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-~ PLIGHT TESTS OF EXHAUST GAS JET PROPULSION

By Benjamin Pinkel and L. Richard Turner
SUMMARY

Fllight teoste were conducted oa the XP-41 airplanse,
equipped with a Pratt & Waltney R1830-19, l4-~cylinder,
alr-cooled engine, to detormine the increanss in flight
speed obtalnadle by the use of indlvidual exhaust astacks
directed rearwardly to obtein exhaust-gas thrust. Speed
incroaeses up to 13 miles por hour at 20,000 feot altitude
wero ootained uslng staca having an exlt area of 3.42
square inches for each cvlindor. A slight lncrease in en-~
§lne powosr and docreecso in cylinder tomperature at a glven
manlfold pressurc were obtarined with the individual stacks
as comparcd with a collector-~rinz installation. Xxhaust-
flame vislollity was quite low, particularly in the rich
rango of fuol-alr ratios.

INTRODUCTION

The h1lgh speoed of prosent~day airplanes suzgests tao
posnlbllity of obdtaining apnreciadle power by meana of jet
nronulsion. The €as in the cvlinder of an internal com—
bustlion onyino, at the time the exhaust valve opens, is at
a Dressure conelderably higher than atmospheric, and the
largest poart of this sas is dischargod throuzh tho exhaust
valve with a velocity of the order of that of sound. In
tho usual exhouet installation tho gases are dischargod
into & collector whore the largest part of this velocity
is lost at the bends and at audden erlargoments of the ox-
haust pipes,

Oestrica (reference 1) presents the results of compu-
tatlona to show that consideradble thrust horsopower can be
obtainod at high alrplane velocity by discharging the .ex-
haust gas roarwoardly of the airplane, diroctly from the
oxhaust vort of theo sevarcto cylinders. This result was
substantioted by o moro completo cnalvsis madc at the NACA
and tho larfe thooretical oxhrust thrusts obtainoed indi-




cated thaet tests to determine the actual exkausgst thrust
rere Justified.

Preliminary tests were made on a Pratt & Whitney
R1340E engine provided with individual exhaust stacks
mounted on a thrust stand, in wkich the static thrust pro-
vided by the rearwvard disckarge of exkaust gas was mess-—
ured. The tkrust horsepover at various alrrlane veloci-
ties calculated from these measurements agreed reasonadly
well with the values obtained from the analysis and indi-
cated that a considerable increase in flight speed should
be obtained by utilizing this exhaust~gas thrust,

To determine the 1lncrease in flight sneed at various
altitudes experimentally, and to investigate the problems
assocliated with an individual exkmust-stack installation
guch a8 exhaust—-flame vieibllity, fire kazard, noise, and
the danger of carbon~monoxide poisoning of the flight wver-
sornel, 1t was decided that flight tests should Tte con-
ductad.

This report preserts the results of flight tests on
the XP-Ul a:irplare to determine the increase in flight
speed that may be obteined by discharging the exhaust gas
rearvardly through inédividual stacks.

The tests vere made during March and April 1940, at
tre Largley Memorial Aerorautical Laboratory at Langley
Field, Va.

APPARATUS AED TESTS

The tests were made on the XP-U41 airplane (fig. 1(a)),
a single—seat Seversky pursult alrplans equipped wvith a
Pratt & Whitney R1830-19, lid-cylinder, two-rov radial en-
gine. Thne c¢ngine is provided with a two-speed auxiliary
blower in addition to the main dPlower, and had A critlcal
altitude of 20,000 feet.

Figure 1(b) shows the exits of the collector ring.
It is noted tkhat the discharge 1ls substantially downward.
The collector-ring installation 1s that originally provid-
ed on tne alirplane, with the exception that one exit has
been moved toward tke center of the fuselage to avoid
trouble experienced from the discharge of that stack into
the eil-cooler duct.




Figure 2 shows the installation with individual ex-
Jhaust stacks., Thoe stacks from the cylinders at the top
of - the ont¢tine-were brought down and the gas discharged
from the side of the fuselage in order to avdid discharg=-
ing in the directlon of the cockplt cover. Because of the
lack of space at the cowling exilt, the stacks of the top .
.¢ylinders, nos. 1 and 13, were connected to a common exit
havirg substantially the sams area as an individual stack.
Oylinders nos. 2 and 4 were similarly Jjoined to a common
exlt on the opposite side of the fuselage. These cyllin-
ders were chosen because thelr exhaust events do not over-
lap. The remaining cylinders had individual exhaust
setacks., The end of each oxhaust stack was flattened into
a substantiallr elliptical shape in order to decrease the
radial distance that exhaustv stacks extended from the
fuselage., The inside cross-secilonal area of the stack
decreased from 4.07 square inches at the round section to
3s42 square inches at the exit. A pattern used for the
constructlon of these stacks 1s shown in figure 3. The
exhaust gtacks emersed from the cowling through holes cut
in the cowling flaps. Clearance was provided to allow
aporoximntely 1/8—inch rolative movemont of the stacks
and cowling.

Aftor the teste with the indlividual ctacks, a nor-
tion of each stack was removed and a nozzle having an
area of 1.77 sguare 1lnchos woo welded in 1ts place., The
form of the nozzles is shown 1r figure 3. The norzzles
inetalled in plece are shown in figure 4. Where required,
the cowllng flaps were replaced by new flaps wilth holes
cut for clearaonces hotweon the flaps and nozzlos of ap-

. proximatoly 1/8 inch. No reduction was made in the exit
area of thoe stacks for the cylinders connocted in pairs
.(nos. 13, 1, 2, and 4), because of the possible danger of
overhcaoting and detoration arising from too much resist-
ance to the exhaoust-sas flow,

The following are the exit areas of the varlous in-
stallations:

Exit area per cylinder

(sq 1in.)
A collector ring 2,81
B 1individual -tacks a3 .42
C individual stacks 81,77

&Excopt for cylinders nos. 1%, 1, 2, and 4, which wore
connectod in palrs to stacks having exit areas of 3.42
8q 1n. por stack,
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The two individual stack 1ns£a11ations. é and C, will De
designated by the exit areas, 3.42 and 1.77 square 1nches,
respectively.

The engine torque was measured in flight by a Pratt
& Whitney torque dynamometer. The engine speed was meas-—
ured oy & callbrated electrical tachometer. The ailrplane
specd was measured by an air-~apeed hoad mounted on a boom
attached to the wing, This alr-speed head was callbrated
by flying alonsgside a Lockhesd 12 airnlane, for whlich the
air-sneed installation had bheen previously calibrated
ugineg a towed static pressure vomb. The altitude was
measured with o Xollsman sensitlive altimeter and recorded
by theo pllot. A statoscope was instanlled and operated
during oach perlod of test. The statoscope deflection and
the air speed were recorded photographically, providing a
continuous graph when the oquinmont was actuatod. Motlon
plectures wore takean of tho nrossure gago of the torque
dynamomoter, o clock, and tho tachometer indlcator. When
togt condltions were stabllized, elzht serles oF photo-
graphs of about 2 soconds! duration each were taken at 15-
secornd intervals by tihe manuasl closing of an electrical
circult by the pilot. ZEach of the 2-second motion-~plecture
records contalned anproximately 25 fromes. The avernseas
of the elght serlies of engine sneed, alr speed, and torque
readings woere taken to represent the test conditions.

Roar spark~plug gagket tenperatures for two cylinders
werc read by the pllot, and the kizgher temperature, that
of ro. 5 cylinder, was recorded. The manifold pressure,
carburetor-alr tomperature, crlinder~head temperature, oil
tomporature, cadbin temperature, indicated atmospheric tem-
nerature, tachometer nmagnoto tomperaturs, and ongine rpm
wers rocordod by the »llot lmmediatoly after the last au-
tonmatic record of each run, The indicated atmospheric
temverature was also determined at 120 miles indicatsd
alr speod, and the truo atmospherlic tempvorature determined
by extrapolating a curve of tomperature azalnst velocity
head to zeoro alr spoed.

In the absence of a rellable inetrument for measuring
alr-fuel ratlo, the mixture was adjusted dy the »nilot for
maxinum power at nart throttle, and »v the automatlc mix-
ture control at full throttle,

All tests wére made at an spproximate enfgine smeed of
2550 rpn.
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Flights were made at the following condlitions:
\ Altitude (£%)

E - e - aaae L

Oocllector ring 10,000 15,000 17,000 20,000
Indlividual stacks 10,000 -- 17,000 20,000

Individval stacks with
nozzles 10,000 - 17,000 20,000

At each altitude the tarottls was varied from full-open
throttle to pvart throttlo. and complete data taken for
each setting,

A carbon-~monoxide meter wns uvlaced in the cockpit of
the airplane with irdividual stacks prior to the main
flight tests. Carbon-mrnoxide concontrations were meas=-
ured in flight with the cockpit cover closed with inlet
manifold pressure of 30 inches Ez for level fliesht, and
for climb at 150 miles per hour indlcated alr speed, and
in a 3l1i1de with 10 inches Hg 1:2let manifold precsure with
the cockpit cover opened.

After the completion of the tosts with the individual
stacks with 1,77 squarc-inch~cxzit areas, 2 portion of the
nozzles was romoved in order thot no part of the nozzle
Projected into the air strcam, thus providirg o= more
stroamlined installation, Thrce tenneraturc-sensitive
Palnts whlch chango color at 288°9, 338°, snd 734° F, re-
spectively, were applied to portionc of the fuselage in
proximity of the exhaust gas astrcan. The ensgine was oper-
ated on the ground at a manifold pressure of 30 inckes Hg
at 2500 rpm to determin e if any apprecinble heectinsg of
the fuselage occurred,

Vislollity tests of the flrme from the individual
stacks were made at night at a manifold pressure of 30
inches Hg at adout 2402 rpm. Tho mixture was varied from
full rich to lean, and photographs were odtained with the
mixture control set at the lean position for cruising.

METHODS
}

The various tvets of difforent exhaust conditions wers
mads at the same preasure altitgdqgheut becauso of differ-
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ences in atmospheric temperature, a slight difference 1in
denslty occurred. Correctlon of the date to a common den-
slty for each pressure altltudo was made in the followlng
manner, Power-speod data for a normally propelled alr-
plane mar be correlated for different atmosphorlic densl-
tles by vlotting

of bhp against (c*v)
whore

0 1s the atmospherlic 4dcnelty ratio relative to
standard sea-level denslty

aad

¥ tha airplane specd

This corrolation is obtained d~ noting that 1f the well-
known equation for the drag& horsepower of an alrplane,

Kg

D T = + —
ra3 ho XK; o \ A ST

ig multinlied through oy oi, there results

0* drag ap = K, ( % v) ( % v J!

Thusg U# drag hp = f (0* V) .

If, i1n addition, 1t i1is assumed that the propeller
e’flclency 1a constart, then there mavy also be written

o8 bhp = f (o‘i‘ v)s (1)

Correctlons were made to stendard density altitude Dy mul-
tlplying the observed pewer and alrnlanc speed by

(—;;)

where Og4g 1is the standard rclative donsity corresnonding
to the teot pressure altitudo.



The onglne power was corrocted for the power associ-
anted with accidental accoloration anéd climb. A vronoller
efficlency of 0.85 was acsumed for this correction. The
acceleration was calculoted from the air-speed ‘records,
and the rate of climb from bhe stntoscope records. In
each test an averase acceleration and rate of climd were
obtalned for<+the complete 2-minute run. The recorded air
speeds wore corrected for compressibility.

The collector-ring installeotion discherged substan-
tlally downwardly and providoed no appreciable thrust power.
By comparlng at a given alrplane volocltiy the engine-saart
horsepower for the two individuanl stack installations, with
tant for the collector-ring installatlon, an estimate 1a
obtalned of the exhauvset-3zag thrust horsepower for the in-
dividual stack 1nstallations. The apparent exhaust-gas

thrust was calculated or moans of the equation .
375 A
Thrust = oo 222 T
v
whare
Y 1s the a2irnlone speed in miles per hour
and

T the propeller efficiency

Test dato for n propeller sircilar in deaign to tkat used
in tho tests showed very little variation in efficiency
over the test range, and a value of 0.85 take- from thene
data was used in computing the thrust,

RESULTS AND DISCUSSION
Effect of Discharge from Individual Exhaust Stacks

on Alrplane Speed

Figure 5 shows the data obtained on airplane speed V
for various values of brake horsevower and altitude for the
collector-~ring installation, correlated by plotting

- 3
of vhp oageinst (a” v)

It 18 noted thaet a =ood cdrrelation of.the data at varlous




altitudes 1s obtained. A slight trend with altitude is
noted, the points for 20,000 feet being sllightly higher
than for 10,000 fest.

This difference may be the result of changes ln pro-
vpeller e?ficiency with the denslty of the air. The differ-
ence, however, 1s small and indlcates that accurate cor~
rection of date at each prezsure altlitude for small vari-
ations 1n denslty from the standard may be made by means
of equation (1),

Figure 6 shows the alrnlane speed obtalned for the
three exhaust conditions at 10,000, 17,000, and 20,000 feet
altitude. A small corroction for atmospheric denslty was
applied in accordance with equation (1) to adjust the data
to the standard denslty corresponding to each pressure
altituds,.

At full~throttle operation (approximately 44 in. H3),
the indivlidual stacks nrovided 18-miles-~per-hour ilncrease
in speed above the collector-ring instaellation at 20,000
foet, 1l65-mlles-per-hour increase at 17,000 feet, ~nd 13-
milesg~per-hour increase at 10,000 feet., The maximum speed
obtalned at fuil-omen throttle wita fthe smaller~stack-~-exlt
areas 1s s8lightly less than that with the larger-exit areans,
but occurs nt a reduced engine power. For example, figure
6 shows, for a constant manlfold preosure of 44 inches H%,
thnt tho engino: nower increnses gsligatly in chenging from
the collector ring to the 1ndividual exhaust stacks with
the 3.42 square-inch-oxit aroas, ~nd docreasos dy about 8
perecont when the stack-exlt area 1s reduced to 1,77 squeore
inches. Xor the same engine brake horsopowor, the smallor
exlt stacks caused an incronge of § mllcs por hour over
the alrplane veloelty with the larger exlt stacks. Thus
an incronse in offlcloncr waos obtalnod with the 1.77 square=-
inch-oxit stacks nt the expanse of a roduction in moximum
cr2ino powor.

Bocause of tho abgence of danta for intermediante noz-
zles, the molnts on tho curvee for thc individual stacks
and the stacks with nozzles for 44 inches manlfold pres-
sure, wvere Jolned wvith a gstraelisht line. Between the two
exit areas. an optimum area exists, at which a maximum in-
crease 1n eZficliency or sperd at a £iven ensine power is
obtained with no reduction in maximun power. It is noted
that most of the gain in thrust has alreadr been obtained
with the individual stacks with 3.,42-square-inch-exit area,
end that the further geln to be expected from a reduction



in exit area is small and would result in an increase in
spoed of leses than 5 milos per hour,

Apparent Exhaust-Gas Thrust

Figure 7(a) showe the apparent exhaust-gas thruet of
the individual exhaust staecks for the two exit areas nlot-
ted agalnst droke horsepower. These curves were computed
from the curves of figure 6. The values for the XP-~4l in
figure 7(a) can be taken ag an indication only of the ap-
Proximeate magnitude of the thrust as differences in the
drag and propeller efficienzy of the various installations
have not been eliminated. For example, the downward dige’
-charge of the oxhaust zas from the exhaust collector may
set nup turbulence in the elr stream and couse some drag,
whoreas this offect is not prcsent ir tho cass of the two
individual stack instellations. Tho flow of hot exhaust
5as over the fuselage in the latter conses may change the
fuseloge drag. Althoush in all installatlions the exihcust
exits were extended irnto the air stroam to clear the air-
plone and reduce fire hazard, the different lnstallations
have a different extornal drag which is difficult to esti-
mate, All thoseo differences in drag appoar in the values
of the a»mnarent exhaust-gas thrust.

An increase in apparent exhaust~gag thrust with alti-
tude for a given engine power, as might be expected from
theoretical considsration (reference 1), 1s notod. For a
Ziven power, the cylinder nressure at the time of exhaust-
valvoe opening varles only nlightly with altitude; however,
the reduction in atmospheric prossure with altitude causes
a hilgher expansion ratio for the gas discharge from the
cylinder and a Areater conversion of potential enersgy to
kxinotic onergy in the Zas stream.
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Figure 7(b) shows the exhaust-gas thrust per slug per
second of exhaust gas obtained in these tests compared with
calculated values obtained from a theoretical analysis.

The theoretical values represent the thrust obtained vhen
the exheust gas is dlscharged directly from the cylinder
through a converging nozzle, anl therefore do not contain
the usual energy losses at the bends and area changes in
the exhaust paseage., The exverimental values will probadbly
approach the theoretical values as the losses in tke ex-
haust port are reduced. Because of the belief that these
losses in the present exhaust port are high, a larger dif-
ference tetween the theoretical and experimental thrust
tkan is shown in figure 7(b) was expected. That a larger
difference vas not obtained, may be explained by tke fact
tkat the msasured exhaust-tanrust values contain the dif-
ference in drag of the two installations. It 1s of inter-
est to note that the average annarent Jet velocities are
in the wvicinlty of the velocity of sound in exhaust gas

at 22000 ¥ absolute, which 1s anproximately 2200 feet per
second.

The increase in exkausi thrust with reduction in ex-
haust~exit area noted in figurs 7(a), may be explained as
follows:

The high pressure 1n the cylinder at the time the ox~
haust valves open, represents a large amount of potential
energy. This potential energy is converted into kinetiec
and thermal energy as the gas discharges through the ex-
haust aystem to atmospheric pressure. The greater the ef-
ficiency of the discharge vroceses, the larger the conver-
elon of potential energy iato kinetic energy, and the
greater is the thrust of the exhaust gas. Considerable
loas of kinetic energy occurs in the irregular exkaust
passage betwsen the exhaust valve and exhaustwvalve seat,
and in the exhaust port in the cylinder head. When the
area at the exhaust-stack exit 1s reduced, the velocity
through the exhaust valve and exhrust port 1s decreased
with a reduction of the loss af kinetle energy at the
valve. The avallable potentinl energy 1ls more efficiently
converted into veloclity at the exhaust—-stack exit because of
its better shape As A nozzle =mg comparred with the exhrust
passage At the valve and an increased thrust is obtained.

As the stack-exit area 1s decreased, the time reouired
for discharge of the cylinder t~ atmospheric pregsurs 1s
ijncreased, A voint ig reached, in reducing exhaust-stack-
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exit area, where sufficient time is not avalladble for the
drop of cylinder pressure to atmonpheric and a lar<ge
amourt "of ‘'residual gas 1ias trapped in the cylinder by the
closing of the exhaust valve with the result that a larsze
dro» In enflne power for a £iven manifold pressure occurs.

Ads for a large part of the d&lscharge, pressure ratlos
theoretically capable of producin® supersonic velocltles
are involved, some improvement in thrust may result when a
divergent passage is attached to the nozzle. Ko neasur-
adble improvement could be obtalned in preliminary teate
wlith dlvergent nozzles on a s’ngle-cvlinder test engline.
Further tests are planned.

Effect of Scparante Exhaust Stacks
on FEr¥lne Operation

Figure 8 shows the bmep plotted agalnst manifold pren-
sure for the various exhruast systems. The enzlne was
equipped with a maln blower and a two-speed auxillary
blower. The curves are broken wrere the blower condition
is chanzed.

The velues of the eniine bmep with the individual
stacks, exlt area 3.42 squnre inches, are seen to be
glightly hisher than the valuos with the collector-ring
instnllation for a given inlet menifold pressure. This
indicates less resigtence to discharze of the exhausgt gas
or a roecductlon in effective exhaust dDack prossure for the
indlvidual stacks as compared with tae colloctor ring,
This result may bo expoctod as tke pressure in the collec-
tor ring 1s somew-at greatcr than atrospheric. The marked
reductlen in bmen wiik the reduction in stack-exit area to
1.77 square inches 1r noted. I% rhould be pointed out,
however, that the engine ianstallation was not designed
with exhnust thruut in mind, and in order to avoid ob-
structlons and fird openizngs for the exhaust plpes, sharp
bends in the pipcs were rocuired. The nozzles were weld-
ed to the exhaust stacks smnd a ridgse of weld extended into
the pipe. Vhen theso obstrucilons are removed and when
the exhaust port in the c¢rlinder is designod for bdetter
flow, 1t wlll be poermissible to have more restriction 1in
the area at the exit of the exhaust stacks than at »nresent,
wlth no loss in maximum ensgine vpower and a gain in thrust,

Flgure 9 shows the head tomperntures measured on the
rear spark-~plug <askot of no. 5 cylinder for the three ex-
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haust conditions. The head temneratures were slightly
lower for the individual stacks with 3.42-square-inch-
exlt areas than for the collector ring, azain indicating
slightly less exhaust back pressure. The reduction of thae
exit area to 1.77 square inches caused an eppreciable in-
crease in cylinder-~nead temperatures. All temperatures,
however, were woll below the permissible crulsing temper-
ature of 450° F.

From these testg 1t mev be concluded that the exhaust-
stack area of 3.42 square inchas per cylinder was satis-
factory in the present case, as 1t provided a large exhaust-
ges thrust with no decrease in maxinum engine power or in-
crease in cylinder temperatures. The exit area of 1.77
square lnches carnot be conaldered as satlisfactory for tho
presont applicatlion as 1% reduccd the maximum ongine npower
and maximum flight speed with respect to that obtained with
the 3.42-square—-inch exits, and caused congidereble incroase
in crlinder tomperature. The efflclency was greater for the
1,77~squaro~inch-exit area than for the 3.42-square—-inch-
exit aroa, as = hlgher airplane veloclty was obtalnod for a
given brakeo horsopower. Possibly some intermodliate oxit
area would 3Jive tkhe maximum porformanco.

CO Contamination of tho Cockpit and
Exhaust~-Flarno Visibility

Togts wero made with the 1ndividual stack installa-
tion, cxit area 3.42 squarc inches, at a number of flight
conditlons wlth o CO metor in the cockpit. The follow-
ing concontrations of CO0 wers moasurcd.

1, Hizh~sneoed lovol flight, 30-inch Hg manifold
prossure, 2400 rpm, cowl flnns onc-~third ovon at 10,000
fecot cltitudo.

Lowor risht side of cockplit - G.005 percent CO
Lower left sidec of cockpit -~ 0.015 porcont GO
At the pilot's faco - 0.0080 -~ 0,0075 percent CO

2, In climb ot an indicatod alr spced of 150 miles

per hour, 30-inch HE nmanifold pressure, 2400 rpm, cowl

flaps wido open.

Lower rizht sido of cockpit - 0.0060 percont CO
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Lower leoft side of cockplit - 0,0175 percent CO

At the pi&gt's_face' -~ 0,02 poercent GO
3, In a glide with the cockpit cover open: 10=-inch
Hg manifold pressurs.

At the pllot's face -~ 0.0050 to 0.006Q0 percent CO

Grow (reference 2) has recommended that 0,006 percent
CO be specified as the maximum allowable concentration.
Although all the measured CO oconcentrations exceeded the
value of 0,005 percent, it is reasonable to expect thet
with vetter insulation against exhaust gas and by ventila-
tion of the cockpit with uncontaminated air, thlis condi-
tion can be remedied.

Ho determination was made of the CO concentrations
with the oxhaust collector-ring installation, so that no
conclusion can bo given with regard to whether contamlna-
tlon of tho cockplt was worse with individual stacks.

The 1lntensity of the ocxhaust noise with individual
stacks seemed only slightly grester than that of the col-
loctor ring but the discharies were sharper and more an-
noying., The electricel intorference on the radio was also
freanter with the irdividual stacks than with thoe collector
ring. The cause of thils intcrfoerence hes not been deter=-
nined.

Tho tests hereln descrited wore made with the 1indi-
vidual staclks exterding into tke eir etream and the ex~
haust directed at an angle of 30° relative to the fuse-~
lake axis. (See figs. 2 and 4,) TWith this arrangemcnt,
i1t 1s bPelieved that no excocasive heating of the fuselasge
occurred. The exhaust stacks were later cut back into the
cowling so that they did nnt extend into tho alr strean,
and a ground test wag madec with several temperature~
sensltive »Daints appllied t~ the fuselage immedliatoly dbe-
hind the exaausi-steck oxit. The tests indicated that im-
modlately boklind the exhaust stacks the temperature on
vortiona of thc stainless-atocl dbulkhend on the nose of
the fusolago was abovo 3%8° ¥, Portions of the duralumin
parts of the fusolage behind sevoral of the stacks were
also above 338° F; whereas, behind the remainder, temper-
atures less than 338° I were ettained. For these more
streamlined installations, tests should be made for exces-
8Blve heating of the fuselage and stainless—steel shields
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applied where necessary. .Airplane velocltles with this
modification have not been determined as yet, although
further tests ore planned,

Figure 10 shows a nhotograph taken at night with the
engine operating at 30 inchreg Hf inlet-manifold pressure
and the mixture control set in the lean crulsing poslition.
It was found necessary to ignite a photo-flash bduld to
obtaln the outllne of the airplane in the plcture. At
full rich nixture the exhsust dlischarge was practically
inviasible to the eve. As the mixture was leaned the dis-
charge brightened and turned to a blue color. At no time
was the light very intense. The flame extended for a dis-
tance of approximately 1 foot from the exhaust stack.

Discussion of Senarate Stack Installation

In the nresert installatiorn, because of the lack of
apace, the exhnust of four of %he cylinders was connected
in palrs. The thrust of these cyllnderse was nrobadly con-
slderably less than tkat of the eylirders provided with
separate exhauast stacks bec-use of the loss of energy at
the vend ard at the sudden aren enlarsement at the Junc-
tion of the branched stacks. Instnllationg of this type
should be avolded. If unavoldable, only cylinders with
nonoverlarning exhaust-volve timing should be connected
tozether.

The following differences betwoen a separate exhaust~
gstack installation and a collector-ring instaellation with
regard to exhaust thrust should be appreciated.

It 1s recalled that when a pressure ratio of more than
approximately 2:1 exlsts acroass a simple orifice in the
cyIinder wall, the velocity of discharge of the exhaust
€as through the oriflce equels the veloclty of sound. In
addition, the nressure ot the orifice exit 1s greater than
atnospherlec and 1s approximately one~half the pressure in
the cylinder. Thrust is nrovided br the excess precsure
above atmospherlic and by thc nomentum of the gas at the
nozzle exit. If a compound nozzle is used, comprising a
convergent sectlon followed br a properly designed diver-
gent section, the pressure st the exit will be atmospiaeric
and the dlscharZe velocity will be zreater than that of
sound. The thrust obtained in this case will be greater
than that obtalned with the simnle nozzlo. As the pressure
in the cvlinder varies, however, the exit area of the di-
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vergent mectlion must also be varladle to obtaln the maxi-
num thrust.

[Er.

The exhaust passage at the conventional exhaust valwve
may be plctured as a simple nogzle. At high bmep the pres-
sure in the cylinder at the time the exhaust valve opens
18 greater than 100 pounds per square inch. With an etmos-
pheric pressure of 7 pounds per square inch (approxirately
20,000 feet altitudse), the velocity through the valve will
be of the order of that of sound during the time of reduc-
tion of the preassure from above 100 pounds per square lnch
to about 14 pounds per squaere inch. Thus the major vor-
tlon of the exhaust gas 1s dliecharged through the valve
with & veloelty of avproximutely 2200 feet per second (the
velocity of sound in exhaust gas at 2200°-F absolute). An
excess pressure is developecd at the exit which 1s convert-
ed into increased velocity in accordance wlth the law that
force 1s equal to rate of change in momentum. In the usu-
al collector~rinsg instellation, the largest part of the
velocity Jenerated by the cylinder prersure 1s lost in tae
sharp bends and sudden enlargements in plivpe area inherent
in exhaust systeme of this type. To regensrats a veloclty
equal to that of sound, for examnle, at the exlt of the
collector ring, it would be necessary to inetall e nozzle
providlng a pressure in thse collector rins twico atmos-
Pherlic wlth a very apnmreciadlo loss in enzire power. The
inposslibility of again providing the thrust from the oxilt
of a collector ring which wnn provided by the cylinder
pressure wlthou: conslderable loss in engine power, 1s an-—
parent. The inadvisabdility with rezard to exhaust thrust
of connecting a number of cylinders to a common manifold,
is also apparent.

A nozgle on the end of an individual exhaust stack
differs from 2 nozzle on the end of & collector ring in
its effect on engine power. In the former case, although
the nozzle restricts the flow, the cylinder pressure can
dlscharge to atmospheric pressure 1f sufficlent tlime 1s
avallable. A nozzle on a collector-ring eoxit incroases
the veloclty of discharge 2t the exponse of 2 constant in-
creagod prossure in tho collcector ring, and the cylinder
pressure can discharge onlr to collector-ring pressure.

The guiding principle in obtaining exhaust-gas thrust
with maximum efficlency is to convert as much as possible
of the wastoe pressure in the cylinder to veoloclity of dis-—
chargo., To this end, the oxhnust system should be deosigned
with as few bends and sudden area enlargemonte as possldlo.
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Necossary bends should be gradual and followed by a stralcht
vortion of pipe extending rearward as nearly parallel to
the directlon of flight as posslble.

CONCLUSIONS

The following conclusioas nay be drawn for the air-
plane used in thesme tests:

. (1) 1Increases in maximum speed of 13, 15, and 18
miles ver hour at 10,000, 27,200, and 20,000 feet altitude,
respectively, were obtalned wiih individusl stacks for
each cylinder discharging rearwerdly as compared with the
collector-ring installatior,

(2) Of the two sets of stacks tested, the stacks
having exlit areas of 3.42 square inches mer c¢ylinder, were
better than the stacke having exit areas of 1,77 square
lnches, in that the maximum spoeds were slightly higher
and the cylinder temmeratures were consideradbly lower wlth
the lerger exit areas. The cylinder temperatures with the
stacks having the larger exlt areas wore slightly less than
the temveratures for the collsctor-ring instellation at the
same engine power.

(3) For an inlet manifold pressure of 44 inches Hg
.at 20,000 feet altitude (160 1b per sq in. bmen) at 2550
rpm, no loss in power was experienced with the stacks hav-
ing exlt areas of 3.42 square inches per cylinder. With
half this exit area for 10 of the 14 cylinders, avproxi-
mately 8-porcent loss in power was experienced at the same
enzine speed and inlet manifold pressure.

(4) Exhaust visibility was quite low, maximum visi-.
bility occurring in the lear-mixture range. In the rich-~
mixture range tho exhesust fleme was practically invisibdle.

Langloy Momorial Acronauticail Laboratory,
Natlonal Advisory Committee for Aeronautics,
Langler Fleld, Va.
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Figure la.- The XP-41l airplane
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Figure 1b.- Detail of exits of
the exhaust collector-
ring installation.

Figure 3.~
Pattern of the

Figure la,b.-~ The XP-41 airplane exit of the in~
with collector-ring dividual exhaust

installation. stacks-




Figure 2.~ Individual ex-

haust stacks
with exit area of 3,42
square inches installed
on the XP-41 airplane
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stacks with exit
area of 1,77 square inches in-
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Figure 4.- Individual exhaust
stalled on the XP-41
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Figure 5.- Power-sreed
characteristics

. of the XP-4l airplane with
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Figure 8.-
Effect of
oxhaust
restriction

on power.
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Figure 10.~ Night visibility of exhaust flames with individual exhaust stacks.
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