turn
ing at 2700 rpm. Since it's afour-stroke 
engine, each power cycle reqt1ires two 
crankshaft revolutions. Therefo re, the 
engine is operating at 1,350 power cycles 
per minute. 

(2) T he displacement of the engine is 550 
cubic inches, or 0.32 cubic feet. Dt1e to 
indLZction system losses, howeve,~ the 
eng ine's "volt1metric efficiency" is only 
about 85 percent, so it "inhales" only aboLZt 
0.27 cubic f eet of air per pow er cycle. 

(3) MLZ ltip ly ing 1,350 power cycles per 
second times 0.27 cubic feet of air per cycle, 
we calculate that the engine should inhale 
365 cubic feet of air per minLZte. 

(4) Sea level air under s tandard atmo
spheric conditions weighs 0.0765 pol.Inds 
per cubic foot. Therefore, the engine 
breathes 27.9 pol.Inds of air per minLZte. 

(5) Best power mixtLZre reqLZires an air
fLZel ratio of about 12 .5 to 1 by w eight. 
Dividing27.9 by 12.5, we get afi.1el burn of 
2.23 pounds of fi.1e l per minute- or m ultiply
ing by 60, we get 134 pounds per hot1r or 
22.3 gallons per hoLZr ca lculated fu el flow at 
best power mixture. 

The ac tua l book fu el flow figure of 26.6 
gallons/hour or 156 pounds/ hour is higher 
than this calculated value because of the 



unusually ri ch mixture required to provide 
adequate detonation margins at full take
off power. 

WHAT ABOUT LOP? 

Sure ly engine efficiency is much better at 
cruise power settings w ith aggressively 
lean mixtures, right? Let's take a look. An 
10-550 engine running at 65 percent 
power and ope rating LOP uses app rox i
mately 13 gallons/ hou r or 78 pounds/ hour. 
What kind of the rmal efficiency does that 
represen t? Repeating the calculations: 

(1) Divide 78 pounds per hour by 3,600 

seconds per hour to get 0.0217 pounds 
per second. 

(2) M ultip ly by 18,700 (the thermal con
tent of avgas in BTUs per pound) to get 405 
BTUs per second. 

(3) M ultiply by 1.414 (the horsepower 
equivalent to 1 BTU per second) to get 
573 hp. 

So even at LOP cruise, the 10-550 con
sumes 573 hp worth of go-juice in order to 
produce 195 hp (65 percent of 300), for an 
efficiency of about 34 percent. Definitely 
bette r, but certainly nothing to write 
home about. 

WHY SO WASTEFUL? 

Here's one breakdown of effi ciency losses 
(from Pe,f ormance of L ight A ircraft by 
John T. Lowry, Ph.D.): 

Otto cycle effi ciency- the thermody
namic efficie ncy of a fo ur-stroke in te rnal 
combustion engine-is limited by the com
pression ra tio ( i.e., the ratio of cylinder 
vo lumes as the piston moves from bottom
dead-center to top-dead-center) . The 
higher th e compress ion ratio, the grea te r 
the efficiency. For an 10-550 with a com
pression ratio of 8.5-to-l , the Otto cycle 
efficiency works out to about 57.5 percent. 

Volumetr ic efficiency- As mentioned 
earli er, the ability of the engine to breathe 
in its full theoretical displacement of air 
during each power cycle is restri cted by a 
variety of pressure los es at various points 
in the induction system: air filter, th rottle 
body, intake manifold. and intake valves. 
For most of our engines, volumetric effi
ciency is around 85 percent, bri nging total 
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effici ency down to 57.5 
percent times 85 per
cent, or 49 percent. 

Mixture losses
Optimum fuel 
effi ciency occurs at 
very lean mixture set
tings (so-called "best 
economy mixture") 
wi th an air-fuel ratio 
in the vicini ty of 

0 0 

18-to-l by weight. Best 
economy mixture 
occurs very LOP, how
ever, and most pilots 
don't operate that lean. 
(Not to mention that 
many engines won't run 

Figure 1: Functional breakdown of efficiency losses by John T. Lowry, Ph.D. 1) Otto Cycle, 2) 

Volumetric, 3) Mixture, 4) Mechanical, 5) Accessory, 6) Other, 1) Net Power Output 

smoothly that lean.) Many pilots operate 
rich of peak EGT in the vicinity of best
power mixture, at an air-fuel ratio around 
12.5-to-l, which provides a fuel efficiency 
that 's only 70 percent of optimum. Even if 
you operate s lightly LOP (let's say at an 
air-fuel ratio of 16-to-l) , your effi ciency is 
just 89 percent of optimum, and that 
brings total efficiency down to 49 percent 
t imes 89 percent, or 44 percent. 

Mechanical losses-Fr iction losses 
involving the reciprocating and rotational 
parts inside t he engine consume a signifi
cant amount of power that could 
otherwise be delivered to the propeller. 
Mechanical efficiency vari es w ith engine 
speed (lower losses at lower r pm), but is 
typically around 88 percent, bringing total 
efficiency down to 44 percent t imes 88 
percent or 38 percent. 

Accessory losses- A cer tain amount of 
engine power is consu med drivi ng acces
sories such as magnetos, fuel pumps, 
alternators, vacuum pumps, hyd raulic 
pum ps, air condi tioning compressors, etc. 
Figure th is robs 5 percent of the remain
ing power, bringing tot al efficiency down 
to 36 percent . 

Other losses-This includes a grab 
bag of other inefficiencies including 
blow-by past the piston rings, unburned 
hydrocarbons in the fue l, humidity in the 
air, back pressure in th e exhaust system, 
and so fo rth. Figure another 5 percent 

loss, bringing total efficiency down to 
34 percent (which agrees with our 
earli er figure fo r an 1O-550-B at 65 
percent LOP) . 

THERMAL AND CHEMICAL LOSSES 

A quite d ifferent analysis (from 
Fundamentals of Power Plants for Aircraft 
by Joseph Liston) analyzes the various 
thermal and chemical losses suffered by a 
piston aircraft engine. 

We've already seen that an internal
combustion engine is incapable of 
conver ti ng all the heat of combustion into 
mechanical energy, limited primarily by its 
fi n ite compression ratio. The rest of the 
heat of combustion, as well as a small 
amount of add itional heat generated by 
fr iction, is lost through the engi ne's 
exhaust and cooling systems. 

T here are also some chemical losses. In 
theory, the combustion of pure hydrocar
bon fuel at stoichiometric mixture should 
produce nothing but carbon d ioxide (CO2) 
and water (H2O). In reality, however, 
there's always some sulfu r in the fuel , 
which is transformed by combustion to 
sul fur d ioxide (SO2) and sulfuric acid 
(H2SO4) . If the mixtu re is a bit on the rich 
side, the exhaust also contains carbon 
monoxide (CO), which resul ts from 
incomplete combustion, as well as some 
unburned carbon particles and some 
methane gas (CH4) . 
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Here's how Liston breaks this all down: 
Fuel energy, 100 percent 
Exhaust, 51.6 percent 

Heat, 47.0 percent 
Chemical, 4.6 percent 

CO, 3.1 percent 
CH4, 1.5 percent 

Other thermal, 12.2 percent 
Conduction to air, 7.2 percent 
Conduction to oil, 1.6 percent 
Radiation and misc., 3.4 percent 

Mechanical, 36.2 percent 
Friction losses, 4.3 percent 
Brake horsepower output, 

31.9 percent 
Again, this figure agrees pretty well w ith 

our earli er 34 percent figure for the 
IO-550-B at 65 percent LOP cru ise. 

CAN WE DO BETTER? 

W hat, if anything, can we do to improve 
thi s dismal effici e ncy? Well , don' t expect 
any miraculous improvements of large 
magnitude. But every little bit helps, and 
there are certainly a fe w areas where the 
potential ex ists fo r improvement. 

Otto cycle effici ency- As we've seen, the 
basic thermodynamic efficiency of an inter
nal combustion engine is a function of 
compression ratio. Unfo rtunately, high
compression engines have traditionally 
required high-octane gasoline in order to 
avoid detonation, and high-octane gasoline 
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is fast becoming unobtainable because of 
the campaign to eliminate te traethyl lead 
(TEL) from avgas. Consequently, the trend 
in recent years has been toward lower com
pression ratios that are compatible with 
low-lead or unleaded fuel. While this may 
be wonderful fo r the environ ment, it sure 
doesn't help the thermodynamic efficiency 
of our engines. 

One brigh t ligh t on the horizon is the 
prospect of moving from fi xed-timed mag
netos to sophisticated, computerized 
electronic ign ition systems capable of pro
tecting engines aga inst detonation by 
varying ignition timing. The incorporation 
of variable ignition timing and detonation 
sensors should permit the use of higher 
compression ratios even with unleaded 
fuel. It may take a few more years before 
any such systems make it through FAA 
certification, but the prospects for 
improved efficiency are significant. 

Even more exciting is the recent advent 
of certificated diesel e ngines fo r piston 
aircraft, which run on Jet A and have 
18-to -l compress ion ratios that offer much 
greater thermal efficiency than a11y spark 
ignition gasoline engine. 

Volumetric efficie ncy-Small improve
ments in this area are possible through the 
use of tuned induction systems, large 
intake valves, venturi-style valve seats, 
ram recovery air scoops, and turbocharg-

i ng. Auto engines have 
even gone to multiple 
intake valves per cyl
inder, but the weight 
and complexity migh t 
make thi s impractical 
fo r ai rcraft engines. 

Figure 2: Thermal and chemical breakdown of efficiency losses by Joseph Liston. 1) Exhaust 

[Heat], 2) Exhaust [Chemical}, 3) Conduction to Air, 4) Conduction to Oil, 5) Radiation and 

Mixture losses
Major strides have 
already been made in 
this area, partially 
through pilot educa
tion to encourage the 
use of lean mixture 
settings, and partially 
through improve
ments to engi ne 
instrumen tation and 

Misc., 6) Friction, 7) Net Power Output mixture distribution 
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to fac ilitate operation at or nea r 
best economy mixture (i.e., cons ider
ably LOP). 

Mechanical losses-Th e b iggest thing 
that can be done to reduce mechanical 
losses is fo r pilots to cru ise a t low rpm 
and high manifold pressure, rather than 
v ice versa. Small addi tional gains are pos
sib le th rough the use of high-l ubricity 
synthetic oil to red uce frict ion losses, but 
the lead ing al l-synthet ic oil (Mobil AV 1) 
was pull ed off the market in the 1990s 
due to its inab ili ty to cont ro l lead depos
its, and eve n sem i-syn thetics like 
AeroShell l SW-50 have lead-deposit 
problems, particularly in small-sump 
engi nes like the ones used in the Cessna 
TTX and Cirrus SR22. When the lead is 
u ltimately removed from avgas, a ll-syn
thetic oils may come back in favo r fo r 
pis ton aircraft engines. 

Accessory losses-The conversion to 
electron ic ignition systems may also pro
vide some small benefits by eli minating 
the mechanical losses involved in driving 
dual magnetos, although this may be par
tially offset by the requirement for 
e lectron ic-ignition engines to have dual 
alternators. The trend toward all-e lectric 
airplanes with no pneumatics or hydrau
lics may also help sl igh tl y. 

For now, the best thing you can do to 
improve efficiency is to lean aggressive ly 
(considerably LOP if feas ible), and to 
cruise at low rpm and high MP rather than 
vice versa. In the foreseeable future, fur
ther improvements may be possible 
through the use of variable-timing elec
tronic ignit ion systems and instal lation of 
higher-compression pistons. Effic iencies 
in the area of 40 percent are possible, 
but don't expect much more than that 
from spark-ignition engines, at least 
any time soon. EAA 
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