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This report describes certain research undertaken in connection
with miniature valveless pulse jets and the resuita therefrom. As
such, the report is oifered for the stimulation and exchange of
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pulee jet research mentioned above.
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SUMMARY

Ministure valveless pulssjets have savaral intriguing characteristics
such as simplicity (no woving parts), low cost, high combustion effioiency
and a high rete of haat transfer dus to the unstesdy nature of the flow.
This project was astablisghed because thers was a dsarth of reliable basio
information. IKleven sizes and types of miniature valveless pulssjets were
constructed and tested, Three differeat dasic eises repressnting the dest
configuration vere tested axtensively as straight-tube combustors, singly
and in clustera, for thrust, fusl flow rates, thrust sugsentation capabii-
ity, and othor performance characteristics, with key results as tabulsted
bolowt

COMBUSTOR |TOTAL [) Tefe|FURL TOML Tefe|FURL
VALVELESS i Total |THRUST|min, (FiOW| |AUOMORE-| THRUST(min, |FLOW
PULSEJETS Dia.|Length{pounds| 1b RATE| [TATION | max.,] 1b RATE
Designation max, |inches hr.Ib MTIO |pounds|ie:ib |pph
SINILE ENGINES
COMBUSTOR ONLY AUOMENTED

HC-1
(stratght) 2.ho]ze.s1| z.el 5.8 |1s.9 L8 | ne6f 33 s

He-r ® (with modified fusl system)
(U-shaped) 2..0]26.87 | 2.2 8.2 fwo.g - - - |-

HH-HL
(straight) 2,75|46.25 | 0.0 | 3.2 [32.0 1.9 17.0{ 1.8 [31.2

HA-H2
(atraight) 3.25151.13 | 12,5 | 3.4 [b2.5 1.8 23.0f 1.9 |13.7

MULTIPLE ENQINES

HC-1 straight @
6-1n-1ine 2.10|26.87 | 12,5 | 6.3 | 72 1.9 13.5] 5.0 |61.5

HC-1 straight

6 rectangular

cluster 2,40[26.8 o2 o8 2 - - - -
FH-ML atralght O 1 1

{3-1n-1ine) 2,751k6.25 | 23.0) 3.3 | 76 1.8 3é?0 1.9 ]68.5
HH-M2 straight @

(3-in-1ine)  |3,25]51.13 { 1.0} 3L |103 1,6 L7.5] 2.2 102

@ Minimus Tefc is usually near, but not at, fual flow rate for maximum
thrust (see referenced figures and text),

@ Total thrust was not maximum available dus to fusl system supply
limitation,

@ Accuracy of test data appraximately I 5.
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@Ammmwuunmnmwn-mw
frem eash end of straightetube engimee and 0 messure direot thrust

@mtdhmmdmmmmtulp check runs with 80-50
tane gascline gave sasentially » a2 with P

Operation of multiple pulsejets when arrangsd as 0lose as coabustor
divensions W)l allow in a & nnoar'wn'afd.xnlmm.m

mt show loss n! thrust and e
However, & mnmnmatuhwbmn, -p::ﬁ.uu
aloﬁly. dhowed l performance loss of about 20%.
Linited testing with interconnscting tubes showsd that 1t is tudbh,
(1) to start adjecent pulsejets in & cluster from cne o]

parating puisetet
without the usu.. mﬂplumaotofluﬁmurm(z) to at lrast
partically reduce interference effsots dus to close preximity.

The engines would not start on 1liquid fusls during most of the program.
Davelopment in the Hiller Propulmion Ressarch Lab of & new miniature fist
sprey fuadl mnh, near the end of the pngﬂ-, u-‘it.ud suocessful oper-
ation on liquid fusl (80-50 cotans gasoline) with all thres of the best
configurations, HC-1, HH«ML and HH-M2, with essentially the sase perform-
D0 &5 on gasecus propane fuel,

Operational problems were primartly (1) noise (as is typdesl of jet
angines, 124-130 decibals rangs oversll lavel at 25 feet from iot outlets,
but without significant increass due to milti-engine operation), (2)
vibration (operating sycle fre. range 180320 ops) and (3) combustor
shell temperatures up to 18 s which can be handlad setisfactorily for
most applications by (a) lhmmhu with relatively lightweight heat-
insulating and noiss-absorbing materisl; (b) alternats, i.e., out-of-
phase, timing of oombustors, and (o) shook mounting of combustiors to
hohu vitration and permit therma) expanedon of the combustor shells

th mindimum thermal stress,

A major cbstacls to improvement lies in the lack of a suitsble

ne cyele perfoneance prediction analysis to give some indication of
(a) ultimate possible performance and (b) guide dewignars by pndiettu
the effeot of deeign changes, tut this situation is somewhat alle
by the basio simplicity of the engine structure which permits nhf.inly
rapid changes i.n uﬂ. vonfiguration. On the other hand, msssurement of
temperatures and v-:mum, oto., are
duficnlt and mmin, whareas sinple macsurements ars limited to
averags thrusts, chawber pr fuel flow rates, shell

np: y Op g 1 1e¢, and cversll noise levels,

It is concluded that miniuture valvelesas pulsejets seem to be well
suited for neater-blower applications as well ae having sowe potential
for thrust spplications,
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1, DURODUCTION

4 contrast wes swarded umu:mwway the
United States Army Tr tatdon e 1960, to
oondust an investigation into the charaotevistios ot miltiple minia-
{ure valvelesa pulsejet engines, It had been previcusly obsarved
that the thrusteto~-volums ratio increased as pulsejet wolume was
decreased, scmewhat like the well-imown 2/3 soaling law that is sp-
plied to turbojet and remjet engines, It was desired to amake a wore
precis: detarmination of a velveless pulssjet soaling rule, and o
detormine practical limits to mintaturisation of the nn(inu. It was
also desired to s:plere the gensral oharasteristios of ministure
puleejets when operated in multiples,

Valveloss pulssjeis seem to offsr valusble potential ss
simple davices for 1ift and propulsion, for the orssticn of
an alr aushion baneath vchulu, and for beaters and haster-blower
oombivations, By using large nuxbers of ssall engines, they may he
titted into & wids varisty of confisurations. When used in ocxunno-
tion vith internittent jst thrust of the
specigl design, they also affer very interesting possitdlities u
Jot s, It has besn shown in tests on other projscts (Eeferences
3 and L) that the presence of the aujmenter inoreasss the
rate by a factor s great as twenty iimes that of the pusping rete of
the basic ccmbustor or valvaless pulsejet alcne (Figure LO).

One of the main sttrections of the intarmittent jet devices
1s the bigh thrust sugmantation which has been achisved with relativaly
oompact sugmenters, conptu-on vith atuqy fiow n:cmr-w thrust
augnenters empbasises thi ( 1l
inol,)s For example, sn aucun'ur with a throat ares-to-) huy Jot
area ratio of L and a 10n¢th-to~t.hront diamater ratio ( of 1},
whan wsed with an t.hnut
.q\ulb.mdnmbotvnméo’mdlhoidt r!.ury t thrust, de~
pending on the sugmenter oonfigurstion and the ut-mtmt Jet mave
form and velocity. The same sugmenter and primary jet relationship
for the osse of stsady flow would produce less than 2058 thrust aug-
mantation, Making use of this high thrust augmentetion, the full-
sise Pulse Reactor (valveless cembustor whth thrust numnur-) syeten
with ro moving parts has achisved a static or low-spesd foraanse
which is competitive wWdth that of turbojet 1lift engines (i.e,, thruste
specific fusl consumption of better than one pound of fusl per
per pound of thrust and camponent thrusteto-weight ratios which indi-
cate that an overall ratio of tan-to-ons it within the “state of the
art as indicated in Raferences 1, 2 and 13).

Additional charasteristics of the Pulee Resotor engine which
make it Aggs;tin are lov exhaust tamparatures and velocities on the
order of and 200 fest per second, an angine operating oycle which

3



repels foreign put-mu from the uo-mntor hnnl, extrens -upumy

and low cost, Another o of

thet the heat tranafer rate oen be much udur thln for eapu-abh

steady flow conditions as indicated in Raferences 8-12 inclusive,

a\:a hao obvious implicatiens for possible heating and drying spplice-
ne.

Mintaturisation of thees valvelass pulssjets and thrust
sugnenters extenda the stope of potentisl applisstions. Opsratien of
the small engines in clustere sand trains increases their versatility
and furnishes additicnal informetion concerning their operstional
charasterietice, For the foregoing reasons, and becsuse of the limited
knowledge concerning the performance of miniature valvelsss sngines,
particalarly when operating in clusters or trains, it was deemed worth-
while to make this investigation.

The project puidslines set for the Contractor wers io. make
a broad murvey of suffiodent dapth waing essentislly owrrent dssigns
only to determine and report gonerel charscteristics, and their upn-
sations, without attempting t0 make large but
that adjustmante and modifications wuld ® B neossoary to start scaled-
dowm engines and to get a suffiolent renge of operational data,

The first phise of the contrast inoluded design and assesbly
of the nsceasary test oquipw:e, aouneu.on of rosults of previously
oconstructed engines, testing of several
diffarent sizes of miniature wlujﬂ clusters, and investigation into
such areas as fuels and fusl injectden, etarting, cyclical ubu,
thrust and fusl flov rates, thrust sugsa ratios and
noise and vibration, and ths like, “The sesond phase continued the
investigation into the areas nentioned ebove.

Elsven sises and types of engines, essentislly in the five
to ten pound thrust range, were duilt and tested, Numerous modifica=
tiona and uunuon- wre nads to theso in order to ashieve satds-
fastory op and to detsrmine their ch teristios more fully,
The most cutstanding ones vere tasted in muiltiples and the representa-
tive data are reported. Some problem areas which appeared were not
ocompletaly rescived, although considersble insigh® was geined.

In this investigation, full advantage has been taken of
other work reported in the literature, or in the Contrsctor's files
axperdence, 8¢ a8 to avoid unnecessary duplication, and this work
1p referonced whersver used in this report in discussng perfermance
and basie charsoteristics, Particular advantage has been taken of
the fullescale Pules Reactor lift-propuleion system developmant (Ref-
evences 1, 2 and 1)) whioh is concerned with the develomment of valvew
less pulsgjets with augmenters for aircraft use, BRecant designe of

4



ocopbustors and sugnenters developed on these were found to be superior
and programs were scaled down for uss on the subject contrast, The
performance of ths larger engines has provided important inputs for the
establishment of scaling trends, Insight concerning this novel method
of energy trensfer by pressurs »ave action from intermittient jets to
secondary air flow in ejeotor-type thrust sugmenters and jot pumps has
been gained fror the asparete study reportsd in References 3 and Lo

The research technique has consisted uunt:l.my of the
application of the combinstion of prior end current knowledge of the
atate of the art as by the literat and by other active
projects in this fisld (most of which sre being condusted by this con~
trastor), niniaturization of the best designs of larger engines in
successive steps, and the asscclated testing of the best cobinations
of resultant miniature engines.

A major obatacle to improvemsnt lies in the lask of a suit-
able engine cycle psrformance predicticn analyeis to give some indica~
tlon of (s) ultimate possible performance snd (b) guide dealgners by
predioting the effect of design changes, but this sl tuation is some~
what alleviated by the basic simplioity of the engine structwra which
ponitl relatively nptd changas in t"t configuration. On the ozr

of

hand, " gas

nlooiuu, oto, are difficult and up-n-in, vhnnu sizmple measure~
ments are limited to aversge thrusts, combusiion chamher pressures,
fuel flow rates, shell tempersturee, operating frequencies, and over-
411 noiese levels,

There are two general approschas to the handling of such
problems of analysis, One is generally called one-dimensional non=
steady flow gas dynamio analysis using the "method of characteristios*
or by the reasoning of Riemenn., Unfertunatsly, the fundamental partial
differential equations that describe the dy flow of p:
fluide are much tco complicated to be dealt with directly. Instesd,
solutions are generally obtained by grephical-rmmsarical itaration pro-
cedures using finlte—difference equations as described in references
1l and 15, This 1s an sxceedingly tedious process which for example
typically required as much a8 50 hours for construotion of the wave

ams for a single cyocle in even the limited cases of tha inter—
mittent ot and thrust augmenter combinations desoribed in References
3 and L, in the simplified cese of analysis of the relationship of &
pulsating jet driving & turbine as described in Reference 16,

The question arises then concerning the practicability of
using bigh~-speed machine computer techniques. The praceding refersncs
1s slso pertinent because 1t contains the only example that the Con=
traotor has discoversd of the somewhat extensive use of & digital ocom=
puter (IBM 704 = Fortran program) on a problem of thia general nature
using the general approach of the "method of charscteristics®, This

H



ie reported to heve reduced the oyole caloulsting time to only 1-1/2
nimutes for the simpleat cases and to about ) minutes for & more
precise caloulation in contrast to the aprroximatsly 50 hours per
oycle as required by the msually plotted wave diagram technique.
Howsver, a resent soarch indicates that the ocard decks mnd the
detailed desoription of the method of programning are no longer
aveilable.

The extension of the research program desoribed in
Refersnces 3 and 4 under Navy Contrast Nonr 3082(00) is aimed at
applying high-speed digital computer techniques to the intermit-
tent jJot-augmenter relationship, using either the method of
charscteristios approash semewhat akin to that desorived in
Refsrence 15 or to what may be & sore flexible and powerful tech-
nique that is called the artificisl viscosity method ("QM Method)
of von Newsann and Richtmyer (Reference 17).

This situation is even mors complicated by the fsot
that the pulssjet (partisularly walveless) state of tae art is
quite wnlike the aitustion for other kinds of engines (recipre-
oating engines, ramjets, gas turbines) wherein there are detailed
and well-written taxtbooks, handbooks and pericdicals, etc.,
that both sumsarise characteristics, give complete and detailed
theory and provide exteneive tabulations of actual engine per-
formance, manufactur pecifications, eto. Instead, although
there have been many ressarch and development projects sonduoted
in this country mnd abroad, much of the work was ariginally
classified. A fairly complets, accurate and extensive survey
covering the historical development up to this date has never
been conducted. Reference 19 is the most useful summary of the
U. 8. work up to 1948, and Dr. J. V. Foa's "Elements of Flight
Propulsion" (Reference 15) ia the only textbook which deals with
nopsteady flow proa at considerable length and also pro-
vides an sxcsllent dissertation on the classioal methods of
analysis and their limitations.

Dr. Foa has also given some indication that within
certain 1limits the overall potentisl performance of valveless
pulsejet engines might be determired by modifications of his
analytical techniques using his Mentropy msthod" uo desoribed
in Chapter 15 of Reference 15 entitled "Nonsteady-Flow Thrust
QGenerators". This technique, hovever, doss not provide detsiled
analysis of nonsteady thrust generstion.

6



2, VALVRLISS MLSSJEY DESION, PABRIGATION AND PRSP BQUIMENT
2,1 Palsejet Sises and Psbrication
2.2,1 Streight~Tube Combustors

ummﬂnmdnforlouuudamthclhaofmn-
Jot. lnginu, the m oot 15 full éae Pulse Reastor
sngine, the 9,1-ineh M The socled~down
wversions are limud as ns-:t (-Ln), The “aige" being the squered

ratio of the o ahub -ot -o‘hdmduio

od aignificantly,
[y am-?ne d.upuuau 1o usod (h-ph H&l, tor conloal ooabustion

Bxtrapolating the trend of thrust versus Pulse Resotor
sise established in previcus tests on large engines, seversl angines
wre s0aled in the thrust rangs of less than 10 1bs. Scaled angine
drawings were ocapleted a8 tepresented by t-hc aketoches in Pigures )
and 2, Yor sxample, Figure 1 shows the H8-1(.02L), which, unfortunate-
1y, would not run properly, Modification to this size resulted in tha
HO=1 cenfiguration &s shown in Pigurs 3. Figurs 4 {llustretes the
&mu in the !M(.075) coubustor dimensions from Figurs 2 whish

the modification
boiu designated 5&1(.0155”.

Avotber muall engine was scaled down from the ES-
oombustor with shape generally 1ike that illustrated in Hnru and
2 md designated o8 33-1(.0169). Major dimensions are given in
Tsble I, This only by sdaul
Jeoting an acetylens and ovm fuol , and ite 1 ws -
very poor.

The very emallest liu nlnhu pulesjet thst this Cone
tractor tested vas dni;nn.od H8=2(,0068) and was supposedly the
smallest sise on record of this general typs. It was alic soaled
down fron the HS-type vith major dimensions as given in Table I, It
was tssted prior to this unenct. Thia udﬂm.cr nJ.lo aid ot re-
sonate excep? when s and exygen
was injeoted separately but d.nultmounly. 'l‘ha thrust of this ocom~
bustor wae roughly one pound, This does not rule out the poexibility
that pre-mixed fusl And air night not resonate, but such a combinaticn
was ot oonsidered to be of prasctical value within the sccpe of the
program, and thus no tests of such nature ware conducted,

?




TABLE 1
FRELIMINARY QECMETRY OF

SCALED..-DOWN VALVELESS PULSEJET COMBUSTORS

TRANSITION

VALVELESS | COMBISTION {Comb. ohbr. mer TAILPITE
'S CHAMEER |to tailpipe, min, (overall
slgnation |dis. | length| length | dia.|length 1“:‘_‘: dia. |length
HSw1 9,10 | 20.00| 21.00 5400/ 20,00 |208.,00|4.50{169.60
H8-1(.075) [2.50| 5.9 5.b9 1.56] S.b9| 2942511.18] LS.T2
H8~1(,075)=32,65 | 5.50 5450 1.35| 5.25( 30,00]1.20f 51,75
#H8-1(4075)=T(2.50 | 350 5450 1,50 3.75| 10,00(1,20| 22,50
H8-1{,02k) |1.39 3.08 3.05 «87| 3405] 16.10| 66| 25.25
HS-1(,0189) [1.25| 2,25 2,00 o75| 2.25] 13.00( J75] 21,00
H8-1(.0068) | 75| 1.75 1.50 Wb 1468 7010( Lk 22400

All messurements in inches.

Tailpipe taper for all combustors 2° 18' inoluded angle.

# Overall dimensions shortened by use of tapered inlet.



The maximu possible reduction of the length of the valve~
less pulsejet combustor was dstermined on a company- #ponsored program
msparate from this oontract, but the information was used to advantage
on this contrast, The effect of redustion of tailpipe length was i7=
vestigated on a combustor of 2-1/2-inch combustion chamber dismeter,
deaignated HS-1(.075)=3, It was possible to ahorten the teilpipe only
a few inchea and still maintein operation. Howover, a surprising de-
covery was made, It was discovered that when an inlet with a alight
taper of only shout 2° included angle, convergsnt in the direotion of
offlux, was substitutad for the cylindrical inlet, the tallpipe oould
be drastically shortened. The combustor was finslly shortened o a
tailpipe length of only 10 inches with 22-1/2 inches length over-all
(1=3/k inches tailpipe exit diametsr and 1-1/2 inches inlet diameter).
At this extremely short langth it was nacessary to put a 1/8 inch
radius flare at the end of the tailpipe in order to ge the combuster
to resonate, Howaver, at this very short length, its operating range
was 8o limited that no data were taken. Ths favorsble affect of such
a slight taper to the inlet 1s sti11 not fully understood, but it has
been shown to improve the ease of engine starting, operating stability,
and throttling range. In the case of full-soale engines the use of
the tapered inlet has been an important contributor to improved per~
formance (Raferences 2 and 13).

Under Bureau of Naval Weapons Contract Now §1-0226ws, 8
new S=1/l; inch (cembustion chamber dismetsr) combuator ahell geometry
was developed wiith provided 50% more thrust per unit engine volume
than the previous 5-1/h inch dlameter HS~1 type geometry {Refersnces
2 and 13). The main features of tiis new configuration were 45° conie
04l bulkheads at both snds of the combustion chamber and a shorter
combustion chamber and tailpipe. It was decided to take sdvantage of
these improvemants, 2o two additional sizes of combustors wers scaled
down from thir new basic geometry. Figures 5 and & are aketches of
these combustors, the first one designeted as HH-M1 with a 2-3/k inch
dismeter combustion chamber, and the second ae HH-M2 with a 3-1/L inch
diameter combustion chamber. Whils the largest of thess cambusiors
1s somewhat on the high side of the rengs of thrust specifisd for this
investigation, its performance and charaoteristics were important frem
;halaundpoint of experimants in conversion from gasecus to ligquid

uela.

For initial teats, all of the aformmentioned combustors
were built in the straight configuration for simpliolty and econonmy
of manufacture, No effort was made to minimisze their weight since
sufficisnt durability for testing was deeired without requiring
special attention to shell construction. In order to control a rea-
sonably close tolerancs on dimenaions, & conical atesl forming mandrel
wap fabrioatad, e forming mandrel is L8 inchas long and has an in-
cluded angle of 2° « 181, The small end is 0,625 inches in diameter.
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This mandrel was used to form the axhaust hnzipo seotions on all

engines throughout this investigation., No, 316 stainless elsel shects

»f 0,050 inch, 0,032 inoh, and 0,020 inch thickness were uead in oon=~

;uuzlxet;.c: with heli-arc welding to fabrioate the various aises of
sojeta,

Techrdquee, othar than aanual, for forming and welding the
combustor shells are numerous and are prescribed by tha sconcmics sand
appliocations involved. One interssting method wiiah wes investigeted
is aleotroplating, Figure 7 shows an HO-1 typs combustor which was
formed entirely by eleotroplating.

2.1,2 Thrust Augmenters

Thrust augnenters wers scaled down to match combustor sise,
The “rules of thumb" on the augmenter dimensioné are length-to-dismeter
retio of 2 for the exhaust mganhr and 3 for the inlet augmenter,
eight degress of dinmm luded angle), and en Auponuz- é.hroht
digeeter to primar; dismeter ratic of 2. Pyrex glass has
to be the chespe .t material for the mallest of the mlutmnﬂ
test augmenterz ar _; 1s sasily formed and sstisfactorily withetends
the opsrating temparaturea, which are as high as 300°F, Pigure 8§
shows tlie key dimensions of sugmenters for the HO-1 ocozmbustor and
Figurs 9 shows sctual pyrex sugnenters. The extra length is trimmed
4uring the tuning proocess, The flared inlets of the lerger augmenters
ware formed from mild steel by metal spinning and then welded to the
conjcal sections. Augmenters of extremely light weight (12¢1 thrust=
ta-might ratio) have been built for the full scsle Pulss Resctors

b or high dstafoam’ coversd with Fiberglas

skin and hizh tmpentu.r- veoin as indloated in Refersnces 1, 2 and
13.

21,3 U-Shaped Carbustors

In order to servz &s a thruat device, in most cases the
pulsejet combustor must be bent into & U=-shepe 8o that the tailpipe
and intat point in the same direotion (the inlet end of the combuater
produces almost as much thrust as the tailpipe). Simple diss as ile
lustrated in Figure 10 were made for the U-turn tailpipe sections on
the HC-1 and the HH-ML combustors. 4 tepared steel mandrel oonforming
40 the tailpipe insids dimensions was heated and nt into the U-shape
of desired radiune Ite outline was than soribed onto & thick stesl
plate, which was cut through and filed to 2 satisfastory clesrance.
Using the bent tallpipe mandrel, the lsft and right sides of the U-tum
were pressed out using first one side and then thes other side of tho
stesl plate dis, Thess two halves wers then wlded together. Figure
11 shows the mandral and die along with ¢ right and left hand pres
plates that were necassary to compensate for the tapsr of the mandrel.

10



'Wlnilloupanwndmuo-lmdmmdnw
b The flat combustion chimber bulkhesd for ths HC-1 has been
replaced vit-h a 4S° oonioul combustion ohambsr bulkhesad for ease of
Zabrioation as well as improvessnt in struotursl durability. It hss
baen dstermined that this type of bulkhead doss not sdversely affsot
ocmbusrtor performence anmd, in faot, may even improve it.

Figure 13 shews a ackbustor of the HO-1 type whioh hae btaen
bent into the U-shape with a smaller yediue than usuii, There is no
apparent adverse affect on resonant performance; hovewr, the inlet
and tadlpips are & oclose together that individual thrust augmenters
cannot be uved, A common thrust augmentar cannot be exp d to pro-
duos the desired supsantstion ratios,

Several n;htvcuht U--lnpcd oombustors were canstructed, A
Hewl yulnjot nads of 0,020 inch stainless otesl weighed 0,87 1b for &
wazimm thyust-to~veight rlue of 3.311. An HHeMl combustor of 0,012

inch Haynes alloy weighed 1,18 1b giving & maximum thrust~to-weight
ratic of 8,511, Several hours of issting have been um-nhud on t.h
HHL with no evidence of structural fatliure, Per compari
nrcnu.y available valved pulssjets, Dynajet and maraot v-d.‘h 0.95
1b end 0,43 1b for thrust-tomwelght ration of Le21l &nd k.11 respese
tively, Combustor shells of significantly thinner material
oircumforential stiffensrs to prevent resonant owalising or sollapess of
the tubular sections, as wll as damage dus to handling,

An atte=pt to manufacture an HH-M1 combustor from Haynes al-
1oy of 0,005 inch thicknsss was nade with the praviously desoribed
simple tooling. The estimated maximum thrust-to-weight ratic wan
grester then 121, This engine was not completed dua to difficulty in
pressing out the U-turn half seotions. The thin-shest material would
not draw into the die in one pressing operation without aplitting. [
wel heli-arc welding of this very thin materisl is alsc diffieult, but
18 done suocsesfully. More practicel techriques would be resistance
1ap welding or burn-down flange welding. Manufaoturers of the mmall
valved pulsejets use both techmiques on thin gage materialy for example
the Tigerjet and Dynsjet are welded by melting-down flinges left from
half-shells while the Mimmesote Ergine Works M.B.W. 307 ia resistance

2,2 Fuel and Pusl Injection Systecms

Gasacns propane has proven to be a satisfactory fusl for
operation of miniatwisad Pulse Reaotors. Some effort hoe been ex-
pended to dovise s successful 1liQuid fusl systen for aall engines,
and pertial success in thim regard has been achieved using gasoling,
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The fuel noszlas, even with gassous fusls, have bean s pro-
blen vith the miniature valvel prlsejet engin Ooamare:
were investigated for fusl nozeles of appropriite
without success, Several Hiller-designed mystems were then tried,
Good operation with & moderately wide throttling range using propane
hav been achisved for thres types of fusl eystems. The first consisis
of inserting the fuel 1ine into the scmb on chexber inlet aleng the
longitudingl exis. Fuel injeotion was sscomplished through fowr holes
fyom which jets apray at right angles to the longitudinal axis of the
sngine inlet. The best position for the fusl injeoticn with this
drillad tube typo tyﬂ.m vas at a plane parallel to and only about 1/h
{noh upst n chamber bulkhead (Pig. 1h). The
sacond mccutul typc of fusl system (ﬁg. 15) oonsisted of four tubes
inserted through the forward bulkhead of the cambustion chmber sbell;
that is, they were wpmmmwmu to radisl lines that ex~
tand outvard from the longit axis of the combustor. The HC-l
oorbustor was fitted with the first type of fuel nosels, 7he
dloadvantage noted with thess nossles was & tendensy to ohoke and alog
after a fow hours of operation.

The third and most mauu‘ul type of fuel nossle was an
pingement type nossle called Qraber’s” "Question Mark® nossle (Pig. 16).
It caused tiwo jete of fuel to strike each other head-on and form a thin
disc-shaped sprey pettern, This noszle has the characterdstic of var-
iable jet ocutlet area as a function of fuel pressure, which is believed
at this time to be desirable in Pulse Resotor cambustor operation,
Also, the jet outlet area wue easily preset to provida the required fuel
fiow rates for a range of fuel pressures,

The high cyclic operating rate of the miniature combustors,
as compared to the larger ccmbtustors, was thought to cause the rzajority
of the fuel system difficulties, and necessitate a high mixing rate with
the incoming «r charge. For good performance (Tafo), the fuel Jet
outlet area must be of a size to optimize fual ,zn, velooity, panstre-
tion, and mixing with the air charge. The HS-1(,075)=3 and the HH-M1
soubustors were each fitted with two of the "Question Mark" noszles for
testing, wheress the EH-H2 combustor used four.

The HH-M2 combustor was mads to operate satisfaotorily on
gasoline when fitted with two “lorgnette" fuel nozzles e# shown in
Figure 17, These nozzles were similaxr in opersation to the “Question
Mark" nozzle, but of & diffarent shape and tube eise.

#D, A. Oreber is Head Propulaion Lab Technician at Hiller
12



The smaller HC-1 combustor was fitted with several different
4pen of fuel nossles designed for operstion with gadoline. The first

ful in the HH-M2 ccmbustor tests, With ore noszle locsted in the aame
bustion chamber, the m~1 combuator started and resonated strongly for
a fot7 ssoonds until the shell and nnuh began to heat 8D At thie
point the fuel in the nossle d and 4 y
dus to the restricted fusl flow rate. Three solutione to this probles
were possd:

(1) To mske the fuel nossle inside dismeter large ¢ cuph to
pass the required smount of veporised gasolinej

(2) To make the fuel nossle mmall emough to reduce the ssount
of heat transfer and to prevent vaperisation of the fuel
inside the nossle;

(3) To place the nossle in the inlet passage where its opare-
ting temperature would be lower due to the intermittent
flow of hot and ocool gases,

Sketobes (1) and (2) of Figure 16 ahow two types of nossles tried in the
HC=1 combustor. These wers located in the inlet and were of relativaly
large sise. Resonant performance, thrust, and throttling range were
eatiafactory, tut poor Tafo associated with this nossle location was
demonstrated, In this position, distribution and mixing with the in-
flowing airstream were good; hovaver, the nosasls cutlets could not sense
the qrolic combustion chaxmber pressure rise and ascordingly, thers was
o intermittent stoppage of fusl flow, Fusl was, therefore, being in-
Jested into the Jet blowdown, resulting in the poor Tsfo,

Relooation into the combustion chember was ascomplished suo-
cesefully by ndu«uu the lin of the lorgnette notsle. In this way,
tlu heat transf bl wers controlled and effec-
tive penetration 1nt.a the incoming air stream was retained, Bketches
(3) and (4) of Figurs 18 show the lorgnette nossle position in the com=
tusticn chamzber and the nossle dimensions, Tsfo improved considersbly
with this injection setup (see Seotion L. TEST RESULTS).

2,3 Ignition Systems

Zach pulssjet was equippad with & auall model sirplane type

spark plug located in the combustion chamber. Any convantional spark
supply wes sstisfaotory, For multiple engine ignition, a 7-oylinder
nrcn!t magneto driven by a 1/l horsapower electric motor was used,

The Clevite Corporation has developed a plezoelactric
“epark pump® of oompact and rugged design and has successfully demon=
strated its use on & muall, single oylinder, reciprocating engine
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{Referencs 5). A version which ocsn be actuated by hand squeesing is
availsble and is attractive for pulsejet ignition syitems vhere com-
pactness and portability are required,

e & combustor was oyunu.u, sdjacent intsrconnected
combustore oould te started without & spark. These interconneoted
angines and their charascteristics are desoribed in ssotion L.S.

The poseibility of using pyrotechmios as starting devices
for the pulsejets was investigated, Several tssts were meds using
squibe and short duration miniature rockets &» 2 means for providing
the initial disturbance and ignition in the engine, thus replacing the
starting air jet and spark plug. The limited tests wers not suscesaful,
No oonolusion was reachsd as to the possibility of ultimate success of
this technique,

2,4 Pulsejet Tuning and Operation

In soaling down the HS~1 combustor (225 1b thrust) to a min=
laturised version, thrust, general and even oper=
ation cen be lost. In preliminary testing, the minlature combustors
had to be tuned to & strongly resonant condition by variations in the
fuel syotem and shell poutry. Shel) geomstry changes &2 a result of
tuning are shown by Figure 1 with Figure 3 and in a compari-
son of Figure 2 \dth Ficuronﬁ, a3 well ag Teble 1, The HH-ML and HH-M2,
scaled from the new combustor geometry developed under Bureau of Naval
Weapons Contract NOw 61-0226—c, did not perform well in their original
dimansions and were also modified, In general, the ministure ccmbustors

required proportionataly a larger combustion chamber diaxeter and a
m«r tallpipe than their larger sized predecessors,

The abllity to obaerve the pulsejot performance and prescribe
& change in fusl systam or shell gecmetiry to improve its cperation hes
teen developed as o result of many houra of testing end experimenting,
$t111, therv are occasions when the relationships between thess changes
and performance are very pwszling, The p: of thrust
sonstimas inoresses the basio pexf of the b (0ags, 208
Meferences 1, 2 and 13), Ho\nnr, at other times the performance is
affected adversely. The fusl nouh position has proven to bo very
sensitive, not so muoh for tion as for optimi of
thrust and epecifio fuel cm-umptlon.

The thrust augmentera frequently exhibit & tuning effeot
with changes in their length and diameter. Thair thrust output, in
terme of percent of primary Jet thrust, also varies wlth sombustor oute

it and uppears to depend on the jet pulsw welooity and configuration
?:u also References 3 and L), 1In the uv-rd inﬂ,muu where poor
sugmentation could not be imp in th Hanoter
or L/D, the jet pulss velocdty and wave form are thouaht to be at feult,

1




. The fusl injestion problem has proven to be more oritical with
the mmaller pulsejets, This was apparently dus tc the increased cyclis
rate with reducsd sise which requires close attention to fuel nessle de-
#ign and lecstdon to insure mearimwa fusl penetration and disperidon fmbo
the inocming sir cbarge, Attempts to couvert from propans gassous fusl
t0 liquid gasoline fuel were tedicus, Howevar, momno!innnmmn

groatly staplifi

ing se well as providing & more versatile mimature Puless Bsastor. Pre=
1iminary mrhmc mdor Contrast ¥Ow 61+0226-0 (Refersnces < and 13)
with two 4 o sized oomb 0 of 5«1/l inch and L inch oombus~
tion chamber di-cml indicated that the 4el/L insh sise was the mallest
at that time which oould be opersted over a wide throttling range without
noticeable starting and performance prodlsms, However, by the end of the
project described herein, 1iquid fual supply techniques had prap'ou.d tc
the point where even the small HC~1 »re
ot gasoline {see section Lel)a

The qualitative Pulse Bsadtor cye’s of oparation may bo de~
soribed brisfly with reference te Pigure 19, Starting 1s acoomplished
by sizudtanscusly

Pl of the alr stresm by & mall Jet of propans has proven
to be suoccesaful in seme configurations,) The resul n oANeds
& pressure buildeup, and the ar n products expand cut beth

ands of the aalbuwr, introducing the axhaust phase, In this phass, -
tha ignition and starting air are turned off, and as the preseure in thw
oo-bmunah_b-rilhuhnrtwthn fuel presscre, the fuel flow gceases
ly. Ths of the £ases Causes an overwexpansica
in the ccabusticn chamber and flow reversss in the inlet and, 'n.up!.po
During this inflew phace, as the pugtion chembar py:
cu.uy balow the fuil menifold pressurs, the fuel egain flows mu tha
chaxber, The air flews whioh enter from both ands of ths octbustor cel-
1ide in the combustion ohasber and there 18 & vigorous mixing of the in=
ocming air-chavgs and fusl, The hot produsts of ccmbustion which dldnit
quite esceps from the tailpipe during the previcus phsses are thoro
mized with the freosh chargs end furnish multiple pointe of ignition
ths next oombustion phase. Starting air n.nd spark are net num !er the
following aycles, which are rep at a
sise of the ocombuster, The vigorcus ud.u and lnluyl—pem 'p\itiea
explaine why the resonant ocmbustor may be oporated on & wide vaz ‘ty of
fusls, The performanse (at sea lsvel) does nmot, in genersl; depi.. on
the use of fele with high flams speeds, dut only on the heeting valuve
and the mixing efficlency. Of additionsl importanse is the very repid
thrunt reeponss to changes in fuel fiew vete, It is estimated that the
Pulso Resctor!s throttle response is complote within three to four Gome
bustion aycles, & well fraction of & second,
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The intermittant Jets from the ends of the wmbustor can be
pamn-umqmmwmw,romunr

4t hae deen di d that the pr of eota the por-
formance of the basic 9 soubuster, mw&ennmhuﬁmﬂn

tal thrust and ) divided 1y the
stor when oparated alone.

H
:
L

It was deoided to usa the thrust plate iichnique for the
initial performanve tests of the straight cembustors, This was done
for the following reascnss First, it is sasier to build the angins in
the etraight configuration. Second, whan tha siriight englnes ax
tosted on a more conventional thrust bed, ons can maasure only the dif-
ferance between the thrust frew-the inlet and outlet, With two thrust
plates, inlet and sxhaust thrust osn be measured seperataly.

Concerning design of the thrust plete type mechaniam for
measureasnt of Jnt resotion thrust, refersnce was made to an English
study by P, ¥, Rowe (Ref, 6). The sasence of the problam of ascurate
mehsurement with thrust plates 1ies in the necessity of turning the jet
efflux precisely 50°, Otherwise, the swall angle by which the jat 1s

In order to increass the scduracy, it was decided that the thrust plate
sheuld have thin, parallel plates wounted on tha edge of the thrust
plats, which act a8 flow straightensrs. Pigurs 20 shows the thrust
plate constructions

Rach thrust plate was provided with & Eagan pnsumatic nulle
balance thrust cell. A variable mechanical multiplier liviage wie in=
stalled vhich allows ths full range of the thrust csll to be used for
Yy size combustor within the § to 15-1b thrust rangs. 4 thrust cell
was instslled on the sngine support ltr\wtu.n to provids a direct mea-

thrust

surement of thrust for temts of U-shaped Pulse Reactors. The
mudatodonapnlmxuoinp-umd waverted to pounds thrust
by means of a calibration test, Rstimated eccurssy of the

thrust
mearmrvamnt wes within ¢+ 5%, 4 later ccmparison made botween the thrust
dnioation of the thrust plate and the dirsot thrust indicatiom of a U
shaged ocwbustor verified this estimated acowrasy.

Propane fusl supply for teste on the H0-1 oombustere con-
sisted of three 25-;;11» dquid propu» storege tanks nomeud toa
fuel manifold, 4 langer propene m“m
ta&uthni‘imhdi-aurfudnm)mhur Mhomrto
test the lerger sises of mimature engimee.
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Figure 21 shows the thrust stand and contyol consols, wWaich
contalns all controls nacessary for operation as wall as geges provi-
ding readings of thrust, fuel flow rate, fusl preisure, fuel tempers-
ture and bustion chamber ge pr Propans fuel flow rate
't was % be usually to about +5%, How-
ever, diffioulty wes occasionally encountersd in the form of (1) fluo-
tuations of the floats of the tapered-tube flow meters (Brocks SHO-RATE
"150% Rotamsters) and (2) the cocasional preserce of both 1iquid and
gass0us phases in the metering systam, which reduced tha ascuraoy of
measureadnt to an estimated +10X and required adjustments to the fuel
spply and metering systeu,

Qasoline fuel supply to the thrust stand wes fuenished by &
small Vickers positive displacement pump, with a pressmirs hy-pass
valve, driven by & 1/l horsepowsr motor. Starting air source was a
conventional air compressor supplying air at 60 to 100 psig.
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recteristics, were than _.,‘ tht"‘ d
on, Augmentars ware vmially tuned to the coa-
bust. bynrymthnwnmhu

the

wes noted for the Mudlul Wr, the individual Pulse Resotor

(oombustor and sugssnters), and the Pulsc Reastor oluster. Fre~

quanoy of resonant ocmbustion was usally determined by comparing
the signal frem an sudiec osoillator with

and gynohrezising surelly
the noise from the pulssjete,
The asoustio over=all near noiss level of these oombusters
18 17 the mid:bcrhood of 130 ) (duciboh) at the resonating fre-
12 130.4v, Nownting ve and ingteze
oonscles M pansls without ascustis treatment is
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It has been observed that ths Mdeummnuma
average pressure of valveless pulsejets follows the trend of ¢
for various fuel flew rates, a# it does for valved pulsajets (N.
7)e Tor a fixed angine configuration, the combustion shamber swirage
pressure 1s then & good indisajor of thrust perfomance. Since this
12 sach & sinple parsmeter to measurs, it 12 very useful for sutoe
Ratdc control devioss and as & comtinmuous operstional indioater of
dinterasl performanos whioh can be celibrated in terms of thrust
(Reforance 13), end has been s¢ demonstreted on larger sise oquipm
then tested in this projests It was used in the gascline fual te -
with the mindeture HE-HM2, HH-}1 and AC=1 models a8 a rough !.nm.nuen
of perfosmance upmv-tnt a8 ohanges in the fuel wystem were tried,
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kel HC=1 Pulse Resstor

Initial & wre porrennd wth six C=1 ccmbustors,
with drilled tube type nosiles (Fig, 1h and 15), arranged first in
two rows with spacing of 2§ inches between centers vertically and 3
inches between centers horisontally, which wmas about as ocloss to=
gother as they aculd be pleced (Fig, 22), and then in 1ine or “irain®
with adout 2% inches bet Figure 23 shows
the gsneral arrangement for the line or Wirain®, although the spacing
plotured is greater because augmenters are nllc shoym in that photoe
graph,

Using propens fuel, sach ccmbustor started easily alone
and ran at a resonant frequemty of approximately 320 ops, Whsn
operating in & single row of three, the engines seemsad to lock in phase
and run smoothly. With all six combustors operating at once, thare
was & noticeable begt which indicated a difference in rescnant fre=
quency between two or more englnes. ‘l'hil offect wes more notiocesble
in the cese of the ineline d to the t lar
arrey. Fuel flow rate versus thrust tor beth the rectangular arrey
tests and the in-line tests is shown in Figure 24, Data polnts ine
dioats unaugnented pul. 8 operation with 1,2,3,L,5 and 6 combustors
running 4n the combinations shown with a fuel flow rate of 12 lb/hr
esach, It was difficult to get all six combustors to operate simulte~
necusly &t sny other fusl flow rate, Furthermore, interpretetion of
these results was complicated by the fact that this was aleo approxdie
mately the maximum rate at,which the storags tanks oould supply pro-
pane to all #ix combustors, Thrust-specific fuel consimption was
then in the range of 6 to 8 pounds of fual per hour per pound of
thrust, With the rectangular cluster arrsy there was & defipite and
inoreasing drop in thrust when the mumber of sngines operating simule
taneously was inoreased to five and then six (Fig, 2L), with a loss
of about 20% for the latter,

*Sniffer® tosts, using the Johnsen-Williams No. 1201,
Model @ Sniffer, indicated that some unburned propane was being
blown baok out of the inlet, However, in the caes of in~line opera~
tion of as many as six engines, although the opsrating thrust range
was still very narrow; there was no loss of thrust dus to proximity
even though the adjacent combuetion chambers wers so olose as to be
in dirsct contact,

Scbsequent improvement in design and location of the fusl
injeoticn system improved thrust and Tafo, but again insufficient
fusl flow rate prevented maximum oluster performance from being
#Fuel syctam improvement was planned for succeeding phase
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reached, It. was expected that dimt tubular muroolnoeuon botwean
ths ad) would b the ronge of thrust
and reduce interference due to acsustic ceupling, mm.:l.y in

the rectangular array; btut such direct
w2s restrioted to the later tusie of the Lmproved valveless pulssjed
combusters, models HH-M2 and HH-ML (see seotion Le5).

Hgure 26 -hmu thrust versus fuel flow rate for one HO=1
Gampardson ¥.th Figure 2L
peints ont the nnm.au of the sasll propans fusl supply -ym-
in that flew rates were insufficient to reach marimms performans
with all six ocabustors opersiing, In hot, it 4e donbt.m vhnﬂm-
naxinta portoum with Just one comb » guite
the usaugmented thrust curve deee not show thc nolt ehnut.rilua
‘p«kﬁ.n" or at least flattamirg out ay maxdmem flow rates (wcromn
1 and 2)s Meverthaless, cluster performande san be cempered wi
Anddviduzl Pulse Rescior perfermance at sddarange flow rates, Pﬂ-
Figure 25, cluster thrust of 13.5 lhl wud at & flow rate ef 67

essnparoe almost identdcally with 6 times the single Pilse Msaoter
performance of Pigure 26 ef 2.3 1b *Aruit suguented et 11,1 pphy
Therefors, it aay be conoluded thet there is very 1ittle affect ef
osaduster interaction en tetal thrust and thrustespecifis fusl cone
samption (Tefo) st this partioular flow rete, Thia is mhnbly alse
tae oase for the cntire thrust range in the rectengular arx
That 19, they may sither ocease operstion -um; ory i.f tluy cperate
&t all, then cperste without less dus to alose P! tys Haximum
Wnrmt-;gﬁn r:rmmumuaoturw!zé,
unaugnented, was 150 1b/f¥with a ocmbuster voluse of 0,018

:‘.mu- ti::lthth"hmtg‘ lJ.lo‘_““

gasoline, Simultaneous aperation st touohdr ;
wthowed effects of interference in that 1% was diffieult to get the.
beth to rescnate over the ocmplete fusl flew rangs, but individual
performence wuo goods Figure 27 presents the thrust versus fusl
flew rete data for ons unsugmented HO=1 U=shaped oombduster., The
Teto :tsl.?:-i' sigriticantly m.m- than the 5,8 ﬁmﬂ Loy :?; -
atrad,
the isproved nossle locatfen, l{mnrﬂ nainum wﬂn was not as
greet,

A% thig point 4in the program & caspirison of thrust
Iunﬂu aethode wes sacoomplished by meaeviing the (irect thrust
tha U-shaped HO-l ocnbustor in & support mrangensnt like that
tmuﬂnro 37um1$ﬂtlwthnﬂnumdby
use of & thrust plate as showa in Pigure 20, The corralation mas
within the gemeral scourscy of thrust measursment of about ¢ 5.




ko2  BS~1(,075)=3 Pulee Hesstor

Only one HS«1(.075)=3 Pulse Resotor was teated, The desig-
nation was used to indicate that the HS-1l configuration, that is
described in References 1 and 2, was scelsd down by the ratio of
04075 to 1, and the =3 referved to the third modification of thiw
basic design. Ite performance was not attractive in view of the
euperior performance of the new HH~ type gsomatry which was scaled
down from a 5.25-inch diameter oombustor that was devaloped under
the program described in References 2 and 13. However, it startad
easily and was characterized by emooth and stable opsration, especial-
1y st the lower fuasl flow rates, The teet sdt-up and dimensions are
ghown in Pigure L, Figure 28 presents data on thrust and eversge
eombuution ahmbcr pressure va, fuel floi* rete for ths combustor,
the combustor produced a
maximum thrunt of 8,5 1be and & Tafc of 4.0 pph/ib at 7.5 1b thrust.
Augnented, maximum thrust vas 11 1b and best Tefo was 2,6 pph/ib,
but richout occurred at & lower fusl flow rate than for the unaugmented
combusior. The performance curvas are terminated at tha upper ends by
combustor richeut which indicetes that there was suffioient fusl flow
rate to give maximum thrust for this particular engine and fuel system,

It is apparent that the augmentation ratio of 1,5 at maxi-
mum thrust is far below what can be expscted, For analysis, Figurs 2§
shows the thrust of the exhaust and inlet ends of the Pulse Reactor
separately. Augmentation ratdo of the exhaust is low but otarts to
increass at the maximum fuel flow rate, while inlet augmentation
starts high and drops as fuel flow incresses, Performance of this
type is caused by either poor matching and tuning of the sugmenters
to combustor or perhaps a combustor geometry which does not perfom
well when augmented, Several howrs, howsver, wers gpent in Lq/ing to
tune augmenters to this with no 1 in
ratfo. Alsc, the efisct of the proximity ot thrust plates on combunwr
and augmenter performance had not yet been presisely detarmined,
Thrust per unit engﬁna volume, unaugmented, was 97 1b/ft° and engine
volume wes 0,080 £

Le3 HH-ML Pulse Resstor

The HH=ML geometry and test set-up ia 1llustrated in

Figure 5, Figures 30 and 31 present thrust, average combustion cham-
ber pressure, and augmentation ratio vs. fusl flow rate for one HH-M1
Pulse Rsactor. Maximum thrust, unaugmentad, was approximately 10 lbas
with & Tafc of 3,2 pph/ib. Augmented, maximum thrust was 17 1b with
u Tefc of 1.8 pph/lb. Combustor richout did not ooocur and fuel flow
rate could not be increased bayond that shown even though the large

500 gal, fuel supply was being used. It ia suspected that ancther 3
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te L Ibs thrust could be schisved fer the mugnented cosbuster by in-
creasing the flow rate another 10 to 15 pph.

Augnentstion ratic of 1,9 is reprasentative of what should
be expeotad for thiz siss Fulse Reastor., Resonant combustion fre=
lq;;x‘:g was 220 cps, Maximum thrust/volusis for the combustor was 1O

.

Three straight HH-Ml Pulse Reactors were arranged i a row
with a epasing of § inches betwsen contera, which was &8 sloac «s the
augmanters would permit, Figure 32 shows their performance in terms of
thrust and augwmniation ratio vs. fuel flow rate; Maximum cluster
thru- ', unaugaented, was 22,5 1bs vith a Tafo of 3.3 pph/lb. Auge
mor’ d, madimum thrust was 36 1b, bub at a lowr fuel flow retc then
when unaugiented and with a 78fo of 1.9 pph/lbs, Augmentation ratisy
was 1,8, Again, fuel flow rate wes insufficdent to reach the highest
podsible performances

Sound level readings were taken uging a Oeneral Radio Co.
sound level meter, Type 1551 A, The C weighting scale wae used to
provide a relatively flat frequency responss at the 130 db level and
the readings were taken at a distence of 25 ft. As the test stand
wey located under & shalter which caused sems echo and sound reflsc-
tion, the sound level readinge ehould not be considered quantitatively
89 very reliable. They do, howewer, repressnt the effect of multiple
engina operation, Table I presents readings with 1, 2, and 3 engines
oparating, each with the acme fual flow rate. Two readinge represent
the axtremss of the indicating needls fluctuation and the third, the
average observed value,

TABLE 2
SOURD IEZVEL READINGS
He. of Ingines Operating 1 2 3
Mexizm & 28 | 129 e
Mintmn db 12k 12y 126
Averegy dv 127 | 127 128

The pulsajets were not intercormeoted and the audidle beat indlcated
that they would not stay in e nchronisation,
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Lol HH-M2 Pulss Resstor

Thres straight HH-M2 combustors, with dimensions as shown
in Pigury 6, were set up on the thrust stand with 9" spa etween
centers, Bach ocmbustor wae fitted with four Wlorgnette' type fuel
nossles, Augaenters were the same as those used for the HH-M1 teste,
Fuel flow for each combustor was fwmished through two flow maters
and supply 1ines in parsllal conneciion, and thus higher fusl flew
ratss than those for the HH-ML tests wers obtained.

The of one bustor 1z shown in Migures 33
and 3L, Unaugmented, maximum thrust was 12,5 1b with a Tafc of 3.6
. Augmented, waximun thrust was 23,5 1b with a Tafo of 2,0
glving an augmentation retio of 1.8, It ia of interest to
noca how nearly conatant is ths thrust-speoifio fuel consumption
(Tafo) in sach case.

In the single combustor test, ths rich-out point was
reached, Augmenters were alighily undersised as they were built to
matoh the HH-1 ocmbustor, and sccordiiigly, the sugmentation was
below that of the HH-ML. Note that the trends of thrust augmentation
are quite different at inlet and at tailpipe ends of the combuator
a9 indicated in the uppsr curves on Figure 3k.

Resonent oombustion frequency was 188 cps, sstor
maximm thrust/volume ratio was calculated to be 125 1b/n

all thres cambustors opentin;, fuel flow uu was agein lnlov um.
required for full and the rich-out point was not reached.
From Figurs 35 was 30 1b with a Téfo

of 3,5 pph/lb, Au@lentnd, m:d.uum thrust waa 47,5 1b with & Tefe

of 2,2 and an sugmentation ratioc of 1.6, It is believed that higher
thrust sugmentation cen be achleved through hetter matching of sug~
manters and combustore, Support for this belief comes from noting
{from Figure 33) that the average combustion chambar pressure 1-
lower in the p of thrust than without thea.

tests with larger Pulse Reactors (References 1, 2 and 3), the huh.nn
thrust eugmentation wes achisved in conjunction with inoressed
average b on charber p )

The majority of gains in liquid fusl injection techniques
were made with the HH-M2 engine fitted with two of the amall lorgnette
fuel nossles,

The liquid fuel check-out tests with 80-90 cotane gascline
were surprising in that the combustor started easily the firet time
and resonated over a fuel flow range of 20f. Combustion chasber
average pressure resched a maximum of 1,0 poig before rich-out.
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Based on its rough operating characteristics, it was soncluded that
the inlet tule dimensicna were too hrfw sccordingly, the inlet
dimster wid length ware reduced from -i/z" dameter by S-3/L¥
length to 1-3/8% dimeter by 5-1/2¢ length, With the same fusl
nossles and lodation, ths ocmbustor than over 5 50 fue)
flow renge end the b chamber 'age po 1.
paig. Jots that with propane, maximum combustion chasber averuge
Prossure spprosched 2,0 paige This corresponds to about 9.5 1bs
thrust wlth an estimated propans fusl flow rete of 35 pounds poit
hour, Bucompwith 1iquid fuel injection dspends, first of all, on
oombustor sholl gecmetry whioh must be 2 to strong

Then the fusl nozsle sise, spray pattern snd losation requiresenta
must be met.

4e5 Pulsejet Interconnsoting and Synohvormisatdon

Three straight HH-M2 oomb " wers g
at the coubustion chamber with S-3/L* lengths of 3/8% 1.4, tuding
as 1llustrated in FMgure 36, The combustion chusber of the center
ocabustor tius had two intercomnecting tubes and its individual
operation was affected alightly, It tended to be hard starting and
would not resonate at low fuel flow rates. The outer two combustors
appeared to operates nomally,

With one combustor ruining, the other two could be started
in ssquence using enly the jet of starting air while cpening the
fusl velve. No spark was nacassary, The apparent effact of the
interconnecting tubea on cluster operation wae to synchrosine the
combustors. Tha customary "beath, caused when each of the combustors
resonates with slight differences in frequency, was not heard,

Two HH-M1 U-shaped engines wers also manufaotured for
testing as shown in Figure 37. With this metup, by careful sdjust-
ment of the fuel flow rates to each b s the two bust
oould be synohronized as determinad by the lack of an widible beat
or diff bet: the two o o0, There were no
direot combustor intercormections.

In order to determine more asourately the combustion fre-
quenoies and tion, two Plus voioe-p d miore-
phones wers used in conjunction with a dual beem oscilioscope
(Tektronix Type 502), The microphones wore shrouded eo that 3/16%
1.4, nylon tubing could Bs commeoted to them. The tubes were then
conneoted to the pulasjet combustion chamber pressurs taps. The
tubing lengths to each conhustor were the same in order to prevent
phass lag, It was alasc nacessary to have tha tube length-to-dimeter
ratio, I:}D, rather large to damp out second order pressure wave ef-
fests and to have the tube length euch that ite natural acoustis
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frequency was not in resonancd with the pulsejet combustion frequency.

Pigures 38 and 39 are Foleroid phot. he of wingli P
onoilicosoope trases, Figure 38 tracs (1) ohows the cyoclis frequency
of one combustor operated at full throttls, while trase (2) is the
aame combustor at idle, The CRT grid is measursd in centimsters and
the sweep speed was 5 milliseconds per centimeter, PFull throttle
indicates 228 ops while idle indicates 233 ops, an inoreass in re-
sonant combustion frequency &s fuel flow is decreased,

Oscillosocpe oparation in the pulsejet ascustio envirooment
1s affeoted by miorophcnios &t high smplifier gain settings., How-
ever, ssoustical insulation was not needed because the voice-powered
miorophones produced plenty of voltage for the acoustio signal sup-
plied, as evidenced by the 0,5 volt per centimeter vertiocal gain
setting on the scope.

Figure 39 compares the cyolic frequanay of esch ocmbustor
when opercted together, 1In this case the combustors ware audibly
synchronized without interconnestion tubess The scops traces sub-
stantiated this and also indioated that they were synchronised ap~
proxinmately 180° out of phesss It beckms spparent from watohing
the traces that the combuasters “preferred" this mode of oparation.
An audible beat cocurrad when ths frequenocles becams different due
to different rates of fuul flow, With one oombuster at idle and the
other at full throttls, « beat frequency as high as 10 ops was cb-
talned,

4 5-1/2" by 1/2% 1,4, tube conmecting the twe HHL come
buetion chambers ceused the ocmbustors to operate mynchronised in
rhase (1,e,, fire simultansously) as cbserved on the soope, With
this arrangement, after starting one combustor, the other could be
started without the use of starting air or apark. Other metheds of
interconnection tried thus far have not produced the desired strong
eynchronisetion out of phase. The out-of-phase mode of operation is
assooiated with reduced noise level, and it is suspected and indi-
oated from preliminary cbservations that meximum thrust will be
achieved in this way also, Murther investigetion of synohrenisation
oontrol, starting, and combustor interaction was plenned for this
pair of combustors for a later phase, bui was not conduoted, Shroud-
ing and noise control ie alec an area of interest which wes not cone
clusively studied,
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be
280 oyales per ssoond from m&nuon of the metien plotures
at 5600 frames por second, These piotures represant the first time
that we hn::'thn high spesd sohlieren motdon pioture:

oonpared
the inlet, By contrest it should be noted that the effls
frem the inlet 15 much higher than the «fflux velsaity fyem the
pipe, 8ince these piotures were taken, the schlisven systen was
modified to a ccler system by the addition of a uluoo:l.ond filter
which greatly improves flow visuclisation, Pull use of the schlieren
vigualisation 19 baing made in the pr"!.ow noted hmuuﬂuon of
the snergy from an Jot to
fluid in thrust sugnenterr (References 3 aad L),
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Se  OOMCLUSIONS

The experience gained in constructing and testing tho mine
fature vdnhn pulsejats and thrust sugmentere to date has led to &
broadsr understanding of their paremeters, characteristiocs and problemd.
The faot that the original scaled-down wversions would not run satde-
factorily emphasises the importance of combustor shell geometry on per—
formanca and points out the nature of the problems created through min-
{aturisation. Four sises tested extensively nprounud the best cone
figurstions developed after many hours of tuning and experimants (see
Table 3). The HS-1(,075)-3 combuatcr mich vas ehnnetoriud by &

S-1/2 inch straight section bet r and the tail-
pipe was noted for its easy starting md smcoth perronusco especially
at the low fuel flow rates, However, the augmentation ratio was not as
high a8 the HC-1 or the HH type Pulas Reactors, The HO-1 Pulse Reactor
performed well even though its very small size led to complications in
designing a satiafactory fuel systam which would give easy atarting

and wide range performance, The HH-ML and tha HH-M2 Pulse Reactors
performed bettor, although this may be attributed to their larger sise.

Figure Ll presents the trends of thrust per unit combustor
volume a8 & function of combustor volume. These data are based on the
unaugmentad performance and show the complets range of valveless pulse~
Jet combustors from the 9.1 inch diameter HS-1B to the HC-1l miniature
combustor which have boen teated &t Hiller. The thrusteto-volume ratio
i with d ing bustor sige at a rate somewhat less than
represented by the “2/3 law® a3 scmotimes referred to in ges turbine
acaling. In view of thrust-to~volume, Tafo, and sugnentation perform=
anoe, the HH-ML represented the best of the miniature Pulse Reactors
tested on the contreot.

Figure L2 shows Aembuaiicn frequency versus combustor volume.
The trend closely follows the 1/¥° slops, Sinoce the lengih-to-volume
{L/D) relationship for the valveless combustors is fairly rigidly pre-
sorited by resonant combustion requirements, the frequency also closely
follows the slope.

The "lorgnetie impingement! type fuel noszle proved to bs
suscessful in these tests of ministurs valveless pulsejets using
gaseous propane and liquid pasoline of 80-90 ootane; however, further
improvements in Tafc should follow from additional effort and ressarch
in this areas,

No adverse effeot on performance (thrust and Tafo) of multd-
ple engines in close proximity due to pressure wave interaction wes obe
served for a single train or 1ine, However, the close rectangular
of six unsugmented HC-1 combustors did show & performance drop when
more than four combustors were cperating. Pulse Resoter interastion
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appoared to affect the stability and frequenoy of resonant combusition
and, during tests of compaot olusters, showsd up & difficulty in
keeping all the combustors r over the te fusl flow
range. Further investigaiion of combustor interconneotions should
provide the solution for this difficuliy.

Operationsl problems wers primarily (1) noise (ss is typiosl
of jet engines, 12L-130 decibels rangs overall level at 25 feet from
Jot outlets, but without signifiocent inorsase due to multi-engine
operation), (2) vibration (operating cysls frequency range 180-320 ops)
and (3) oombustor shell temperatures up to 1850°F, which can be
handled satisfactorily for most applications by shrouding with
relatively lightweight heat-insuleting snd nolse-sbsorbing msterial,
(b) alternate, i.e., out-of-phase, timing of ocwbustors, ed (o)
hock: ing of b s to isolate vibration and permii thermad
expansion of the combustor shells with minimum thermal strese.

A major cbstacle to improvement lies in the lack of a suit-
abls engine cycle performance prediction analysis to give soms indice-
tion of (a) ultimate possible performance snd (b) guide designers by
predioting the effect of design ohanges, but this situstion is some-
what allsviated by the basic simplicity of the engine struoture which
permits relatively rapid ohanges in test ounfiguration. On the other
hand, measursment of "instantanecus" gas pressurss, temperatures snd
velocities, atc., are diffioult md expensive, whersas simpls messure-
ments are limited to average thruat, combusticn chamber pressures,
fuel flow rates, shell temperatures, opsrating frequencies, and over-
411 noise levala.

Although it has no moving parts, the combinetim of valve-
less pulsejets with ejsctor type Jot pumrs provides a devics with
large air-handling capacity which ¢an in many cases be subatituted for
the combination of an engine or motor driving & fan or blower and com~
bustor or furnace. Such tests as the "Sniffer” gac analyzer tests
revesl excellent combustion efficiency, and the unstesdy fiow pro-
vides a higher heat transfer rate than may be expected for steady flow,
These oharacteristics all point towards the uae of valveless pulse-
Jets with ejectors as simple, efficient, low-cost heater-Llicivers.

It is also concluded that the same charscteristics, in general, in~
dicate that the units may have merit as ultra-simple thrust devices.
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FIGURE 8: PULSE REACTOR C-1 AUGMENTERS

FIGURE 9:
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FIGURR 151 COMBUSTION CHAMBER FUEL NOZZLR WITH MULTIPLE JET'S
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FIGURE 36: HH-M2 COM3USTCRS WiTH INTERCONNECTING
TUBES 3ETHEEN COMBUSTION CHAM3SRS
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FIGURE 37: TWG HH-M1 U-SHAPED COMBUSTORS ON THRUST STAND
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FIGURB 38: OSCILLCH

FIGURE 391 OQSCILLCSICPT OGRAPH, SWYTP S msec/em. TRACES (1) and (2)
FROM A PAIR OF MH-M1 CCMBUSTORS ILLUSTRATT PAIRED CGMBUSTOR
SYNCHRCYIZATION APTROXIVATELY 180° CVT OF PHASE. X0

COMBUSTCR IMNTERCONNICTION
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