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FLIGHT TESTS OF EXINAUST GAS JET PROPULSION

By Benjamin Pinkel and L. Richard Turaner

SUMMARY

Flight tests were conducted on the XP-41 airplane,
equivpped with a Pratt & Whitney R1830-19, l4-cylinder,
air—~cooled engine, to determine the increase in flight
speed obtainable by the use of individual exhauvst stacks
directed rearwardly to obtain exhaust-gas tarust. Speed
increases up to 18 miles per hour at 20,000 feet altitude
were obtained using ctacks having an exit area of 3.42
square inches for each cyvlinder. 4 slight increase in en=
gine power and dccrease in cylinder temperature at a given
manifold pressure were obtained with the individual stacks

as compared with a collector-ring installation. Exhaust-
flame viribili*v was gquite low, particularly in the rich
rapee of fusl-alir , ratios.

INTRODUCTION
The high speed of present-day airplanes susgests the
pPossibility of obtaining appreciable power by means of jet
bropulsion. The gas in the cylinder of an internal com-
bustion eongine, at the time the exhaust valve opeans, is at
a pressure coansideradbly h er than atmospheric, and the
b e

high
largest nmart of this gas is discharged through the exhaust
slve with a velocity of the order of that of sound. In
the usual exhaust installation the gases are discharge
into a collector where the largest part of this velocity
is lost at the bends and at sudden enlargements of the ex-

haust pines.

Oestrich (reference 1) nresents the results of compu-
tations to show that consideradle thrust horsepower can be
obtainocd at high airplane v31001ty by disch arQ1na the ex=-
haust zas rearwardly of the airplane, directly from the
exaaust port of the sevarate cylinders. This result was
substantiated by 2 more complete analysis made at the NACA
and the large theoretical exhrust thrusts odbtained indi- .




cated that tests to determine the actuval exkaust thrust
vere justified.

inary tests were made on a Pratt & Whitne
ngine srovided with individual exhaust StaCV‘

n a thrust stand, in wkich the sfau&c thrust pro-
the rearward discharge of exhaust gas was meas-
thrust horsepoﬂnr at various alrnlanp veloci-
calculated from these measurements agreed reasonabdbly
with the values ob talnea from the analysis and indi-

that a considerable increase in flight smeed should
obtained by utilizing this exhaust-gas thrust.
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To determine the increase in flight snmeed at various
altitudes experimentally, arnd to investigate the problems
associated wi'h i exhauvst—-stack installation
ity, fire razard, noise, and
xide poisoning of the flight per=
t flight tests should te con-

£ flight tests lon
15 e in flight
he exhaust ges

The tests vere made during March and April 19040, at
the Langley Memorial Aeronautical Laboratory at Langley
F:eld, Va.

APPARATUS AND TESTS
= a . \
The tests were made on the XP-U41 airplare (fig. 1(a)),
single-seat Seversky pursuit airplane eguipped with a

a 3
Pratt & Whitney R1830-1Q, l#-cylirnder, two-row radial en-
b .

gine. The zsngine 1is provided with a two-speed auxiliary
bhlower in addition to tie main blower, and had a critical
altitude of 20,000 fect.

Figure 1(b) shows the exits of the collector ring.
It is noted that the discharge is substantiaily dowaward.
The collector-ring installatiocn is that originally provid-
2d on the airplane, with the exception that one exit has

been moved toward the center of the fuselage to avoid
trouble expcrlenced from the discharge of that stack into
the eil-cooler duct.




Figure 2 shows the installation with individual ex-
~haust stacks. The stacks from the cylinders at the todp
L of the engine were brought down and the Sas discharged
from the side of the fuselage in order to navoid discharsg-
ing in the direction of the cockpit cover. Because of thae
~lack of space at the cowling exit, the stacks of the top
cylinders, nos. 1 and 13, were connected to a common exit
having subutantlallv the came area as an individual stack.
Cylinders nos. 2 and 4 were similarly joined to a common
exit on the opposite side of the fuselage. These cylin-
ders were chosen because their exhaust events do not over-
lap. The remaining cylinders had individual exhaust
stacks., The end of each exhaust stack was flattened into
a substantially elliptical shape in order to decrease thae
radial distance that exhaust stacks extended from the
fuselage. The inside cross—-gectional area of the stack
decreased from 4,07 square inches a2t the round section to
% ,42 square inches at the exit. A pattern used for the
construction of these stacks ig shown in figure 3, The
exhaust stacks emerzed from the cowling through holes cut
"in the cowling flaps. Clearance was provided to allow
aporoxinntely 1/8—inch relative movement of the stacks
and cowling.

After the tests with the individual stacks, a por-
tion of each stack was removed and a nozzle having a
. area of 1.77 squwre inchos was welded in its place. The

form of the nozzles is shown in figure 3. The nozzles
installed in Ulgce are shown in figure 4. Where required,
the cowling flaps were replaced by new flaps with holes
cut for clearances between the flaps and nozzles of ap-
proximately 1/8 inch. No reduction was made in the exit
area of the stacks for the evlinders connected in pairs
‘(nos. 13, 1, 2, and 4), because of the possidle danger of
overhecating and detornation arising from too much regist-
ance to the exhoust-gas flow,.

The following are the cxit areas.of the various in-
stallations:

Exit area per cylinder
(sq in.) -
& eollector ring 288
B individual ctacks 83 .42
C individual stacks S P o
a . x -
-~ Except for eylinders nos. 13, 1, 2, and 4, which wore

£}
connected in pairs to stacks having exit areas of B.42
gsq in. per stack.,
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The two individual stack installations, 3 and C, will bdbe
designated by the exit areas, 3.42 and 1.77 square inches,
respectively.

The engine torque was measured in flisht bdy a Pratt
& Waitney torque dynamometer. The engine speed was meas-—
ured oy a calibrated electrical tachometer. The airplane
gspeed was measured by an air-speed hecad mounted on a boon
attached to the winz, This air-speed head was calibrated
by flyving alongside a Lockheed 12 airplane, for which the
air-speed installation had been previously calivbrated
using a towed static pressure bomb. The altitude was
measured with o Xollsman sensitive altimeter and recorded
by the pilot. A statoscope was installed and operated
durine each period of test. The statoscope deflection and
the air speed were recorded photosgraphically, providing a
continuous graph when the equipment was actuated. Motion
pictures were takean of the pressure gage of the torgue
dynamometer, a clock, and the tachomster indicator. When
test conditions were stabilized, eizht series of photo-
graphs of about 2 seconds! duration each were taken at 15-
second intervals by the manual closing of an electrical
circuit by the pilot. Each of the 2-second motion-picture
records contained anproximantely 25 frames. The averases
of the eight series of engine speed, air speed, and torque
readings were taken to represent the test conditions.

Rear spark-»luz gasket temperatures for two cylinders
were read by the pilot, and the higher temperature, that
of no. 5 cylinder, was recorded. The manifold pressure,
carburetor-air temperature, cvlinder-head temperature, oil
temporature, cabin temperature, indicated atmospheric tem-
perature, tachometer magneto temperature, and cngine ropm
were rccorded dy tae pilot immediately after the last au-
tomatic record of each run, The indicated atmospheric
temperature was also determined at 120 miles indicated
air speed, and the true atmospheric temperature determined
by extrapolating a curve of temperature against velocity
nead to zero air speed.

In the absence of a reliable instrument for measuring
air-fuel ratio, the mixture was adjusted dy the pilot for
maximum power at part throttle, and dy the automatic mix-
ture control at full throttle,

All tests were made at an approximate engine speed of
2550 rpm.




Flights were made at the following conditions:
Altitude (ft)

Collector ring 10, o0 S6L0D0 17,000 20,000
I'mdividual stacks 10,000 = 17,000 20,000

Inadividual stacks with
nozzles 10,000 —— L paan 20,000

At each altitude the taroitle was varied from full-open
throttle to part throttlec. and complete data taken for
each getting,

A carbon-monoxide meter was placed in the cockpdit of
the airplane with individual stacks prior to the main
flight tests. Carbon-m noxide concentrations were meas-
ured in flight with the cockpit cover closed with inlet
manifold pressure of 30 inches Hg for level flight, and
for climb at 150 miles per hour indicated air speed, and
in a =£lide with 10 iachss Fg inlet manifold pressure with
the cockpit cover omened,

After the completion of the tests with the individual
stacks with 1.77 square-inch-exit areas, 2 portion of the
nozzles was removed in order that no part of the nozzle
projected into the air stream, thus providing a more
streamlined installation, Three tenperature-sensitive
paints which change color at 2889, 3389 and 734° F, re-
spectively, were applied to portions of the fuselage in
proximity of the exhaust gas stream. The engine was oper-
ated on the ground at 2 manifold pressure of 30 inches Hg
at' 2500 rpm to determin e if any appreciable heating of

the fuselage occurred,

ibility tests of the flam
stacks were made 2t night at a ma
inches Hg at about 2400 rpm. The mlxture was varled :rom
full rich to lean, and photozraphs were obtained with the
b

mixture control set at the lean

The various

Loste af different exhaust condibions were
made at the same pregs of

sure a2ltitudeg _but bvecause
] b TS
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ences in atmospheric temperature, a slight difference in
(e

density occurred. Correction of the data to a common den-
sity for each pressure altitude was made in the following
nanner. Power-speed data for a normally propelled alr-
plane may be correlated for different atmospheric densi-
ties by plotting

i (;3

0% bhap against \GEV)

Ny
where
0 is the atmospheric density ratio relative to
standard sea-level density

and

VY the airplane svecd

This correlation is cbtained br noting that if the well-
known equation for the drag horsepower of an airplane,

Draz b K vsng
ra D= o ===
S : aV
L
is multiplied ough by o<, there results
1 ;1 \3 B
z " ) A = S |
@S drag op = K1 (O V) + = ,311
I < b
g=s ¥
| /
% S
Thass s ge dras hip = £ @7 V/ -
If, in addition, it is assumed that the propeller
efficiency is constant, then there may also be written
_;1 3

1 .
D= phn = (02 V) (1)

Corrections were made %to standard density altitude by mul-
tiplying the observed pewer and airplanc speed by

where Og¢gq is the standard relative density corresponding
to the test pressure altitvu
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The ongine power was corrccted for the power assoceci-
ated with accidental accecleration and c¢limb. A propeller

- efficiency of 0.85 was assuued for this correction. The
acceleration was calculated from the air-speed records,
and the rate of climb from the statoscope records. In
each test an average acceleration and rate of climb were
obtained for-the complete 2~minute run., The recorded air

gspeeds were corrected for compressibility.

inetallation discharged substan-—
tially downwardly and provided no appreciable thrust power.
By comparing at a given airplane velocity the engine-shart
horoehower for the two individual stack installatione, with

that for the collector-ring installation, an estimate is
obtained of the exha uﬂt—fau tarust horsepower for the in-
dividual stack installations. The apparent exhaust-gas
thrust was calculated by means of the equation

The collector-ring

- " 376 & vbhe T
Thrust = e

v

where

V is the =2irvlane speed in miles per hour
and
T the propeller efficiency
gn to that used

in efficiency
aken from these

Test data for a propeller si
in the tests showsd very 1lit
over the test range, and a v
data was used in computing +

: RESULTS AND DISCUSSION
Effect of Discharge from Individual Exhaust Stacks
on Airplane Speed

Figsure 5 shows the data obtained on ecirplane speed V
for various values of brake horsepower and altitude for the
collector-ring installation, correlated by plotting

, a1 2
4 02 dbhp ageinst (03 V)

It e noted that a =oo0d correlation of the data at warious
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altitudes is obtained. A slight trend with altitude
noted, the points for 20,000 feet being slightly high

than for LOJ000 feect!,

@ B

Thisg difference mav be the result of changes in pro
peller efficiency with the density of the air. The diff
ence, however, is small and indicates that accurate cor-
rection of data at each precsure altitude for small vari-
ations 1n density from the standard may be made by means
of equation (1),

FPigure 6 shows the airplane speed obtained for the
three exhgust ‘comditions 'at 110,000, 17,000, and 204000 feot
altitude. A small correction for atmospheric density was
applied in accordance with equation (1) to adjust the data
to the standard density corresnonding to each pressure
altitudes

At full~throttle operation (approximately 44 in. H3),
the individual stacks nrovided 18-miles-per-~hour increasse
in speed above the collector-ring installation at 20,000
feet, 1lB-miles-per-hour increase at 17,000 feet, and 13-
miles~per~hour increasc at 10,000 feet, The maximum speed
obtained at full-onen throttle with the smaller-stack-exit
areas is slightly less than that with the larger-exit areas,
but occurs at a reduced engine power. For example, figure
6 shows, for a constant manifold pressure of 44 inches Hg
that the engino powcr increases slightly in cheanging from
the collector ring to the individual exhaust stacks with
the 3.42 square-inch-exit arcas, and dececresases by about 8
porcent when the stack-exit area is reduced to 1l.77 square
inches. For the same eangine brake horsepower, the smaller
exit stacks caused an increase of 5 milecs per hour over
he airplane velocity with the larger exit stacks. Thus
an increasce in efficiency was obtained with the 1l.77 square-
inch-exit stacks ~t the exvense of a rcduction in maximum
crn2ine power.

c+

Because of the absence ¢f data for intermediate noz-
zles, the points on the curves for the individual stacks
and the stacks with nozzles for 44 inches manifold pres—
sure, were Jjoined with a2 straight line. 3Between the two
exit areas., an optimum area exists, at which a maximunm in-
crease in efficiency or speerd at a given ensgine power is

k)

obtained with no reduction in maximum power. It is noted
that most of the gain in thrust has already been obtained
with the 1nd1vidual stacks with 3.42-square-inch-exit area,
and that the further gain to be expected from a reduction




in exit area is small and would result in an increase in
speed of less than 5 milcs per hour,

Apparent Exhaust-Gas Thrust

Figure 7(a) shows the apparent exhaust-gas thrust of
the individual exihaust stacl:s for the two exit areas plot-
ted against brake horsepower. These curves were computed
from the curves of figure 6. The wvalues for the XP-4l in
figure 7(a) can be taken as an indication only of the ap-
proximate magnitude of the thrust as differences in the
drag and provneller efficiency of the various installations
have not been eliminated. IFor example, the downward dis-
charge of the exhaust gas from the exhaust collector may
set up turdbulence in the alr stream and cause some dras
whereas this effect is not mresent in the case of the two
individual stack installati ons. The flow of hot exhaust
gas over the fuseloge in the latter cases may change the
fuselage drage. Although in all installations the exhaust
exits were extended into the air stream to clear the air-
plane and reduce fire hazard, the dif”erent installations
have a different external drag whi jalditficult to Bati-
nate. All these differences in drag appear in the values
of the apnarent exhaust-gas thrust

An increase in apparexnt exhaust-gas thrust with alti-
tude for a given engine vpower, as might be expected from
theoretical consideration (reference 1)} 1e nokedy TFor =
given power, the cylinder pressure at the time of exhaust-
valve opening varies only slightly with altitude; however,
the reduction in atmospheric pressure with altitude causes
a hisgher exwanslon ratio for the gas discharge from the
cvllﬁder and a greater con vers1on of votential enersy to
kinetic cnergy in the gas stream.




Figure 7(b) shows the exhaust-gas thrust per slug per
second of exhaust gas obtained in these tests compared with
calculatsd values obtained from a theoretical analysis.
The theoretical values represent the thrust obtained when
the exhaust gas is discharged directly from the cylinder
through a converging nozzle, and therefore do not contain
the usual energy losses at the bends and area changes in
the exhaust passage. The experimental values will probably
approach the theoretical valuves as the losses in the ex-
haust port are reduced. Because of the belief that these
losses in the pregsent exhaust port are high, a larger dif-
ference between the theoretical and experimental thrust
than is shown in figure 7(b) was expected. That a larger
difference was not obtained, may be exnlained by the fact
that the measured exhaust-thrust wvalues contain the dif-
ference in drag of the two installations. It is of inter-
est to note that the average aznparent jet velocities are
in the vicinity of the velocity of sound in exhaust gas
at 22000 F absolute, which is approximately 2200 feet per
second,

The increase in exkaust turust with reduction in ex-
haust-exit area noted in figure 7(a), may be explained as
follows:

The high pressure in the eylinder at the time the ex-
haust valves open, represents a large amount of potential
energy. This potential ensergy is converted into kinetic
and thermal energy as the gas discharges through the ex-
haust system to atmospheric pressure. The greater the ef-
ficiency of the discharge precess, the larger the conver-—
sien of potential energy into kinetiec energy, and the
greater is the thrust of the exhaust gas., Considerable
loss of kinetic energy ocecurs imn the irregular exhaust
passage between the exhaust valve and exhaust—-valve seat,
and in the exhaust vort in the ecylinder head. When the
area at the exhaust-stack exit is reduced, the velocity
through the exhaust valve and exhaust port is decreasczd
with a reduction of the loss of kinetic energy at the
valve. The available potential energy is more efficiently
converted into velocity at the exhaust-stack exit because of
its better share as a nozzle as compared with the exhaust
passage at the valve and an increased thrust is obtained.

As the stack-exit area is decreaszd, the time reauired
for discharge of the cylinder to atmosphs ¢ pressume Wiy
@

ol
increased. A vpoint is reached, in reducing exhaust-stack-




ficient time is not availabdle for the
ssure to atmospheric and a larsge

ag is trapped in the cylinder by the
at valve with the result that a larsge
for a given manifold pressure occurs.

exit area, where suff
drop of cyxlinder pre
amount of residual ¢
closing of the exhaun
drop ¥n engine power

n -
£ o

As for a large part of the discharge, pressure ra atios
theoretically capable of producing supersonic velocities
are involved, some improvement iu thrust may result when a
divergent passage is attached to the nozzle. No measur-
able improvement could be obtained in preliminary tests
with divergent nozzles on a single-cylinder test engine.
Further tests are planned.

Effect of Separate Exhaust Stacks
on Engine Operation

Fxf

sure for the various exhaust systems. The en3zine was
equipped with a main dblower and a two-speed auxiliary
Plower. The curves are brcken where the blower condition
is changed.

The values of the eniine bmep with the individual
stacks, exit area 3.42 square inches, are seen to be

. slightly higher than the values with the collector-ring

installation for a given inlet manifold pressure. This
indicates less resistance to discharge of the exhaust gas
or a reduction in effective exhaust back pressure for the
individual stacks as compared with the collector ring,
This result may be expected as the pressure in the collec-
tor ring is somewhat greater than atmospheric. The marked
reduction in bmep with the reduction in stack-exit area to
1.77 square inches is noted. It should be pointed out,
however, that the engine installation was not designed
with exhaust thrust in mind, and in order to avoid obd-
structions and find openings for the exhaust pipes, sharp
bends in the pipes were requirecd. The nozzles were weld-
ed to the exhaust stacks and a2 ridge of weld extended into
the pipe. When these obstructions are removed and when
the exhaust port in the crlinder is designed for better
flow, it will be permissidle to have more restriection in

the area at the exit of the exhaust stacks than at »present,

with no loss in maximum engine vower and a gain in thrust.

Figure 9 shows the head temperatures measured on the
rear spark-plug gasket of no. 5 cylinder for the three ex-

igure 8 shows the bumep plotted against manifold pres-
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haust conditions. The head temperatures were slightly
lower for the individual stacks with 3. 42~-gquare—-inch-
exit areas than for the collector ring, asain indicating
slizhtly less exhaust back pressure. The reduction of the
exit area to 1.77 square inches caused an appreciable in-
crease in cylinder-nead temperatures. All temperatures,
however, were well below the permissidle cruising temper-

—_

ature of 450° 7.

From these tests it mey be concluded that the exhaust-
ack area of 3.42 square inches per cvlinder was satis-—
rctory in the present case, as it provided a large exhaust-
as thrust with no decrease in maximum engine power or in-
rease in cyvlinder temperatmres. The exit area @a Lol
quare inches cannot de considered as satisfactory for the
present application as it roduced the maximum engine power
and maximum flight speed with respect to that obtained with
the 3.42-~-square—-inch ey1ts, and caused considerable increase
in cvlinder temperature The efficicney was greater for the
1.77-square-inch-exit hrem then for the 3. }9- quare-inch-
cxit area, as a higher airplane velocity was obtained for a
given brake horsepower., Possibly some intermediate exit
area would zive the maximum performance.

n Q J? "') 0]

CO Contamination of the Cockpit and
Exhoust-Flame Vigidbility

Tests werc made with the individual stack installa-
tion, exit area 3.42 squarc inches, at a number of flight
conditions with & CO meter in the cockpit., The foliow-
ing concentrations of CO were measured.

1, Hizh~spoed level flight, 30-inch Hg manifold
pressure, 9430 rpm, cowl flans one-third open at 10,000
flelet altitude.

Lower rizht side of cockpit - 0.005 percent CO
Lower left side of cockpvit - 0.015 percent CO
At the pilot's face - 0.0080 - 0,0075 perceant CO

o, In climd ot an indicated 2ir speed of 150 miles
per hour, 30-inch HEg manifold pressure, 2400 xrpm, cowl
flaps wide open.
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Lower left side of cockpit - 0.0175 percent CO
At the pilotts face - 0,02 percent CO

%2, In a glide with the cockpit cover open, 10=inch
Hg manifold pressure.

At the pilot's face ~ 0.0050 to 0.0060 percent co

Grow (reference 2) hag reccommended that 0.005 percent
CO be specified as the maximum allowable concentration.
Althoueh all the measured CO concentrations exceeded the
value of 0,005 percent, it is reasonable to expect that
with better insulation against exhaust gas and by ventila-
tion of the cocknit with uncontaminated air, this condi-
tion can be remedied.

No determination was made of the CO concentrations
with the exhaust collector-~ring 1nstaliat10n, so that no
conclusion can be given with regard to whether contamina—
tion of the cockpit was worse with individual stacks

The intensity of the exhaust noise with individual
stacks seemed only slightly greater than that of the col-
lector ring but the discharzes were sharper and more an-
noying. The electrical interference on the radio was also
greater with the individual stacks than with the collector
ring, The cause of this interference has not been deter-
mined.

The tests herein described were made with the indi-

vidual stacks extendln, into the 2ir stream and the ox-
haust directed 2t an angle of 20° relative to the fuce-
laze axis. (See fizs. 2 and 4.) Witk this arrangement,
it is bvelieved that no excessive heating of the fuselage
ocecurred. The exhaust stacks were later cut back into the
cowling so that they did not extend into the air streamn,
and a Zround test was made with several temperature-
sensitive naints applied to the fuselage immediately be-
hind the exhaust-stack oxit. The tests indicated that im=

mediately behind the exhaust stacks the temperature on
portions of thc stainless-sgstecl bulkhend on the nose of
the fuselaze was above 338° F, Portions of the duralumin
parts of the fuselage behind several of the stacks were
also above 338° F: whereas, behind the remainder, temper-
atures less than 238° F were attained., For these more
streamlined installations, tests should be made for exces-
sive heating of the fuselage and stainless—steel shields
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spplied where necessary.  Airplane velocities with this
modification nave not been determined as yet, although
further tests are planned.

Figure 10 shows a photograph taken at night with the
engine operating at 30 inches Hg inlet~manifold pressure
and the mixture control set in the lean cruising position,
It was fournd necessary to igaite a photo-flash duld to
obtain the outline of the airplane in the picture. A%
full rich mixture the exhaust discharge was practically
invisible to the eve. As the nmixture was leaned the dis-
charge bdbrightened and turned to a blue color. At no tinme
was the light very intense. The flame extended for a dig—
tance of approximately 1 foot from the exhaust stack.

Discussion of Separate Stack Installation

In the present installation, Decause of the lack of
the exhaust of four of the cylinders was connected
rs. Tane thrust of these cylinders was prodbadbly con-
blv less than that of the cylinders provided with
te exhaust stacks because of the loss of energy at
ad and at the sudden arez enlargement at the junc-
f the branched stacks. Installations of this type
uld be avoided. If unavoidable, only cylinders with
o"erlatnlnv exhaust-valve timing should be connected

B o B

B @ crctn  HW

The following differences between a separate exhaust-
stack installation and a collector ring installationr with
regard to exhaust thrust should be appreciated.

It is recalled that when a pressure ratio of more than
ximately 2:1 exists across a simple orifice 'in the
vder wall, the velocity of discharge of the exhaust
hrough the orifice equals the velocity of sound. In

L ion, the pressure at the orifice exit is greater than
atnmospheric and is avproximately one-half the pressure in
the cylinder. Thrust is provided by the excess pressure
above atmospheric and by the momentum of the gas at the
nozzle exit. If a compound nozzle is used, comprising a
convergent section followed by a properly designed diver=
gent section, the pressure at the exit will Dde atmogpheric
and the discharze velocity will be greater than that of
sound, The thrust obtained in this case will be 3reater
than that obtained with the simple nozzle, As the pressure
in the cvlinder varies, however, the exit area of the di-
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ver3ent section must also be variable to obtain the maxi-
mum thruste.

The exhaust passage at the conventional exhaust valve
may be pictured as a simple nozzle. At high bmep the pres-
sure in the cylinder at the time the exhaust valve opens
is greater than 100 pounds per square inch., With an atmos=-
pheric pressure of 7 vpounds per square inch (approximately
20,000 feet altitude), the velocity through the valve will
be of the order of that of sound during the time of reduc—
tion of the pressure from above 100 pounds per square inch
to about 14 pounds per square inch. Thus the major por-
tion of the exhaust gas is diccharged through the valve
with a velocity of avproximately 2200 feet per second (the
velocity of sound in exhaust gas at 2200° F absolute). An
excess pressure is develoved at the exit which is convert-
ed into increased velocity in accordance with the law that
force is equal to rate of chanzge in momentum. In the usu-
al collector-ring installation, the largest part of the
velocity Zenerated by the cylinder pressure is lost in the
sharp bends and sudden enlsrgements in pipe area inherent
in exhaust systeme of this type. To regenerate a velocity
equal to that of sound, for example, at the exit of the
collector ring, it would bec necessary to install a n07zle
providing a pressure in the collector ring twice atmos
pheric with a very appreciable loss in engine power. Lhe
impossibility of asgain providing the thrust from the exit
of a collector ring which was provided by the cylinder
pressure withou’ considerable loss in engine power, is ap—-
parent. The inadvisadbility with regard to exhaust thrust
of coanecting a number of cylinders to a common manifold,
is also apparent.

A nozzle on the end of an individual exhaust stack
from a nozzle on the end of a c01100tor ring in
ect on engine nower. In the former case, although
le restricts the flow, the cylinder pressure can
to atmospheric vressure if sufficient time is
. A nozzle on a collector—-ring exit increascs
ity of digcharge at the expense of a constant in-
recesure in the collector ring, and the cylinder
ca scharge only to collector-ring pressure.
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Nececssary bends should be gradual and followed by a straight
vortion of pipe extending rearward as nearly parallel tc
the direction of flight as possible.

CONCLUSIONS

The following conclusions may be drawn for the air-
plane used in these tests:

(1) Increases in maxizum cspeed of 13, 15, and 18
miles per hour at 10,000, 17,070, and 20,000 feet altitude,
respectively, were obtained with individual stacks for
each cylinder discharging rearwardly as compared with the
collector-ring installaztiozn.

(2) OFf the two sets of stacks tested, the stacks
having exit areas of 3.42 square inches ner cylinder, were
better than the stacks having exzit areas of 1.77 square
inchesg, in that the maximum speeds were slightly higher
and the cwllnder temneratuwoc woere considerably lower with
the larger exit areas The cylinder temperatures with the
stacks having the 1arver exit areas were slightly less than
the temperatures for the collector—-ring installation at the
same engine power.

(3) Tor an inlet manifold pressure of 44 inches Hg
t 20,000 feet altitude (160 1lb per sq in. bmep) at 2550
pm, no loss in power was experlenced with the stacks hav-
ng exit areas of 3.42 square inches per cylinder. With
half this exit area for 10 of the 1/L cvllndoro, approxi-
mately 8-perceant loss in power was experil ienced at the same
enzine speed and inlet manifold pressure.

n

(4) Exhaust visibility was quite low, maximum visi-
bility occurring in the lean-—mixture range. In the rich-
mixture range the exhaust flame was practically invisible.

Langlecy Memorial Aeronsutical Laboratory,
National Advisory Committce for Aeronautics,
Langley Field, Va.
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Figure 1b.- Detail of exits of
the exhaust collector-
ring installation.

Figure la,b.- The XP-41 airplane
with collector-ring
installation.

Figs.1,3

Figure 3.-
Pattern of the
exit of the in-
dividual exhaust
stacks-
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Figure 2.~ Individual ex-

haust stacks
with exit area of 3,42
square inches installed
on the XP-41 airplane
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Figure 4.- Individual exhaust
stacks with exit

area of 1.77 square inches in-

stalled on the XP-41 airplane.
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Figure 5.- Power-sreed
characteristics

of the XP-41 airplane with

exhaust collector installed

Figure 8.-
Effect of
exhaust
restriction

on power.
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Figure 7,a and b.- Apparent exhaust-gas thrust
for individual exhaust stacks.
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