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A;5..O-.Ich diamneter~ 1pulsoet engine was tested under

sbatiao 4nd. val .ocity, obinditionq with varlous tail. exit.

anglep -e -010 onvergenoe to 450 divergence.

.,PP opiMMI:opszratn anele was obtained. in1 terms, of

M=hr~B a4d bt.mt specific fuel consumption,, The use of

ft om'~ation chamber p'esstre as an indioator of

I V ,Aexta1.ned and the 6.t ct of' volJol upn

ihisoori~eat.oxi wa's studl.ed. Hot andi old engine drag

Were~ Qbt4n -for varl ou a ram.,air velo'Anies, M

'WAS made to use GxhaustSas temperature as a, thrust 5.ndli- t

A A
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01FET3 OF EXIT GEOM~ETRY AND EXT ERNAL AIR FLOW

ON THE PERFOR14ANCE OF A PIJLSEJ3IT ENGINE

This repor't dscribes test.ig procedures ead remi1ts.Kxperiment the pa.'frrmazs~o paramterst of a50

Inah diaster pAue~t ezS3A* vhiob was wde4 by,+ O Mxraa

Helicopter Dlviicn o., Fairohild Eniie and, Airplane 0oz'por'

aton Magihattai Sea~qhf Callforna!.

This iten prov'ides. for thOi seleet ion of an optimum

tallpipe excit ansle for the en~inev uider both statio and

Veloci-ty' dondtlons, TRULPIpe sections vax'i from a10

overene to45 dvereewere testedd 4r~vrO ko~

varouad air vpelocts., which 'rae owni trms-o t th2us

feet per seeond,

This, repox't also substantiates the oorrelation betweenl

the engine oper'ating p aaeters "net tbluvat" and "combuistion'!2

chamber pressure". Evidenee of -this aoxrelation was first

introdu~ced b~y tho koezican Helicopter Company (Ref - 1).

A correlatibn of thjrust with some easily obtained eng~ine

4parameter is very desirable. The pilot of an ali~oalt inl

flight ocould then have an instni~ment In the oockpilt to In-

thmn irrite r any flighbt conditins However,

2nlltatalons wax'e fmond which'impair the usefulness of this

tCorieation as ai means of thrust indioation.
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A Atudy was ma40 to determine the effect of ram air upor!

eneine thx'ustp thrtust speificl~ fu.el consumption,, axd the re-

lation between net thruist and COMbUstion-chatber pressure.

(Hlereafter', "tibrust" will refer to "net thrust", and "gr'oss

thrusBt" wIll be written as rnoh.) In this test, hot drag

was determined and cold drag was found both with-anzd withouat

the@ .n=6ne cowling for' r'am air velooities rangi.ng fi'om static

to 10'o feot poz second.

In 0orlxwtion with thoe above, ma.j or "Study topics,# a&I

attempt was made to find a relation between exhaust qas team -

Peratu.re, an~d thrust and fuel eonsumption. Also, a limi~td

study was made- to fidteefcupon Axel onupino

6-:Izoh d~fteter duct: ove r the, tailpi di

4" i

tap".I
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11. fnerimental Equipment and InstnumentatLon

The engine which has been tested is a 5.0-Inoh

diameter pulseJet Whose shell and tailpipe .are made of

Inoonel X, The engine and the. tbpust stand are shown in.

Figure 1. Figure 2 shows a schematic drawing giving the ,t:

basit, dimensions of the engine.

A s.O-inch longth was removed from the end of the

tallpipe and other sections of the same length,. Ua *iMC

different exit angtes, were made. to replace it. The tail-

pipe. which wa originally on the engine had a 12V* diver-

eeo.Teother nIt, "angles usd had a Q 00p 200, 300,
and 40O divergence and 100, L50, 250, and 300 onverence.
These sectiono , alone with the original, are shown In

Figure 3. 'he tlptpe sections were first held together

4:i4i : i. ! 'With a high temperatupe silver solder but finally badto

S ere-intoroed with spot-welded strips due to th tat that

i the high temperatures encountered were melting the silver

older,,* The 5 0 -inch sections were attached to the engine

with hoseciampa.

5 uvpotln Facilities

giel §Z qI _ ge. The fuel (JP-4) was suplied to the

'engine at a controlled pressure of 100 pounds per square

II
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inch. The flow of fuel was regulated with a valve in the
Oxe1line and a flow meter (precision bore flov rator9

tube number B3A-25), The calibration curve for this flow

meter is shown In Figure 4. The fuel entered the combustion

chme tr.h A nnz71eA and thenM FAiioI st xLn afl I~

and was further diffused. The nozzle and baffle plate are
4; . shown clearly, in Fisure 5.r (Note that the mirrowed view

shaows the Inlet valves of the engine0 ) The American.. Ell -

copter Oompan+ (Ref. 2) condtucted tests on this en6 ne "9 1:
dqtermln th =pimAm location of the baffle p1ate 6nd t

beet Awpl injection system for the engine. It might be -'

{ mentic ed that the.lo."cation of the bffle plate In rela-

4ioc to the nozzle Is quite c itill with regard to ma....n
"'!ithrust. . ...../,

S"cls.Qomprems 00 ned air at a prepsur. of -

Pound00 p s per square Inh was supplied to a turbine which

was ear.xed directly to a. omvreswor (turbor-ispercharger-

iit). The air flow 4d S for teating was supplled by this

compressor. The velocity of the air flow was eufflciently
high without the burning of fuel in the combustion chamber

before the turbtne, even though ouch facilities were avail-

able. The air supplibd by the compressor was d'uoted throutgh

a -inoh diameter pipe and used for testing under vainra

condi-tions. Some of the compressed air whlch was used to

7drive the turbine was used for cooling the combustion ohaimber

of the pfslzoet ensgiae and for starting purposes. Two
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cooling tubes were uod to direot streams of' air directly

on the aomib.stlon chamber. This cooling effect probably

deoreiased the overall. effeotienso of the engine, bAt weas,

n~osasay to prevent overhieating Lhe engine In the wide

rangei of ntor rmance imposed during the tests The start-

ing air' wais supplied to the engilia through a tube mounted

on thq test stand in front of the engine. Thi s tube is

shown, in. i gure 1,

Theducting, system and, 'pressure probe for msasurzs~

a2 air, flo4. ,Veloities aro sicwvn In P'Ig~ttre60 The presnr

lnsWere 'd t ad to a) W ), tnrioaoz~tr Teswer
mnade with ezeh'(i42 aosina i stoii\ f 5

5, 7.5,v 100s and I fet~ per" soeozdp. azd .&htest.V

run from a very l ean Pkl q ,e tLi1nS to rich fiameoat. The

4nig~ba for km Ar A
0Thle duotin~g systemn fotesting unide r ramt air condi-.

tlona is shown in Figure 7. Tlx enineli Wdk3 Z'l1 with blip.

1210 tail sect. on, a t pa air' veioeitiev, -)f 0, 2 9
q .52, and

.98 fet 1er Ofco r, th 'Wltl and ithrvut its c,,owliw0F,

Aeain eac~h testf. was Uitb 4,,Gta leanr ttei settings and
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rich flameout, Since it was difficult to use the pressure

probe to determine air velocity, the velocity was first

calibrated as a function of turbine revolutions per minte.

This calibration curve is shown in Figure 8. The turbine

revoUtions per minute were r--A from a tachometer Aidch

was geared to the turbine. Neither the tachometer nor the

turbine fuel and air controls are shown in the array of

instuments and controls of FIgure 9.

It fVai.ossible in this test to use the orilginal

starting air system because of the locatilon of the rarnair

duct., Alo, the btnlt-in system of the engine (nt. 2)

faileL to si sufficient air to start the engine, tOL

enie.6a~td't usi-Ag, thetiflh:velOcit$,r reML aiX? ot;

the rM .air ductlng system. .1

To measure the avee, om stion chamber p:resfku

of the engine, a pressure ine from a tap in the ome-. -

tion chamber was connected to a water manometer, re-

operating frequency of the engine was so , hih that the,

pressure Indication was quite ste dy der 80nc r operattng

c onditions.

The thrust was measured with four strain gages, which

were mouted on two cantilever beams (a strain gage on

ring would indicate only bending stresses in the beams,



A4ihoh corresponds to englne tl't or drag. The strain

gages amd beam arrangement are shown in an enlarged view

In Figure 10 and also in Figures 1 and 7. The bridge ci-

cult is shen on top of the stand in Figure 70 Due to the

Intermittent and high frequency firing of the engine, a

well damped recording instnrment was needed to measure

average thrust. The txboro Baldwin Strain Recorder (FIg,

*&D ) ideal instnxment. Its recordings wer6 inked on

a slowly revolving circular disc and the instrwmiut was

cUc ate to less than one-halt pound of thrmst. A call-[

> bration was znde with weights and the curve Is shown In

Ehaust gas temperatures were measured with a thermc'r-

pouple mounted' at: the engine exit (Fig, 6) The readings

were obtained from a Brown flectrie Pyrometer which measured

up to 20000? T At times this maximum temperature wao ex#-

ceeded

A two channel rrometer was used to findrth tempera-

zure Indicated by two teocouplea mted on the beams A.
b 1eside the strain gages. The jxrzpose of these strata

g ages iaa to ascertain the effect of the temperature an

tithe t st measurements,
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111. DisonssIi.n ofReut

The tall sections with angles of 15cJ 29 Os and 300

6 convergence proved iinsatisfactory for enginet operation.

The engine could not be started when these seotions were

used. The ability or convereing tubes to Operate Was

questioned by Schultz and Gnunow in '"Gas-Dynamic Investi-

gations of the FulSejet Tube" (Ref. ~)as the result of a

theoretical analysis. Howovexo the ).00 converging section

Rpdid oporat. but gave very low thrust. All) of the, other'4

tail sections (all dlvereent) operated satisaotoxU7.

The 6perating frequency of the ongine varied from 122

to 181 oyoleo per eeoond (Ref. 2M1). The frequency was
highest at lean -fuel settings and decreased as fuel, was

inoreased until after the fuel setting for xav~mum thrust,

Thonp if the engine did not. flaine outv the frequency would

ag ain rise rapidly~, alone with a sharp drop in thru~st and

cottstlon W.amber piaoure. go the engine had the same

opex'atinp fraqneney. both at very lean and vory rich f~u el

f'lows,

1t should be inentionod that the t e st c, were run on

diffferent. days under different atmiosphoric conditions

The exact correla.tion of atmospheric change withi engine

operation is riob kao-Wn. However, an attempt was made to

test on, the same day runs which would be closely comnpared.
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Combustion cha-:mber pressmures versuis fuel flows are

plotted In, Figure 12 for the static engine. ThisB cure

Ind.1bates that pressure rises with increasing fuel flow

and reaches a maximium at a. fu. flow of 70.0-pounds per

*hour with aao0 tail se'ctionp,while Figure 13 (Thnist VS

FUael Flow. under static conditions)- indicates a-ma~x1im

K thrust at- the, sae fuel flow with the 2*talepin

K ~~This sem o ml a "Acithe.:proposed' oorrealtioz
-Ibetween thrast and. comimation.pressu1re, lot 0± th

two parameters M'S'. 14). show~i,,h4owever, an almiost linea~r !1f
reatoship6  Fi Owe 14',also shows the rej~ason 6orth

s'uspected disorepenoy above., Since thelnso h 12*0

%0 300 , and 450 tail sections are almost Parallel, the,

combus~tion chamber,'pre'sur7e la higher for a: give% thrast-

at higher exit an~Ies, XV thb 300 or 450 sectiono had

given equal tbrupts. the oombusti.6n pressure would have

been even hihr I iure :14 andseveral ,other f ISutes

S.of thruct versus acomization' chamber., pres6sure, the darkened

.Points indicate-date taken after maximum perfornanoe was

reached,, The operation 'of the engine was, uisually very

erratic uinder these conditions and both thrusts and corn-

*bastion preux'es varied ra pidly, Thsooe rea'dings, the--

Lore, are Prc'babl y not as accurate as those taken In going

from a lean fuel setting to the optimum.

Figure 15 indicates that :tor UUXiUUJ11 thrtwt OipuOiJ-o
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fuel. consuimption9 the 20,0 ad 50 sections are almost as good

N, ~as the 12J.0 section0. Howevor9 th.1e 12k0 clection han a lower

thrust specLfic fluel c onsumptioan over a wider ftel range,,

and the ourre does not breakt as sharply as thQo aure of the

6=WL4 po s stblyr be s ome section, between the :2j0 and the 2004
section, that would -iethe. opt imum peformanoe 9  However, H

'it iiwst be aooludsdk that P2I th, :seotians, tested9 the 12*0 Vii seeto2 gI voz tho botpromn ter paints of Interegt
nWtue1.are the low fuel. ranges of the 00 'ard -100 (2.00

ooflvarpoe) sections, It-is also noticeable that when the

exit exceeaaedsg 2009 -~the pertormanoo falls oft with in-

e.reasing exit angilek, The flatness of the ctzxw es tnxlcatt

thtthe anglhne has the trait of constant thnust Spcil

* fue oonwwpton at maxlmu thrs adloat loe hut

va~~uee. Kowere, 9 operatoitthpontf am ua
(fuel filow is 70.0 pourida per h ou cud -be6 oartia beU

F I a0b the r~ptd e12anso in the ctrvem- 4fter~ ' ths o0tin

dioate that inorsased Ate2. flov would result iA, eitherr a

sudden dro~p i~n thrxst or rich flameout.

TegUtin 'ql eAq. XL the a121na
''Theiae tests shnulate. flight, conditions around the

exit of thio engine without cons td-ering the increase or de-

creas,,e In engino perz'ormanoe due to rain air tn thle tront of

the enginE6, This ductint3 sys"tem (Fig. 6) was uaed Ii o.rder
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to hold other variableo constant while miaking a. study of~

-the effe ct exit goometry on ongine prto fha

flo±~1w over the exit.~ The mxaimim duoted air rloolty of

125 feet 'per sooond does riot. coMpare with fligsht speeds
but the veloolty was~ limited by the maximum tuirbine RPM,.

Figares 16~, 17,-18~, 199 20,, ,And 21 shiow the boat

tail angle In terms, o~f thrust for duo'ted air velocities

of' 0, 25, 50, 75, 100. and 125, feet pel, becond 1r0PeP- 4
t ively f'or various f'tqel flows. While the 12JO sootio3

gives the best performance under~ moot dvoN 0tpn MO's4

is not always -the aase,. Xn Pisure 16 (virelo~ 9. 50 j

-,pe so 5oond) the 200 section eives. maxi tnj tjUVajtl.tbt 4

70.0 ahd pA pound o per ho atr uel o oriuMpt Ion and Figure.

*.a. yw75 fee, per aeq=nd) Indloates that the -0

---- - i Eeg teAXIZAM, twus a Wt 0oh aud A3.

por'h-our fuel: onmkpt~onr

The- "orr a~~e --of VISP3" 24 ~e2 o

-for tail anla ~iof 00.,p 50, 02jO 200, ff. a 30P-.rdpootivel.y-

at vrarious due-ted air velooities., The i2jO ta41 section

(Fi. 24) and, the 2500 seotldh (Fig, 26) :appear to have th(4

lowest thr~ust apecific rup1 eonsumption over a w~ide rasnge

bf :tue f lows for' tthe most air speeds. Howorer%, tho 200

*secotion (Fig. 25) also has a low thrufft speciflc fuel con-

surnpt.Lor aid at one point ( fu ol fi oa oid ~

hcaar) has the lowest rerldl1ng o~f any t,,,A.l rection. Therea
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seems to be a strong trend for the thrust specific fuel

oonsumption to increase as the ducted air velocity in-.

op, creases. However9 due to some unknown changes in operat-

ing conditions, the trend is not followed in some oases

(Fig. 24, for example).

The curves of Fiures 27s 28, 29, 30, and 31 show

t siust versus fuel consumption for the vrlioua tail angles

under duoted air velocity c.onditkons. The thrust, in moot

cases, decreases with increasing air velocity for any given

fuel flow. The maximum thrust of 18.1 pounds wac obtained A

usii a- 50 tail Section at no velooity and a fuel flow of

C 70 pounds per hour (FIS, 28)0 However, the thrust at vlo-

u iy f or the 50 aeation falls off rapidly4  On the- other,

* ba , the U2* secption gives only 17Q8 pounds of thruA at ~i

nAzXi . bqt tlhe thrust is almost the same for a w1der

range of velocitieso

The 00 tail algle (PI&o 27) gies a good exanMple; of

r the decreasie in thrust with the increase In vel oelty and

also shows the poor thrust qualitles and small operating

range of this tail seOtion0

Thrust versus combustion chamber pressure was plottedI
for the varicus tail sections (Fig. 32, 33. 349 359 and, 36)
wit all pOints reoioded at all velociti e to see it a ar-"

relation between the two parameters would hold at any speed,

he fig.tres prove the validity of the astu&.ipt1on. The - oints

follow a nix 6rrow I.Inear band.,, and an ave:.rago line .. most



GAE 17

I .13

cases, would miss an outside point by only one pound of

thnist for -any given oomtstion pressure4 Thist average

line is not, however, the statia line which is drawn on

the graphs. The 00 section (Fig. 32) shows such poor 9
opar Ateg cha raotoristi s the'.- no attempt was made to

find a Oorrelation

This study was made to find the effect of ram air on

thaFi , thrst spcific fuel consumption, and the corre-

lation between net thrust and combustion chamber pressure0

the enite drag caused by the ram a:Ir (a4out 16% loss of

... axinim thrust at a veloclty of 98 feet per second) 0  How-

........ evr, at increasing fuel flows the ram air apparently gives

better combstion. There seems to be equalization between

increased thrust due to better combstion and decreased,

thrust due to dmag at a ram air velocity of 52 feet per

second where the trus-t is 1.3 p'ttnds greater than at no

ram air, I

The minimum thrust specific fuel.. consumption change-

very little with changes in ram atr veio .ties (Fig. 11O).

nowev'er, at low ruel tiows, the ram air. i definitely det-

tIMental to, rt.'•• thrast specific ffe.l ccs. umption0

Fim..-re 41 shows the effect of ram aie on tho rert,

t hr is t.-,onIDZ S LI ('U Pr.OS Stj e rei. n, .. llu. h p,, The I .nzs s ax.e"

,V
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par allel and it is easy to soee jvst how zmch the ram air

drag decreases the net thrust for a given combtstion cham-

her pressure,
i"o- RS, The hot drag is def ined as the diffeenoe

between the gross thrust and the net thrust of an engine

in operation in ram air, Fi~izras 4 and 43 show the hot

W-0 drag for' two ram nir velocities. The met thrust is easily.

measured with the strain gage arrangement,, but it is more

difficult to obtain gross thms< t Since. it has been shown

that, the tbrast,-oom'bstoii presaulxe relationship is Valid,

thie correlation is used i obtaining gross thrust. First,

a a net thrust and oombistion vreastue are obtained under ram .2

air conditions. hen for this momutstion pressure a thrust

(whih corresponds to gross thaist) is read from a curve

where the ram velocity is zero, The &ifferenoe in these

two thr st meas"_remtents is hot drag aMd is ppacti.ally con-

stant tor the eittire fuel flow range. 'In Figure 41 the-V

4ifference .iU thlrst, between any veloxity line and the

Static line is the hot dreq at thatpaxf-liular veloolty, ;AA

2. Q Dra. The cold drag is defined as the drag

caused by ram air on an engine Which is not in operation.

The engine cowling was removed In an effort to reduce this

drag and., a slight redut lon wa.s noted (Fig. 4') However,

the en ine tbrwust was lower without the oowling under all

ram velooltles (Fige 45), Evdently, the colIng ducts

iv
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the air int o the eagn mist valves and thseffect

Improves engine performa.

M"- a M -ni gtzalanc4e T12 Mapjidble Chatges

iliThe pulsejet ongine will change performance with the
slightest provocation. Figure 37 shows thrust versus fe

flow for various engine operating conditions. Rn number

2 was made after the valves in the engine used in run rn/m-

ber had been replaced by new ones. trn -number 3 was made.

after the engine of run nujmber 2 had its fuel baffle plate

stralghtened. At all times an attempt was made to match [
the original.l conditions. However,, the maximum thrust

dropped from 16.2 pounds to 13.4 paunds and the fuzel range

decreased considerably., The fact that. these changes affect-

ed the correlation between thruast and oombu'tion pressure is

shown in FiSurs 38. This means that very time the Cngine

valves became wom or the englne,, was roepaired, a new oor-

relation for, thrust Indication would hav + 'be found,

A limited attempt was made to find the eff t, on f,,e

flow of a 6-noh duct (ejector configuration) around the

engine tailpipe as some reports indicate a decrease in. fuel,

flow with ducted. enigneg, Figvre 46. however, indicates a.
*: -" slight increase in fuel consumotir' n for ri r,."-, of .-,..

when the engine Is du '.ted, This q'. MnE-nt to condemn
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duoted engines, This author appreciateu the fact thAit a

different size duct and/or a different location of the

duct along the horizontal axis of the engine might give

!i:, beneficial effeots.o

Exhms% q Temperatures,
The e~haust ga.% tfnpera'turos showed no conslstency

in their relatIonship with thrust and fuel flow, The most

common trend was a decreasing temperature as fuel consump- 

tion and thrust Ioesdut hemaximum thrust,, Then,f

right before rich flameout, the temperature would rise

again. The exhaust gas temperatures varied from 14500 F.

to over 20000 7

4 It was knoticoble that the tail ansle- of '0Q 6nv er,

genoej .which gave the lowest thrust, ran at muoh higher

extaus-t temperatuaes thanl the other sectlons,. The tempera-

' tures could not be reooze, since they were always over, the

,, maximum of the 2.000 °, F. pyrome'ter The, tail section givIng

the next highest. temperatures was the 0C or straight secition,

-which also had r'ather" poor thr ust cdhaa'eriittaso" .Th.is

seems to indicate that low thrust 1 s aasocl'rted with hlil

exhaust temperatures. However, the other exit angles tested

showed almost the same exhaust temperatures Irrekardless of

thei. thrust.

engine performance seems i.mpract.i .cal. For example., a high
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temperature before rich flameout oould give a very etwon-

eous indication It the engine operator did not !now whether

he was on the lean or rich side of the optimum fuel setting.

Another disadvantage is the fact that the temperature at the

> eXhaust might be affected considerably by the external en-

V ironment

ioThe thormo vaplO mounted bo olde the straiz gages

* showed a room temperature. of 86 ° V. )laximn temperatzres

during eneine operation were 1020'Wr. on ths front .beam

C and ,1160 F. on the rear beam, In order to determine the

effect of this temperature rise on the strain gaSes and

thus the thrust measurements9 the beams ware prel oded

and hea-t was applied to the base of the beams with a btow

torch, As the temperature varied from 850 r% to I150 r.,
thes load measurement remained constant It isa therefo re to

be concluded that the temperature had no effect an the •.>

accuraoy of the strain .aees or :the Itr.St Meoaurements,

j I

.j2

1?



O-AE 1.7

IV .~onlu S 1. Ong

1. The 12*0 diverging tail angle gave the best o'verall

per'formance of the sections tested u~nder both static

and velocity oon~itionsb, However, there may be some

angle between 12P~ and 200 which would Siv e even

* better perf ormanoe.

2,' Th~e Use of' extautst gas temperature as a th'rust idil"

oator is not recommended because of the Inconsistenat

correlatiton between the two par~ameters.

3. Oombustion Wheiber Average presoure Is a good indl-

Catcor of engine thr~ust under Otatic a~nd velocity a on-!,

to be pravided for each engine configuration and dheok-

ed, periodically dux'ri" the 11fe of the engine,

40 The thrust- aomb~tstonpe re co~rrtion couldU be4

niecessitates a new calibration faotor (combiustion pres-

Bure-thrust) for the engine.,

6. Ranm air decreases the riet thxust off the eng~ine be.-,

cause of tha i-nore-Se In. 0, J1.n o ZA'ae.
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