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DESIGN OF ¥O0ZZLES FOR TEE IFDIVIDUAL CYLIWDER
EXEAUST JET PRCPULSION SYSTEM

By Benjanin Pinkel, L. Richard Turner, and Fred Voss
SUMMARY

This report relates to the design of exhaust-stack
nozzlies for individual cylinder exhaust-gas jet propulsion
and presents the results of tests on the effect of nozzle
area on jet thrust and engine power. The tests were mnade
on a single-cylinder engine mounted on a dynamometer stand.

A satisfactory method of correlating the test data
for various engine-operating conditions is developed.
Convenient curves are given for designing exhaust-stack
nozzles and for predicting exhaust-gas thrust.

The thrust horsepover provided by the exhaust jet was
found to be appreciable. An example calculated for the
case of an airplane velocity of 350 miles per hour, alti-
tude of 20,000 feet, and inlet manifold pressure of L5
inches Eg absolute, gave a value of exhaust jet thrust
horsepower of 16 percent of the engine thrust horsepover.

IXNTRODUCTION

It has beenr shown by computation in reference 1, that
an appreciable increase in net thrust horsepower might bde
expected on an aircraft engine when the exhaust stack of
each of the engire cylinders is directed to discharge
rearvardly. Flight tests on the XP-L1l airplane (refer-
ence 2), showed that thrusts of the ragnitude predicted

by computation could be obtained in practice.

In the flight tests on the XP-41 airvlane, two exhaust-
stack nezzle sizes were tried and it was fourd that the



smaller nozzles gave larger jet thrust than the larger noz-

zles out, because the smaller nozzles introduced too great ”
a restriction to the exhaust-gas flow, a loss in engine

power occurred with the result that the net thrust horse-

power and the maximum airplane velocity were Sreater for

the larger nozzles. The maximum net thrust horsepower

would proovavly have becn obtained with an intermecdiate
nozzle size. Taese tests indicated the need for data %to
deternine the optimum exhaust nozzle sizo fir maxinmum net
thrust horscpower. o

4

This report presents the results of tests made on a
e

gingie-cylinder engine to determine the effect of exhauvst-
stack nozzle size on enzine vower and exhaust~gas thrust.
The tests were made 2t the Lzngley Memorial Aeronautical
Laboratory from July 1940 %o March 1941.
SYME0LS
A . nozzle area, scuare feet
Ao  exhaust stack area, square feet
A' nozzle area, square inches per cyliader
c, epecific heat at constant pressure of exhaust gas,
- foot—~nounds per slusg Op
® averndge exnsust—-%as thrust, pounds
Fp instanteneous exhaust-=as thrust at crank angle €,
noundg
I indicated vower, horsepower
I, indicated power.with nn unrestricted exhaust stack,
horsevnower ' '
I, indicated power lost in the charging stroke, horsepower
M instantancous mass flow of exhaust snos, sluzs per second
Mg averase mass flow of exhaust sas, slusgs per secoad .

ss of exhaust 3Ios already discaarged at crank angle
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total mass of charge including residuals, slugs per
cycle

nass of fresh charge or exhaust sas, slugs ner cycle
engine speed., revolutions vner second
engine speed, revolutions vner minute

atmospheric pressure, pounds per square foot, or
inches Eg

4

crliader pressurc at the $ime of exhaust-vaelve opening,
rounds per square foot

necan cffective crlinder pressure duriang the discharge,
pounds per square foot

essure, pounds ©ver square roct
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take manifold pregsure, pounds per square fool or
incheg Hf

i1

nozzle pressure, »ounds per sguare foot

total impact pressure in exhaust stack, vounds per

a
gquare root

n ct

-

brale mower, horsepower

brake vower with an unrestricted exhaust stack, horse—
power

volumetric compression ratio of engine
gas coastant of air, foot-pounds ver slug °F

gas constant of exhaust 7Zas, foot-pounds per slujy °p

tantaneous temperature of exhaust gas in the cylin-
er, F abs.
tenperature of the fresh charge in the cylinder, °F abs.

ten ture of exhaoust gas at the time of exhaust-valve
o
?

standard intake air temperature, OF ads. (540° F abs.)
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instantanecous temperature of exhaust gas in the noz-

zla, °F abs.

instantancous temperaturc of cxhaust %as in the

stack, O9F abs.
thrust vpowecr, horsepswer
volume, cubvic feet
clearnnce volume, cudic feet
displacenent volume, cubic foet
displacement volunec, cubic inches per cyliader
airplane velocity, feet ver second

nean cxhaust-gas jet velocity, foet per sccond

t per

6]

ingtantancous velocity in the nozzle, fe

tantoncous gas velocity in the exhaust stac
er gccond : :

ratio of gveocific heat of exhaust gas, 1.30

propeller ¢ificioncy

thermodynamic efficiency of the engine

~
&
T

volumctric efficicncy of the cngin

Q

cranlt angle, desrces or radians

duration of cxhaust discharge process, radians
weishting factor for exhaust-valve opcning

density o

f gas iz the cylinder at the tine of
valve cpeni ¢

t
ng, slugs per cubvic fe

=

cxraust

sccond

X, fectk

density of gas in the nozzlec, slugs per cudbic foot
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The sas in the cylinder at the end of the exvancion
strok is at o pressure consideradly adbove atmospheric and
is can@ble of werforming an epprecznble amount of work by
further expansion., Jet propulsion provides a means for
utilizing this work. The potential cenergy in the crlinder
is trensformed into kinetic enevrgy in the exhaust jet and
tharust is derived from jel reaction.

In the eonventional aircraft ensinre the 3ases arc
ischﬁr’ed throush the valve passase with acoustic veloc-
ity, and considerable loss in the availabilitv of the en-—
erzy occurs pecause of acoustic shock and because the ki-
netic encersy is transformed into heat by turbulence and
friction in the bends and chanses ia »passase area and
shape. These losses can be reduced by D;O"]dlnﬁ nozzles
at the end ¢of *hc exhaust staczks. T an unlimited amount
i availadle for the dischaorse »rocess, then tae
aving vorr small areaes as comvared with
viously inaic<tca tecause
vALTEe Dagsnios u“a exhnust
M the rosult that the shock,
¢g vould be ninimigzcd. The
rom tac cylinder to the noz-
converted into weolocity.
117 ~7allable for dig-—
el snmall nozzles vwould ro-
plo""uro oxn"uﬂt Zoa in tho
ideradlic loss in ongsine power.
S taat aren whaich pro-
n

tnbn the w¢
ports would ve very small i
friction, and surdbul nce lo
pressure vwould be traons
zle, vhere it nay
B°C”HQO oY
charsge,
sult in
enzine and woul
The optimum nowzle ar
vides the maximum value o
thrust horsevowers.
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Because pressure ratics canadble of nroviding super=—
sonic velocities are involwved, =nozzlce of tke convergent-—
divergent type would ireoreticaily =i 1a0ninun efficien~
cye Yozzles of this type nmust be des d for a2 dcfinite
pressure ratio. The pressure in tac « u

cyclically w time, and for thecoretic
with on exit arca which aluo J”“lbs cy¥e
rould be required arsg

At



does not voary with ti
the gimple coavergeant
cerncd with the conversge

me would de little improvement over
nozzle. The

present rcport is con-
nozzle.

ongine power nnd ex-

c
rust moy be cxpected to be differcnt for various
In order to simvlify the preseatnation

goneral
t is nce-

i
factors for correclating tac data.

i
¢ actual discharge process in arn enzine is con=

vctors may oo revealecd by a cone
casc provided tihe proyer T

The offects of nozzle aren on
houst thar
enginc conditions.
of the data., to make the data availabie for more
apvlication, and to reduce the number of tests,
essary to find the proper
Although t2
plicoted, the important fa
sidoration of a szmplifi6~
charge phcnonenon is choson.

Effect of Hrnzzle

In tae conwvenitio
stacks., the

cvlinder pressure may drop to atm

Area on Enzine Power

nal anir cr'ft ernsine with unrestricted

spheric pres-

sure duriag tae exhaust event as early as 120 crank de-

zrees pefore top center.
stack
ess isg
thar atmo uDherlC pressure

charge period.

A small recduction in
able coffect on enzinc powe
further decreased, locses

ondary sources become anpa
(1) 2 loss in vower causcd
and (2) a loss in power czuscd DY

highcr back pressurcs,

As the discharge
is reduced dy »roviding a nozzle,
slowed down and the cylinder pressure is Sreater

area of each
thae discharge proc~

~

for a larger vart of the dis—

diascharge arca causes no notvice-

but as the discharge arca is
in engine power from two scc—
rent successively,

namecly e
by increascd pniston work asainst

the reoduction in volumctric cfficicncy rcosulting from the

prescnce of high-pressure

exhaust gas ia the cylinder dur-—

ing the valve-overlap period and at the timc of closure of

the exhaust valve. A rang
which the Tirst loss occurs
is availadle For discharze of the cyvlinder

e of nozzle sizes exists for
2ut, Tecause sufficient time
pressare to

o~

atmospheric pressure before the ovening of the intake

valve, the second logss is
loss 1is
in ccononyv.

The inmpor
the effect of exunaust-stac
are ovrousat out by the fol
horsecvower is

not experienced. The second

accompanied by only a small additional reduction

rtant variadbles thnt ao»nly with rezgard fo
ex

¥ nrozzle area on endine power,
lowing analrsis. The indicated

the differcnce in ¢nd*cuted horsepowers of



ior strokes) and

the power process (compression and exvans
of the discharging nand charging procossos.
vg Va )
I =XM¥ TNy = - =1,
E50 x 2

whers

I indicated horsopower

g sluzgs of charge dvurned per sccond

nt indicated thermal officicncr

X congstant

Py Emean effective pwressure during the discharie

) Drocess

0 engire revolutions per second

va engiane displacement velume

I, 1indicated power loss irn chargini process

If 1% is agsuned that at the tinme the exhaust wvelve

closes the clearance volume v, of the eagine is filled
with gas at a pressure D> and if it is further assunmed
that during the charging process ths residual zas ia the
clearance volume is compresssd adiabaticall¥ to the inlet
nanifold »nressure Om. then the volume occupied by the res

sidual Zas isg

and the volume remaining Tor inlet char3e is

i
'
I
v

or

; 1/Y . ]
v = v .___..:E__._.[! 1l - .‘-',: {/1_)_9_\’ / ’ = v + ""_J_e. \‘
dir - 1] r \p,/ &7 \py/

|3«

where T s comprescion ratio.



ven engine, the volume occvpied by fresia
vortional to vg and a functlon of Pg/Ppe.
occupving this volume is

The nase of fresh charse g
civen by tae Zas law
_ PV _Pn V4 . /Pen
g = - = g 1& i
RT, RT, /

where T; 1is the temperature of ‘the fresh charze in the
cylinder at the end of the intake stroke. 3Butb

™ 1?
P - dldn A
e € o
and
. 550 1
inep = ———z—
.. I
- d 2
Then
ineyp 550 X ,D \ pd
. ! e
= s (32 -5 (1)
P, T, \b./ Py ’
¢ 550 I
T, -
where o = s——————
I
v. p &
If », 1s the cylinder pressure a2t the tine the ex—
(=1 .
haust valve opens and T, is the corresponding fas ten-—
perature, then consideration of the ideal Oito crcle indi
cates that =»,/p, and T, are cornstant for a constant
irlet -charge toumperature, fuel-air ratio, and po/pm.

Ads a sinplification, it is assumed that the nozzle
presents the principal restriction %fo exhaust~-gns flow in
the ranse of present interest. The velocity of Tlow
tarousghr the nozzle arca A ig provoriional to the prod-
uct of /T, and a dofinite fuaction of p/p,, where D
is the wariable prossure in the crliader and p, is at-
nospaeric pressure. The volure rate at which 3ag leaves
the cylinder at any pressure ratio p/po, is nropertional
to A. The rate at which ecyliader wvolune iz swept oy the
riston at any given crank angle is »roportional to VGN.



Thus for all cases in which the ratio of velk to A is
constant and »,/p, and T, are also constant, v/?,
ttn

decreascs in the same manner with erank angle and attain
the sanec value Le/Po at volve-closing timo, Thus

.= - s - . Yql /
and pd/po are Tunctions of A and Pa/ Py at o con-
ctont value of T,. However, for s consiant air-fuel ra-
tio and inlet-charge tempernture the quantities 1p,/py
and T, aore constao nts, thercforc, for these conditioas

/

Pe/P, 2nd By/v, are functiong of Z%§ and  p,/p, only.

Equation (1) becomes:
ime» P va Ny '
g =222 g, (B, TaN) _ g (2)
a A (o]
pm Pm -
To include the effect of wvariation in the value of
T, on the rate of discharge throush the nozzle and to ob-
. s . : . vaN
tain 2 nondimensional exprossion, the factor _4% may be
s oL a / P . .
written vgl/A W R,T, where R, is the constant
in the gas law » = p Re T. For the reason of simplicity
of annlication and because T does not vary avpreciadly
for a given fuel-air ratio, the factor ZLE will ve used

in the preseant revori.

Because of the chanze in thermal and volumetric effi-
ciency with engine sneed and because of tae uncertainty
in the value of the enSine fFriction inh erent in its deter—
mination from motoring runsg, slightly different curves of

. N R VdN - v A s o

¢ against pm/po and —y- may be gxpected for different
engine speeds. To reduce the dispersion caused by engine
speed for the purpose of more clearly defininsg tqc value

val
of —i—. 2t which the engine begins tc lose rower, the

0= 8- g = £, (32, 3§:> ,<?>;>

P
wherec ¢6 is the value waich avnplies for the stricted
exnaust stack at the same en3ine speed, inlet nifold
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pressure and temperature, atmospheric pressure, and fuel-
air ratio as that at which § .was determined. The quan-~
tity AP is a measure of the loss in power resulting from
restriction of the exhaust-stack discharge area. ZEguation
(3) indicates that the data on the effect of nozzle size
on engine pover may be correlated by plotting A¢ against
pm/po and de/A.

Although the actual discharge process is complicated
by additional phenomena, it is believed that the above
discussion reveals the most important factors and is suf-
ficiently accurate for thé purpose at hand.

Effect of NVozzle Arza on Exhaust Thrust

If it is assumed (1) that the largest part of the ex-
haust gas is discharged from the nozzle vith acoustic ve-
locity and (2) that there is an inappreciabdle loss in en-
érgy by heat transfer to the passage walls, then the fol-
loving relations apply. '

The thrust Fy develovned at the crank angle 8 Yy
the discharge of M slugs of gas per second at acoustic
velocity is given by

Fg = 7o M+ A (py “.Po)

where
Va instantaneous velocity at the nozgzle exit
Pyp Dressure in the exit of the nozzle
ﬁut M R, T
AP P; Va Pn = ¥ evnn
where
T, temperature at the nozzle exit
p, density in the nozzle exit
Then
7y = (T, v =2} M- s, (1)
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On the assumption that the enerav lost bdbv heat transfer to
the walls ic small, the equation for coanservation of en-
ersy dives

cT:cT+%v2 (5)

e}
el
3

D)

wnere T is the instantareous temperature in the cylin-
der at crank angle 6. The well-known relation for acous-—
tic wvelocitx is

0

V, = /¥ Re Ty (s)

= . Y o+ 1

and
o
To= T B
& Y o+ 1
Equation (4) then becones
Yo+ 1IN 2 Rg Yo
Fa = | = VM) et T - A» 7
v vy o/ Yy + 1 *o (7)

If T, 1is the temperature in the cvlinder at the time the

exhaust wvalve opens, then on the assumptions that the pis-
ton work has only a small effect on the temperature of the
largest vart of the ¢ discharsed and that the exmnangion

PR

o e
3 G
in the crlinder is adiabatic

Y1 - =1
I . <_p9\ (Ma = ™
Ty, o’ N my /
where .
P ingstantaneous density in the cvlinder at the

crank ansle §

a "

ss of exhaust g in the cylinder at the tin
the exhaust valve opens

(o
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It wag previously pointed out thaot for a given en-
Zine, operatiang ot a iven 1r~‘uel ratio and inlet-air

tenperature, the tenperature Ta is substantially con-
stant,
F 2
D) P} m& ’ -~ me 2 | . ~ : s s
The quantity —— i1 - {1 -~ == i ig close to unity in
e | : Ca
. < A
value and varies only slighily with orverating conditions.
Therefore F/M_, is a fuaction principally d‘vaoA/Me.

The quantity F/M,, which is the thrust per unit mass of

exhaust-gas flow per second, will De represented Dy the
symbol Ve and will bve called the average effective ex-
naust-gas velocity.

ct

e

.

[

It has been shown in the vrev
pressure ratio p/ during the d

s section that the
harge period varies
substantially in tne same ranner with crank angle for all
cases for which ©po/pPm and vg¥/A are constant. Thaus
the discharge period 6, is a TFunction of po/pm and

As de/A increases or po/p“ decreases, 8y approaches

the crank-angle duration that e e u

TherefTore, in the range where de/A is large or po/pm

is small, F/M, in equation (8) when

PoA/lg apvroaches a straight line, the slope
r

e
—-64/4m where 6y Decomes the crank-znzle du

@
!

)

'—h

f

[

ct O P
=N
ke
o

ck He 0

h is

the exhaust valve is open.
Thae quantity v3N/A ie¢ coual to

s T m.
‘.’dl\« po Me 234.1\ / 1

L7 p, ap, \ N/ @)
where f is the fuel-Aair reatio. 4
For a constant vnlue of poA/Me, an

nerease in p /pm
t

2

i

results in on increcse in vdE/A, But increases .in the
values of p,/p, and vgi/A hom opvosite e

value of @,. Thus it is expected that the effect of wvaor-
ietion of Py/py on 6, for a constant value of Dpyd/Hg
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1 2nd that B8, dep yends mainly on pOA/Me
r

& telieved that over the largest part of %
e ng ranse F Mg is a function principally o
PoA/¥o. The test dnta will be presented by »lottin F/M,
inst pyA/H¥g =and will be exomined for trends ith re-

/
ct ¢t 2o/ Ppe

:...'},t e ns it
e over tue
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The at
assumnes aco
entire disci
| walls and n l
: wvard raising t1

t

s is adnittedlv appro
ity ot the exkaust no

ss, nellects hea t tronsfer to the

e contrlautlon of thae ton work to-
erature in the cylinder. Its prin-

nt it points out tre importarnt voriadle
devends. A somcwnat more exact annlye—
irst assumption is not made, is 3iven

D
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Hy b

¥
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e ga DT e
0
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cipal virtue
on whica the
sis, in wai T
in aprendix

| Tho thrusi horczepowor of the exanust-gas jet 1s given
by :

<

when V., is airplone velocity in feet per second.

| APPARATUS

le~cylinder test engine for this investiga-
was gnt 1820-G en3zine modified to operate with

one cylinder. The rezular crankcase, crankshaft, coams,
ton, and master connecting rod were retained. The con-
sion ratio was 6.4:1, The exhaust valve timing and
diagran are shown in figure 12. The air-cooled cyl-
was enclosed in a sheet-metal jacket open at the

and rcar and a nmotor-dri

The si
o

3

o
@ o+ @n ot

ck =

riven centrifusal bdlower pro-—
cd the necessary cooling air. EHigh-pressure air for
suporcharged condition was obtained from the eentral
supnly. 4dn electric dynamomcter was used to nmcasure

‘ the torque of the engine, and an electrically operated
revolution counter ard a stop watch for determining the
engine speed. Thermocouples were vprovided to measure ert-
inder %temperatures. The engine air charge was measured oY
means of an orifice plate in the air-intake pive. &4 tank
was installed between the engine and the orifice plate to
damp out pulsations. The fuel-flow rate was measured dy a
rotameter. '

3

m kg H H g g O ot
- ‘3‘ -t [ :j (S 4 [ ;5 He
(').’-'340 2 by @ r;l
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The exhoust siack was o siraight vive pig inches in-~
ner ciancter and 20 inches long. One end of the exhaust
stack was provided with o flange for the attachmeat of
voarl exit nozzles. The nozzles used had a2 unitornm
leng 5 inchecs and consigted of o 3-inch taperecd scce~
ticwn g o l-inch stroight scetiorn on each and. Smooth
tron 8 Trom %tac tavored $o straight seciicans were
orovw The exhaust fases were discharged into a taak
or i e or two thrust-measuring devices and renoved vy
ar. e ~T,

The tanlz which was wused durian® the tests to determine
tas effect of exhauvst-~nozzle restriction on engine powver
with various exhaust pregsures, anad a volume of apnroxi-
mately 7C cubic fest, The exhaust pipe was connecied %o
the tank with & lersth of Flexible tubing. A tap for
measuring static nressure wes loceted ia the tank.

The mean exhaust-3as thrust at sca-level exhaust
pressare was measured by means of the thrust target shown
diasramnatically in figure 1{a). The exhaust Sas dig-
canrg:sd from the nozzle 3 centered the tarzet tarousgh the
hole in the cover plate A, inpinzcd on the stainiesg-
steel »late C, nand left the target taroush tne two vipes
D nora to the Jjet 2ad parallcel %o the axis of suppors
of the zet, Tacse plpos were providoed with vertical
guide wvancs, E, +to iasure digcharge of the fZas from the
tank in o direction nornml to the nozzle axis. Thc ex—
navst manifold F  fittcd over these »nipes dut without 4

contact. The hole in the cover plate 4 was anoroximately
%/o inch greater in diamefer than the nozzle exit vpossace.
4 CGifrerent nlnte wns uced for each nozzle size. The end
of % nozzle wos located approximntelw 1/4 inch from the
plrte A, Pressure tap M  waos locoted in the to et in o
mosition to memsure static pressure ornly. The edse of the
tap wos rounded to ovoid errors othervise introduced oy
the fluctucs in prossure.
measurements at simuleated altitude
i means of the turust target shown
u The target K was susnended within thae
L which was connected %o the dlover. Altitude vres-
sures could e maintained in the tnnk oy operation ¢f the
blower. The nozzle B was attached to the tank a
n ent

arnner to vrevent leakage., T
3

torset throuzh the ho
&

t

€ exhnust gas
n the cover »nlate
=

previous case, a separate cover nlate wong provi act
nozzle. Deflectors € were provided to distridubte the ex—
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In ~ddition, wvarindle manifold pressure runs at doosts up
to 356 inchos Hg &bs. were m¢de with the target shown ina
fizure 1(a}.

2
ct
@

The nozzle arcas sted woere 0.81, 1.292, 1.39, 1,77,
2,85, and 4,20 sguare inchcs )

In 2ll ftests the oil-gut temperature was held dotween
140° and 150° F and the co oliafg-air pressure arop was held
at ax imateol inches E,O,. The carburetor inlet tenm-
D % por nately 80° F, the maximum var-
i 2 engine wer and charge-air coasump-
tio d to a ¢ uretor alr temperature of 80°7F
or the assumption that they.vorv inversely as the square
root of thae abscluite temperature.:

iZotoring fricticn with the unrestricted exhaust stack
was measured at each speed wita sea-level inlet and exasust
pressure. These 7valuesg were plotted azainst engine spee
and the data falred. _Th3 Triction deternrined Ffrcm the
faired curve was used for sll nozzles to compuite the indi-

ated mean effective pressure. The ratio of the indicated
rean effective pressure to inlet manifold pressure ¢ is
plotted svainst the ratio of exhaust tank pressure to in-
let manifeld oressure po/By in figure 3.

The volumstric efficicncy nv was calculated from
the corrected weizht of charge air by means of the follow~

n3 relation:

where T:; 1ig the standard carduretor air temmsrature

0 i 2 M0 s _ . . cos s
(80 F + 480° T in %this case). The volunetric efficiencyr
is showvn in Tigure 4 plotted azainst Do/ Ppy-

The quantity A& for each nozzle was taken as the
difference betwoen the value of ¢ for thaat nozzle and
Tor the unrestricted exhaunst stack a% the same values of
engine gsneed and Po/?m- The wvalues of A¢ were calcu~
lated from the Feired curves in figure % and are shown in
figure 5 plotted against vdL/A for coastant values of
Po/lm as suggested dv equatiorn (3) and $he discussion in
the section on analrsis.
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The quantity A7, was determined from figure 4 in a
manner similar to that descrived for A¢ and is shown in
fizure 6. Tae values of Ag and AT, at py/py = 0.2,
were odtained by extrapolating the curves in fijures 3
and 4., The lines throuzh the voints in fiqure 5 were es-
tablished by the method of lezast squares. The points atb
which the obligue linos intersect the A¢ = 0 lines de-
fine critical valuoss of vg¥/A. The critical valuss of
vaN/A are plotted in figurc 7 against Po/Py, ond are des:
ig c

dsted by Ag = 0. The valucs of vgH/4 at which A¢d =
S an % '

The effect of nowzle size or exhaust thrust was deter-
mined for the Following range of engine conditions:
ozzle arca Tasgine speed, rpm
sqg in, 1230 1500 1700 19090 21¢C0
D D 3. P P D D_ P b D
m ~o n o m “o m “o m <o
- 0.91 v 3 v 30 v 20 v 320 v 30

1.77 v 30 v 30 v 30 v 30 v 30
KIORE 4
35 v
2,85 vy 30 v 30 v 20 v 30 v 30
4,20 v 320 v 30 v 30

aded D, indicates that
er & ransge Trom 22 to

. FnRo

the manifold pressure was 7a r

me symool in a column
s

36 inches H3 absolute sniinc th

1~

iz he

headed D4 indicates’that the exhoust discharse pressure
wvas varicd From 12 %o 30 inches Hg abvsoluie. &ll tests
wvere made with the tarzet shown in ficure 1(a) except those
narked variabdle Pys which were made with the target shown
in fisure 1(b).
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The thrust of the exhaoust gas was determined vy dis—
charging the exhaust gas into the itargets shown in figure
1 and by reading on the scazle o gquantiiy proportional to
the reactica of the tarzet. Becausce each target ig de-
signed to dischargce the exhaust gas nt right angles To tae
direction that it issues from the exhaust stack, the re-
action of the target is equal to the exh ust-,us thrust.
The tarzget reaction was calculated from the scale reading
by multinlring by the lever-arm rati

The weizht of exhaust gas wes determined by means of
the calibrated orifice in the air-intake line and the ro-
tameter in the fuel line. The thrust data are presented
by plottiag the ratio F/MC or Ve alainst poA/He in
accordance with equntion (8) and the nssocinted discussion
in the canalysis. A geparate nlot of the data for each noz=-
zle is shown in figure 9. 411 the date %taken have been
collected in Fisure 10,

Indicator cards were token in the crlinder and ex-—
haoust stnck by nmeans of the Farnboro iandicator at an en-
gine specd of 19C0 »pm and sea-level inlet manifold ~nd
exhnoust pressure for the Tollowing nozzle arcas 0.91,
1,39, 1,77, 2.24, 2,85, and 4.20 gqguare inches.

The impoct pressure in the exhnust stack ond the in-
stantancous and average thrust were calculated by the meth~
od given in avwendix II. The prossure in the cyliander and
exhoust stack, and the instantonecous thrust and mass Tlow

of exhaust gas are plotted in figure 12,

The mecan exhoust-sas jet velocity cnlculated from tas
indicator cords is nlottcd with othor data in Tig

The maximum cylinder-head tcemperaturce for various noz-
S

zles is ghown in fisgsurc 13, Tncse tomporatures were cor-—
rected to a common cooling air inlet tomperatuvc by mcans
of the assumption that a 19 change in cooling air inlet

: () B3

temperature causcd 0.8° change in the head teomperaturc.

DISCUSSION OF RESULTS

The Effect of Mozzle Size on Engine Power

The variation with o /o =~ of incp/p, and volumetric
efficicncy FTor a rangec of nozzle sizecs and onginc spoeds is
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The curves shown in figure 7 are avplicable to other
engines having a similar valve timing and ratio of valve-
vassege area to cvliander oluno regardless of the crlin-
der disnlacement volume, It is velieved that preseant-day
en3yines are sufficiently similar in desigm to permit wuse
of these data on most of these engines. If the exhaust
valve in a particular eangine ovens appreciably carlicr or
closecs anpreciably later than that on the engine tested,
the nozzlc sizZes calculated For this engine from fizure 7
are congservative walle for engines having arn anprociably
later wvalve~oponing uimﬂ-cr earlicr valve—closing time,
the nozzles predicted from figure 7 may result in some
loss in engine power.

The present data relate to a fuel-air ratio of 0.08,
For operation at other Fuel-air ratios, some deviation
from the results shown in figure 7 may de exoected. In

the

analysis it was predicted that
there should ve flow similarity
The critical value of wv4¥/A° for a fu

does

not change nuch with

po/pm’

for constant
for constant

-
ana

/Do B
vdJ/AN/Re .
air ratio of 0.08

e ™)
(GRS

zence vwould not

change nuch with Pa/po For mixtures ziving lower wvalues
of T,, the critical value of vgi/A would be expected
to decrease irn prowortion to the square root of RgT,.

In the flight tests with a Pratt & Whitney 1820 en-—
gine, reported in refercnce 2, a loss ia ¢ of 0,86 vwas
obtained with the smaller nozzle (1.77 sq¢ in,) at a value
of /P of 0.305 and a valuc of vgli/A of 231 feet vor
second, A point is plotted in figure 7 at these wvalues of
p,/p, and v,/A, and indicates that the value of A¢

o/ “m d -

ovserved checks wory closely with that ziven by fizgurc 7.
Computations on the larger nozzle used in ithese tosts
showed that this nozzle operated 2t a value of v@?/A of
135 feet per second, vhich is lecss than critical walue and
it may be concluled that o sonevhat larger thrust could
have been obtainel with no loss in orginc power dr using a
nozzle size intermodiate to the $wo tosted.

It is shown in appondixz III that when 2 reduction in
nozzle arca recsults in o loss in engine vower, thac loss in
enfine thrust horsepower will be 3zrcater than the geoin in
exhaust-jet thrust horsepower odizincd by this change in
nozzle arca. Thugs the curve ¢ 0 in figure 7 defincs
the optimum nozzle arca. This curve is represented dy the
nonosgran in fisure 8,
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The nozzle area is obtained from the nomogram by (1)
joining the wvalues of vd’ and N!' with a2 straight edge,
(2) marking the intersection of the straight edge with
the reference line, and (3) drawing a straisht line throush

1 - . o -~ 4 -
this intersection-and the value of Dp,/p,. The intersec~
tion of this line with the A' scale 3ives the required
nozzle area. An exanple is shown on-the nomogram in which
vd‘ = 202 cubic inches per cylinder, N! = 2300 rpn,  and

pé/p_1 = 0,3, "The nozzle area obtained for this case is
4. .

[N
o
U1
)]
n
0
o
]
¢
Q
f-te
3
Q

hes per cylinder.

5 at the values of
gnated by -d(ag)/d

ign
tod asainst D,/Dne

Effect of Nozgzgle Size on Exhoust Thrust

The deto on the effect of nozzle size oa exhaust-gas
thrust ore shown in figures 9_and 10, in wiaich the tarust
as represented by F/M, or V., is plotted against poA/M,.
The points for eoch nouzzle area arc nlottced on seporate
curves irn fizure 9 and are ccded according to enline gpced
and to inlet znd exhoust conditionsg in order to allow ex-—
amination of the data for any trend with respect to these
variabdles urves in fisure 9 arc. sections of the

curve in fisur

~The dispersion of the moints in figure 9 appears to
be the result mainly of experimental error as no trend can
e noticed with the variabdbles mentioned. All thabt data are
plotted as o single curve in figure 10. It may do conclud-
ed from an cxanination of this Fizure that nlottiag o
against poA/MO providcs good correlation of the data
over the comnlete ranze of operating condiiions, The cor-
relation is somevhat better at the lower values of poA/Me
as was expected from the discussion ian the analysis,

In the zection on the coffect of nozzle size on engine
power, a method was given for determining the nozzle size
when the oniine-opsrating conditions arc known, With this

value of nozzle size and the values of atmospheric pressure
and the mass of exhaust gas discharged per sccond, the wvalue
of pOA/MO can de calculated. The value of Vg can then
e obtairned from figure 10 corresponding to this wvolue of
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OA/Me, and the exhaust thrust znd thrust horsevower mayr

12
e calculated fronm
F o= MgV,

thp = MgV,V,/550

For example, if the conditiecns of the oxample in the
previous section are assumed aad if in nddition the atmos-
pheric pressure p, (20,400 £t altitude) is 960 pounds
ver square foot and the engine powver per cylinder is 100
horscpower, then on the asgunption of 0,002 pournd of cxhaust
gas per secoad per dbrake horsepower, the thrust is obtained
as follows:

DA . ZJES . BR.2

Z0- = 980 x Z22- x ZZ'Z . =ppo foet mer second

Me 144 0.2
From figure 10 for this value of poA/Me

Ve = 2320 feet per second
The thrust is
- 0.2 .
P = 2320 X 5.5 © 14,4 pounds per cyliander
L ]

At an airplane velocity of 350 miles per hour (513
- LY . s
v ner eec;, the thrust horsevower is

thy = 14.4 x 513 - 13,4 ho per cyrliader

On the assumption of a propeller effic
this thrust horsepower is 16 percent of
"horsepower.

iency of 85 percernt,
f the engine thrust

P

A more extended example of the gain in tahrust horsc—
power to be cxpected from exhaust~gas jet propulsion is
shown ia figure 11, In these computations an inlet mani-
fold temperature of 80° F, an exhaust-gas flow of 0,002
pound per seccond per drake horsepowér, a vropeller effi-.
ciency of 0,85, and the volumctric efficicncy shown for
the unrestricted stack in figure 4(e) werc assumed.
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of Zxhaust Stack N¥ozzle Area on

tkhe Zxhaust Process

The static pressures ian the cylinder and exhaust
staclt measured by means of a Faraboro indicator are shown
in figure 12 for a series of nozzle sizes and the follow-
ing engine conditions: ’

Engine speed , "19920 rpm

Inlet manifold pressure 30 in. EZ

Atmospheric pressure .30 in. Hzg

Fuel-air ratio 0.08
The impact pressure in the exhaust stack, calculated oy
means of equations developed in appendix II, is also shown
in this figure. The impact pressure for h° large nozzles
is consideradly less than the cylinder pressure, showing a
large loss in avaeilabdle mechanical energy through the ex-
havst »port. &g the nozgle gize is decreased, the impact
precsure in the stack anproaches the cylirder pressure and
the loss in availadle neckanical energy is decreased. The
increase iz available mechanical ensrgy results in an in-
crease in exhaust tarust. The values of the exhaust thrust,
calculated from the impact pressures and determined from
the experimental data in figure 10, are given in figure 12
and ore seen to e in fair azreement It is noted that =2l-
thougnh the exhaust thrust increases coantinuously with re-
dac*loa in nozzle area, the wvalue of ¢ renains substan-

ially constant uniil 2 nozzle area between 2.24 and 1,77
uqu re 1nches is reached, bevond which further reduction
in nozzle area causcs o large decrease in power. Figure 7
shows vnct tae maxinum wvaluc o de/A for no loss in en-.
! .

hs /D t ver second. This

Talue of vgN/A lies dotwoen the values for the 2.24 and
. . . \
l.77-sgunre~inch nozzles. - (See fizg, 12.;

The exhaust and inlet valve 1ift diadrans (cold) are
showa ia figure 12, A line ig drawn at o 1ift equal to
the additional exhaust-valve clearance for the hot ernzine
The intersectiong of this line with the cold exhaust-valwe
1ift ciagram indicate the mésitions of exhaust-valve open=—
ing and cloging. The valve clearance was odtained for the
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hot condition by guickly chutting down the en3jine afier a
power run and measuring the clearance as soon ns possivle.
Bocausce of the dclay inherent in this method, some error
mizht be cxpected in this determination of wvalwve clcarance.

Effect of Nogzlec Arco on Enginc Tempceraturcs

Tenperstures were measurcd on the cylinder head =t the
rear spark-plusg gasket, a point on the cyliznder head near
the rear spark plug, a poiant beitweon the exhoust port and
the rcar spark plusg, and at-the rear of taec barrcl. The
point vetweon tue rear sparik blua and the cxkhaust port -had
the hizhest temperature. Ta temwerature is pilotted
against A and po/pm in Fijure 13 for pp = 30 inches
nercury absolute and thrae enline speeds 1300, 1500, and
2100 rpn. Plotted on.this figure arc ~nlso the criticwl
nozzle areans determined fronm fi 7. It ie noted thaot
for nowzle areasg sreater than % itiecal arco, only o=
gnall incrense in temmerature res s fren deecreoase in.
nozzle arca. 4 narked increasc in head temperature with
reduction in noz-lec arca below the critical arca is unoted.
This incrense in temporaturo occurs in spitc of the rpdac~
tion in ensinc power resulting from operation with nozzle
arcas lgess than crwtlc“~ and is attridbuted to the fact that
exhoust gag ig rmnintained within the engine port and cylia-
der for 2o 1ar%cr part of the cyecle, and that the larger
auantiiy of exhnust 3as trapped in the cyliander results in
largcr averase fas btoemperatures.

(o]
4y

\.‘i

1

cou USIOJS
1. As the dischar3ze nrcas of thc exanust stacks arc
reduccd, the exhnust-gas jet thrust per LPlt nass per sec -
ond of cxaasust gns is incroascd.
Avove o critical nozzle aren, roduction ir no,zle

arca results in o ne3lisidvle rbductlor in cz3ine powver.
Below the criticnl nozzle arca, rcduction in nozzle arca
csults in o shorp roductionr in casine vowor.

3, At nozzle arcas lcse than the criticnl areca, the
loss in ensine vnower is much 3Ireatcer than the 3ainm in
exhaust-3ac jet thrust horsevower for nirplane velccities
consider~bdbly in cxcess of precgont-~day veloecities. Thus,
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operation at the critical nozzle area provides the maximum

. net-thrust horsenover.

4, The value of the critical nozzle area depends on
the engine-operating conditions. The data on critical
nozzle area may be correlzated by plotting the factor dis-
placement volume X engine speed ¢ nozzle area against the
ratio of atmospheric pressure to inlet manifold pressure.

5. The data on exhaust-gas jet thrust may be corre-
lated by plotting the factor thrust < mass of exhaust gas
discharged per unit time against the factor atmospheric
pressure X nozzle area = mass of exhaust gas discharged

per unit time,

6. The thrust horsepower provided by the exhaust jet
was found to be appreciable, An example calculated for
the case of an airplane speed of 350 miles per hour, alti-
tude of 20,000 feet, and inlet manifold pressure of 45
inches of mercury absolute gave a value for the exhausti-
gas jet thrust horsepover of 16 percent of the engine
thrust horsepower.

Langley Memorial Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va.
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APPENDIX I
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schorge of Exhaust Gag

ug€h a Convergeant Fozzle

F{r
=
]
Q
£

tantancous thrust, roduced by a strean-

(=8 'zg

s F
0f exhaust gas flowing from a2 noz s given dy

k)

Fg = UV, + pyd - p A , (s)

The nass flow M is ziven by

o= op, AT, (lO)_

and the velocity ¥ is giwven Ty

(11)

where T is the tot‘

ern vture of the gas upon being:
brought to b o

Thern equations (10) and (11) are substituted in (9),

.2y sm
g = _pn-;-_g;y - ']-: (\-’;n'-‘ l> + l] - pOA : (12)

Addition and subtraoction of the tern .

S
, - .Z”f«l M / ﬁzggi
gives _ :'fj;f:"Y ”‘/' LA
2YE T oo
B =L XLy [ Zllel 4pa L-Jim— <Jl,— 1> + 1
Y Y+ 1 Y + 1 \Ty,

S : ' 4
i v+ [ oy 1

10) and (11). is substituted in

=
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2YR, T On | m
F.o= Y 1y —_Z8Z L p.h {;E |2 Y+ 1 L (X - 1>
g S Y+ 1 P, L Y = 1 Ty \Tp
B (;T— - 1>- R 1} (14)
Y = 1 \ip J

Integration over a complete cycle and division by tae av=

.3

ernge nmoss flow of exhaust gos, Me, gives:
4 47
@}
= ¥ ' Fg 4g 2(y + 1) 2.7 &6
= - = — == = e T —
Ve Mo / He 4m Yo L;e ~/ €% am
"o o]
47
p'oA /J {pn r :F’{ + 1 T T
- e == |2 / ~~~~~~ = (m= =1
Mg ./ Do L Y -1 Ty \Tn.
0
P N\
- (——‘«‘L) (—T—. - 1> 1]l 88 (15)
Y - 1/ \T, J s 4m
‘For isentropic flow throush a converzent nozzle at .the
critical pressurc ratio D, T P, tae ratio T/T, 1is
. .
equal to X—g—: ard the tern
/vy + 17 (7 T
2 s S <fL - 1) ————— (—— ~ %) - 1
Y -~ 1 Tn Tn 'Y - 1 Tn
vanighes. Thus the integrand, ., 3iven by

Q = ®n re ‘/Z_i_l T /2 LN _B2Y T . 1\ - 1{+1
Do L Y - 1 Ty \Ty / /

unity when the flow of exhaust gas is critical.
esgure ratios, when the discharge velocity is

ce critical velocity, ©py, = Py. The wvalue of

2 for tnis condition may be found as a function of the
ratio of atmospheric pressure to the total exhaust-stack
impact oressure from the relationship connectinsg pressure

is equal
At other
less than

Fd ot

0
r
)
v
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Vel

and tomporature for igsentronic eéxvension, azxmolr,

wihere ! ig the total ctack pressure including the voloc—
ity bead. The function G igs displared in figure 14,

Ite value is ncarly waity for all but low valuocs »f p’/po
and 1t hes the value zero when the coxhoust valve is cloged.
0 thus represents & weighting factor for the time of ex-—
hzaust discharge. TWhen the mags flow per unit area is

large or the discharge pressure i1s low, the stack pressure
is aporeciadly greater than atmospheric pressure For most
of the timec wkile the valve ig opca, and Q is nearly uvni-
ty for all of this time. Heuce for small values of

P /¥, the intesgral '

4T
A
o5 W Eel
‘/ v;c
o
was saown in the scetion on analysis, to be given by

l -
4 i v+1!
& |
SR e 2 Do 1 /. Do\ 1/
:‘:.—‘ «/ Re Eed b e - g - -~ ( l e :— ) i V -L"e v‘-' 1)
1 4 Y + 1 mg | \ Ty 4 i
° - 4

The variation of

i 1
{ '1‘+1.
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nearls unity for all practical wvalues of /mn. On thae
aassumpiion that this function and Q are botg unity, equa-
tion (15) vecones

- o) ¥ pOA ev

Vo = — ——= R T - -0 —

e v ¥y + 1 €7a Uy 4T

Equation (12) may be rewritton in terms of the pres-
sure ratio p’/pO to provide a menans of calculating the
exhnaust-3as thrust fron pressure recerds. In the region
where the flow is itieal, T/T, ond p'/p, are func-
g

i
tions of % and g i

l
i I
} 3 ’ |
R N :
g = p A== 2 <-—§--—— -1 (17)
2

In the rosgion where the flow velocity is legg than acous-
" -

T
tic, Py = P, and fy is given by

(18)

>
i
J
=
)
i
i
i
i
i
| e
{sHL ]
O | .
N
H
P s N

Thoge rolations wore used $s crlculnte the thrust Fren
the indicntor cards. The rmetlod uzed to detornine p’/pO
ig decsgecridbed in appondix I,
APPEYDIX II
Calculation of L.Aaus& Gas Thrust fron

IndiCutor Dingrans

The idenl thrust produced by » coanverSent nozzle noy
be h_culutoq by ncans of . cquations (17) and (18) (Mppcnu

diz I) if the total pressure, pl, in the nozzle is known.
The Pr'suuro ordinarily neasurcd is the static pressure .
which nust be corrccted for the aporoach velocity. The
total pr sgurc may - be cnlculated as follows:

Fron the contianuity condition



s 8 - “n
T m
RoTyq ReTh
where
A stack areca
=
P stack pressure
s
V. corrcsponding volocity

T, corregsponding temperature

If it is assumed that no heat is lost fronm the stack to
the nozzle, the v»rinciple of tho conservation of encray
gives: :

2 _ I A
Ve = (P - Ts) 1 R,
)
< "“Y
v = (T - Tn) Vo1 RC
The continuity cquation docenos
VL, T - T N
Tq n T,
But
¥-1
. ,
‘s (Eﬁ)
T !
and
Y=1
Y
In _ /Pa
T \p'
thercfore
1 XY=-1
Y
N (p_/o1)" 1 = (p,/o")
A, 1 Y~1



ion defines the relation between p'/p, and

This equat
ps/pn. The static pressure 2t the 2ozzle, Py is cqual
to
¥=1
Y + 1

vheon the flow throuzh the nozzle is acoustic and is ecqual
to atmospheric pressurc vwihen the flow is not acoustice.
The cquation must be solwved Iraphically for bpl.

APPENDIX TII

Comparison of Gain in Jet Thrust FHorsepower with Loss in

Engine Power for Nozzle Areas Less Than Critical

In the region where reduction in nozzle size causes a
loss in engine power, the Zain in nct thrust is ziven by

Mg Vo V
A thp = N (P - P ) + =8--2_0
< 550
where Po is the brake horsepower for the case of the un-
restricted exhaust stack at the same opecrating conditions
and P 1is the brake horscpower with the constricted noz-
zla. 3But

P-% I-Io &
Io Io o}
Thereforc
.é_‘i:':_p_-,_n _é +K-T;re
I P ¢
where
p X4
X = :Q*YQ_
560 1
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RGLS RaTy
where
A cstack arca
»
e stack pressure
s

v corrcsponding veolocity

T corresponding terperature

If it is assuncd that no heat is lost fron
the nozzle, the vrianciple of tho congerv

bod
2y
V2 = (7P -1,) —=1- R
S ( S) vY - l Q
2 ' 2Y
Vo o= (T - Tn) N - 1 R,
The continuity cquation docenos
pgdy /T = T, N
7 E pnA B
s n
But
¥-1
m
o8 . fss)
T !
and
¥=-1
Y
In | @1)
7 \p !
thercfore
1 / Y=-1
Y Y
(/) 1 = (p /")
Ag 1 Y-1
Y

P
B
3
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1
P
g
o3
~
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This cquation defines the relation between p'/p, oarnd
ps/pn. The static pressure at the nozzle, Py is cqual
to '
2 'Y"l P'

Y + 1 3
when the flow throuzgh the nezzle is acoustic and is cgual
to a2tmospheric pressurc vhen the flow is not acoustic.
The cquation must e solved Zraphically for o»lt.

APPENDIX TII
Comparison of Gain in Jet Thrust Horsepower with Loss in
Engine Power for Nozzle Areas Less Taan Critical

In the region where reduciion in nozzle size cauvses a
loss in eongine power, the gain in net thrust is 3iven by

Mo Vo V
A thy = (P - P + e ‘e ‘o
? = Tl o) 550

where P, is the brake horsepower for the casc of the un-
restricted ecxhaust stack at the samc operating conditions
and P 1is the dralko horscpower with thv constricted noz-

zle. But

P -P I -1, A

- o) =
I Io o}
Thereforc
A thy A =
£222-n Z¥ 4+ x T,
Io P ¢o
where
4
X = :_I_C'___.Y.Q..
550 1
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Figure 5.- Variation of 4¢ with vyN/A. Figure 6.- Variation of any with vgN/A.
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Fig. 9a,b
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Fig. 9c,d,e
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