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PERFORMANCE CHARACTERISTICS OF AN AIRCRAFT ENGINE
WITH EXHEAUST TURBINE SUPERCHARGER

B Eo M. Lester and W. A. Paulson

The Pratt & Whitney Aircraft company and the Naval
Aircraft Factory of the United States Navy cooperated in a
lavoratory and flight program of tests on an exhaust tur-
bine supercharger. Two series of dynanometer tests of the
engine-supercharger combination were comnpleted under sin-
ulated altitude conditions. One series of hot gas-chanmber
tests was conducted by the manufaciturer of the supercharg-
er. Flight demonstrations of the supercharger installed
in a twin-~engine flying boat were terminated by failure of
the turbine wheels,. '

The analysis of the results indicated that a two-
stage supercharger with thc first-stage exhaust turbine
driven will deliver rated power for a given indicated
power to a higher altitude, will operate more efficiently,
and will regquire simpler controls than a sinilar engine
with the first stage of the supercharger driven from the
crankshaft through multispeed gears.

INTRODUCTION

P .

I s the function of supcrchargers in general to aug-
ment the performance of an internal-conbustion engine by
asing the pressure of the air or the air-fuel nixture
as it enters the combustion chanber. In the exhaust tur-
bine supercharger (see fige. 1) this function is acconplished
with a two-unit machine consisting essentially of a centrif-
ugal odlower driwven by an inpulse turolne that derives its
notive power from the ecnergy of the engine exhaust gas.
With this arrangenent of supercharger installed on a con-
ventional aircraft engine there results a two~stage super—
charger consisting of the first, or auxiliary., stage and
the second, or last, stage; the second stage is interna
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and integral with the engine and is driven from the crank-
snaft by gears.

The operation of the exhaust turbine supercharger and
the engine is dependent upon a number of variables that,
to a large extent, are interdependent; atmospheric pressure,
which affects both the pressure of the engine air entering
the blower and the pressure differential across the turbine
wheels the brake horsepower required from the eagine, which
dictates the quantity and the pressure of the air supplied
to it by the blower; the indicated horsepower developed by
the engine, which dictates the flow of exhaust gas available
for utilization Dv the turbine; and several less obvious
factors, including efficiencies of the turbine and the
blower, alr-consumption rates of the engine under varying
load conditions, efficiencies of the exhaust and intake
manifold svestems, atmospheric temperature, etce.

As the operating altitude of the exnaust turdine super—
charger and engine combination is increased, or the atmos-
pheric pressure is reduced, the air consumption of the en-
gine, to maintain a constant power, is sudbstantially con-
stant, while the work regquired of the blower as a compres—
sor to maintain this flow of air to the engine rapidly inw
creases. At the same.timey however, this reduction in at-
nospheric pressure has increased the differential across
the turbine wheel, theredr increasing the energy available
to the wheel for transmission to the blower. Hence, it is
seen that, up to the arbitrary design limit of the turbine
and blower combination, the unit should be capadle of main-
taining approximatelyr sea-level operating engine charac—
teristics.

This constant power characterisiic appears to be a
condition that is desired from power-plant units for our
Present—~day high-performance aircraft in order that advane
tage may be taken .of the increase in speed, comfort, and
safety resulting from flight at high altitudes. In addi-
tion to this fundamental requirement, it is also necessary
to provide an apparatus that will permit the operator, the
Pilot, the engineer, or the mechanic %o control the power
plant in any necessary manner. In other words, the flexi—
bility of engine operation must not be impaired by the
addition of tihae exhaust turdbine supercharger, Furthermore,
the unit must not detract from the present standards of
safety and economy of operation that have been estadlished
with engines not equipped with exhaust turbine supercharg-
ers.
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.The development of the exhaust turbine superchargsr
has nmet with numerous disappointments and failures, some of
which have been described in references 1 and 2. It is
only necessary to mention here a few of the mlef problens
related to the design, the installation, and the operation
of the exhaust turbine supercharger; namely, handling come
bustible gases at high temperature; high rotational upeedv
of turbine wheels and the resultant stresgsses induced in th
blade material, which must of necessity operate at high
tenperatures; and coantrols properly designed to match the
requirements and the characteristics of the engine, the
propeller, and the exhaust turdine-supercharger comovina-
tions These problems account for many of the difficultics
and the disappointments that have come to some of the coun-
tryls most brilliant and thorough engineers in their en-
deavor to meet the standards required of aviation.

During the latter part of 1937, the Pratt & Writney
Division of United Aircraft entered into a contract with
the U. 5. Navy requiring the installation of exhaust tur-
bine superchargers in 2 twin-engine flying boat. Ia con-
Junction with the contract, the Navy carried on an exten-
sive lavoratory test program. When the contract was final-
ly abandoned late in 1932, two series of dynamonmeter tests
under sinulated altitude conditions had been completed on
the engine and exhaust turbine supercharger condbination
involveds; one series of hot-gas chamber tests had been con-
ducted br the exhaust turbine supercharger nmanufacturer;

and two flight denmonstrations were attempted. Although
these flight tests were terminated by failure of the turbine
wheels, the efforts are considered well spent in view of
the dota made available.

DESCRIPTION

Ingine and exhaust turbosuperchargers.- The airplane
in which the exhaust turbine superchargers were installed
was a PBY flying boat, a type that has had several vears
of service to its credit and a reputation for its long-
range masg maneuvers. The engine, a Pratt & Waltney Twin
Wasp type, likewise has proved performance and reliability
through years of service operation. The only modification
to the engines in adding the exhaust turdine superchargers
was the reduction in the internal supercharger gear ratio
to effect a2 reduction in its critical altitude from 8000 to
approximately 8000 feet. '




Bngine and exhaust turboaupercharger controlsg.«~ The
exhaust turbosuperchargers were of a conventional impulse
type, single-—stage turbine with the turdine wheel mounted
directly on the supercharger impeller shaft. The units
were complete with pressure and scavenging oil pumps, in-
tercooler, and exhaust waste gate.

The control used was the standard Pratt & Waitney
Adircraft power and mixture control, as normally used on the
airplane and as described dr Beardsley (reference 3), with
modification %o incorporate a double-acting hydraulic
servocylinder and changes necessary to match the response
characteristics with those of the propeller control. (See
fige 1l.) Since the successful operation of an exhaust
turbine supercharged engine is definitely affected Dby the
type of control used, as will be discussed iater, it is
well to describe briefly the function of this control,
waich was selected for its simplicity of operation. As
far as the operator was concerned, the control of the en-
gine with the exhaust turbine supercharger installed was
the same as it was previous to the installation of the ex—
haust turbine supercharger. The two piston rods at oppo=-
site ends of the servocrlinder were connected to the auto-
matic throttle gates at the carburetor entrance and to the
exhaust waste gate.  The engine had a critical-altitude
functioning on its gear—driven supercharger of approximately
4000 feet with the exhaust turbine supercharger installed,
and during full~throttle operation up to this altitude the
automatic throttle gates were actuated by one side of the
servocylinder piston to throttle the engine down to rated
power while the exhaust turbine supercharger waste gate re-
mained wide open. A%t 4000 feet both the automatic and the
nanual throttles and waste gate were wide open. Then with
increasing altitude tho waste gate, actuated by the oppo-
site side of the servocylinder, closed, causing the ex-
haust turbvine supercharger to function and thereby maintain
the rated power pressure ot the entrance to the carduretor,
When the critical altitude of the engine and the exhaust
turbdbine supercharger was reached, the manual and the auto-
matic throttles were still wide open ard the exhaust waste
gate was fully closed. '

The automatic pressurc control operated to maintain
as desired either one of two pressures at the entrance to
the carduretor: that required for rated power or cruising
power, Combined with this pressure control was 2 means of
adjusting the Fuel flow as adapted to power output. The

carbvuretor was equipped with three main fuel jets, all of
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which were in operation when the automatic power control
was nade 1noper ative by placing the selector lever in the
energency position. As the selector lever was placed to

'maintain.ratea—power carburetor pressure, one of the fucl

Jots was blanked off to produce n fuel flow equivalent to
a rich best-power setting. As the selector lever was

-placed in the position to maintain cruise-power cardburetor

pressure, the second fuel jet was bdlanked off, reducing
the fuel flow as near to best econony as operating condi-
tions warrantecd.

Oneration of the engine and the exhaust turbine super—
charger was renarkadbly simple for both dynamonmeter and
flight tests because the operntor had no controls to adjust
other than those usged in the normal installation without
the exhaust turbine supercharger. A preheater control was
provided on the airplane, as on conventional installations,
to prevent icing at low altitudes; it was interconnected
witha o control to wvary the anount of coerling air passing
through the intercooler. With constant air pressure and
reasonadbly constant air temperature at the carburetor in~
let, the power and the fuel consunption for a given engine
speed remained almnost constant up to the critical altitude
of the engine and exhaust turbdbine supercharger condbination.
For optimum use of this or any type of control system, the
engine should be operated with the manual throttle wide
open at all times except when the carburetor-air pressure
exceeds the rated-power setting. This arrangement not only
reduces the losses in the alr system by nmaintaining the
nininum restriction through the carduretor but also allows
the automatic features to function with the greatest accu-~
racy and pernits the engine to deliver cruising power at
relatively high brake nmean effective pressures. When the
control svstem is operating in this manner, the pilot must
rely upon change in engine speed to effect a change in the
power output, The shortcomings of this type of control,
discussed in a later section, may be largely overcome by
the use of improved carburetion devices recently made avail-
able.,

INSTALLATION

The installation of the engine and exhaust turdine
supercharger combination on the laboratory altitude stand
is shown in figure 2, In view of certain physical limita=-
tivns and structural restrictions present, both the dyna-
nometer and the airplane installations were quite efficient
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in that the pressure losses were reasonable and the inter-
cooler heat—disgipating capacity was anple. The airplane

installation was reproduced as closely as practicable, es~
pecially with regard to the control and linkage'mechgnism.

Operation of the exhaust turbine supercharger under
simulated altitude conditions on the altitude stand re-
sulted in external pressures equal to the difference be-
tween sea-level and eltitude atmospheric pressures. This
condition necessitated venting the under side of the tur-
bine waeel, to equalize thrust and balance pressures, and
venting the exhaust turbine supercharger ludrication sys-
tem, to assure normal lubrication. These vents were con-
nected into the exhaust dlsposal aood which was designed
to £fit over the turdbine wheel, '

PERFORMANCE

Definition of critical altitude.— Before:the rerform—
ance characteristics can be discussed, it is necessary to
define the term, "critical altitude." Wormally, critical
altitude refers to the altitude at which the engine devel-
ops rated power witn wide~open throttle. TFor these tests,
however, the critical altitude was considered as the max~
inunm altitude to which the rated-power carduretor pres
sure could be maintained at the entrance to the carburctor
or as indicate d by the complete closing of the waste gate.,
Although the power at critical altitude was less than
rated power, for reasons that will be appareant, thig def-
inition of critical altitude was accepted because of con-
trol and operating linitations.

Power obtained.~ During the operation on the altitude
est set-up, where close control of operatiang conditions
was possible, complete performance data were odbtained..
The most'ﬂmportuat results are shown in figure 3 for rated
Power condition and in figure 4 for cruise-=vower condition,
The primary purpose for adding the exhaust turbine super-
cnarger in this case was to inmprove the altitude perforn=-
ance of the relatively low~porformance engine that had
been thoroughly proved in service and of which the charac—
teristics were well known. The extent to which this re-
sult was qccorpllszed is shown in figure 5, where the orig-
inal engine guarantecd power is compared with the output
of the some engine modified by t&o 1nstwllation of lower
ratio blower drive gears and coperated with and without the




exhaust turbine supercharger. The normal rating of this
ongine was 850 brake horsepower at 2450 rpm and, as orig-
inally operated in service, this power could e maintained
to an altitude of 8000 .feet, The modification of the en-—

" gine for operation with the exhaust turbine supercharger,
by reducing the internal supercharger gear ratio from 11.9
to 10, lowered the critical altitude of the engine to 6000
feet and, with 90° F carburetor-air temperature, this alti-
tude is lowered to approximately 4000 feet. Then with the
exhaust turbine supercharger installed, the increased ex-
haust back pressure and the increased restriction of the
carburetor air, the critical altitude of the engine was ap-
proxinately 3000 feet. The addition of the exhaust tur-~
bine supercharger, however, permitted rated power to be
naintained to approximately 20,000 feet. Above this alti-
tude, it will be noted that, while the carburetor and the
nanifold pressure remain constant, the power decreascs to
820 brake horsepowver, or 96.5 percent of rated power at
26,000 feet. This result was sonewhat disappoianting, as

it was established in the beginning of the project that
25,000 feet would be the altitude to which 100 percent of
rated power could be maintained. As a result of the attach-
ment of the exhaust turbine supercharger, however, the out-
put of the engine was increased at 26,000 feet from 47 per-
cent of rated vower with the original engine to 96.5 per-
cent of rated power. 4 study of the results shows the de-
crease in dbrake horsepower above 20,000 feet to be caused
by the increased exhanust back pressure.

Operation of the engine and exhaust turbine super-
charger combination at 100 percent of rated power at 25,000
feet was possible by increasing the control settihg. Later
phases of the testing included 25 hours of endurance oper-
ation at these conditions. Important endurance data are
shown in tabdle I. It will be noted that the exhaust dack
pressure remained at approximagtely 38,0 inches of mercury
absolute. Because of this high exhaust back pressure and
the fact that the bralze horsepower would have exceeded
rated power for all altitudes Dbelow 25,000 feet, the per-
formance data were obtained on the basis of the carduretor
pressure required to give rated power at sea level,

It is not known whether the sharply rising exhaust
back pressure above 20,000 fset, as just discussged, is com~
mon to 2ll exhaust turdine supercharger installations. It
is expectoed that the over-all efficiency characteristics
of the exhaust turbine supercharger unit would affeect the
exhaust back .pressure obtained and, for this particular



unit, tho desired requirements relative to nininum powors
at high 2ltitudes nade it necessary %o design the super-

charger with maxinum efficicncy at an altitude consider-

ablr below the critical altitude. This condition nay ace
count for the increase in exhaust back pressure. :

Power limitations.- The results shown in figures 3
and 4 indicate two alstlnct and separate power linmitations;
Tirst, that resulting fron critical altitude where the ex-
haust turbine supercharger can no longer deliver the re-
quired carburetor pressure and, second, that resulting fron
a condition of surging in the suvercharger of the exhaust
turbine supercharger unit. The linitation of power due %o
critical-altitude conditions can be conpared with the cor-
regponding condition for gear-driven supercharged engines,
except that the rate at which the power decreases with
further increase in altitude is apparently a function of
exhaust turbdbine superch arger: designe This characteristic
appears to be mainly a function of nozzle area and, from
the results of tests of variable nozzle area (fig. 6), the
rate at which the power decreases with altitude exceeds
that obtained with gear-driven suporc’argod engines. The
operation above critical altitude, as indicated dy complote
closure of the waste gate, Wwas found to be very stabdle
cven though the wpower aprenrs to drop off sharply.

t

fotn

s believed possidble tqat the indicaticn of insta-
in sore installations nay have been the
gy definitely a condition of instability. 4 study
gures 3 and 4 will reveal the limitations offected dv
each of the conditions and show that at some engine speeds
and power it may be possible to encounter a reduction of
rowery, as linmited by the critical altitude, before encoun~
tering o condition of instability or surging. During sub-
seguent calidrations, séveral tests were run under varyiag
conditions of power and speed at and above the critical al=~
titude and at no time was any evidence noted of instabil-
ity other than that caused by surging of the conpressor.
In faet, the sngine and exhoust turbine superciarger opcor—
ation seemed to be more stable under those conditions than
below the critical altitude because, above thHe critical
altitude, the engine and ecxhaust turblne supsrcharger ro-
sponded directly to the cperating conditions without wvaria-
tions due to response of the control.
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In order to make an accursdite deternination of the
critical altitude, it wns found desiradle to nnke separate
runs with the waste gate fully closed to obtnin the intor-
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section o0f the absolute manifold pressure line vhen opore
ating at these conditions and the absolute nanifold pres-
sure line naintained constant by the control for the sane
speed and power setting. TFigure 6 shows an example of
such results thnt were obtained in an investigation of the
effect of change in nozgzle area on critical altitude.
These results are considcred important Ttecause they shovw
the effect of change in nozzle arca on the slope of the
brake horsepower curve with closeld waste gate, the criti-
cal altitude, and the exhaust back pressire. It nust be
adnitted, however, that operation with closed waste gate,
especlally at altitudes below the eritical, is a procedure
fraught with nuch danger to the exhaust turdine super-
charger decausce of Dossidle failure of the turbine whool,
oving to over~spceding.

Power control.-~ In figure 7 are shown the operating
charactoristics .of the engine and exhaust turbdine supecr-
charger ot constant altitudes of 10,000 and 20,000 feets
It is inteoresting to note that, 'whereas the broke horse~
power varies from 845 at an engine spoed of 2450 rpm to
360 at an engine speed of 1350 rpm, a chango of 57.4 per-
cent, the drake menn effective pressure wvaries from 149 to
115 pounds per square inch, a change of “ut 22.6 percent.
This roduction in brake mean effective pressure is the re-
sult of the reduccd absolute mnanifold pressure caused dy
the reduction in pressure ratio of the interanal-gearecd
supercharger at reduced engine specds. The variation in
exhaust bvack pressure and eangine speed has some effect on
the available drake mean effective pressure, dut these
causes are unimportant compared with the change resulting
from chnange in absolute ranifold pressure with ongine
spead,

This engine was operated in service at a maxinun
crulising power and speed of 7Q percent normal rated power,
600 brake horsepower, and an engine speed of 2150 rpn, re—
spectively. (See fig. 4.) The .brake mean effective pres—
sure for this condition is 120 pounds per square inch.

The developnent of more modern eoagines, constant-~speed
propellers, and the availability of fuels with higher oc-
tane ratings has pernmitied operators to increase the bdrake
negn effective prossure for cruising, therody increasing
the airplane efficiency. TFigure 7 shows that, with this
engine and exhaust turbine supercharger conbination, power
varying from 70 to 53 percent of rated power is obtained
with a brake mean offective pressure range from 137 to 126
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pounds per square inch with wide-cpen throttle‘at'engine
speeds from 1900 to 1550 rpn. This change in power is ef-
fected by adjustnent of the engine speeds by means of the
constant-specd propeller control.

Since the variation in brake mean effective pressure
is a function of absolute manifold pressure, waich is in
turn a function of the gear—-driven engine supercharger
design, this condition can be controlled within certain
linits. Reducing the losses in air and exhaust systens fo
a nininmum, theredby reducing the amount of supercharging
required by the gear-driven engine supercharger, will de~
crease the variation in brake nean éffective pressure and
pernit operation over a reguired cruising power range at
conditions corresponding more nearly to present air-line
practice.

The anount that the qunercharblaé Fror the gear-driven
engine supercharger can be reduced is also limited Dby the
‘manifold pressure required for take-off power. Somé of
this required supercharging can be obtained from the ex-
haust turvine supercharger, and such an arrangement has
teen considered by some engineers and ig Dbeing used in one
successful installation. It is not believed desiradle for
the following reasons: If the engine and exhaust turbine
supercharger combination are. designed for high-altitude
bperation, the range of pressures and volumes at which thae
turbine~driven supercharger must operate will limit its
efficiency and reduce the critical altitude and the alti-
tude at which surging will be encountered. For safety
reasons, 1t seems desiradble to incorporate sufficient gear-
driven supercharging to permit development of take-off
horsepower without dependence upon the exhaust turbine
supsrcaarger. Also, it must not be forgotten that the
gear—-driven engine supercharger serves a secondary purpose
in radial airecraft engines, that is, improving distribu-
tion. For engines with fuel~1pgectlon SVStems, this dig-—
advantage does not exist. , .

- Another method of maintaining a more nearly ‘constant
brwke rean effective pressure is by using a2 variable amount
“of exhaust turbine supercharging. With this method, the
exhaust turbine supercharger would be required to maintain
inecreasing pressures at the outlet of the compressor with
decreasing engine speed. This method also has a limita-
tion, as shown by the curves of wzsteubat position in
figure 7. The exhaust turblne supercthéer operates pro-—
gressively closer to its 1imit; that is. the critical al-
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titude for a given cruise power decreases as the amount of
supercharging from the exhaust turbine supercharger is in-
creased,

Power recover¥Y.—~ One of the critical features of any
exhaust turbine supercharger control system is ability of
the engine to recover power at altitude after complete
throttling or a condition of surging has been induced.

This surging may be encountered due to complete throttling,
reduction in power by decreasing engine speed, or by in-
creasing altitude. Surging occures at low air flow but,
since it ig a characteristic of the supercharger alone, it
may occur with or without closed waste gate. In order to
stabilize operation and thereby regain power, one of two
conditions must be altered: increase the air-flow require-
nents or reduce the supercharger pressure rise. The air-
flow reguirenents can be incrcased by increasing the en=-
&ine speed or decreasing the operating altitude, and the
supercaarger pressure rise can be reduced only within the
linits of the operating contrcl or by reducing the operat-
ing altitude. For obvious reasons, increasing the engine

" speed and decreasing the operating altitude are not always
desiradle dut are a means by which engine power can be re-
gained after a condition of surging has beon encountered.

Owing to the difference in inertia loads and the dif-
ference in controlling the artificial altitude conditions
provided at the supercharger inlet and the turbine exhaust
outlet, it was inpossidble to determine accurately the abil-
ity of the control system to recover nower on the dynanom-
eter, Sonme attempts were made but with little success.
During the flight tests made with the flying boat, this
characteristic was checked at altitudes up to the critical
altitudes. In all .cases, power recovery was obdtained and,
after some practice, an effective method wdas devised to re-
duce the tinme lag inherent in the engine and exhaust tur-
bine supercharger conbination. This method consisted in
starting the recovery from 1dling or closed throttle with
the automatic control in the cruise position and tho pro-
peller set for low engine speeds. As the cngine ani the
exhaust turbine supercharger began to accelerate slowly,
the propeller blade-angle setting was decreascd, allowing
the engine to accelerate under light load. This condition
supplied the exhaust turbine with sufficient exhaust gas
to permit the supercharger to build up a pressure. 4&s the
output of the exhaust turbine supercharger approached that
required for cruising, the control was shifted into the
rated-power position and the propeller setting was increased
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to rated engine spéed. This procedure resulted in complete
regaining of power in a relatively short interval of time,

Recovery of power was also possidble with the control in

the rated~power position and the propeller control set for
rated engine speed, but the time for complete recovery was
considerably longer than required by the first procedure.

Control improvement.~ It is desired to point out the
degiradility of using the more nmodern carburetion devices
now available because of possible improvements in the type
of control that can be used. The pressure control could
have infinitely selective pressure settings that would sim-
plify the proecedure of regaining power after complete
throttling, and stadilization of conditions after a con-
dition of surging is encountered without appreciadly sacri-
ficing operating altitude or without manipulation of the
propeller control. Such a control system, operdting fron
nanifold pressure, would anlso permit cruising operation
approaching more nearly the present practice of high brake
nean effective pressure and low engine speeds. In sonmc.
types of aircraft where maneuverability is of inmportance,
a completely manual control, in conjunction with an auto-

‘matic carburetor, mav suffice; such a control night be so
designed that the first part of the guadrant opened the
cardburetor throttle and the remaining portion of the quad-
rant closed the waste gate. Dynamometer and flight tests
indicated that the exhaust turbine supercharger responds
very -rapidly to changes in waste~gate pogition.

Stavility.~ A second objectionadble characteristic of
great importance that uhas resulted in unsatisfactory per-
formance of many exhaust turbine supercharger installa-
tions is the inherent instability of the exhaust turbine
supercharger control, which causes violent hunting. This
characteristic has, in most cases, been due to the use of
controls possessing insufficient damping to compensate for
the slight response lagzg of the exhaust turbdine supercharger,
This characteristic of exhaust turbine supercharger instal-
lations has been further exaggerated in the more recent
installations by the use of constant-speed propeéllers, in
which the slope of the propeller-govérnor respouse curve
has Deen nearly the same as the slope of the pressure-
control response curves When this result occurs, both
controls may be stable in themselves dut the comdination
will-result in an unstable comdbination. The typical cycle
of operation of gsuch a comdbination might be briefly de-
scribed as synchronized out-of-phase. When this cycle oc-
curs, both controls react violently, and the cycle may
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continue indefinitely; if allowed to. continue, the action
nay result in detrimental power surges. For a satisfactory
installation, such fluctuations should be limited to not
nore than one conplete cyele, with preferadly but half o
cycle,

In these tests, both the carburctor-pressure control
and the propeller control wore individually tested prior
to thelr installation in the flying bvoat to make sure that
neither possessed inherent hunting characteristice. The
pressgure control was then reworked to provide the nmininun
response lag vpossible hecause it was known that the re-
sponse of the propeller control was relatively slow and i
was desired to make their rate of response as different a
possidble.s In combination, the result was excellent in
that not only was there no hunting prescat under any oper-—
ating condition but the rate of pressure response was SO
far in excess of that of the propeller control that the de-
sired pressure was attained long before the governor revo-
lution speecd was reached and then remained coanstant during
the interval of time required for the governor to stabilize
the engine speed.

t
8

It has Deen previously mentioned that the control and
the carduretor combination wans selected for its simplicity,
ease of control, and automatic-control features. The re-
sults of specifiec fuel consumption and fuel-air ratio shown
in figures 4 and 7, respectively, indicate the extent to
.which this combination fulfilled the ecxpectations upon
wnich the selection was based. The fuelw-air ratios o=
tained relative to engine power or speed are typical meter-
ing characteristics of the float-type carburetor and were
satisfactory for all operating conditions except adbove
critical altitude, where the fuel-air ratio rapidly increased.
Control of cardburetion on the basis of the fuel-air ratio
. is essential because it is not affected by changes in me-
chanical efficiency as is the specific fuel consumption,

Here again the use of recently-developed carduretion
devices offers the advantage of better control of the fuel—
air ratio inherent in the design. Thesge carburetion de-
vices can be very similar to the conventional type uséd on
engincs with gear-driven suporcharger including automatic
rich arnd lean settings but with compensation functioning
on the dasls of carburetor-entrance pressure rather than
on the dbasis of air flow, The compensation on the basis of
carburetor-entrance pressure is essential in order that-
the carduretor shall operate to best advantage with the trpe
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of control having infinite variablb—pressure settings as
Previously described and also to prevent the possidbility
of the engine and exhaust turdbine supercharger operating
at its critical altitude vwith high carburetor pressures,
causing high turbine wheel speeds, and with lean mixtures,
resulting in high exhaust temperatures; the combination of
the two conditions might possibly exceed the safe operat-
ing 1imits of the¢ turbine wheol.

Fuecl econony and efficiency.- The degree of ocononmy
that con be obtained with an engine equipped with an ex-~
haust turbine supercharger has long been the sudbject of
controversy between the engine and the exhaust turbdine
supercharger manufacturers; this point of difference has
arisen moinly because the exhaust turbine supercharger
manufacturers have been reluctant to sanction operation ot
exhaust temperatures resulting from lean mixtures. In
the present installation it was essential that the exhaust
turbine supercharger have no deleterious effect on the
fuel economy at cruising powers because the airplane in-
volved was designed and intended for extended cruising.

The carburetor settings were therefore adjusted to operate
the engine at a nixture as close to best econony as prace
tical. Because the specific fuel consumption obtainecd
with the cru;se~nower control sctting (fig. 4) was 0,460
pound por brake horsevower per hour or less for most of

the altitude and the power range, and approximately 0.440
pound per brake horsepower per hour during the 25-hour on~
durance operation at maxinum cruise power, this installation
is considered to demonstrate that this ongine and exhaust
turbine supercharger combination is inherently capadle of
operating at cruise powers at all altitudes with specific
fuel consumptions equal to the minimum obtainable on the
same engine at sea level without the exhaust turdine super-
charger installed. A determination of the corresponding
exhaust~gas temperatures for these specific fuel consump-
tions from figures 8 and 9 show that the tenperatures were
naxinun and the operation was therefore not linited in this
respect for cruise=power conditions. It should be noted
here that the tenperatures encountéred exceeded the naxinunm
linits established by the turdine nanufacturer. Owing to
this fact, it is inprobvadle that the naxinun cruising power
could have been increased at “the sane fuel-air ratio withe~
out danage to the turdbine.

Of less inportance is the specific fuel consunption
reguired for rated-nower conditions because nornally the
engine requirerments are far in excess of best econony.
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For these tests, the carburetor settings gave an average
fuel=air ratio and specific fuel consunption for rated
power of 0,090 and 0.590 pound per dbrake horsepower bher
hour, respectively, which was conparable with that obiained
on the same cngine without the exhaust turdine supercharger
installed. It is inmportant, however, to note that, if of
necessity or by accident, the fuel-air ratio had becn re-
duced to c¢orrespond to the maxinun exhaust temperdture
while operating at rated power, the safe operating tempera~
ture of the turbine wheel would have been exceeded. Such

a condition at rated altitude, where the turbine is oper-—
ating at or near its naxinun safe operatiang eangine speed,
would couse damnge or complote failure to the turbine
buckets. » .

The curves shown in figures 10 and 11 are an attenpt
to conpare, on the bvasis of equal carduretor-entrance
pressure, the engine performance obtained using the ox-
haust turdine supercharger with the estimated performance
of the same engine using a two-stage gear-—driven super-
charger. It was assuned that, in each cage, the mechani-
cal friction horsepower was equal and need not be consid-
ered. The upper curve AC of horsepower against altitude
obtained with the exhaust turdine supercharger renoved
with standard altitude exhaust pressure and for a carbu-
retor~entrance pressure equal to that obtained with the
engine and exhaust turbine supercharger condbination, rep-
resents the brake horsepower of the engine without any de-
duction for horsepower required to drive the supercharger.
The middle curve AB is the horsepower output of the en-
gine equipped with exhoust turbine supercharger, Then,
fron the pressures and the air flows obtained for the AC
run and an assuned adiabatic shaft efficiency, the horse—
power required for the gear-driven sﬁpercharger was calcu-
lated, Subtracting these wvalues fronm the upper curve re-
sulted in the curves ADEFG and ADEHIG, which estimated
the performance of the engine with the gear-driven super-
charger.

These curves indicate that less power is absordbed fron
the engine by the exhaust turbine supercharger than by the
gear—driven type for a given anmount of supercharging. They
therefore substantiate the claim that the use of an exhaust
turbine supercharger will result in a reduced nininmum spo=-
cific- fuel consumption, provided that such operation can
be conducted within the operation limits of the exhaust
turbize supercharger and engine. Fron the same curves, it
can be scen that the enginc with the exhaust turbine super=—



charger has a greater advantage when conpared wita the on-
gine with gear-driven supcrcharger operating at part throt-
tle because the exhaust turdinc supercharger has infinite-
ly variavle—speed control thwt variecs to sult the air-
consunpition and the pressurec requirements, without loss
due to tarottling, as is the case with the gear-driven su-
percharged engine. This advantage in net bprake horsepower
vailable has a proportional effect on the nlnl un specific
Iuol consunpiion requirements.

"This conparison is not on the basis of equal indicated
perfornance bhecause the volunmebtric efficiency and the air
flow at o given Dbrake horsepower of the engine varies with
the exhaust back pressure. For a nore accurate convarison,
the run represented by the curve of brake horsepower with-
out deduction for supercharger horsepower should therefore
have been Ffor the same air consunption as was odtained
during the run represented by the curve of brake horsepower
for the engine with the exhaust turbine supercharger. Such
a comp&rison would show an even greater advantage, approxi-
nately 10 to 7 percent, for the exhaust turbdine super—
charger in net brake horsepower and. fuel econony, as is ap-
parent from the sgpecific mlr consurptlon curves showna in
figures 10 and 11.

A conparison of shafi e"f ciencies for the two types
of supercanvger, gear-~driven and exhaust turbine-driwven,
is of little value since the method of driving, in each
case, is different. For the gear~-driven supercharger,
adiabatic shaft efficiency does represent a figure of in-
terest to the engine narufacturer because it is a neasure
of power requ*red fron the engine for supercharging. This
efficiency is fairly sinple of deternination, and nuch re-
liable and accurate infornation has been obtained on the
subjects Tais value can be conpared with what night be
called the "effective efficiency" 6f the exhaust turbine-
driven supercharger shown in figure 12. The effective
efficiency is the ratio of the power required for adiadbat-
ic conpression of the air consuned to the power lost by
the engine resulting from the increase in the exhaust back
Pressure due to the use of the exhaust turbine supercharg-
ere -.This wvalue is not a2 true neasure of the efficiency of
the exhaust turbosupercharger because no attempt is nade
to measure the powser input to the turdbine. It is signifi-
cant, however, as a measure of effectivceness of the ox-
haust turbine supercharger as a rethod of supercharging to
a given carburetor pressure in comparison with other moth-
odge : : ‘
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The effective efficiencies shown in figure 12 cover
operation at rated and cruising powers and speeds with the
turbine as modified for this installation., It is note-
worthy thot the exhaust turbire supercharger appears to
Dnssess an advaatage at high power dut a disadvantage at

low »power in comparison with typical gear-driven super-—
chargers., The conpressors of both the turbine—~driven and
the gear-driven types are of the same goneral character

and should have approximately the sane shaft efficiencies

at their design operating conditions. It is therefore ov~
ident that the difference in effective efficiency of the
exhaust turbianc supercharger and the gear-driven superchorg—
er lics in the method of driving and the e¢ffect that each
method has on engine operation. ‘

The relation of the cvrvee shown in figure 12 d4dées not
nean that the exhaust turbine is a less efficient method

of supercharging for cruzslna nower but indicates that it
has a greater effect upon engine perfornance for a given
degree of supnrcnargl g or for a given carburetor DPressure.
An analysis on the basis of equal indicated performance,

as indicated by the specific air-consumption values in fig-
ures 10 and 11, shows the exhaust turbdine method of super-—
charglrg to be nore efficient than the gear-driven method
of supercharging by approxirately 10 and 7 percent for
rated-power and crulse-power conditions, respectively. In
the comparison of efficioncies it nust be remenmbered that
the use of the exhaust turbinc supercharger largely elinmi-
nates the propulsive thrust available fron the engine ex=—
haust so that the true picture can be obtained only after

a thorough study of the relative tot al propulsive efficien~
cies obtainable fron npropellers and enginc exhaust jJets

for the particular condition involved.

The increase in effective efficiency shown as the ro-
sult of increased turbine nozzle area is indicative of the
inportance of correlation of turbine design with the en-—
gine and taa alrcraft operating conditions to be met. The
increase in nozzle area in this case was accompanied by a
decrease in critical altitude and a decrease in range of
operating coaditions at cruising powers. This result also
points to the necessity of turbine design correlation with
engine and aircraft requirements because it affects engine
relianvilit» as well as performance. Although limits are
'ot definitely established, the general belief is that high

xhaust vack pressures are detrimental to engine 1life. It
Mpgears, then, that the application of an exhaust turdine
superciharger would hinge upon a dccision of the most desir-
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able compromise boetween efficiency, operating cohditions,
and reliability.

elationship betwcen
he wvolume of air in
jonal speced) and

O

Buck (reference 4) discusses the r
load coefficient (Q/¥, where Q is %
cu £t/min and N is the impeller rotat
adiavatic efficiencr; Buck indicates that, for a given su-
percharger and impeller design, there is a relatively nar-
row range of load coefficient at which the maximun adia-

atic efficicnciecs may be obtained. The results of these
tests indicated that the load coefficient varies over a
wide range with engine power and speed for a given alti-
tude and cardburetor pressure. Since the normal efficient
range does not usually exceed 20 percent, it is obvious

at the supercharger of this exhaust turdbine supercharger
unit contridvutes to the high exhaust back pressure at rated
power and altitude as previously discussed.

This condition also offers an explanation for the
surging condition encountered at high altitudes and powers.
. Since the phenomonon of surging may be explained as inter=-
mittent aerodynamic stalling of the impeller dblades, it
would be expected to occur at low values of the load coef-
ficient. This result is evidently the case decause the
load coefficient decreases with increasing altitude at any
given englne speed and cardvuretor pressure. By reference
to figures 3 and 4, it will be seen that this explanation
is in agreement with the general trend of the power cali-
bration.,

Reliability.~ As the rosult of the failure of the tur-
bine wheels during the first attempted flight tests, two
series of ground tests were conducted to determine and
prove safe operating Iimits. The first of thesec tests con-
gisted in operating the exhaust turbine supercharger with
a supply of hot gases generated in a closed chamber by the
combustion of o0il and air in a suitadle burner. The tur-
bine was loaded by the supercharger operating at conditions
equivalent to the ratecd-power engine requircments for an
altitude of 25,000 feet. Tests were run in l-hour peoriods
and the wheel diametor was measured, after cooling, follow-
ing each run. The tests consigted in runs at constant en-
gine speed and increasing temperature and runs at constant
temporature and increasing engine specd. The results of
the two tests follow:

(a) Constant engine speed of 22,000 rpm - several
buckets failed after 59 minutes! Pur%thP at 1750° F.
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(b)  Constant temperature of 15600° F - one bucket
failed after 52 minutes!' operation at engine speed of
22,000 rpn. ' : .

The linits ecstadblished were as follows:

Wozzle~box Tyurbinc—-wheol
exhaust rotationnl
tenperature spoed
(°F) -~ (rpnm)
Rated power | 1600 21,000
Cruise power (limited duration)! 1700 18,000
Cruise power (extended dufatimaﬂ . 1850 ~ 18,000

'

- Tae second serics of tests was conducted on a dyna-
ronmcter installation in which the exhaust turbine super-
charger was equipped with a turdbine whoel of inproved nate=-
rial, o cooling cap of the same design as the one used in
the airplane ingtallation,; ard an exhaust disposal hocd of
approxinately the same shape and dimensions as the hood
used on tae airplane installations. The cendurance test
consisted of two 25-hour periods, the first period at rated
power and altitude and the second period at maximun cruis-
ing power and rated altitude. The inportant results of
the endurance test are givean in tadle I

Exanination of the results in table I shows that the
endureance test was conducted at conditions exceeding the
specified safe limits. Throughout tne'tésts, reasurenents
of the turbine wheel were odbtained and the only neasuradle
blade stretch indicated was the initianl set thnt occurred
during th “.Tlrst 3 hours of operation preliminary to the

endurance rTUn. Furthormore, the flow of air through the
cooling cap of the turbine wheel was gradually reduced and
completely shut off during the last 11 hours of the tesd

at the higher exhaust temperature. The ccoling air blast
to the engine was also reduced to wihat was considered to

be the minimum safe limit. Since the turbine-wheel meas-
urements indicated no deterioration of the duckets, every-
thing was done to test the turdine under the most severe
conditions that it might encounter in service; it finished
2ll the tests in excelle nt condition.
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As a result of these dynamometer tests, it was con-
cluded that the exhaust turbine supercnarger as now con-
structed, with the wheel of improved material gnd with the
cooling cap, was satisfactory for tests in the airplane.

Failure of the turvine wheel during the first attempi-
ed flight test was attributed to excessive temperature
caused oy afterdurning. Afterdburning tésts were conducted
with the new turdbine, cooling cap, and exhaust disposal
hood on the altitude dynamometer to establish the limiting
fuelwair ratio productive of afterburaning. Because of the
differences in test gnd flight conditions, the results ob-
tained were inconeclusive. .

The second attempted flight test was terminated dv
failure of one turbine wheel, although operating conditions
had been nmaintained within the maxinum limits established
during the dynanmometer operation., The airplane installa-
tion and the dynanmometcr installation were as similar as
it was possidble to make then and vet simulate altitude
conditions on the dynamoneter. In view of the failure,
however, it is obvious that one or more of the assumptlons
nade in this regard were unjustified or had an unsuspected
effect on turbine operation. It is apparent that further
tests should be conducted in which the temperatures of the
turbine wheel and buckets are reasured because these ap-
rear to be the critical monbers of the unit and the nmeasg-
urenent of surrounding temperature is of little or ques—
tionable value.

In general, it can be said that these tests have
proved that exhaust turbine superchargers of the design
and naterial similar to that used in the units tested op~
erate too near their maxinun safe operating conditions.
The Tact that some successful exhaust turbine supercharger
installations have been rade indicates that conditions can
be controlled and the following suggestions for control-
ling the operating condﬂtlons nay have nerits worthy of
investigation:

(a) GCooling of exhaust gas
(p) Direct air cooling of turbdine bduckets

(¢) Reduction in turbine speed dbv using a two-stage
conpressor

(d) Reduction in exhaust-gas temperature oy¥ increas-—
ing engine compression ratio
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Method (d) is of varticular interest because such an
engine would be suitable for high~altitude long-range alir-
craft on account of the inherent low specific fuel con-
sunption charscteristics.

The ideal engine and exhaust turbine supercharger
conbination, with regard to reliability, is one that would
pernit operation at all conditions of power, engine speed,
fuel=alr ratio, and altitude without danger of fallure
caused ¥ exceeding the linite of the exhaust-gas tepper-
ature and the turbine-wheel rotational speed. In other
words, the exhaust turbine supercharger turdine dbuckets
nust be coanstructed of a material with sufficieant strength,
when operating with exhaust-gas tenperatures at the maxi-
nur value, to withstand the stresses resulting from the
naxinun turbvire-wheel rotational speed. Until such a tine
as bucket material with these properties is available,

sone foolproof means of liniting the exhaust-gas or turbine-

oucket temperature by coolirng or by control of the fuel-
air ratio is 2o necessity.

The exhaust-gas tenperature and the nass~flow data

plotted in figures 8 and 9 should bé of valuc for the analy-

sis of the exhaust turbine supercharger design and instal-
lation problems. An analysis of these data reveals that
the exhaust-gas temperaturc varies noticeadly as a direct
function of the engine speed; the values shown can thero-
fore be considered only as indicative. Fronm this result

it would appear that the exhaust turdine supercharger

nanufacturer's probvblen is beconing nore severe because the
demands of industry for increased engine output are in
nmany cases being net bv increasing the engine speed. The
avalladility of fuels of high knock rating and the demand
for lower specific fuel consunmption have resulted, however,
in sone increase in compression ratio, which lowers the
exhaust—-gas tenperature and conpensates to sonme extent for
the increasgec resulting fron the increased engine specd.

These data also indicate that the specific weight of
exhaust gas ig o mininunm at 2 mixture strength slightly
richer than that for best econony and maxinunm temperature.
This weight was also found to be independent of operating
altitude., By use of such data and the information present-
ed in reference 5, the turdbine nanufacturer is able to cal-
culate the total gas ecnergy availabdble at any condition.

It should be noted here thrt cruising at high dbrake nean
effective pressures by reduction of engine speed to obtain
low specific fusl comsunption, imposes the nost severe coa-
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ig the condition at which
ximum and the turbine

dition on the turdine becaunse it
-the exhaust-gas tenperature is a
rotational speed is relatlvely !

)
!
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CONCLUSIONS

The analysis of the dynancneter and flight test re-
sults indicates that an engine with o two~stage super-
charger in wvhich the first stage is exhnust turbine driven
will deliver rated powoer for a given indicated power to a
higher 2ltitude, will operate nmore efficiently, and will
require simpler controls thazn a sinilar engine in rhich
the first stage of the supercharger is driven fronm th
cronkshaft through nultispeed gears. This ef11c¢ency of
operation is nore pronounced at altitudes and powers where
the maxinun swze,output of the engine with the gear-driven
supercharger is restricted Dby throttling.

The selection of the most desirable type of super—
arging will denend upon the type of operating condi-
tlons involved rataer than upon the alrcrafit design be-
cause tae maln factors involved are: critical altitude
required, relative flring tine spent at rated and cruising
power, and the relative inportance vé efficiencies’ avail-
adle fron propeller and exhaust-jet provulszon.

The stabllltw ox cperation of an engine with an ex~-
haust turbine supercharger is entirely satisfactory if the
turbinc-driven supercharger is not pernitted to operate
beyond the surging point and if the response of the prese
gure control and propeller-speeld control are proverly
natched. The availability of fully automatic carburetion
devices will pernmit the use of an infinitely wvariable
pressure control, which will sinplify and inprove exhaust
tyroine supercharger operation. The reliadility of the
turbine of present-day exhaust turbine supercharger units
is questionadble because they operate at speeds and tenper=
atures that allow an insufficient margin of .safety.

BExtensive flight testing will be required .to show the
extent to which the advantsges of an engine with exhaust
turdbine supercharger can be realiszed. The inherent dis-
advantages. of the exhaust fturbine supercharger weight and
installation nroblens resulting from the necessity of hand-
ling exhaust gas are the chief problems. Weighing the ad-
vantages and the disadvantages indicates that there is an
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altitude below which the use of the exhaust turbine super-
cnarger is not warranted.

It. is velieved that the main anerodynanmic disadvantage
ing naust turbine supercharger can be overcome
e use of an exhaust-disposal hood. The use of the

st turvine supercharger will partly, if not complete-~
liminate any possible thrust from exhaust-jet pro-

o

Pratt & Waitney Aircraft, . .
Divigion of United Alrcraft Cornormulon,,
East Hartford, Conn., and
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i Nozzle-box

éTurQine—wheeliFuel~ Specific Absolute
exhaust | rotational air | fuel pressure
temperature speed ratio iconsumption| (in. Hg)
Nozzle {Super-
o box |charger
| ) (rpm) (1o/bhp/hr) outlet
Rated power:
Avernge 1490 22,000 ©0.0800 0.59 7.8, 28,0
Maxinun i 1525 22,400 .95 .51 38.2 28,6
Mininun 1400 21,200 | .087 .575 37.51 27,0
Cruise power:
Aversge | 1875 18,700 ' .071]  .445 | 27.7| 23.0
Maxinun 1715 19,100 .073 «450 29,0 23.4
Mininpum | 1600 18,400 .069 »440 28.51 2245
|
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Figure 2.~ The engine and the exhausi fturbosupercharger
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Figure 7.-Varisliton with engine speed of brake horsepower,brake mean effective Figure 8.~Variaiton with fuel flow of exhsust gas temperaturs and weight
pressure,sbsolute manifold pressure,exhsust back pressure, fuel-sir ratioc ex- and specific fuel consumption for several engine operating ®
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