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1.0 SUMMARY

During this report perlod the work of Heports
RR-19 and RR~-20 have been corelated and analyzed together
with new material, whlch summarizes one phase of the program
using the Pulse-Jet Analog,

Report RR~-19 studied the effect of Valve Forward
Resistance on performance at one freguency,

Report RR-20 extended the study, including excita-
tion frequency as a varlable parameter,

d’nt\«

The present repert,studies the baslc reasons for
the behavior which was discovered in the earlier work, shows
the reasons for the improved pertformance which has been pre-
dictead,
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2,0 INTRODUCTION

This report describes work accomplished on item
1.7 of Exhibit A, Supplementary Agreement No. ~ of Contract
AF33 (600)-58560 &uring the month of Dr:ember, .v53,

This ie the third report to be submitted describing
the use of the Pulse-Jet Analog as a design tool fer develop-
meat purposes, The report is subritted by the American
Helicopter Co.,, Inc,, describling the study program being
conducted by Paul S, Veneklasen, Consultant in Acoustics,

The work was carried out and is reported by Paul
S. Veneklasen, and staff members W, B, Snow, G. F. Brockett,
and M, 0, Herwick,
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3,0 DISCUSS IO N: INTERPRETATION OF DATA FROM
SEPTEMBER, OCTOBER AND NUVEMBER REPORIS:

The tests which have been conducted thus far in
our work with the Pulse-Jet Analog, together with the data
here presentnd, complete a phase of a program which offers
certain useful conclusions. This work has been done using
4 simple form of the Analog as shown in Figure 3.2-1; pag:
36 of RR-19,

The use of this simple form cf the Analog implies
that many complicating factors have been temporarily eliminated;
we trust not ignored, This implies that the results obtained
thus far express idealized conditions, We may rather say that
they predict the potential improvement whichh may be expected
from certain modifications in Pulse-Jet engines, This is to
admit that, when and if such changes are reduced to practiecal
form, more or less compromise of the potential improvement may
be expected, Nevertheless., it 1s important at this polnt to
express clearly the meaning and form of the great potential
improvement in Pulse-~Jet design which has becn disclosed by
the work with the Pulse-Jet Ansalog.
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YMBOL S

to establish a list of symbols to facilitate dliscussion and
labeling of data and graphs,

At this point in the program i1t beccemes advantageous

ANALOGCUS TRRMS

IS--av

B1,_4n

ELECTRICAL ANALOG = ENGINE
Symbol Meaning Symbol Meaning
Ig_tot = Average current flow Utot = Total energy
into Line when current exvended per
i1s adjusted for zero flow second by com-
during quiescent periocd bustion of fuel

(Milli-amperes)

= ‘Average source current Ugv = Total increase
delivered to Line by in mass flow due
the Source (Bnergy Addi- to fuel slone

tion Analog)., May be
ad justed to any value
from zero to Ig_i4¢
(Milli-amperes§

= Voltage measured at input Pin, = Chamber pressure
of Line (Volts) near valves

= Line Output Current, U, = Volume velocity
Sub-av indicates average ; of gas flow at ~
value as read on a metler exhaust of engine
(Mi11i-amperes) tube = v A, =

exhausi veliociily x

= Valve Input Current area of exhaust
(Milli~amperes) '"‘\\\hh" tube

= Valve Forward lssistance, Uy = Volume Velocity of
il.e,, resistance to Iy alr flow through
for directlion of flow lntoc valves

the lLine, " This may be a .

constant or variable value \quame symbol for acoustic

during the open period (ohms) resistance of valves,which
is ratio of Py, /Uy

Inpat Pulse Length (Seconds) Same

t

= Cyele period = 1/f Samse
f = ecperating frequency
= 3peclfic Thrusti Same__= Thrust )
=B 4, L Rate of fuel flow
2 { Ot St enis omamoriesaaits o3 EURAIATRON NON -
Is-tot
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1,2 WAVE MOTION VS, VALVE TERMINATION:

The principal factor which permits potential
improvement in Pulse-Jet performance requires a thorough
understanding of the dependence of wave metion in the
Pulse-Jet tubs upon the air flow conditions at the ends
of the tube, At the exhaust end we clearly have an open
tube, one which permits the free flow of gases, (For
the present we ignore the complications due %t¢ acousti-
cal radiation, turbulence, vortex formation, etc.). At
the valve end we have a complex conditicn which depends
upon many factors, principally the nature and constants
of the valves, For the present purpose we assume that
the valves open and close Instantly as pressure crosses
atmospheric value, that the valves pass negligible current
with positive chamber pressure and that, when the valves
are open, the air flow 1s proportional te the negative
pressure, 1,e,, the flow is controlled by a pure resist-
ance, This flow resistance 1s a variable parameter in
the system which can be adjusted at will in the Analog.,

3,2,1 Valve Termination:

ib An electrical line or an acoustic tube

can be terminated, i.e., given an end conditicn,

such that all energy which travels along the line

is completely absorbed when it resches the end, This
value of ftermintiion for a siwnle Line or tube is
called the Characterlistic Reslistance. When so
terminated, it 1s clear that a resonant condition
rammot ex1st. because resonance implies successive
reflections of energy,

We are here concerned with the value of
resistance {(to air flow in the case of the acoustic
tube, or to current flow in the case of the electri-
cal Line or tube analog) which the valves present
when cpen,

We assume that the valves open lnstantly
when negative pressure arrives. Ths continuing weve
motion in the tube is profoundly determined by this
value of resistance, whether 1t 1g equal to Charsct-
sristic Resistance, or whether it is greater or less
than characterisiic value,

i A AL DU AR EPRE AT v s e
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Fig, 3.1 1llustrates these effects in
the electrical line, and we here discuss also the
analogous case in the acoustic tube, The curves
show the wave behavior in the llne following a
single pulse of excitation.

The central column of curves shows the
‘behavior of the system when the open valves present
Characteristic Resistance,

The left group 1is for a high value cof
Ry_ipn» &nd the right group 1s for a low value of
Ry.ine The text with each column of curves
describes the pulse behavior successively in terms
of the Bource Current Ig, the Line Input Voltage
By _ins the voltage at a mid-point on the line EL-mid’
tge xs}alve Input Current I, and the Line Output
Current I..

The differences in behavior are stressed
in the text of Fig., 3.1. The most important feature
is this: There 15 one value of terminating resist-
ance for which there can be no wave moticn after
the first reflection at the open end of the tube,
because the energy is all dissipated in the valve
resistance, whereupon reflectlion ceases, If the
value of valve resistance 1s either greater or less
than this characteristic value reflection of energy
at the valves will occur, the nature of the reflec-
tion boing wvery Aifferent in these twn ecnses The
reflection will be stronger and therefore resonance
will be stronger the greater the valve resistance
differs from characteristic value, i.,e., elther
zero or infinite, Infinlte or any high value is
hardly useful since valve current is restricted,

It is clear that an extremely low valus of resist-
ance is to be desired,

These charts give a quantitative picture
of wave performance within a tube, For example,
the following correlations are of interests

1, At the time of the ir .tial pulse,

the Line is quiescent and its input terminals
should pregent characteristic resistance. The
input pulse has a peak current of 6.7 ma, and
develops a peak voltage of 27 volts, whereupon
the resistance is 27/6.7 x 10-2 = L4OOO ohms,
(Incidentally, our Line is not strictiy a
classical line in that the input capacity was
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iacreased and shunt damplng resistors were
added on an empirical bvasis to improve pulse
transmission, Hence its characteristic
resistance 13 not strictly calculable).

2. XNote that the first pulse of output
current 1s the same in »?' three cases, This
should be independent of Lhe wvalve forward
resistance altogether, because the wave has
not yet returned to be influenced by the
valves, In fact, it can be shown that, 1if
the source current were adjusted to a zero
quiescent value (rather than an average of zero)
and 1f thers were no losses in the line, then
the total fiow of charge (charze = Integral of
current with respect to time) from the output
gshould be twice the ocurrent delivered by the
source, (In cur case this does not show, at
least by a double-peak current, hecause, due
to imperfection of the line, the output pulse
1z somewhat wider than the lnput pulse),
Reasoning is a2 followss
Suppose the input charge causes & positive
voltage. If only unit charge flowed out the
tailpipe, the line would be in an equiliibrium
state, éut an excess unit charge flows.out-
ward tn areate the deficlency which produces
the next negative voltege pulse, Incidentally,
this negative pulse of voltage at the input
end of the line will be double the original
voltage pulse because all the charge is present
in the tube during this pulse, whereas for
the o~iginal pulse the charge was being in-
serted during ths pulse, Hencs for a line
having an open circult end and a short circuit
end (i,e,, & tube with cne closed end and one
open end) in frse resonance, the charge which
flows during each pulse from the open end will
he double the excess charge which appears at
the c¢lcsed end,

3, The interchange of snergy is inter-
esting to ocunsider, When the pulse is at the

- closed end of the tube, the energy associated
with the pulse is vressure energy, i.e.,
potential snergy. Wihen the pulse arrives at
the open end, the energy is in kinetic form,
i.0,;, anergy asscciated with the gas motion,
Thus the wave motion ln a tube may be viawed
&8 a continual interchange between potentisl
and kinetic snergy. This councepti; in ths cass
of an electrical l1ins, presents a considerable
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strain on analvgy. The potential energy is
duly represented as potential energy associated
with the excess charge on the capacltors., How-
ever, inasmuch as no significant mass is
associated with current flow, it is difficulti
offhand to find an analogy for the kinetic
energy., The answer is that the energy is
stored in the magnetic fleld ¢f the inductances
of the Line., However, it is much simpler and
apparently quite rigorous to associagte a
flctitious mass density with the elecfrical
current, whereupon the analogy hecomes quite
straigntforward,

BRI NGRS

SREALS aude_ oo bisint

P e ot S

3.2.2 Strength of Resonances

Since the operalion of the Pulse-Jet
engine is recognized to be fundamentally dependent
upon the rescnance of a gas column in a tube, it
is natural to inquire what factors iafluence the
strength of resonance and how the parameters of the
system may he adjusted tec achieve the maximum
heneflt from resonance.

T TR T NS T T TINRT

D The curves of Figs., 3.4, 3,5 and 3.6 of
RR-20 clearly indicate two controliling factors,
which agree with the story of Fig. 3.1 of the
present report., The strength of resonance is
indicated by the variation in response between peaks 3
and dips of the thrust curves, It 1s clear thet the .
resonant peaks are most accentuated by using the {
lowest possible value ot Valve Forward itesistance,
It has been pointed out that the resonant peaks are
also strong if the valve end is firmly closed, and
indeed this fact was used ia the tests which lead
to the develepment of the artificial line, but this
condition 1s hardly useflul for an engine, Tt is
also clear that there are many possibie resonant
modes in which an engine with low valve resistance
L may operate, The condition which favors strong

& resonance also faveors high specific thrust.

LR

The second Tactor which favors strong
resonance is short combustion time, wnich again
favors high specific thrust, (See Sec¢. 3.3-1}

It 1s of interest tc note that the
fregquency of maximum resonance for nigh valve
resistance is a frequency of nearly minimum reson-
ance with low reslstance valvss, Thers is also

S e
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reason to believe that there may be more than one
resonant mode possible with high resistance valves,
but only one appears with the values used in these
tests,

2,3 FREQUENCY OF MAXIMUM THRUST:

Once 1t has been discovered that there are
many possible operating modes, it is of interest to
determine what distinguishes a given frequency of peak
thrust, Accordingly, a particular mode, the 600 cps
mode with 650 ohm valve resistance and a pulse length of
.17 milli-seconds was chocen, and a serles of oscillo-
scope traces arranged at peak rerformance and at
nelghboring frequencies to discover the determinants of
optimum cperation. This series 1s shown in Fig., 3.2,
Controlline factors are not exactly obvious, Note first
the horizontal series for valve input current, with
attention to the state when the next pulse of input
current is inserted. Note that the performance peak
corresponds to the condition that the input pulse is
injected just as a pulse of valve input current is
finishing. In nelghboring curves it is clear that the
input pulse comes either too late or toc early. The
same trend is evident by examining the traces of line
input voltage. Note that in the 600 cps case the input
pulse causes the input voltage to rise Just after the
negative induction voltage has returned to zero,

It 1s clear from Fig., 3.,1-C that there are
many such possible moments for reinforcement in a
resonant line, These are related to operating frequency
in the following manner:
Two polnts of view may be adopted to explain the resonant
frequencies;

1. Assume that the primary resonant mode of the
tube with low valve resistance is the half wave mode
with frequency = £y, (fln(approx°)2000 cps in the case
of our electrical Iine)? Then any signal which has a
harmonic at £, c¢ps will exclte the tube, Our input
pulse is a signal having many harmonics, Hence whan
the pulse frequency f, 1s such that nfn=f1, the system
will resonate, so that fy=f1/n.

This formula gives only poor approximation to
fact, DMNote, however, that the stronger a given harmonic
of the input pulse nf,, the more strongly the system
should resonate. This explalins the efficacy of short
comhbustion time in encouraging vesonance, because the
shorter the pulse, the more prominent are the harmoniecs
in the sexcitation,
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2., Note in Fig, 3.1 that there are many points in
the decaylng wave at which new energy can be injected
Just after a negative pulse of line input voltage, If
these voltage pulses were infinitely short, these polnts
would come at C,5 milli-second intervals after the first
input pulse, llence the period_coculd be any values

T, = 0 x .5 x 10-3 sec,
or any frequency

Ty = 1/T = 2000/n 2ps,
which glves the same Qonclusion as before. Incidentally,
the short pulse condition is well i1llustrated in Fig. 2.3
of RR-20, With longer input pulses the first interval is
lengthened. The elapsed time must be at least .9 milli-
seconds plus the pulse time t., Thereafter the next times
come at intervals of .5 milli-seconds. Hence,

Tn =t + n x .5 x 10-3 sec,
and the dilstorted 'sub-harmonic® series results,

fnh = 1

S 05 X 10~7
If one attempts to fit the resonant frequencies
represented by the series from Fig. 3.4 of RR-20, using
a pulse time t = 5% x 10-3 sec,, one is disappointed,
Tne experimental series of freguencies is 1220, 880,
590, 460, 38C, 315. It is more enlightening to calculate
values of t for each of these frequencies, The follow-
ing series results:

£ T t £
- = & approgching 0)
1220 .82 x 10-3 .32 2000
880 I 1t o1 1800
590 1.69 519 667
L60 2iodli7 217 500
380 2.6k o1k 00
315 3.18 .18 333

Hence a fairly constant value fits, except for the
highest frequency. On examining the data more closely
one finds that the pulse of input voltage is shorter
than the input current pulse, Thus at the present
stage it appears that the operating frequencies will
be given by a series of "sub-harmonics' of the half-
wave resonant frequency with a considerable deviation
which 1s determined by the combustion time, Thils
concept can be checked with more extensive, rather
simple tests,
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- - The suggestion given 1n RR-20 is to be
stressed, namely: it appears that in addition to the
usual control of thrust by means of fuel flow, another
method appears.to be possible; by choosing the mode of
operation, using a high frequency mode for maximum
thrust‘an& a lower frequency mode for lower thrust, but
much greater specific thrust., —

3,4 INFLUENCE OF VALVE FORWARD RESISTANCE ON ATR TNDUCTION:

In explulining the. rgrenmt lnereases in thrust
and specific thrust which are predicted by the Pulse-Jet
Analog, two points of view may be taken, both of which
are admirably indicated in the data., . ‘

1. Thrust is the integrated average pressure
difference over the shell of the engine. The thrust
figures which are given by the present form of the
Analog are read from a voltmeter, which measures the
average net positive voltage at the input of the line,
corresponding to the average positive pressure across
the valves, The osclllograph iraces show admirably how
.an increase results from low valve resistance because
the negative portions of input voltage are largely
eliminated. - ’

2. Thrust is the average rate of change of
momentum produced in the gases handled by the engine,
The oscillogrdph traces of Line Output Current and
Valve Input Current also clearly substantiate the
second point of view by indicating that a much larger
amount of current flows when the valve resistance 1is
low, and the periods of reverse current flow are elim-
ina%ed. This relation is shown quantitatively in Fig.3.3,
which shows how the valve input current and line output
current are controlled by R ~1in and t, Theory indicates
that thrust is proportional to the averace of the sguare
of the output current.

Incidentally, it shouid bno stressed that the
Analog 1s so set up that inherently the average output
current must equal thc averarc valve Lupul current,
Just as in the actual engine the total wass {low out
the tailovipe must equal the total air Inflow at the
valves, except for the small proporiion of funl,

, The concluslion from Fig. 1.3 12 that, for a
given input pulse a much larper amount of Lotal flow
results if the valve resistance 1s low and 1f the pulse
length 1s short, e ..

Fdh) sk e FEAITTLAY ORI Y
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3,5 INFLUENCE OF COMBUSTION TIME ON PEAK PRESSURE:

All theoretical 'treatments of Pulse-Jet
performance have indicated that hlgher peak pressures
will be produced by shorter combustion time. The data
produced thus far by the Analog has clearly demonstrated
this fact, In fact, for isolated pulses the corelation
is inherent in the system: For isclated pulses the
instantanecus values during the input pulse, are such that

§%:lﬂ = Characteristic Resistance = Constant
s

If the current pulse length, t, linearly decreases,
maintaining the same value of total charge flowing during
the pulse, the peak current must Increase linearly.
Therefore, _ip Wust also increase linearly wiiig™-
decreasing t. Por isolated rulses this property is
independent of valve resistance, but for repetitive
operation the situation 1s not so simple.

3,6 VALVE CONDITION IN PRESENT ENGINES:

It is important in assesslng the petentiality
of the Pulse-Jet engine to know what 1s the Valve Forward
Resistance at present., We would like to have a direct
measurement of this factor whose importance has been
shown by the Analog,., In the absence of direct measure-
ment we call attention to the following:

1. The literature is full of experimental evidence
that backflow into the taillplpe occurs during part of
the cycle, This has beeu suvwn directily by decposit of
trace powders. It has been shewn in numerous studies
using Schlieren photography,

2. Theoretical works on the Pulse-Jet c¢ycle have
stressed the importance of re-entrant flow in the tail-
pipe and its function of increasing the mass of the
charge ejected with each cycle,

3. The importance of the flare on the end of the
tailpipe is proved experimentally. Its iunction ic not
so clearly demonstrated but it is thought to assist
the backflow of air into the tailpiype.

4, In our own recording of the pressure trace just
inside the valves, we interpret the trace to show a return
positive wave before re-ignition, However, the corelation
of pressure trace with flame intensiiy has not yet been
accomplished te prove this point,

The Analog indicates that all these factors are
consistent only with the existence of forward tube
termination which is larger than characterlistic impedance,
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Je7 SUMMARY OF CONDITIONS FOR IMPROVED PERFORMANCE:

Thus fer in the work with the Electrical

Analog of the Pulse-Jet engine there has been definite
indication of vastly greater potential performance
possibility, both as regards the amount of thrust which
could be achlieved with a glven size of package, and the
specifiec thrust, We summarize here the conditions which
should be vrovided for improved performance:

1. The valve system should be so altered as to

provide a minimum possible resistance to the inflow

of air during the induction part of the eycle. The

tube should be wide open during this time, The cseal

of the valve against reverse flow of gas should be

maximum,

2., All pertinent factors should be adjusted to

assure that comhustion 1s completed in the shortest

percentage of the operating cyecie period,

3, The valve action should be g5 instantansous as
pessible, 1,e., the process of $pening and closing
¢ should oncecur as rapidly as possidle,

a 3.8 DESIGN OF AN EXPERIMENTAL ENGINE:

The achievement of the above factors for
improved performance in a practical engine may be quite
difficult, inasmuch as there are inherent contradictions,
However, ror the immediate purpose it is sufficient to
provide a working arriqngement, however impractica-
appearing, for the specific purpose of testing the,,
rrinciples which have been discovered., The folleng
are suggestions for thics end:

1, Valving might be accomplished with a rotating
shutter, having a projecting segment which covers
one end of the Fulse-Jet tube for the desired
period which is, at most, the 1/2-wave resonant
period of the tube, For example, in a 6.,75" engine
which presently operates at about 150 cps, the
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%n 1/2-wave period is 1/300 sec,, so that the shutter
Ay should be closed no more than about 3,3 milli-seconds,
£ With this scheme the tube can be completely open

the remalnder of the cycle,

The speed of rotation should be adjustable to
test the various modes of operation which appear
tc be feasible, It must be remembered, however,
that for these various speeds or cycle timas, the

interval of closure should be approximately con-

!; stant. hence the circumferencial width ¢f the
shutter must be adjustable,

The rapidity of opening and closing will
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radius of the shutter should be as large as possible,
2. ™Mel should be injected only during the desired
burning perlod, because it is desirable to have

the burning occur as aear the valve end of the tube
as possible and omly during a s.ort interval. Fuel
injection might be accomplished by means of a small
injection piston driven by a cam on the valve disc.,
Although there are many detailed aspects to the
deslign of such a highspeed fluld valve, one of the
modgadmportant is to keep the injection orfice very
near the plunger.

It will we reallized that the burning period 1is
not necessarily colnecident with the injection period.
The time delay between injection and buvning is
occupied largely by the time reqguired by heating
evaporating, and mixing the fuel wlth the air, fhese
processes must be expedited. Furthermore, it is
probable that no adequate mechanism will be provided
by the wave motion for triggering the re-ignition,
and 1t may be expected that the entire cystem will
operate with a great excess of cir and therefore
much cooler, Therefore, a pllot flame 1s suggested,:
The fuel could be sprayed elther directly through
this Tlame or against a splash-plate which 13 kent
very hot by the pilot flame, It is known from
experience with oscillatory rocket combustion that
gasoline-oxygen combustion is capable of extremely
high frequency modulation if the right environment
is provided,

3.9 PROBLEMS FOR CONTINUING STUDY:

The following aspects of the Analog work require
continuing clarification:
3o9o1 Adjustment Of IS—"tQt

The source current has been adjusted so
that its average value 1s zero. This 1s consistent
with the requirement that the total gas flow from
the tailpipe he equal te the total gas flow into
the valves, However, we do not claim to know to
what degree tnis adjustwent simulates the comhustion
system, however well it may simulate a cold gas
system, For this reason we have not made quantifa-
tive statements about the percentage improvement in
thrust and specific thrust which may be expected
from the indlcated changes in the Pulse-Jet system,
even though the data does give guantitative results,
We believe that the proper course for achievement

:;4:'”“*“? CLSARIcaTanN CF VN T
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of improvement is reliably indicated, but nct
necessarily the magnitude of the improvement.

This is not intended as a pessimistic view,

because we can see some reasons why the improve-
ment should be greater than predicted. However,
there are too0 many unanswered questions. For
example: If the valve impedance is high in the
present engines, why is not the return negative
pressure wave larger? Three possible explanatlons
existy The decrease in gas temperature during this
half-cycle, continuation of burning during the
period, and large energy dissipation as the wave
moves along the walls of the tube. The last possi-~
bility can be simulated in the present Analog, the
second partly, the first not. However, this discus-
sion serves to indlicate that for the present certain
adjustments are used with only partial theoretical
guidance and considerable intvition, When such
factors are involved, it is well to find out what
influence on the final results occurs when the
arbitrary factor is varied over wide 1limits. We
prepose to choose critical points on the graphs of
RR-20 and find out how the absolute magnitude of the
predicted improvement is altered when the Source
Current is adjusted for zero quiescent value.

3.9.2 Internal Resistance

"We have not thus far included simulation
of the internal drag produced between the flowing
gases and the interior of the engine tube., We know
that this drag represents negative thrust, but it
also increases chamber pressure and hence, to the
extent that it is important, will cause chamber
pressure or line input voltage to be an erroneocus
indication ¢f thrust, making it essential to measure
thrust from cutput current. This factor must be
investig:ited,

3.9.3 Backward Resistance of Valves

So far we have studied the effect of Valve
Forward Resistance, The value of Widve Backward
Reslstance, simulating reverse flow through the
valves, has been as large as dlode characteristics
permitted, 1.e., the order of .2 to .5 megohms,

It will be difficult in a practical engine
to maintain a'high ratio of Backward to Forward
Resistance., Therefore, we should investigate tc
what extent our potential paing are reduced hy
decreasing this ratio in the Analog.
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3.9.4 Kon-Instantanecus Valve Opening

The present tests using a simple diode
for valves have simulated instantaneous valve
cpening. This can hardly be achleved practically.
Therefore, we should find out to what extent the
potential improvement 1s compromlised if a few
practical types of non-~instantaneous opening are
simulated, such as & shutter might provide,

3.9,5 Pre-Compression

It 1s obvious that the use of low impedance
valves eliminates the return positive wave which has
been thought to be partially responsible for re-
lgnition in the Pulse-Jet engine, Far more important
fundamentally 1s the guestion: What roie does rpre-
compression play in the speed of combustion and in
the potential efficliency of the operating cycle?

It is customary in all discussions of
internal combustion engines to refer to compression
ratic as a determinant of cycle efficiency. However,
close examination of the derivation of the equations
indicates that it is the expansion ratio which is
impertant. The two happen to ke the same 1n the
usual engine cycles, but need not be in the Pulse-~
Jet, Furthermore, there is ample evidence that the
compression ratio 2t vhich the charge burns in an
internal combustion engine varles tremendously as
burning proceeds; only that portion which is first
ienited burns at the ugual cempression ratic, whilse
later portions burn at a much higher state of pre-
compression, Thls same mechanism of compression during
burning exists in the Pulse-Jet and may be greatly
enhanced by more complete scavenging and by the
greater inertia of the cool gases. Hence the guestiocns
Is compression prior to ignition necessary and
essentlal to the Pulse-Jet cycle? Possibly some
single explosion tests can be devised to test this
factor,

3.,9.,6 Other Possibilities

1t should be polnted out that the shutter-
type valve as suggested for use here, ig reminiscent
of suggestions whlch came out of reviews of the
German speculation on Pulse-Jet engine possibilities,
In fact, the system which has been evolved from the
Analog work agaln suggests the double valve engine,
i,e., having exhaust as well as intake Valves,a a
method of obtaining conslideravle pre-compressica,
This point is mentioned here only to indicate thqt
if desired the Analiog is capable oi rapid inquiry
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4,0 CONCLUSIONS

A, It has been shown that the wave motion within
a Pulse-Jet tube changes character profoundly dependling upon
whether the Valve Forward Resistance 1s greater than or less
than Characteristic Resistance., When the valve resistance
is low the reverse flow of gases at the tailpipe is avoided,
in fact, there 1s a secondary outflow, This factor promises
to eliminate a serious aerodynamic factor in the Pulse-~Jet,
namely the tallpipe flare, as well as improve the thrust.
Similarly, the alr intake through the valves 1s increased by
decreasing the resistance to flow and by doubling the number
of 1lntake pulses,

B, The properties which permit many modes of
operation for a low resistance engine have been discovered,
together with the critical conditions for peaks in perform-
ance, This study also discloses the determinants of operating
frequency, showing that the frequencies of the many possible
operating modes are related approximately by the expression

£3.
where f, is the half-wave mecde frequency for the tube, open
at both“ends, n 1s a mode number, and t is a delay term which

15 related to burning time. This series of frequencles is a
“stretched sub-harmonic! series,

C. It is shown that the improved performance
corelates well with an ireresse in total gas flow through
the tubz and with the increase in peak pressure which results
from shorter pulse lengths,.

D. The design of an experlmental engine is dis-
cv 'sed, the purpose of which is to test the potentlal
improvements which have been disclosed by the Analog program.

E. Problems requiring continuing study are
discussed.
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GOVERNMENT MAY HAVE FORMULATED, FURNISHED, OR IN ANY WAY SUPPLIED THE

SAID DRAWINGS, SPECIFICATIONS, OR OTHER DATA IS NOT TO BE REGARDED BY
IMPLICATION OR OTHERWISE AS IN ANY MANNER LICENSING THE HOLDER OR ANY OTHER
PERSON OR CORPORATION, CR CONVEYING ANY RIGHTS OR PERMISSION TC MANUFACTURE,
USE OR SZLL ANY PATENTED INVENTION THAT MAY IN ANY WAY BE RELATED THERETO.
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