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TECHNICAL NOTE NO. 794

TWO-STAGE SUPERCHARGING

By Richard S.: Buck

SUMMARY -

‘ The arrangement of the parts and the installation and
control problems of two-stage mechanically driven super-
chargers for aircraft engines are-discussed.” Unless an
entirely new form of supercharger is developed, there will
be a definite need for a two-stage .cenmtrifugal supercharg—
er. It is shown that the two-stage mechanically driven
gupercharger itself 1s a comparatively simple device; the
complications arise from the addition of intercoolers and
controls., :

INTRODUCTION

Flight at higher altitudes has become a definite
trend. The pressurlzed cabin for transport airplanes has
removed the limit onialtitude that results from’ the dis-
comfort of the ‘passengers; military airplanes are being
forced to go ever. higher. to maintain air supremacy. In
aircraft-engine design modérn fuels permit the use of in-
creased power by 1ncreased rotational speed ‘and super-
charger boost. The more the ‘engine is Dboosted to make its
rated power, the lower will be the critical altitude of
the supercharger.  The combination of higher altitudes and
more boost means that the supercnarger will be called on
to do much more: work than in present=-day d631gn.’

Because 8.0 few fundamental facts are known about the
compressor, the future limitation of a single-stage com-
pressor cannot be predicted. It is a known fact that
there is a marked tendency for the compressor efficiency
to fall off at tip speeds greater than 1300 feet per
second. The approximate limit of current supercharger
performance when running at tip speeds of 1300 feet per
second is shown by the lower curve of ‘figure 1 in which
the max1mum attainable 2altitudes are plotted against
manifold pressures. Manifold pressures greater than 50
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inches of mercury are allowed on some of thhe present air-
craft engines for take-off and short periods. The curve
indicates that an altitude less than 14,000 feet is all
that can be attained with a 31ng1e—stage supercharger
under these conditions.'

When higher altitudes are desired, anothee stage of
supercharging must be added in seéries with the ®irst stage;
the resulting combination is a two-stage supercharger.
With each impeller operating at a tip speed of 1300 feet
per second, the -two-stage supercharger cen deliver the
performance shown by the upper curve of figure 1. Yhe
altitude limit is raised from 14,000 to 32,000 feet at a
manifold pressure of 50 inches of mercury. The values
shown on both curves are based on certain arbitrary ags-
sumptions that are open té'' some controversy because im-
provements in supercharger performance are continually
being made. A much greater increase in efficiency than
is believed possible at the present time would, neverthe-
less, be required ‘to increase materially the altitude
limitations of the centrifugal sipercharger.

TWO-STAGE SUFERCHARGERS

Many factors have to be considered in the choice be-
tween single-stage and two-stage superchargers. Engine
power is controlled by fhe manifold density rather than
the manifold pressure so that either power or critical
altitude can be increased with either single-stage or two-
stage- arrengements by the addition of intercoolers. In-
tercoolers incredse the drag and the weight ‘and multiply
the instaliation’ problems, but, if installed between
stages, intercoolers ‘also decréase the power required to
drive the sec¢onid stage of the two-stage supercharger.
There is no definite altitude above which the: two-stage
supercharger must be used for best airplane performance
and, for a range of about 3000 feet altitude above or be-
low the limits of a'single~stage”supercharger, the choice
is a very difficult one. 'If maximum airplane performance
ig demanded above this altitude: range, however, a multi-
stage supercharger must de used. ;

The first stage of 'a two~stage supercharger may bde
driven‘either.by'ani%xhauSt.turbine‘or mechanically by the
engine through &earihgz. . Most of:the problems relating to
the superchargers themselves are the same for both types



NACA Technical Note No. 794

75}

and the relative merits of the type of drive will not .be
discussed. < Both -types take energy from the engine and
any comparison should -be based on which type utilizes
this energy more efficiently in propelling the airplane.
The final comparison is complicated by the fact that the
turbine-~driven supercharger takes little power from the
engine and the mechanically driven supercharger leaves
more energy in the exhaust: for jet propulsion. :

General Classifications .

Two-stage superchargers can be built in many ways;
to enumerate all the possible combinations of air passage,
drive, and control would be very counfusing. Any super- -
charger-can, in general, be . described by reference to the
following faectors:

(1) The path of the compressed air

(2) The method of driving the impellers or control-
ling their speed ‘

(2) The method of controlling induction—-air pressure
and temperature.

The most common arrangements of two-stage supercharg-
ers will Ye described with reference to the foregoing
three factors,

Arrangement of Air Passage

The air passages in a supercharger are part of the
engine induction system and the terms "air. passage" and
"induction system" may be used interchangeabdbly. The in-
duction system may contain air or a. mixture of air and
fuel and may be called either the "mixture" or the
"charge." The engine air is drawn into the induction
system and becomes the mixture or the charge after the
fuel is injected into it,. In the following paragraphs,
however, either tle mixture or only the air will be termed
"engine air" to simplify the description of the various
supercharger arrangements.

One of the simplest forms of two-stage superchargers
is the conventional type shown in figure 2., The air enters
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the first stage, is compressed by the impeller, and its
energy is partly transformed from kinetic to pressure
energy in the diffuser. The air has to flow over a Tip
before entering the secoud-stage impeller and, because of
this action, the term "cascade" has been suggested for

this type of supercharger. The air passage from the first-
stage diffuser to the entrance of the second-stage impel-
ler is sometimes made a continuation of the first-stage
diffuser. '

The engine air leaving the second-stage supercharger
discharges either into a collector chamber or inteo scrolls,
depending upon the type of engine employed. Radial en~
gines require collectors because intake pipes are used
florifgaichl 'cine oF two cylinderss Scrolls may be used where
discharge is into manifolds in which the flow is compara-
tively steady. Thg fuel may be introduced by a carburetor
located either at the entrance to the first stage in the
same manner as with a single-stage supercharger or be-
tween the second-stage discharge and the engine cylinders.
There is insufficient room for tne intercoolers between
the two stages, but intercoolers may be located .between
the second-stage discharge and the cylinders. In this
type of installation the fuel is normally injected into
the engine air after the intercoolers in order to avoid
passing the fuel through the intercoolers,

In two-stage superchargers designed for redial air-
craft engines it is generally inconvenient to provide
intercooling between the second~stage supércharger and
the cylinder intakes. Intercoolers are therefore in-
stalled between the first and the second stages. Less
heat is removed from the engine air by intercoolers in-
stalled in this location than when they are installed
after the second stage because the temperature difference
between the cooling air and the engine air is less. This
shortcoming is partly redeemed by the fact that the power
required to compress a given amount of air is proportion-
al to its absolute temperature; cooling the air ahead of
the second-stage supercharger therefore reduces the power
requirxed by this supercharger. If weight were of no im-
portance, the highest engine power would be obtained by
installing intercoolers in both places, that is, between
the first and the second stage and after tne second stage,
Such an arrangement is considered impracticable at the
present time because of the weight and the installation
problems involved.
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Figure 3 is.'a diagram of a supercharger with separat-
ed stages: which, is the type:usually used on radial engines.
In the cascade :type, previously described, the air leaving
the first stage discharges directly into the second stage,
whereas with the separated type the first stage discharges
into a duct permitting the use of intercoolers between the
two stages. The impellers may be placed front to front,
an arrangement that, as shown by the diagram, permits a
somewhat more compact arrangement of inlet passages than
the cascade type and saves some over—all length. - The
first stage of this supercharger is sometimes called the
auxiliary stage because it may operate independently of
the second stage, which is adjacent to the engine. Air
leaving the auxiliary stage is led through ducts to the
intercooler. When: it leaves -the intercooler the air is
conducted to the carburetor, which controls the injection
of fuel and is usuwally located Just ahead of the second-
stage supercharger.

The second-stage supercharger is sometimes called
the main stage because .it may function alone in the same
manner as .the supercharger of a single-stage engine.
Either one or two intercoolers may be used, depending
upon the number of outlet connections from the auxiliary-
stage .supercharger. If two intercoolers.are used, the
air from each 1ntercooler can ‘be merged jJust ahead of the
carburetor, .

The arrangement ~of air passages may be the same with
the exhaust turbine-~-driven sugercharger as with the aux~
iliary supercharger just.described. The chief difference
between the two types is in location, the exhaust-driven
impeller usually 'being located with the axis of.its shaft
at right "ngles to :that of the englne.

With the. separated supercharger-arrangement, it may
be desirable to shut -off the first stage during low-
altitude operation. It is ‘then necessary to .take the
engine air from'between the two stages. through inwardly
opening suction valves as shown in figure 3 because,; with
‘an impeller at rest or turning slowly, considerable air-
pressure loss will .ocour when ,the:quantity of :air neces-
-sary for -normal power“is taken through the impeller and
‘the diffuser passages. -These suction valves will open at
any - time that the atmospherlc. pressure exceeds the pres-
‘sure inside the -enginé-air passages, and this condition
will usually occur when the first-stage supercharger is
turned off or throttled. Under these ‘conditions the
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engine operates as though it had only a single-stage super-
charger. These suction valves also act as relief valves

to prevent the interstage ducts from collaps1né when the
first—-stage valves are closed.

Method of Drive

Theé two superciiarger impellers may both be mounted
on the same shaft or each may be mounted on a separate
shaft. In either case, the impellers must be driven at
speéds between 6 and 12 times the crankshaft speed. This
high speed is usually obtained through step-up gearing
from the crankshaft, and clutches may be used to vary the

peed as desired. TFigure 4(a) shows two impellers mounted
on the same shaft and driven by gearing from the end of
the crankshaft. Figure 4(b) shows a diagram of an ar-
rangement whereby the impellers are mounted on separate
shafts, each driven by its own gearing., The first-stage
impeller is driven through clutches that provide two
speeds and a neutral position. The purpose of this ar-
rangement is to reduce the power required to drive this
first-stage supercharger when it is not needed. The
second-stage impeller is driven from the crankshaft
through fixed-ratio gears., With the first stage in neu-
tral, engine air is obtained through the suction valves
located between the two stages, as previously mentioned.

The ideal form of supercharger drive is one permit-
ting an infinitely variable speed without the necessity
for sudden shifts from one speed to the next. With this
drive;,; the iwmpeller turns only fast ernough to supply the
air compression required by the engine, There are several
definite advantages of the variable-speed drive: First,
owing to its lower speed, it reduces the power required
to drive the supercharger when below its critical alti-
tude; second, it lowers the discharge temperature for the
game reason; and, third, it simplifies the engine con-
trols, as will be described later. It can e used to
good advantage on the single-stage, the cascade-type of
two~stage, or the first stage of the separated type of
two-~stage supercharger. The mechanical difficulties in-
volved in developing a successful variable-speed drive to
transmit several hundred horsepower and still be light
enough for installation in an aircraft engine can be imag-
ined. There are reports of this work being done, however,
so it is probable that it will become a standard installa-
tion in the near future.
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The first-stage supercharger may also be driven by
an exhaust turbine, which gives an infinitely variable
speed as controlled by the position of the exhaust waste
gate. Proposals have been made for positively controlling
the speed of the exhaust-driven supercharger by gearing
it to the engine but, as far -as is known, ho such instal-
lation has ever been made on an aircraft engine.

Induection-Air Control

The pilot can change the ‘power of an aircraft engine
either by changing the engine speed or the density of the
alr in the manifold. The engine speed can be controlled
by the propeller governor and the manifold pressure can
be controlled by the throttle. The control of the engine
speed by means of the governor is not suitable for guick
changes of power because the change in propeller pitch is
too slow and because the complete power range from idle
to full power cannot be covered by means of changing the
pitch. Therefore the pilot selects the engine speed for
any type of operation and does his power changing by
means of the throttle. :

Engine power is affected both by manifold pressure
and manifold temperature, and it is quite a problem to
keep these factors at the desired values under different
flight conditions. Manifold pressures.and temperatures
may be affected Dy the following:  supercharger speed,
atmospheric temperature, altitude, ram, and throttle posi-
tion. With the exception of the throttle position, it is
desirable to control all of these factors automatically
because so doing relieves the burden on the pilot. Auto-
matic control also prevents him from accidentally opening
the throttle to such an extent that an excessively high
manifold pressure or temperature is produced, which may
damage the engine by overpower or detonation. In order
to obtain the most economical operation with most types
o aitiepilianel,  itaisl diesiraiblie tiol haellld “theengiineipoweraiat
definite values. These values are determlned by the type
of operation desired.

In airplanes that are highly maneuverable;, such as
pursuits or fighters, the power may be continually varied
over wide ranges; and, .in these cases, it is desirable
merely to restrict the maximum power to some safe value.
It is therefore obvious that the higher the potential
supercharging, the more necessary it is to provide auto-
matic control.
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There are innumerable ways of automatically control-
ling the manifold pressure. Most of these controls con-
tain bellows that are sensitive to changes in pressure.
These bellows operate a servomechanism, which in turn
operates on a throttle valve. On a single-stage super-
charger or on a two-stage supercharger of the simple cas-
cade type where the carburetor is placed ahead of the
supercharger, the automatic control may act on the throt-
tle valves located in the carburetor. In this type of
control the pilot sets the cockpit control to give a
certain desired pressure. The automatic control then
operates the carburetor throttles to give the pressure
siellect edis

Another method of power control is attained by in-
stalling automatically controlled valves ahead of the
carburetor. This system is employed by the Pratt &
Whitney Automatic Power and Mixture Control and may be
used with carburetors that have no compensation for varia-
tions in pressure and temperature. The diagram of a two-
stage supercharger employing this control is shown in
figure 5. It can be readily seen that a considerable var-
iation in pressure and density is possible in the air duct
containing the between-stage suction valve. When this
valve is opened, the pressure in the duct varies with
changes in atmospheric pressure and, without the automat-
ic control valves ahead of the carburetor, this action
would upset the carburetor metering as well as change the
engine power. The control unit may be provided with a
selector valve to permit the pilot to choose the combina-
tion of pressure and fuel flow desired. For take-off, a
high pressure -and a rich mixture are desired; whereas, in
cruising, a lower pressure and a leaner mixture may be
necessary. The carburetor mixture may be coordinated with
the selection of pressure by means of fuel jets opened and
closed with the selector valve. it -

The operation of a two-stage supercharger equipped
with automatically controlled throttle valves ahead of
both the first-stage and the second-stage supercharger
will be explained by reference to figure 5. The first-
stage throttle valve is located immediately ahead of the
first or the.auxiliary-stage supercharger, and the second-
stage throttle valve is located immediately ahead of the
carburetor. A bellows sensitive to the pressure at the
carburetor entrance operates a floating piston through an
01l servomechanism. This piston operates both the first-
stage and the second-stage throttle valves as follows:
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With the piston at the bottom of its travel, both valves

‘wonld'be ‘closed. -At low altitudes, .the valve ahead of

the first-stage supercharger- is closed and the valve
ahead of the’ second: stage is.regulating the pressure at

"the carburetor entrance. As the altitude is increased,
. the second-stage throttle valve opens and, when it is

wide:open, ‘the critical altitude of the second-stage su-
percharger is reached.: . As the altitude is further in-
creased, tne first-stage valve starts to open,and, if:the
first-stage supercharger is operating, the inwardly opening
interstage suction ‘valve will automatically close as soon
as the pressure inside becomes greater than the pressure
outside. The next critical altitude is attained when the
first-stage valve. is wide open. 6 If the first-stage super-
charger is shifted to a higher speed, the first-stage
valve will partly close to keep the pressure at the carbu-
retor'entrande‘at the:same constant value,

ST pressures - -ahead of a modern aircraft carburetor
do not ‘have to-'be . maintained at a constant value to get
correct fuel metering becavse the carburetor contains zau-

‘tomatic mixture control-to compensate for.variations in

atr flow. -Therefore, the second-stage throttle valve
ahead of the carburetor can be eliminsted, and the pres-

 sure ahead of the carburetor: will be controlled by the

first-stage valve except when the interstage valves are
open. Under these conditions the pressure at the carbu-
retor entrance will be governed by  atmospheric conditions.

Automatiec control, if desired,.can be performed on
the throttle valves themselves., Such an arrangement 1is
diagrammatically shown in figure 6, in which the cockpit
throttle control is connected to one end of a lever and
the automatic 'control is comnected to the. other end - the
carburetor throttle itself being connected near the cen-
ter. Operation:is exactly similar .to that of the device

) prev1ously described -with the excepthn that the control

is responsive to and geverns the. pressure after the carbu-
retor ‘instead ‘of ‘béfore. it.

From the point of view of the mechanic who has to
work on the aircraft engine and keep it in running condi-
tion everything should be made-as simple as possible; and
all automatic gadgets such as mixture controls, pressure
controls, and temperature controls, should be entirely
eliminated. Aircraft engines were built in this way 15
or.20 years. ago, and they might st111 be budlt @dn this
manner if they were not so hlghly_supercharged. In the
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following, controls are necessary to govern and limit the
power. of a highly supercharged engine: carburetor throt-
tles, first-stage supercharger throttleées, supercharger-
speed control, and propeller-governor control. All these
controls are simply for the purpose of controlling engine
power and, if the pilot had to operate each one by hand,
he would have little time left to fly the airplane. Aunto-
matic controls are practically essential on highly super-
charged engines.,

The ideal automatic control would be a combination
that eliminates all but one control for the pilot to
operate. Such combined controls have been worked out,
and their action depends upon the kind of engine opera-
tion desired., The cockpit guadrant should have two known
positions to start with: With the control lever all the
way back, the engine should idle; and, with the control
lever all the way forward, the engine shouvld run at its
maximum permissible power and speed. The various controls
can be combined in numerous ways ‘to suit the type of oper-
ation desired. The propeller-governor and automatic-
throttle controls can be tied together so that the power
gradually increases owing to the increase in engine speed
and manifold pressure as the control lever is moved for-
ward. If a variable-speed supercharger drive were used,
it might also be coordinated with the other controls.

A few technical problems will have to be solved be-
fore entirely combined engine controls can be made prac-
ticable. It is probable, however, that they will be used
much more in the near future, particularly on highly ma-
neuverable airplanes that fly at high altitudes.

A constant air temperature is necessary to maintain
constant engine power, although changes in power caused
by slight changes in engine-air temperature are neither
harmful nor noticeable as long as icing conditions are
avoided., TFor this reason temperature control is usually
made manual and is performed by valves in the intercooler
coolingrair duct.,

INSTALLATION PROBLEMS

The installation of an engine with a two-stage super-
charger may differ from that of an engine with a single-
stage supercharger only in that the rear section is some-
what longer, requiring longer engine mounts. Intercoolers
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may be needed, however, and this requirement will bring
up some problems that are not encountered in single-stage
installations, It.is rather difficult to install an en-
gine with a two-stage supercharger in an airplane previ-
ously designed for an engine with a 'single-stage super-
charger, if intercoolers are required. Not only can a
poor intercooler ‘installation ruin-‘the performance of the
engine, but it can also ruin the performance of the air-
plane. The problems have been worked out successfully in
several instances, -however, and it is believed that in
the near future -experience in flight and in the wind
tunnel will solve some of the probleéms and dbring forth
certain rules that will permit the airplane manufacturer
to install engines with two-stage superchargers with very
little more difficulty. than with engines with single~stage
superchargers,

General Arrangement of Intercoolers and Ducts

There are several possible ways of interconnecting
the two stages of .supercharging. If the first-stage su-
percharger has a single-outlet scroll, a single inter-
cooler would be-used and the installation would be some-
what like that of the turbine-driven supercharger. The
‘engine air leaving the first-stage supercharger is con-
nected by a duct. to the intercooler and then connected by
another duct to the carburetor. Another arrangement more
commonly used with two-stage superchargers is the use of
two outlets from the first-stage supercharger and two
separate intercoolers. The first arrangement may be
better for large airplane installations where the inter-
cooler is mounted at some distance from the engine. Nat-
urally a single intercooler has to have about twice the
cubic capacity of each of the dual intercoolers, and thus
a larger: space must be found for it in the airplane. The
dual-intercooler installation has been found more- desir-
able by most airplane manufacturers. and this arrangement
i's used in: Pratt & Whitney englnes w1th tWO*stage super-
chargers. - :

An installatlon diagram for an engine w1th a two-
stage supercharger is shown in figure 7. The engine air
enters the first-stage supérqhargar from the outside,
passes-the first-stage throttle valve, and enters the
first-stage impeller., After compression, the air leaves
the first-gstagse supercharger ffom one or two outlets
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although only one outlet is shown for the sake of clarity.
The air then passes through the intercoolers and, if two
are used, is merged ahead of the carburetor. When the
first-stage supercharger is not running, air is taken
through the interstage inlet valve as shown on the diagram.
This valve is lightly spring-loaded and closes just as
soon as the pressure inside the duct is greater than the
atmospheric pressure., Backfire valves should be installed
in thnis duct to prevent it from bursting in case of an
engine backfire., If there is danger of carburetor icing,
a preheater must be provided for the air taken through the
interstage valves. No preheater is necessary ahead of the
first stage decause the supercharger itself will do all
the heating necessary. It may be desirable, however, to
provide in the duct leading to the first stage a spring-
loaded valve that will open to the engine compartment in
case the duct becomes clogged with snow,

Types of Intercooler

An intercooler is a heat exchanger, and the name
"intercooler" was chosen because this heat exchanger was
interposed between two stages of compression, The name
now has come into w1despread aeronautical use as meaning
any heat exchanger used for cooling the engine air, re-
gardless of its position in the induction system.

Like radiators, intercoolers may be constructed in a
great many different ways, but so far most of them have
been made either out of tubes or out of sheet metal. The
tubular-type intercooler is usually constructed so that
the engine air flows through the inside of the tubes and
the cooling air over the outside, although intercoolers
have been made in which the reverse is true. The ends of
the tubes may either be expanded to a hexagonal shape so
~that they nest together like a homeycomb, or the tubes
may be fastened in a header as in boiler constructions
Figure 8 shows an early tubular-type intercooler installa-
tion in which the engine air flows over the outside of
the tubes, from the bottom to the top of the core.

The heat transfer ffpm the engine air to the cooling
air is through the walls of the tubes and, since the walls
are thin (usually less than 0.010 in.), the coefficient
of heat transfer of the tube material has little effect
upon the efficiency of the. 1ntercooler,
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Intercoolers made 0of sheet metal may coasist of al-
ternate layers of flat and corrugated sheets. Each sec-
tion of corrugated sheet may be called a tube, and the
intercooler is made up of alternate .cooling-air and
engine—air tubes. Part of the heat flow from the engine
air to the cooling air is parallel -to the surface of the
corrugated sheet, then through the bond between the cor-
rugated and the flat -sheets, -and into the cooling air.
The surface of the corrugated sheet is called the indi-
rect. cooling surface, while the surface of the flat sheet
is called the direct cooling surface. The ratio of in-
direct to direct cooling surface may be 5:1 or 6:1. The
coefficient of heat transfer of the corrugated material
may have an appreciable effect on the efficlency of this
intercooler. A sheet-metal intercooler installation of
early design made by the Harrison Radiator Division 1is
shown in figure 9.

Intercoolers are usually of the cross—-flow type,
which means that the cooling air and the engine air do
not flow parallel to ‘each other. The . cross-flow arrange-
ment is not the ideal way to build a heat exchanger be-
cause, since the heat transfer depends upon the tempera-
ture difference between the cooling air and the engine
air, the heat flow is unequal throughout the intercooler.
The greatest temperature difference occurs at the section
where both the cooling and the engine air merge as they
enter the intercooler. In a similar manner the least
heat flow occurs a2t the section where both the engine air
and the cooling air leave the intercooler. More heat
transfer per cubic -inch of intercooler would occur if the
engine air and the cooling air flowed opposite and paral-
lel to each other, but in this type of constructiom it is
difficult -to separate the cooling air ang the engine air
as they enter and leave the intercooler. _ . -

Up until 'the present time construction of “intercool-~
ers has tended to follow the method used in automobile ra-
diator practice. The material used is either .copper -or

. brass dipped in solder. Copper and solder construction is
very heavy, and it has only been the lack of demand, or pos-
sibly the lack of.initiative on the part of the intercool-~
er manufacturers, that has delayed the development and the
adaptation of lighter construction. The weight of an-inter-
cooler made of aluminum, for example, should be .less than
half the weight of one made of -copper. The difficulties
in aluminum construction have been due to a lack of a satis-
factory solder and to the difficulty of welding very thin
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surfaces. It may also be possible to develop intercool-
ers mades of steel as well as of aluminum.

An intercooler is chosen from certain specifications
that are set’ forth by both the airplane and the engine
manufacturer. The engine manufacturer specifies the
engine air flow, the guantity, the temperature, and the
pressure; and the airplane manufacturer specifies the
cooling—-air conditions available in flight. The data nec-
essary to enable one to choose an intercooler for a par-
ticular installation are as follows:

Rate of engine-air flow

Engine~air temperature and pressure entering
the intercooler

Maximum allowable engine-air temperature
leaving the intercooler

Maximum pressure drop allowed through the
intercooier

Altitude
Coolirg-air temperature

Cooling-air pressure drop available across
the intercooler

If the intercooler manufacturer is given this data,
he should be able to specify the dimensions and the

"weight of the intercoolers that will do the job. Exper-

ience has shown, however, that only an unusual installa-
tion will permit the intercoolers to perform as expected.
It therefore pays to be somewhat conservative and -esti-
mate a somewhat' larger size rather than to try to keep

the intercoolers just as small as possible. For example,
to be very safe it is best to choose a cooling-air temper-
ature at least 45° F above standard to take care of hot-—
weather flying, temperature rise due to adiabatic compres-
sion in the cooling~dir duvct, and perhaps some radiation
or spillage of cooling. . air from the engine. The inter-
cooler should not be so large as to entail considerabdle

.extra weight to take care of some infreguent condition
when this condition cannot cause damage to the engine.
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It is current practice to choose an intercooler that
will permit an engine to deliver its rated power with
atmospheric temperatures about 30° F higher than standard
and with a pressure drop equivalent to. 8 inches of water
at sea level. Under certain conditions intercoolers 3
chosen on this basis would be too small, because at high
altitudes the climbing speeds would have to be very high
to permit the attainment of this pressure drop after the
duct losses are considered. The engine manufacturer must
be careful that the operating conditions which he speci-
fies are the hardest ones for the intercooler to meet.
The severest conditions do not necessarily occur at the
critical altitude and the highest impeller speed but may
occur-at the altitude where any impeller speed gear ratio
is first engaged because the atmospheric temperature is
higher at this point and the temperature rise through the
supercharger is approximately the same as at the critical
altitude. It must always be remembered that the inter-
cooler discharge temperature should not be allowed to run
s0 high that the engine w111 detonate. -

The choice:of an intercooler is always a compromise
between engine performance and weight, and the final an-
swer is obtained from experience 5a1ned in actual flight

.tests. :

Position . .of Intercoolers

The position selected for .the intercoolers depends
entirely on the airplane. One of the early Navy two-
stage supercharger installations is shown in figure 10.
In this case, the engine-air ducts connect to a double
intercooler hung beneath the engine. ' There are really
two -intercoolers ‘in ‘this installation, although their
outlet ends are connected to save space. Since these
intercoolers ‘hung entirely outside the airplane, they °
probably caused ‘a considerdble increase in drag.

If a downdraft carburetor is.used, ‘the -intercoolers
will normally be disposed above the.center line and, if
an updraft carburetor is used, the intercoolers will nor-
mally be disposed below the center line.

Some airplanes have wings thick enough to accommodate
the intercoolers inside the wing.- If this is not the case,
the intercoolers should be enclosed in the engine nacelle
or the fuselage to reduce drag to a minimum.  Figure 11
shows an airplane in which the intercoolers are enclosed
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on either side of the engine below its center line, and
the cooling air for these intercoolers is obtained at the
leading edge of the nose cowl. Figure 12 shows another
installation on which the ¢ooling air for the intercoolers
is taken through short scoops.

Interécooler Ducts

The purpose of the engine-air ducts is to conduct
compressed air to and from the intercoolers with minimum
pressure loss and also to distribute the air evenly to - the
intercoolers so that they are used to their full advantage.
It is generally good practice to keep the air velocity in
the engine~air ducts below 150 feet per second, although
this value may be exceeded in straight runs. If the ve-
locity is kept low, losses due to .changes in direction
are not so serious. The losses in a duct may be caused
by too sudden changes in direction, too rapid changes in
area, and irregularities in the walls. It has been found
from experience that it is not difficult to keep the total
losses between the first-stage outlet and the carburetor
inlet to less than 1% inehes of mercury.

It 1is desirable to put vanes in sharp bends to reduce
velocity losses and to improve distridbution, particularly
when these bends are close to the intercooler. When the
vanes are installed mainly to obtain good distribution
over the intercooler face, they should be spaced not more
than 1 -inch apart. o '

The ducts connecting the intercoolers with the engine
must be heavy enough to withstand vibration and backfiring.
Flexible connections should be used at freguent intervals
in the ducts, and it is -essential - that flexible connec-
tions be used in the engine-air ducts immediately before
and after the intercoolers. These connections will pre-
vent vibration of the ducts from being transmitted to the
intercoolers. Molded neoprene boots strengthened with
fabric have been found satisfactory for these connections.
It is advisable, although expensive, to mold a bead on

the edges of the boots to:prevent internal pressures from
pulling the ends out from under the hose clamps. Where

.extreme flexibility is desired, a.bellows section may be

molded in the connection.

The equivalent freé-passage area of intercoolers may
be between 15 percent and 55 percent of their frontal area.
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The entrance of the cooling-air duct may therefore be
quite 'small and still take all the cooling air possible.
The entrance must be located in such a position that the
maximum dynamic head is available both in level flight
and in climb, Passages leading from the entrance to the
intercooler must be as straight as possible with gradual
expansion to convert dynamic hedd into pressure head with
the least turbulence. It is good practiee not to make the
included angle of the duct walls greater than 109. These
ducts are usually part of the airplane striicture and
their position should be considered during the initial
design stages of the airplane,

Intercooler Mounting

The sturdiest intercooler is usually a very flimsy
affair, because it is made of thin material, and has to
be very carefully supported. Any bracket soldered or fas-
tened to part of the intercooler core is 1ikely to crack
the core. If the intercoolers are made with integral
engine~air ducts, it is usually preferable to make the
supports on the ducts rather than on the intercooler.
Intercoolers are nowadays usually made with flanges that
can be bolted to.the engine-air ducts and, if these
flanges are stiff enough, they may be used to support the
intercooler. .If the intercoolers are mounted directly on
the engine:they are likely to. shame off because of engine
vibration, -so that it is usually de51rable to mount the
intercoolers on-the ‘airplane structure. '

_Backfire.va;ves

High pressure may be developed in the engine-air duct
ahead of-the carburetor bécause of backflre. With updraft
carburetor installations, fuel may spill’ into the duct, giv-
ing an explosive mixture that may also cause high pressure
and will cause a fire, if 'ignited. Ten it iiomilo fi i i shifie!l
may be prevented by installing a suitable flame trap in
the system. Engine back <fires may develop pressures as
high .as 150 pounds per .square inch, and it is impractical
to design the duct heavy enough to withstand this pressure.
Backfire valves should therefore be installed near the
carburetor; these valves, when blown open, will discharge
outside the engine cowling. A diagram of the 'backfire
valve used in Pratt & Whltney éngines is shown in figure
13. It consists of a movable cup sliding over a fixed
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piston. The chamber inside the cup is connected by a

small hole to the engine-air duct so that this chamber is
always at the same pressure as that in the engine-air duct.
Thus the valve may be kept in position with a light spring
regardless of the difference between the internal and the
external pressure. In case of a sudden backfire the rapid
increase in pressure cannot be transmitted through the
small hole quickly enough to equalize the pressure inside
the chamber, and therefore the cup is blown open and the
pressure inside the duct is released.

PERFTORMANCE OF ENGINES EQUIPPED WITH

A TWO-STAGE SUFERCHARGER

The performance of a hypothetical engine equipped
with a two-stage supercharger is shown in figure 14. The
supercharger chosen for illustration is one with separated
stages where the first-stage impeller has two speeds and
a neutral position and the second-stage impeller operates
at a fixed speed. The same general form of curve would
be obtained from a cascade type of supercharger operating
with a three-speed drive. The supercharger has automatic
control maintaining a constant preselected manifold pres-
sure below the critical altitude at each condition. Three
sets of curves ‘are shown: The upper one is. for a maximum
power rating sometimes called military power; the middle
one is for rated power; and the lower curve is for cruis-
ing power. The engine operates with its second stage only
fixom poilints 1 to &. From pointis 8 Yo & the first stage
is operating at low speed, and from points 5 to 7 the
first stage is operating at high speed.  Point 2 is the
critical altitude with only the second-stage supercharger,"
point 4 is the critical altitude for the first stage in
low speed,-and point 6 is the critical altitude for the
first stage in high speed. Between points 1 and 2 the
engine is taking its air from the interstage suction
valves and the power will increase because of the decrease
in both carburetor-air temperature and exhaust back pres-
sure. - At altitudes above point 3, the air from the first
stage is intercooled but, between points 3 and 6, a change
in atmospheric temperature will give about the same change
in carburetor-air temperature. Thus, the power will also
increase between points 3 and 4 and points 5 and 6 owing
to the decrease in carburetor-air temperature and exhaust
back pressure. ’
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The dotted line.passing through points 2, 4, and 6
shows the performance when the engine is equipped with a
variable-speed drive for the first stage. Thus, the tri-
angles below the dotted ‘lines represent the saving in
power ‘that would be possible. The slope of the dotted .
line represents the net loss in engine power due to the
power requir.ed to drive the supercharger.

The critical altitude of an engine with a two~-stage
supercharger, as of one with a single-stage supercharger,
depends entirely upon the rating selected. It is obvious
that the lower the power or the manifold pressure chosen
for a given supercharger speed, the higher the critical
altitude is going to be,s It is also obvious that the
higher the supercharger speed, as determined by the engine
speed, the higher the critical altitude will be. The su-
percharger takes .a lot of power to.drive it; and the
higher the supercharger speed, the less -the brake horse-
power left: for driving the propeller, The high~gpeed:
supercharger also requires more intercooling, which re~
sults in increased drag, and thus the problem of select-
ing a-rating becomes very complex. The engine rating can
then be chosen only after careful consideration of all "
fialetors, The sea-level -rating of the engine being known,
the altitude .rating may be a matter of selecting the alti-
tude at which the maximum girplane performance -is re-
quired; and the engine power at altitude will be the sea-
level power minus approximately the: addltlonal power re-
gquired. for supercharglng. ' ‘

After the altltude performance has been selected,
some: means must be provided for maintaining this altitude
performance. : This. performance is usnally maintained by
means of an: automatic pressure control, as previously de-
scribed., This contrel can operate to maintain .constant
pressure..in some part of the induction system after the
first-stage supercharger... If the engine, speed remains
constant, this operation will result in a more or less
constant manifold.-pressure and constant indicated horse-
power,: Actually, since.the device is a pressure control
and. not a density. control, .changes in atmospheric temper--
ature will cause changes in.engine horsepower.. ~This con-
dition. is not serious because, although a slightly lower
temperature will cause some increase :in engine power,
this temperature may be beneficial in that  the tendency
for engine detonation. is reduced. Thus, the . two effects
will tend to counteract each other for- the temperature .
range actually experienced at any fixed altitude,.
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FLIGHT TESTING AND OPERATION

The actual performance of a two-stage supercharger
can be determined on a dynamometer stand equipped with
means of producing altitude conditions at the inlet and
‘the exhaust, The performance can be determined also in
flight by means of a torque meter for measuring power.

The performance in flight is usually found to differ con-
siderably from the performance on the dynamometer stand,
but the cause of these differences can sometimes be deter-
mined. In flight there may be enough ram produced in the
supercharger entrance to give 2000 or 3000 feet more crit-
ical altitude. The difference in the exhaust back pres-
-sure produced by a collector will also tend to change the
performance slightly. The difference between cooling the
cylinders and the induction gsystem on the stand and in
flight will also cause some difference in the performance.
It is very difficult to measure true pressures and temper-
atures in air ducts, particularly those in which the air
is more or less turbulent Owing to the high over-all
compression ratio of the two-stage supercharger, very
slight changes in the inlet system can produce guite
marked changes in manifold den31ty and resulting perform-
ance. Thus, a comparison between dynamometer and flight
operation can never be extremely accurate.

Flight tests are usually made to determlne airplane
performance and flight characteristics. Englne perform-
ance 1s usually obtained only to insure that the airplane
performance is truly representative. Too frequently there
i's not enough time to make a thorough investigation of
engine performance, and the lack of information has been
a handicap to both engine and airplane manufacturers. If
two experimental: airplanes could be built - at.once, it would
be a great advantage to use one QT . eng1ne~performance
tests and the .other for airplane—performance tests.

The operatlon oifesan englne with & two- stage super-
charger in flight 'is essentially no different from that of
an engine with a single-stage supercharger. It is neces-
sary, however, to obtain a great deal fore information
ddring initial flight tests of a. new model because the
engine performance is influenced to a great extent by the
installation itself., It is necessary to know whether or
not satisfactory intercooling is obtained, what the duct
losses are, and whether the automatic controls are func-
tioning properly. In order to obtain this information,
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pressures and temperatures throughout the induction system
must be obtained; the diagram in figure 15 gives the loca-
tion for these test measurements. 'Thermocduples connected
to a selective switich and a potentiometer may be used for
obtaining temperatures. The static pressures throughout
the system may be obtained by fastening fittings contain-
ing a No. 50 drill-size hole flush with the inside of the
ducts to a bank of valves in the cockpit. Total pressures
may also be obtained from carefully located impact tubes
if the extra work reguired is warranted. A sensitive
manifold pressure gage may be used for reading the pres-
sures. The pressures that are read may not be very accu-
rate because of the turbulence existing in the ducts, but
they will be satisfactory for all practical purposes and
will indicate whether or not the ‘'supercharger and controls
are functioning properly. 1In order to obtain accurate
measurements, total pressures would have to be taken in
places where all turbulence had died out, which can only
be done by using straight sections ahead of - the points of
measurement, - ’

First flights for engine performance should be made
to familiarize the pileot with the operation of the engine
and to determine whether or not the installation is func-
tioning properly. The next ‘step is to determine the crit-
ical altitudes at the various engine ratings and this de-
termination can be made by making short, level-flight
runs at several altitudes at each supercharger speed.
After three or four points are obtained below and above
the approximate critical altitude for each speed,. the
exact critical altitude can be found by projecting the cor-
rected curves through these points. Inasmuch as the
critical altitudes are entirely determined by the setting
o tile automatlc control s, the contvols can be reset if
they differ too much from the desired values. If atmos-—
pheric conditions differ much from standard (which is the
usual case), corrections to both the supercharger and the
engine performance must be made before the true critical
altitudes can be determlned

Further flight-testing in both climbd and level flight
is required to obtain a complete picture of the engine
performance and to detefmine whether or not the engine
cooling and intercooling are satisfactory.. It is advan-
tageous to make check runs on days with different temper-
ature conditions to insure that the installation will cool
in hot weather.
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All of this flight-testing is expensive and uses up
valuable time, frequently delaying the delivery of the air-
plane. Experience has shown, however, that it must be
done eventually; so, where the saving of time is of primary
importance, more than one experimental airplane should al-
ways be built.

During the last few years, much progress has been
made in two-stage supercharging both for the mechanical
and turbine drive types. The U. S. Navy, realizing the
possibility of two-stage superchargers several years ago,
has sponsored a great amount of development and flight-
testing since that time. ©Photographs of two of the most
recent Navy airplanes with two-stage superchargers are
shown in figures 16 and 17. Comparing these photographs
with those shown in figures 10, 11, and 12 illustrates
the progress made in two-stage engine installations.

CONCLUSIONS AND RECOMMENDATIONS

3¢ It will be seen from the foregoing discussion
that the two-stage mechanically driven supercharger itself
is a comparatively simple device; and it is only the addi-
tion of intercoolers and controls that makesits installa-
tion any more difficult or complicated than that of a
single-stage supercharger. These parts are usually added
more fully to utilize the available performance of the
two-stage supercharger. The installation of intercoolers
and ducts is not difficult, provided that it is based upon
flight-test experience.

2. The relative advantages of exhaust turbine-driven
and mechanically driven superchargers should be determined
in several types of modern high-speed airplanes. Two of
each type of airplane should be obtained, one equipped
with an exhzust-driven and the other with a mechanically
driven supercharger. The engines, the supercharger com-
pressors themselves and their installation, ircluding in-
tercoolers, should be as nearly alike as possible. The
available energy from the turbine and engine exhaust
should be used to practical advantage in each case.

3 Supercharging reguirements are increasing at such
a rapid rate that the single-stage compressor will soon
fail to meet the demand for many types of flying. Although
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supercharger research should increase the performance of
the single~stage compressor, radical changes with perhaps
an entirely different form of supercharger would be re-
quired to eliminate the necessity for two-stage centrifu-
gal supercharging. Two-stage supercharging in its pres-
ent form must therefore be given serious consideration
for most types of airplane if the present trend of engine
performance is continued.

Pratt & Whitney Aircraft,
Bast Hartford, Conn., September 15, 1940.
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Figure 10.- Navy Vought XF3U-1 airplane with
a two-stage supercharged engine.
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Figure 11.- Navy Douglas XFD-1 airplane with a two-stage
supercharged engine.

Figure 12.-
Installation
of a two-stage
gupercharged
engine in Navy
Douglas XTBD-1
airplane.
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Figs. 16,17

Figure 16.- Navy Grumman XF4F-3 airplane.

Figure 17.- Navy Vought XF4U-1 airplane.




