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An unsteady, quasi-one-dimensional channel flow code

o

1as been developed for the purpose of analyzing transient
flow phenomena associated with the operation of valveless
pulsejets. The method employs a real gas method-of-
characteristics analysis, with discrete tracking of shock
waves and other discontinuities. Frictional and heat
transfer effects, as well as spatially varying cross
sectlional area are inclq@ed in the analysis. The combustion
based on a hybrid, quasi-one-dimensional
mixing, constant wolume combustion model. The pulsed
combustion model incorporates empirical turbulent mixing
lengths of the injected fuel and a simple heat release
model for the constant volume combustion process.
Comparisons of performance calculationé and experimen-
tal data are presented for a selection of vaiveliess puise-~

Jet configurations. Calculations of mass flows,

vi




temperatures, pressures, fuel consumption, thrust devel-
oped, and fuel air ratios as a function of the various
geometries and fuel injection methods are in excellent
agreement with existing experimental data.

Evaluation of the Synchronous Injection Ignition {SII)
concept, which is the synchronized injection of a metered

amount of high pressure fuel at the most advantageous point

ot

in the operating cycle of the device, instead of the
present almost continuous‘injection during the whole cycle;
via the calibrated analysis described above, indicates
reduction in the specific fuel consumption on the order of

20% to 50% can be achieved for SII valveless pulsejets as

compared to standard valveless pulsejets.
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NOMENCLATURE

A aresa -

a wave speed

c Mach line

cv control volume

TS control surface

cz skin friction coefficient

cy Stanton number

Sp specific heat at constant pressure
Cy specific heat at constant volume
D diameter

ey internal energy

F thrust

£ frequency, force

H specific heat value of fuel

h enthalpy

I impulse

k, Ky, Koy constants

L, 1 length

1 A effective length

M Mach number

m mass flow

m mass flow rate

mR mixture ratio

n exponent (constant) in eq. 3.1-21
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pressure
heat transfer rate per unit area
gas constant )

radius

cross sectional area

constant in eq. 2.4.3-3
temperature

time

mean velocity

velocity component, volume
cartesian coordinates

wall skin friction force
ratio>of specific heats

wall roughness factor

shock determination factor, efficiency
slope of Mach lines

slope of path lines
coefficient of viscosity
constant in eq. 3.1-10, volume
constant (3.14159)

density

shear stress

circular frequency

step increment




Subscripts

a air

B combustor

c cycle

e exit

£ fuel, final

H hydrauliec

i initial, instantaneous
o free strean, undamped
w wall




CHAPTER 1

INTRODUCTION -

1.1 Thesis Objective

that significant improvehents in the performance of wvalve-
less pulsejets can be achieved via a synchronized, high
pressure injection of a metered amount of fuel at the most
advantageous point in the operating cycle of the device,
instead of the present almost continuous injection of fuel
during the whole cycle. The evaluaticn of the SII concept
is the major objective of the present work.

To evaluate this concept, the following sub-objectives
were required:

1) The develoéﬁentvof a numerical model for
the quasi-one dimensional, nonsteady flow, such as that
which occurs in a valveless pulsejet. The numerical model
should be able to take into account entropy gradients, area
change, friction, heat transfer,and exothermic reactions
(combustion) in the flow field, in addition to subsonic,
sonic, and supersonic flow conditions.

ii) The development of a nonsteady combustion
model to bé incorporated into the above. The model should

be able to simulate injection, atomization, mixing, and




2
ignition of the fuel spray as a function of fuel injection

pressure, mass flow, combustion chamber Pressure, and wave

conditions.

iii1) Calibration of the above simulation via
comparison with existing experimental data. Analysis of
various fuel injection schemes as well as combustion
chamber geometry was essential.

iv) Evaluation of the feasibility of the SIT
concept as a means to significantly improve the specific
fuel consumption of a standard valveless pulsejet via the
calibrated simulation.

The SII concept is novel in that the prcposed timed
injection and meterin§ of fuel in the valveless pulsejet is
now possible. Previous investigators were lim;ted in the
possible schemes that could be proposed, given the existing
technology, to improve the'pefformance of the standard
valveless pulsejet. Recent adcances in computational capa-
bilities and numerical analysis procedures when combined
with the explosive developments in the micro-electronics
industry, particularly in the area of automatec controls,
have made a reappraisal of this device possible. The appli-
cation of new technology to the operation of the valveless
pulsejet now aliows for a more detailed analysis and the
precise control of the device.

The major objective, the demonstration of the
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feasibility of the SII concept, has been accomplished. The
application of the SII concept indicates reductions of 20%
to 50% in the specific fuel consuiption relative to a
standard valveless pulsejet can be achieved, thus making
the SII wvalveless pulsejet competitive with other devices

as a principal means of propulsion.

1.2 Historical Background

The idea of pulsed combustion appears to have preceded
the use of steady state combustion as eméloyed in gas
turbine power generators. In the first decade of the twen-
tieth century several pulsating gas generators appeared.
The first schemes of ailr-breathing jet engines and gas
turbines were conceived in the wake of the successful
development of the reciprocating internal combustion
engine. The extent to which this development determined the
thought of jet propulsion is clearly evidenced in a scheme
which was proposed by Lorin in 1908 (Ref. 1), where the

combustion products of a reci rocating engine would be
p

.eXpanded through nozzles for the direct generation of

thrust, letting the shaft be supplied with only the power
required to produce compression and overcome losses (Fig.
1-1). |

The first successful heat engine based on the wave

process was the gas turbine of Holtzwarth (Ref. 2), but gas
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Figure 1~1 Lorin scheme of 1908

inertia effects were mors fully utilized by Karavodine
(Ref. 3), who in 190s succeaded in driving a turbine by the
means of gases exhausting through a long p;pe from a reso-
nating explosion chamber (Fig. 1-2). The inertia of the gas
in the pipe was used not only for scavenging but also to

permit the pressure to rise in the combustion chamber

J
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Figure 1-2 Karévodine turbine of 1908




during the charging process.

It is noteworthy that Marconnet (Ref. 4), having in-
vented in 1909 a jet engine whicﬁ Was substantially a
ramjet (Fig. 1-3), failed to recognize it for what it was

and described it in his patents as operating intermit-

tently.

SN
—— Ty
M)

r-___—_\\;"-~_‘_//——__-k§“‘*~—-J

Figure 1-3 Marconnet Jet engine of 1909

Marconnet later applied the concept of using the wave
Process similar to Karavedine to the direct generation of
thrust. The result of this was Marconnet's now famous

"reacture-pulsateur” (Fig.1-4) which was in every way the

pPrecursor of the moderﬁ day pulsejet.

(

Figure 1-4 Max»connet's "reactor-pulsateur” of 1909
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The utilization of pressure waves as a vehicle for the
transfer of energy from the combustion products to the
fresh charge for the purpose of precoﬁpression was attempt-
ed very early in the history of gas turbine development.
The Esnault-Pelterie gas generator {Ref, 2) of 19
lized the pressure wave generated by the explosion a+ one

end of a long combustion chamber to precompress the charge

at the other end (Fig. 1-5).

-——4/> Aﬂwb——
—:]\  P——

Figure 1-5 Esnault-Pelterie precompression engine of 1913

Application of the wave precompression concept as well
as Marconnet's wave engine was revived by P. Schmidt. In
1930 and 1931 Schmidt described in a patent (Ref. §5) the
intermittent pulsejet engine in its general form. While his
development was directed toward its use in vertical take
off and landing vehicles (Fig. 1-6), his major contribution
to the development of the pulsejet was in the area of

experiments demonstrating the principlés of the ignition




-~

process. His description of the shock wave ignition proc-
ess, where the ignition velocities are on the order of
several hundred meters per second, provided an insight to
one of the distinct features of the pulsejet ana its opera-
tion.

As the potential of the pulsejet as a direct thrust
generator had been demonstrated (Fig. 1-7), davelopment as
a principle propulsion device was accelerated in the late

1930's and early 1940's.

V0Ll 0080000270707

Figure 1-6 Schmidt VIOL project vehicle

"- . Schmat ‘ — e

Figure 1-7 Schmidtrohr of 1931
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In 1939 the German Air Ministry decided to have all fornms
of jet engines developed. The Argus Motoren Gesellschaft of
Berlin was asked to develop a pulse:'jet. This project was
under the direction of Dr. Fritz Gosslau. The development
of the Argus pulsejet engine for the V-1 filying bomb was an
independent developmen of P. Schmidt. It has
been erroneously reported in numerous publications that the
Argus work was in conjunction with P. Schmidt (Ref. 5 ).
The Argus éngine (Fig.1-8) which was used successfully on
the V-1 was a simple valved pPulsejet designed as a "dispo-
sable" system. Development work during the period from 1943
to 1945 in the area of fuel control and-\atomization led to
speed increases and range increases of the V-1 (Fig. 1-=2¢
from 600 km/hr to 800 km/hr, with no modification of the
geometry of the jet itself.

It was alsc during this time period the first true
systematic analytical ﬁpproaches to the design and analysis
of the operational cycle of the pulsejet were performed. In
1943 F. Schultz-Grunow published his paper "Gasdvynamic
Investigation of the Pulse-Jet Tube"” (Ref. 7). Schultz-
Grunow nutilized the now familiar one-dimensional method of
characteristics approach to the solution of the non-steady
flow and wave motion in a tube. .

Inteliigence reports along with captured German

V-1's spurred the United States to analyze and investigate

L
r



=]
the pulsejet (Ref. 8). Researchers were brought together
under Project Squid of the U. S. Navy. The analysis of the

V-1 indicated large throttling losses due to the valve

Flapper vaive

Venturi
/—,/- Combustion chamber

Tailpipe

o
]
\— Entrance diffuser
~Cowl

Figure 1-8 Argus v-1 pulsejet engine

Figure 1-9 V-1 (Fi 103) flying bomb

bank. It was then suggested that the pressure losses could
be eliminated or at least reduced to a minimum if the
valves were dispensed with and rely on the resonance effect
of the air and gas column to controcl the flow. The result
s the valwveless pﬁlsejet as described by Schube;t (Ref. 9)
(Fig. 1~-10).

Schubert along with Dunbar, Hussey, and Logan
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developed the valveless pulsejet through systematic experi-
mentation and limited analysis in the fornm described by
Schultz-Grunow and expanded upon by G. Rudinger (Ref. 10).
At that time period, 1945-1955, computational capabilities
were limited and solutions were normally of the graphical
type, with its inherit errors. The time required to calcu-
iate a few cycles for a fixed geometry normally exceeded
several hundred man hoﬁrs, thus limiting the analytical
studies while the majority of the time concentrated on the

experimental "cut-and-try" methods.

/Spark piug

(ln!et pipe

ail pipe :
: chamber, PP ( E !

Fuel

Figure 1-10 Valvéless pulsejet of Schubert 1944

In the early 1950's, French engineers at SNECMA began
their development of the valveless.pulsejet (Ref. 11). The
French were interested in applications in the areas of
unmanned vehicles, such as drones and auxiliary propulsion
devices for V/STOL aircraft. These_French engineers are
generally credited with the conception and dévelopment of

the flow rectifier for valveless pulsejets (Ref. 12), to

eliminate spillage of thrust in the intake by turning the
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intake flow 180 degrees to coincide with the exhaust

thrust. The general arrangement of these Pulsejets can be

seen in Figures 1-11 and 1-~12.

Figure 1-11 SNECMA valveless pulsejet ESCOPETTE

r ‘ —

Figure 1-12 SNECMA valveless pulsejet ECREVISSE

Although not directly specified in their reports and
publications, the major technical advance produced by the
French research was the significant reduction in the spec-
ific fuel consumption of the standard valveless pulsejet
through the intermittent injection of the fuel (Ref. 13).
Through the use of low pressure fuel injection, the French
were able to intermittently inject the fuel. As the pres-
sure in the combustion chamber varied during the operating
cycle, the supply of fuel to the combustion chamber was
restricted and even terminated for a portion of the cycle

as the combustion chamber pressure exceeded that of the
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fuel injection nozzle. The result was a simple fuel injec-
tion control which led to a reduction in the specific fuel
consumption. By intermittently injecting the fuel, instead
of the previous practice of a continuous injection, large
amounts of fuel which produced no useful thrust, but which
were being expelled, were no longer injected. This novel
approach was later used by Lockwood (Ref. 14), who describ-
ed the operation and its effect in great detail.

While the low pressure injection scheme allowed fuel
to be injected in an intermittent fashion with the use of
an ultra simple device, which was necessary since the
technology did not exist to achieve this in any other form,
it presented its own limitations. The major disadvantages
of a low pressure injéction scheme are one, the precise
timing of the injection, two the mixture control of the
fuel injected and, three the atomization of the fuel for a
more efficient combustion. Although Lockwood (Ref. 15)
first described in detail the results of the intermittent
injection on the fuel consumption of the valveless pulse-
jet, the credit for the approach should be yielded to the
French. The French research, along with fhat of Lockwood,
serves as the "proof of concept" of the basic idea which is
the foundation of the Synchronous Injection Ignition con-

cept, which is that by a synchronized injection of a meter-

ed amount of high pressure fuel at the most advantageous
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point of the operating cycle instead of the present almost
continuous injection during the whole cycle, a more effi-
cient combustion and significant reduction in the specific
fuel consumption can be achieved.

Until the late 1950's the concept lay dormant. R.
Lockwood (Ref. 15) of Hiller Aircraft, at that time, with
the support of the French researchers, began his extensive
evaluation of the performance capabilities of valveless
pulsejets. Lockwood's work is a landmark in the investiga-
tion of vaiveless pulsejet technology because it is the
only completely documented, systematic study in existence.
Lockwood, as previously noted, first described in detail
the effects of low pressure-intermittent fuel injection as
well as experimentally developed optimum configurations for
combusters and jets. He also developed empirical scaling
relationships and design procedures for the sizing and
development of valveless pulsejets. Lockwood utilized ana-
lytical tools developed by Foa (Ref. 12). PFoa's work in
1960 represented the most complete analytical approach
avalilable. Even so, the use of such analysis at the time
was extremely tedious. Calculations of a few cycles for a
given geometry required several hundred man hours, and then
only incorporated the very simplest of gasdynamic models

with no details of the combustion process.

Analytical evaluation of valveless pulsejets made its '




14

most dramatic step forward since Schultz-Grunow's method of
characteristics analysis with the publication in 1964 of .
E. Tharratt's Summary paper of the results of a decade of
deveiopment work by Saunders-Roe (Ref. 18). In his paper,
Tharratt developed a heuristic approach by a linearization
of a highly nonlinear éroblem. The resulting analysis,

while not precise, gives surprisingly accurate results for

]
0
1]
t
£}
[
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t

ities of interest. It is a segmented analysis,

that is portions of the operation of the jet are analyzed

Separately, therefore it is not as handy as one wouid wish
for a design tool, but,its application of fundamentals
vields a physical understanding of the cycle operation
superior to other analysis tools.

The most recent approaches to the developmént of val-
veless pulsejets ate those of Kentfield and his associates
at the University of Calgary in Canada (Ref. 17). These re-~
searchers efforts initially centered on the development of
computer simulations of the cyciic operation of the valve-
less pulsejet, but their more recent activities have been
in the experimental arena. The simulations had advanced to
hot-flow type method of characteristics programs (Ref. i8)
which were successful in predicting experimental results

closely. However, the modeling is restricted to the tuned

inlet and'outlet geometries only and cannot predict combus-

tion chamber geometric variations, fuel injection and A
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mixing, or the combustion Process effects. As indicated in
their own works,
"further work is needed in order to model,
correctly,.... valveless pulsed combustors

+«. and their geomatry...,"

1.3 Relation to Valveless Pulsejet Technology

The development of the valveless pulsejet as a useful
device has been restricted due to the nature of its opera-
tion. The geometry of the valveless Pulsejet is the essence
of simplicity, a device which has neo moving parts but
produces thrust! It relies on wave processes and the trans-
fer of chemical energy, in the form of combustion, trans-
ferring this to a "momentunm medium” that is discharged in
the form of a directed Jet. The process is unsteady with
all possible forms of flow effects; combustion, friction,
heat transfer, geometry, etc.

The complex nature of the gasdynamic operation of the
valveless pulsejet.has been the single most important as-
pect impeding its Progress. Until the advent of advanced
computers and more cecently the development of numerical
procedures for the analysis of these complex flow problems,

the systematic analysis and design of these devices has

been severely restricted. Researchers, until recently, had .
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to rely on the “cut and try" experimental approach, with
their actions guided by "simplified Ccomponent models". By
the incorporation of these recent technical advances ang
the initial incorporation of a hybrid combustion model, the

present research represents the first comprehensive model

operation in a form suitable as a design tool. The analysis
itself is the result of a progressive refinement of tech-
niques pPreviously developed and represents the logical
extension of those past efforts to this tine.

The present analysis draws heavily on the efforts of
previous researchers in the defining of the fundamental op-
erational limits and utilizes these as design constraints.
Both theoretical and experimental vaiues are incorporated
in an effort to constrain the analysis to regions of actu~-
ally demonstrated operations. Use of those limits and ex-
perimental results in the confirmation and calibration of
the simulation result in an analysis capability which the
present researcher believes is adequate to evaluate new
concepts such as the Synchronous Injection Ignition
concept.

The present research specifically differs in what has
been done before in that it is the first simulation of the

cyclic operation of the valveless pulsejet to incorporate a
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hybrid combustion model which will allow for a systematic
study of the operation inclusive of all components, in-
cluding the intake, combustor, and exhaust geometries. The
simulation is also unique in that within the combustion
model is incorporated a fuel injection and mixing model to
simulate various fuel input properties allewin

]

valveless pulsejet.

Therefore, the simulation developed by the present
researcher represents the present state-of-the-art, in that
all components, including the combustion process, are
available for a systematic investigation in a complete form

applicable as an engineering design tool.

1.4 Results and Possible Applications

The application of the present analysis to the
Synchronous injection Ignition concept indicates the con-
cept to be a feasible means to improve the performance of
the standard valveless puisejet. Simulation of the concept,
via the calibrated analysis, indicates a reduction in the
specific fuel consumption of the SII valveless pulsejet
over a standard, low pressure injection, valveless pulsejet
to be on the order of 20% to 50%, depending on the size of
the combustion chamber and its geometry. This reduction in

the specific fuel consumption brings the performance of the
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SII valveless pulsejet into competition with the turbojet.
When combined with its simplicity of construction, opera-
tion, and inherent lower weight, The SII valveless pulsejet
becomes a serious economic competitor in the commercial
market. When viewed in the context of the primary gas
generator for 2 turbine driving propellers, such as in the
turboprop, and turbine driven fans, such as in the turbo-
fan; the concepts, similar to Karavodine's application, of
a "pulseprop" and "pulsefan" offer considerable promise to
the SII valveless pulsejet as a principal propulsion

device.




CHAPTER 2

THEORY OF VALVELESS PULSEJETS

2.1 Cyclic Operation of a Valveless Pulsejet

Consider the valveless pulsejet cvcle diagram present-
ed in Fig. 2~1. The first illustration (a) represents the
starting sequence in which fuel, spark {or an ignition
source), and a brief blast of starting air are turned on
simultanecusly.

As combustion occurs, the pressure builds up in the
combustion chamber and the gases begin an expansion out of
both ends of the combustor, that is from the inlet as well
as from the tailpipe. &s is shown in Fig. 2-1(b), the jets
become well established, in that the chemical energy of the
combustion, in the form of heat, generates the combustion
chamber pressure rise, which in turn transfers momentum to
the fluid medium, as the gas expands. The "slugs" of
combustion products are then expelled from both the inlet
and exhaust. Note, for low pressure fuel injection sys-
tems, about 10 pounds per square inch, the combustion
chamber pressure, which is 30-45 pounds per square inch
during this phase, exceeds the fuel pressure, therefore,

£

the fuel flow is terminated while this condition remains in

effect.

is
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Figure 2~1 Valveless pulsejet cycle diagram

Figure 2-1 (c) shows the combustion gases over-expand-
ed. As the "slugs" of combustion products are accelerated
away from the combustion chamber, the over expansion occurs
and the pressure in the combustion chamber drops. The
inertia of the “slugs“ causes them to flow out of the inlet
and the tailpipe with one-way piston-like action. Asso-
clated with the pressure drop there is a commencement again
of the fuel flowing back into the combustion chamber and a
reversal of air flow back into the inlet of the combustor
and also up the tailpipe of low velocity air near these
regions. As the tailpipe is of a much greater length than
the inlet, the portion which was expelled was actually from

the previous cycle. The shaded portion in the bend repre-
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sents hot gases which did not leave during the first se-
quence. These hot gases are swept back into the combustion
chamber where they are mixed with the fresh charge of fuel

and air.

Consider figure 2-1(d), where the electrical ignition

[z

system 1s off. Igniticn will occcur at many points in the
mixture due tc the hot gases in the new charge. Where the
mixture is stoichicmetric, these hot gases provide ignition
sources. The operation is now more efficient than‘in the
starting cycle. Pressure in the combustion chamber is
higher than in the situation where a single spark was used
for ignition, because with multiple ignitors burning time
is much reduced.

This vigorous mixing and stirring of the hot gases
from the preceding cycle with fresh charge, combined with
the ignition at multiple sources, is what makes this type
of engine quite insensitive to the types of fuel used and

explains why it can use a wide variety of fueis with 1ittle
or no change in performance.

2.2 Summary of Existing Analytical Approaches

2.2.1 Helmholtz Resonator Analogy

The simplest analytical model of the valveless pulse-

Jet is that of a Helmholtz resonator in combination with a
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quarter wave oscillator. While the analogy is one of %the
simplest forms, it allows for a wealth of understanding of
the fundamental operation of a valveless pulsejet. The
model assumes that the combustion chamber and inlet can be
modeled as a Helmholtz resonator and the exhaust as a
matched, or tuned, quarter wave oscillator (the familiar
pPipe organ).

The Helmholtz resonator is a classic element in the
study of acoustics (Refs. 19 and 20). In its simplest form
the Helmholtz resonatér can be described as a rigid enclo-
sure of volume, V, communicating with the external medium
through a small opening of radius, r, and length, 2, (Fig.
2-2). The gas in the opening is considered to move as a
unit and provide the mass element of the system. The
pressure cof thea gas within the cavity of the resonator
changes as it is alternately compreséeﬁ‘and expanded by the
influx and effiux of gas through the opening and thus
provide the stiffness element. At the opening, there is a

radiation of scund into the surrounding medium, which leads

Figure 2-2 Simple Helmholtz Resonator




23

to the dissipation of acoustic energy and thus provides 3
resistance element .

The gas in the opening has a total effective mass of
PoS2', where Po is the density, S is the cross-sectional
area of the opening, and 2' is its effective length. Since
some of the gas beyond the end of the actual constriction
moves as a unit with the gas in the constriction, it is
necessary to use an effective length ' which is greater
than the true length. The value of 32' can be found by

application of

L= 2+ 2 A2 2.2.1-1

where A2 the end correction varies given the geometry of
the opening. Values of A:* have been obtained (Ref. 19)

mathematically for relatively low frequencies which give

A = 8r /301 = 0.8 r flanged 2.2.1-2

Ar = 0.6 r unflanged outlet 2.2.1-3

Resonance of the Helmholtz resonator will occur when

the acoustic reactance equals zero, or at

x'V 2.2.1—4

where a 1is the wave speed, and Wy is the frequency of

undamped free oscillation of the gas (no friction).







