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TURBO—
COMPPOUND

It might surprise you to find out that
there is a 20% more fuel efficient air-

craft piston engine sitting on the shelf

that nobody is building. It’s called a
turbo-compound engine. Some 9000
were built in the late 1940s and carly
19505, and they have experienced more
than 7.5 million flight hours. When jets
came along, development on this engine
stopped dead. Jets were simpler and
expedient at the high power (thrust)
levels required, so this made up for the
fact that their brake specific fuel con-
sumption (BSFC) was atrocious, People
wanted to fly faster and higher, and fuel
was cheap.

Back to the carly days of WWAIL
Allison aircraft engine designers were
figuring out a way of cutting the fuel
consumption so they could ger more
power out of a gallon of fuel. This is a
difficulr task at the best of times, but
became a dire necessity during the war.
Our B-17
down in large numbers over Europe, and

bombers were being shot

Allison's turbo-compound engine, circa 1942. It provided
3000 horsepower to the propeller using a GE Type CT-1 power
recovery turbine and 100 inches of manifold pressure.
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we needed a long-range fighter escort to
protect them.

The engineers were aware that more
than 50%
fuel was going out the exhaust pipe in
a hot blast of air. Some bright engincer
thought up the idea of using a turbine
fed from the high-cnergy exhaust gas
to feed power back into the crankshaft.
What wartime experience proved about

this discovery is that recovering some of

the wasted energy in the exhaust is the
only practical way of reducing fuel con-
sumption in double-digit percentages.

Theory, Practice, History

As far as I can tell, Allison was the
builder of the first turbo-compound
piston engine, though stcam engines
had been using the principle for years.
The first non-
turbo-compound
Allison V-12 V
1710 produced
750 hp. By the

of the energy in a gallon of

beginning of WW-II it was producing
1050 hp, then 1125, then 1325, and late
model P-38s used 1475-hp engines. The
turbo-compound version was identified
as the V1710-E22 by Allison, and as the
V1710-127 by the government. It dif-
fers from a turbocharged engine, which
uses exhaust gas energy only to drive a
the pressure of
incoming combustion air. Work on this
turbo-compound engine began in 1944,
funded by the government and con-
tinuing until 1946, when Allison asked
tha it be canceled because pure turbine
engines had greater promise.

The VI1710-E22 was the first suc-
cessful turbo-compound engine, and
probably onc of only three types ever
buile. It was designed to power the Bell

compressor and increas
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Figure 1.

XP63H, which, as it turned out, never
flew. The V1710-E22 had a military rat-
ing of 2320 hp, and a war emergency
rating with water/alcohol injection of
3090 hp. The XP63H, had it gone into
production, would have been onc of the
most powerful fighter planes of WW-II
and probably with more range than the
P-51 Mustang.

‘The Allison V-12 TC engine collected
the exhaust gas from all 12 cylinders and
routed it to the turbine at the rear of the
engine through two exhaust tubes. The
shaft from the turbine ran through the
center of the first stage supercharger
impeller, back to the engine and put its
power directly into the crankshaft. The
turbine could not be connected to the
supercharger impeller dircctly because
the supercharger was driven by a vari-
able-speed transmission thar did not
run at a fixed speed ratio with respect to
cither the crankshaft or the turbine (See
Figure 1). This engine represented quite
an advancement over the original 750-
hp Allison V-12 engine.

Curtiss-Wright R3350

While the Allison was the first of its
type, the most successful turbo-com-
pound engine was a version of the air-
cooled, 18-cylinder, two-row radial
Curtiss-Wright R3350 as used in the
B-29 bomber and the Bearcat. The
turbo-compound version had three tur-
bines, each fed by six cylinders, geared
to the crankshaft. The normal version
produced 2700 hp and weighed 2850
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pounds. The turbo-compounded version
produced 3500 hp and weighed 3440
pounds. Think about that. Using 19405

gy and 11

tedly, dlsclplmes that were progress-
ing rapidly during the war—Curtiss
engineers were able to break the mysti-
cal “1 pound per horsepower” barrier.
This engine was used on the Douglas
DC-7C, some versions of the Lockheed
Constellation and several other military
airplanes.

Powerful though it was, what makes
the R3350 remarkable is its efficiency.
Figure 2 shows the overall heat balance
of the non-turbo-compound R3350
under takeoff conditions. A heat balance
chartillustrates how individual percent-
ages of fuel energy are allocated to dif-
ferent uses or non-uses in an engine. All
of the various types of energy are con-

Figure 2.
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The mechanical layout of the R3350
engine shows the power-recovery
turbine connected by reduction gear
(and protected by a fluid coupling) to the
crankshaft.

verted to their heat equivalent in this
chart. For example, horsepower can also
be expressed as watts of heat. One horse-
power is 746 watts. We will refer to it as
horsepower rather than energy to keep
itsimple.

More than 74.9% of the horsepower
implied in the fuel is exiting the exhaust
without doing useful work during
takeoff. It is common for all internal-
combustion engines to waste over half
the potential power in the fuel. In this
case, the waste is much higher because
the mixture is set very rich to cool the
engine during takeoff—a common
practice to this day on turbocharged
aircraft engines. Subtracting all losses
from the gross total horsepower in the
fuel gives us 2750 net to the prop. This
non-turbo-compound engine extracted
only 2750 hp. Overall efficiency with a
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Turbo-Compound Engine e

10:1 air-fuel ratio for takeoff was a poor
16%. Not a good result.

Power. More Power!

In the turbo-compound version of this
engine, horsepower improvement s dra-
matic. Figure 3 shows only the R3350
turbo-compound engine’s exhaust part
of the heat balance chart during take-
off. Total takeoff power is up to 3250
hp from 2750, an 18% improvement.
Toral recovered power from all three
turbines is no less than 500 hp at sca
level. (By the way, the label “kinetic
energy” in this chart is merely the vol-
ume or weight of exhaust gas times its
velocity squared. This is what is used for
drivinga turbine. It, too, is labeled in its
horsepower equivalent.)

This takeoff power recovery heat bal-
ance chart was surprising. I had no idea
that so much horsepower was wasted by
the exhaust valves in a piston engine.
‘The horsepower going to the turbines
is minus the huge losses to the exhaust
valves.

The remaining waste exhaust horse-
power is not directly usable by sim-
ple means; however, if you allow the
exhaust heat to dissipate to the air sur-
rounding the engine before reaching
the turbine, the recovered horsepower
will be reduced. Looking at Figure 2
again, we see the potential horscpower
in the fuel was 16,750 during takeoff.
This is another way of stating fuel burn.
Net power out at the prop is 3250 hp.
Overall efficiency with a 10:1 air-fuel
ratio for takeoff is improved to 20%
with turbo-compound. This is still not
good, but necessary to protect an air-
cooled engine.

Figure 4 charts the heat balance for
the non-turbo-compound engine dur-
ing cruise, which is the most important
part of the flight because it’s where the
engine spends the most time operat-
ing. Due to a change in mixture ratio,
the waste horsepower in the exhaust is
down to 51.6% of the total fuel horse-
power. This is typical of all internal-
combustion engines. Figure 5 shows

only the R3350 turbo-compound

eomr 49.4%
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Figure 5.

engine’s exhaust part of the heat balance
chart during cruise. All three turbines
generate a cruise horsepower increase of
160 hp. Total cruise power is up to 1840
hp from 1680, which is a 10% increase
in power with no increase in fuel burn
at sea level.

Ataltitude the gains are much higher.
Looking at Figure 4, we sce the poten-
tial horsepower in the fuel burned is
5650 during cruise. Net horsepower
recovered at the prop is 1840. There-
fore, overall turbo-compound engine
efficiency during cruise is increased to
a remarkable 32.3% at sea level. Turbo-
compound engines work well at high
altitude, because the back pressure on
the power recovery turbines is reduced.

All of this was not easy to develop.
Curtiss-Wright had a lot of problems

with the exhaust valves, and most of
the development money was spent on
improving their lifespan. Radial engines
in those days had a method of measur-
ing the torque, or brake mean effective
pressure, as it was called. The fuel-air
mixture had to be set 10% below peak
BMEP at a given rpm to lower the
exhaust gas temperature by about 200°
F. This temperature drop in EGT was
critical to the life of the exhaust valves
and the turbine.

The same thing is true today in air-
cooled aircraft engines. If you run the
engine at peak EGT, the exhaust valves
will be damaged. Most pilots run the

. engine at 50° F rich of peak EGT to

prevent damage to the exhaust valves.
The engine could also be run lean of
peak with the same effect. Thar is what
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Curtiss-Wright recommended for the
R3350 TC, which resulted in a better
BSFC, meaning a lower fuel burn. The
BSFC dropped from 0.45 pounds of
fuel per horsepower per hour at peak
EGT of 1650° F t0 0.375 at 1450° F lean
of peak. The R3350 TC commercial
version had mechanical fuel injection
that kept the mixture the same in all 18
cylinders—not an easy thing to do with
a carburetor.

The fuel-injection system also has an
auto-lean feature, a great labor-saving
device for the flight and very

that the BSFC or fuel burn at sea level
is in the 0.375 range. At 30,000 feet it
is much better at about 0.325. These
engines provided better aircraft perfor-
mance with half the fuel burn in the
20,000 to 30,000 fect altitude region
than turboprop engines do today.

The R3350 was used on the Lock-
heed Super Constellation, the Doug-
las DC7C, the Lockhced P2V, the
Fairchild C119 and the Martin PSM.
Super G Connies with this engine were
able to fly nonstop from San Francisco
to London over the Arctic in the 1950s.
That was not possible using jet engines
until years later. (I highly recommend
the book Lackheed Constellation, by
Stringfellow and Bowers, Motorbooks.
It describes the TWA 19-hour nonstop
flights from San Francisco to London
and 23-hour-plus flights London to San
Francisco.) Some 9000 R3350 turbo-
compound engines were built in the late
1940s and carly 1950, and TBO rose to
3000 hours.

Thereis no reason that the turbo-com-
pound principle cannot be applied to
our current turbocharged light-aircraft
engines. In its simplest form, it would
only be necessary to enlarge the turbo-
charger turbine and tap power out of the

end of the turbocharger to

advanced for its time. Occasionally the
auto-lean feature would not work, and it
was up to the flight engineer to manu-
ally set the mixture properly. All too
often this was not done, and an exhaust
valve would fail, taking out a turbine
blade or two. At that point the engine
had to be shut down to prevent further
damage. It is casy to forget that this
technology is almost 60 years old. With
modern (higher temperature) materials,
engine-control computers and acrody-
namic improvements in turbines, the
potential for increased fuel efficiency is
mind boggling.

Figure 6 is a chart published by Cur-
tiss-Wright, showing the BMEP and
BSFC as a function of compression
ratio and altitude. Brake mean effective
pressure, or the mean pressure in the
cylinders, is what creates torque. Cur-
tiss-Wright chose a low 6.5:1 compres-
sion ratio for durability reasons. Note

34 KITPLANES August 2009

feed it back into the crankshaft.

The Wankel Rotary
Let’s take another look at the exhaust
heat balance chart in Figure 5 with-

Figure 7.

INTAKE MANIFOLD

TURBINE

out the offending exhaust valves. Total
kinetic horscpower available from the
fuel to the turbine now more than dou-
bles from 14.9% to 34.7%. The losses
to gears and bearings also fall to, say,
3%. Windage and cooling loss goes to
2.6% from 1.3%, and acro and thermal
losses drop from 12% to 6%. Total loss
for these factors alone is then 17.6%.
Total kinetic horsepower available with-
out exhaust valves is now 34.7% minus
17.6% or 17.1% of the total horsepower
in the fuel!

Mazda Wankel engines do not have
exhaust valves. In effect the engine is
“piston” ported similarly to a two-stroke
engine. In this case the rotor acts like
a piston and opens and closes both the
intake port and the exhaust port, doing
away with troublesome exhaust valves.
Most internal-combustion engines are
lucky to retrieve 30% of the energy in
the fuel. In theory what this means is
that a Wankel rotary aircraft engine
could be as much as 44% efficient, up
from about 27% efficient. That is a huge
improvement.

The power in the Mazda Wankel
rotary engine exhaust has been talking
to us for 40 years, saying, “Hook me to
a turbine, hook me to a turbine, hook
me to a turbine!” Anybody who has
been around a Mazda rotary-powered
race car without a muffler can under-
stand the tremendous kinetic energy in
the exhaust. There are no exhaust valves
to slow down the speed of the exiting

GEAR BOX
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Intercooler

shafts

Exhaét

exhaust gases, which leave the wide open
exhaust port at supersonic velocities.
A race car driver friend, John Morton,
claims he has permanent hearing dam-
age from driving rotary race cars with-
out mufflers. Current race rules demand
mufflers, and turbochargers make great
ones for the Wankel rotary engin

It was not until I read that SAE paper
on the R3350 TC that I could put
number on the waste power in the rota

exhaust. Then it hit me. Yes, of course it
has plenty of power in the exhaust. A

Compressor

Intercooler

The concept of a
horizontally opposed
air-cooled turbo-
compound engine.
Why isn't anyone

Turbine making one of these?

normally aspirated
250-hp, 250-pound,
cast

mostly iron

Exhaust
Mazda rotary engine
with 27%

efficiency has about

overall

920 potential horse-
power in the fuel.
The turbo-compound R3350 achieved
an 18% improvement in takeoff power.
Be

the rotary

is 920 hp, 18% of tha is 160
hp. In theory, the turbo-compound
rotary engine could increase the net
horsepower out by more than 50%, to
more than 410 hp, with no increase in

fuel burn and lictle increase in weight
or cost. This excellent power-to-weight
ratio is almost in the realm of small tur-
boprop engines with half the fuel burn.
Amazing!

ause the fuel burn horsepower of

Now comes the time to harness all
of those supersonic horses. Think of
the Mazda Wankel rotary as an ideal
gas generator for a turbine engine, a

marriage made in heaven (See igure
7). Maybe this will inspire the aircraft-
engine industry to ta

another look at
turbo-compound engines of all types,

not just the rotary. I hope so.
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