AT MM TTQRNQ
INFOCRMATION TO USERS

The most advanced technology has been used to photo-
graph and reproduce this manuscript from the microfilm
master. UMI films the original text directly from the copy
submitted. Thus, some dissertation copies are in typewriter
face, while others may be from a computer printer.

In the unlikely event that the author did not send UMI a
complete manuscript and there are missing pages, these will
be noted. Also, if unauthorized copyrighted material had to
be removed, a note will indicate the deletion.

versize materials (e.g., maps, drawings, charts) are re-
produced by sectioning the original, beginning at the upper
left-hand corner and continuing from left to right in equal
sections with small overlaps. Each oversize page is available
as one exposure on a standard 35 mm slide or as a 17" x 23"
viack and white photographic print for an additional charge.

Photographs included in the original manuscript have been
reproduced xerographically in this copy. 35 mm slides or
6”x 9" black and white photographic prints are available for
any photographs or illustrations appearing in this copy for
an additional charge. Contact UMI directly to order.

SUMI

Accessing the World's Information since 1938

300 North Zeeb Road, Ann Arbor, Mi 48106-1346 USA







Order Number 8812834

The synchronous injection ignition valveless pulsejet

Smith, Dudley Edington, Ph.D.

The University of Texas at Arlington, 1987

Copyright ©1987 by Smith, Dudley Edington. All rights reserved.

U-M:]

300 N. Zeeb Rd.

Ann Arhor MT 48104

Cavw







PLEASE NOTE:

In ail cases this materiai has been filmed in the best possibie way from the available copy.
Problems encountered with this document have been identified here with a checkmark v .

N o o » ©®

© ®

10.
11.

13.
14.
15.

16.

Glossy photographs orpages

Colored illustrations, paper or print ______

Photographs with dark background

lllustrations are poorcopy __

Pages with black marks, not original copy ______

Print shows through as there is text on both sides of page
Indistinct, broken or small print on several pages _L_
Print exceeds margin requirements _____

Tightly bound copy with print lostin spine _______
Computer printout pages with indistinctprint

Page(s) lacking when material received, and not available from school or
authior.

rage(s) seem to be missing in numbering oniy as text follows.
Two pages numbered ___ . Text follows.

Curling and wrinkled pages _______

Dissertation contains pages with print at a slant, filmed as received I/

Other

UMI







THE SYNCHRONOUS INJECTION
IGNITION VALVELESS

PULSEJET

by

-

DUDLEY EDINGTON SMITH

Presented to the Faculty of the Graduate School of
The University of Texas at Arlington in Partial Fulfillment
of the Requirements

for the Degree of

DOCTOR OF PHILOSOPHY

THE UNIVERSITY OF TEXAS AT ARLINGTION

December 1987




THE SYNCHRONOUS INJECTION
IGNITION VALVELESS

PULSEJET

APPROVED:

Ai;éynaéﬂoagzlé//4122¢q

uperyisipg Professor)

AR 2. 40/

(Dean of the Graduate School)




@Copyright by Dudley E. Smith 1987

All Rights Reserved




dedicated., with love, to my Debbie




ACKNOWLEDGMENTS

The author would like to thank Dr.'s D. D. Seath, K.

L. Lawrence, A. Haji-Sheikh, and S. R. Bernfeld for their

rt
=2

forts in

rh

e e review of the final draft and their many

vasS =

¥
(¢]

l1pful su

>

-

0

gestions. All of which have been greatly
appreciated. Thanks are also due to Dr. B. R. Mullins for
his assistance in the preparation of this paper.

I would especially like to thank Dr. D. R. Wilson for
his patience and encouragement during this research. His
guidance and support during this effort have been sincerely
appreciated.

I would also like to thank the Department of Aerospace
Engineering at The University of Texas at Arlington for
their past support.

Finally; I would personall like to exteﬁd my love
and thanks to my family for their love, ﬁnuerstanding, and
support, for without that, this would not have been

possible.

November 23, 1987




THE SYNCHRONOUS INJECTION IGNITION

VALVELESS PULSEJET

Publication No.

Dudley Edington Smith, Ph.D
The University of Texas at Arlington, 1987

Supervising Professor: Donald R. Wilson

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
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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
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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
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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 '
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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
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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).
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If we assume the frequency of the combustion chamber
and inlet combination can be represented by the Helmholtz
resonator, then we can match a tuned exhaust length to
operate at the same frequency. The frequency of the tuned

exhaust can be obtained from the linear theory which vields

a
— 2.2.1-5

o =

where L is the length of the tube (Ref. 20).

This simplified design approach yields quite good
results and allows for the effect of intake diameter and
length, combustion chamber volume and exhaust (or tailpipe)
length variations. The result is that the specific thrust,
as a function of combustion chamber volume and exhaust vel-
ocities and operating frequency, can be evaluated very ac-
curately. The effects of the geometry variations can also
be analyzed. If one begins with a given combustion chamber
configuration, that is conical, straight, 45°9, etec., the
entire geometry and operation can be approximated to a high
degree of accuracy and geometric variations and their gross
effects evaluated quickly.

The above model is used in the present analysis as an‘
initializer of the basic geometry and to provide a cross
check onvthe operating frequency. For example, suppose a
Jet of a specific thrust level is under investigation.The

size of the combustion chamber is determined from the
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empirical scaling relationships and the initial geometry
and approximate operating conditions are established using
the Helmholtz resonator model. This approach has proven to
help ensure a reasonable starting point in all simulations,
and decreases substantially the time required to establish
the range of variations to be evaluated in parametric

evaluations and geometry optimization.

2.2.2 Control Volume Approach

The control volume approach which follows is attrib-
uted tc Tao (Ref. 21), but it is known to others including

the Germans who had similar developments (Ref. §6).

- —
- —— -

SO
P e e NERYS E
A,

~—

Figure 2-3 Control volume

Consider the cylindrical control surface (Fig. 2-3)

enclosing the engine. The control volume extends upstrean
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and transversally to regions where the fiow may be regarded
as undisturbed and terminates at the exhaust station e.
The velocity V is also assumed to be parallel to the free
stream velocity V_, at all points of station e, and the

static pressure p is assumed tc be equal toc the free strean

that portion which contains the exhaust jet (the area Ag),
where the static pressure is pg. Furthermore, the flow
external to the engine is assumed to be isentropic and
unaffected by the flow pulsations. This assumﬁtion implies
the absence of frictional and wave drag and flow separation
on the external surface of the engine. Then the instanta-
neous force acting in the poéitive x-direction on the flow

region bounded by the control surface is

{Po - Po) Rg + Fy 2.2.2-1

where Fj; is the instantaneous thrust produced by the
engine. It also follows that the state and velocity of the
external flow at all points of station e are the same as in

the free stream. The momentum equation can then be written

in the form

2 2 ? i
F;i - (De = Po) Be = 9gRgVe = 0.V, + =% jﬁder 2.2.2-2
T
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where <t is the volume of the internal flow region bounded
by the control surface. The state and velocity are assumed
to be uniform at each instant across the stated area.

The impulse I, produced by the engine during one cycle
of the periodic operation at a frequency f is obtained by a
1/f. In this integration, the term containing the volume
integral vanishes because the flow is assumed to be peri-

odic. Thus if we let

1
foeVeAedt = < PLA YV, = mg 2.2.2-3
1/£
and one neglects the mass flow of the fuel relative to the

mass flow of the air, one gets

{‘
I, = fvedm - mV, + j(pe - P,) Agdt 2.2.2~4

¥ o= = dem 2.2.2-5
e

F = £ I, ‘ (average thrust) 2.2.2-6

m = £ mg (mass flow rate through engine) 2.2.2-7




one obtains

F = m (Vg -V,) + f£ J‘(pe-pm)Aedt
1/f
now let,
mVs + (Pe-P,) A = 41V,
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2.2.2-8

N
~N
.
N
i
©w

where the subscript x denotes the flow conditions that

would be established at the exit if the exhaust were fully

expanded. A quasi-steady isentropic expansion of the ex-

haust flow from p = Pe top=1p, would produce

-1
2 2
ve poo u VX
Te + 5— = T + 3
p Pe €p

Lt
1 P.
2 -
Vy Pe
= 1 + -
Ve ¥y-1
~ M
therefore,
. m Ve + (Po - Pu) Aq

2.2.2-10

2.2.2-11
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Then,
v=-1
[ tt— — [ am——
Y
pQ p@
1l - 1 -
Pe Pe
o = |1 + 1+ 2.2.2-12
¥-1 2 2
T Me e Me
- ] e e
AT dmmrr e -l-\-.e moaertmitm Fheveod doa Aalhdadwad ler A ccceen T adea
Edh LhE LA IA Wb BMAML W LWL UD L 4o VWLQauTou WY a uplTLe

expansicn, which can seldom be maintained in a nonsteady
flow, the vaiue of ¢ is so close to unity that the exhaust
is generally treated as completely expanded. Equation

2.2.2-4 and 2.2.2-8 then reduce to
I = mg (Vg = V) 2.2.2-13
F = (V, - v,) 2.2.2-14
The result is that, given an estimate of the mass flow

rate through the engine and an estimate of the average or

mean exhaust velocity, estimates ¢f the upper limit cof the

o}

Q

nly gross effectsg are predicted, with no detailed infeorma-
tion available from this analysis. Only the last two equa-
tions have been used in the analysis. From the information
developed in the Helmholtz resonator model, the equations

above are used to verify the results of the scaling rela-
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tions relative to the generated model.

2.2.3 Fundamental Gas Dynamic Model

A simplified theory of the operation of pulsejets was
developed by Tsien (Ref. 22). A basic overview of the
theory is as follows.

Let the subscript o denote quantities corresponding to
the free stream atmospheric conditions, the subscript 1
denote the conditions at the inlet, the subscript 2 denote
the conditions in the combustion chamber at the end of the
charging process and the subscript 3 denote the conditions
at the end of combustion. Since fhe compression from free
stream to the stagnation pressure 1is the same as the
inverse of the isentropic expansion, the chamber conditions
are now the stagnation conditions, and the exit are the

free stream conditions. Thus for the above, we have

¥
¥-1
P -
1 - (1 £ 1-2_]; H;) 2.2.3-1
Po
The temperature ratio is then
Ty Y-1\ .2
= 1 +(T)M° | 2.2.3=2

To
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Since there is a Pressure drop through the intake venturi,

one can assume (for a valved jet)

1
P, = - Py 2.2.3-3

This basically assumes a dynami¢ pressure loss through the
valve bank of one-half the inflow value, The temperature
To9. being representative of the total energy of gas at

rest, must be the same as Tl, since no heat loss is assunmed

to occur, therefore

Ty = 14 2.2.3-4
If one assumes that the combustion is carried out at
constant volume, and if the small éddition of the fuel flow
is neglected, the heat added Per unit mass of air isg

1 Ta
h = Cv (Ta - Tz) = ——' Cp T3 (1 - "T_) 2.2.3-5

where the primes refer to the combusticon products. For a

constant volume combustion

—_— T e—— 2.2.3-6
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Therefore

1 : Pa
h = — ¢p T3 (1 - ——) 2.2.3-7
¥' P3

If one assumes that the rapid discharge can be approx-
imated by a slow discharge of the same impulse, then one
can assume an isentropic steady expansion of the combustion
chamber pressure P to p,, the atmospheric pressure. If the

discharge velocity is assumed to correspond to p, then

1
¥-1 /2

2 ¥! o] Po ¥
vV = -— 1l - 2.2.3-8
\‘l_,l [ .

The impulse due to a discharge of dm at this velocity is
dl = v dm 2.2.3-9

If the mass before removal of dm is m, then the ratio of

the density in the chamber after removal of dm to that

before is

m - dm
—

Similarly the pressure ratio is

P+ dp
P
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and since we assume the process to be isentropic, we have

¥
+ d m - dm
L2*rc _ |R-dm 2.2.3-10
P m
Neglecting higher order terms, one obtains
y = . 9 2.2.3-11
m P

This last equation shows that a discharge dm will decrease
the pressure in the chamber, as expected. Sincem =3 V,
where V is the volume of the combustion chamber, one can

replace the dm in the impulse equation (2.2.3-9) by dp to

yvield
v'-1]\/2
Yt

Finally integrating eq. 2.2.3-12 from the initial pressure

to the final pressure to find the total impulse due to the

discharge,
P3
¥i-1
D Po\ ¥
1
I = _1._' g.. v 2 1-/ o) /p)dp 2.2.3.13
v Jyr-1 N \p /  \p
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or,

f’lf I £ IDE
S el ER = R
IR |
Po/ps,

where n = P/P3. Since vV P3 is the total mass in the
combustion chamber at the beginning of the discharge, and

P3
¥ —— = a, 2.2.3-14

°3
is the local speed of sound correspbnding to the conditions
in the combustibn chamber at the end of combustion, the

"effective velocity" Ve can then be defined by

1
Yi-1 2
rl
Ve 1 2y! 1 Po 1
—a—= rl 1--5- dn
3 ¥vi-1 v'-1 8 y'-1
J e "
pO/Pa

(2.2.3-15)
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For a unit mass flow per second, the thrust can be

expressed by

1 (Vg = V)

where Vo is the flight velocity and Ve is given by an ex-~
pPansion of 2.2.3-15 into a series for numerical evaluation,

using ¥' = 4/3 yields { to three terms)

1 1 1 3

4 4 4 2 4
"_e=§__\/61-(39) 1_3(&)__("_6’)-_8(92‘
aj 7 P3 5 \pj 15 P3 15 pa)
(2.2.3-186)

If the specific heat value of the fuel is given by H and

Ng is the combustion efficiency, the specific fuel

consumption becomes

3600 h
= 2.2.3-17
778 H g (Vg - Vg)
Substituting the value of h from 2.2.3-7, we get
3600 az (1 - P2/p,) 1
S = 2.2.3-=18

778 E ng (Ve/ag - My (/ag)  vi(vi-1)
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where the ratio of the sound velocities is given by

2 '
a3) Y'R'Ta Cp ¥vi-1 P3 /Tl
—_— = = \ 2.2.3~-19
agi ¥ R Tq cp ¥ -1 Pa To

Thus the specific fuel consumption can be approximated if
the combustion chamber pressure ratio and combustion
efficiency can be determined.

This simple theory is based on 2 quasi-steady
discharge and assumes the combustion chamber pressure ratio
Wwas on the order of unity, therefore the pressure varia-
tions are assumed to be small. Thus the basic approach was
to use the linear theory of small perturbations. Addition-
ally, the model fails to predict the operating frequency
which is directly connected to the pulsating flow. However
the prediction of the exit velocity ratios and the specific
fuel consumption are useful in defining operating limits
and are used as checks within the prediction model.

AS can be seen, by this brief discussion of the sim-
plified approach, the number of approximations, which indi-
cate 2 number of unknown quantities, are difficult <o
estimate and the analysis is alse segmented. The approach
was developed from the experimental observations and tech-
niques available at the time and represented a marked

improvement over the control volume analysis as many more
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physical details of the flow were included.

2.2.4 Linearized Theory

LR AR = N AR O

attempt to improve on the fundamental gasdynamic model by
incorporating a simplified combustion model with the opera-
tions timed to generate the frequency information.

The operation of the pulsejet was broken into three
distinct operations:; charging, combustion, and discharging.
For a given combustion chamber volume, assuming isentropic
conditions, etc., as before in the fundamental gasdynamic
analysis, the pressure as a function of time and thus the
charging time could be found. To determine the combustion
action, a control volume analysis of the combustion chamber
was then used with timed heat release and chemical-kinetics
equations to simulate the temperaturgorise and thus pres-
sure rise in the combustioa chamber, again, as a function
of the time of the process. The cycle analysis was then
completed with an expansion and discharge analysis of the
combustion products as a function of time. This combina-
tion completed one cycle and thus vielded similar results
as the fundamental approach, but with added capabilities,

This "segmented"” process was the first to separate the
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combustion process and its effect into its own analysis.
It also incorporated the calculation of the time of each
operation, therefore tying the physical operation to the
operating cycle. The frequency of operation being the
reciprocal of the sum of the individual operation's times.
An excellent paper which describes this approach in

detail as well as many related topics can be found in C.E.

Tharratt's works (Ref. 16).

2.2.5 Quasi-One-Dimensional Method of Characteristics

The original method-of-characteristics analysis was
done by F. Schultz-Grunow (Ref. 7). His original work was
the gas-dynamic investigation of the operation of the
pulsejet with studies on the effects of the form of the
tube, variation of the cross-sectional area, speed of
flight, and a description of the pressure changes in the
combustion chamber.

Schultz-Grunow's apprcach was the graphical solution
technique to the one-dimensional flow through the pulsejet
tube. His studies included tubes of straight and conical
shapes as well as combinations of the same. The work
demonstrates reasons for many observed effects such as
combustion chamber geometry relative to the intake and
exhaust geometry, variation of cycle time with the combus-

tion chamber as well as exhaust gecmetries, and the effects
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on operaticn or non-operation relative to cross-sectional
area variations.

Schultz-Grunow was the first to demonstrate analyt-
ically the re-ignition process via the condensation shock
reflected within the exhaust.

Kentfield and his associates (Ref. 17) utilized a
numerical procedure in the form of a method-of-cha icteris-
tics solution. The appropriate hyperbolic diff rential
equations of continuity, energy and momentum we. @ solved
simultaneously in a time dependent flow field. Through
successive refinements, the effects such as area variation,
hot flow, and combustion reaction rates have been incorpo-
rated. Although capable of handling combusticn chamber
geometry variations, Kentfield's associates limited their
application of the method to the intake and exhaust tubes,
analyzing the combustion chamber via a control volume ap-
proach.

The method-sf-characteristics approach yields for the
first time a unified approach to the modeling of the cyclic
operation of the pulsejet. The ability to examine ail
phases of the operation; inclusive of geometries, allow for

the development of a design as well as analysis tool.
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2.3 Summary of Existing Approaches and a Comparison of
their Attributes and Deficiencies

The existing analytical approaches to the solution of

the cyclic operation of a valveless pulsejet fit in one of

four categories. These categories are:

II. Control Volume Analysis
III. Fundamental Gasdynamics
IV. Linearized Theory

V. Method of Characteristics

For the acoustic analogy:

Attributes Deficiencies
= simple rapid analysis - depends on empirically
with accurate results determined sizing con-

straints, contain no
details as to the
actual combustion

process
Control volume analysis:
Attributes Deficiencies
- simple analysis - depends on time averaged
values

= vYield only "gross*®
information

= no details as toceffects
- combustion process
- frequency of operation
- fuel flow




Gasdynamic fundamentals:

Attributes

- explains some basic
physical phenomena

Linearized Theory

Attributes
- explains the basic

physical phenomena
~ frequency of operation

Method-of-characteristics

Attributes

- unified approach

- geometry variation

- frequency of operation
-~ details of operation

41

Deficiencies

no shape effects

no inclusion of frequency
of operation

slow discharge assumption
inadequate

Deficiencies

no shape =ffects
segmented analysis

Deficilencies

- extremely difficult
analysis

To develop a complete picturé of the operation of a

valveless pulsejet, and to serve as a design tool, the only

choice in the analytical approaches is the method-of-

characteristics. When combined with a sufficient combus-

tion model, the ability to analyze and design the valveless

pulsejet becomes possible.
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2.4 Development of One-Dimensional, Transient, Gas-
dynamic Model

2.4.1 General Description of the Flow System

The model employed in this paper is based on 3 quasi-
one-dimensional, unsteady method of characteristics analy-
sis which was developed by Wilson and Stewart (Ref. 23) for
the analysis of transient magnetohydrodynamic power chan-
nels and diffusers. Detailed discussions of code develop-

ment including evaluation of shock-fitting and shock-

tion, Lax-Wendroff analysis for interior points, and code

validation can also be found in Ref. 23.
The basic analysis geometry for a valveless pulsejet

consist of an intake, combustor, and exhaust (Figq. 2-4)

—b ~4— COMBUSTOR

 INLET —» - EXHAUST

Pigure 2~4 Valveless pulsejet geometry




The coordinate system for the flow geometry is shown
in Figure 2-5. This coordinate system is used rigorously in
the analysis and sSubsequent computer code. Note that the
origin of the system is fixed at the location in the com-

bustion chamber where the combustion ignition occurs. As

the ignition point varies from cyc

[22]

€ to cycle, as a func-

tion of fuel flow and other variables, the analveis

cycle will be based upon the fixed system at the beginning
of the cycle.

IGNITION STATION

-~ 7

O qwmm»-cs—j '

]

Figure 2-5 Coordinate sysztenm

Since the originél code was established to analyzs a
single channel, the logic was generated to perform two
Separate analyses for the valveless pulsejet; one for the
intake and one for the exhaust. For the coordinate system
shown, the axial velocity is along the x-direction.

The Eularian forms of the basic conservation equations

for a quasi-one-dimensional, unsteady flow (references 24;
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27) are as follows:

continuity equation,

Do u o u da
+ + = 4.1~
Dt [+ py ™ 0 2.4.1-1

momentum equation,

M M 9P
—— —— - - ea—— + . - -
Py + u 3% P 8 2.4.1-2
where,
4 1
g8 = -
Dy

energy equation,

Dh Dp
T Dt = g 2.4,1-3
where,
4ur-t 4 g
g o= S0 4w
D.. DH

Real gas thermodynamic properties used in the above

equations are assumed to be explicit functions of pressure
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and temperature,

p = o(p,T)
h = h(p,T) 2.4.1-4
a = a(p,T)

1
Tw = Cg -E— P u2 2.4.1-5

where the skin friction coefficient is obtained by a
Newton-Raphson solution of the Colebrook equation for tur-

bulent duct flow, as done by Lee (Ref. 25) for Re > 2000,

g
1 D, 2.51 )

= =2 logigp (
3. /
4 Cg 1 Re /4 Cg

and directly from the Poiseuille flow equation (Réf.26)

2.4.1-6

for laminar flow (Re < 2000),

64

4 s = Re

2.4.1-7

Wall convection heat transfer rates are calculated from

Qw =Cx # v (hg - hy) ! 2.4,1-8
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where Cy is calculated from an appropriate Reynolds analogy

expression (Ref. 26).

Cs
2

CH = 2.4.1‘9

2.4.2 Method of Characteristics

All phenomena in the flow field, including disconti-
nuities (shock waves, contact surfaces) and their assc-
ciated interactions and reflections are calculated by means
of a modification of the inverse method of characteristics
developed by Zuckow and Hoffman (Ref. 27). Instead of the
ciassical approach, which uses velocity, pressure, and
density as primary integration variables, the modified
approach is based on the use cf velocity, pressure, and
temperature. This allows, if desired, the use of real-gas
thermodynamic property tables, such as those generated by
the NASA CEC76 code (Ref. 28), in which all thermodynanic
properties are generated as explicit functions of pressure
and temperature.

An inverse numerical method was generated to solve the
compatibility equations

2 a2W> dtt

dp® & 0 a du, = (- =

(2.4.2-1)
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along the Mach lines, whose slopes are given by

N dt _ 1 -
i dx uia . -2-2
+
and
ulT p
= & | d° + eucy,dr = ¥dx 2.4.2-3
p
along the path line, with slope
dt i
Ag = |—]| = — 2.4.2-4
dx |, u

The detailed derivation of these equations is given in Ref-
erence 29.

The geometry of the calculational procedure for each
direction of the flow, is illustrated in Figure 2-6.

The description of the calculation procedure for shock
and contact discontinuities will be presented in Section
2.4.4.

To ensure that the solution is stable, the Courant-
Friedrich-Lewy (CFL) stability criterion (Ref. 27) wmust be
satisfied. The criterion requires that the initial data

points (points 1, 2, and 3 in Figure 2-6) fall between the
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Figure 2-6 Finite difference grid for interior points

previous solution points (points 5, 6, and 7) that are
employed in the interpolation for determining the flow
properties at points 1, 2, and 3. In other words, if the

time and distance increments remain fixed, the relationship

must be satisfied to ensure the solution is stable.

2.4.3 Thermodynamic/Transport Properties

As employed by Wilson, Stewart, and Lee (Ref. 29), to
reduce computer time, a perfect (thermal and caloric) gas

model was employed for the calculation of the‘thermodynamic
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properties needed for the calculations in this disserta-

tion. With this assumption, the equation of state can be

written as,

P p
(R/m) T RT

2.4.3-1

and the derivatives appearing in the compatibility

equations are:

(ap> o)
T D R T2

2.4.3-3

(ap) - _ _p
3T ) p RT

For more realistic solutions, real gas thermodynamic
property tables, such as those generated by the NASA CEC76
computer code (Ref. ‘2'8) » could be used.. The values in ~’che
above tables are stored in a form as m = m(p,T) and can be
extracted by tabular interpolation.

The coefficient of viscosity u, needed in the fric-
tion factor calculations is ocbtained by Sutherland's law

(Ref. 26) for the perfect gas solutions.

T Ty + S '
U= ug (—;-) s 2.4.3-3
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For real gas calculations, u is obtained by tabular
interpolation from tables generated by the NASA TRAN72 code

(Ref. 30).

[

- Shock Pitting Procedure

In order to match downstreanm boundary conditions, a
standing normal shock wave can usually be found in the
inlet or exhaust flows. The shock formation is normally
the result of the combustion transient and moves to a
position that is dictated by the upstream and downstrean
boundary conditions. The movement of the shock depends
upon a number of factors, the most important being the
transient combustion characteristics.

The most difficult aspect of the shock calculation for
an inverse characteristic analysis is the development of a
method to predict when and where the shéck will be formed.
By using a concept based on coalescence of charﬁctefistics
(Ref. 31), a method can be developed that requires informa-
tion on only 2 preceding nodal points. The method is both
fast and reliable (Fig. 2-7).

In Figure 2-7, assume that the flow field is known at
the i-th time step for every nodal point. The slope of the

Mach lines at each nodal point are:

N - 2.4.4-1
U5+ 3j
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Figure 2-7 Shock detection

The values nt are defined as

(A3e1 - A3 (Ab)
= 2.4-4—2

(xi;ﬂ) (xg) (Ax)

nt

which are the reciprocal of the number of steps needed for
2 adjacent characteristics to coalesce. For 2 fixed value
of Ax, coalescence of characteristics is within four time
steps for a value of nt > 0.22. The value was found by
Salas (Ref. 31) to fit a wide range of problems. For a
value of n*¥ < 0.22, Salas found the pracedure to become
very sensitive, with the shocks predicted prematurely.

In general for flow from left to right, the shock wave
may be classified as either right-facing or left-facing,
depending upon whether the fluid particles enter the shock

wave from the right or the left, respectively, as time
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increases (Ref. 27). As far as the computational method is
concerned, an easier way to examine if the shock is right-
facing or left-facing is to examine the values of P2 and p,
on both sides of the shock wave (Figure 2-8), If Py > P1,
the shock is left-facing, otherwise the shock is right

facing.

From equations 2.4.4-1 and 2.4.4-2, nt can be written

as

t
nt = ix g + a3) - (w541 £ ajeq)) 2.4.4-3

For constant At/ . if 8§ > aj41. the value of nt* will
exceed 0.22 before n~, but for aj+1 > a3, NT will exceed
0.22 first. From this discussion we know that 2541 Will be
less than ay in a right-facing shock, and a4 will be less
than aj+1 in a left-facing shock, thus equatioﬁ 2.4.4-3 can
be uged to determine both when a shock will be formed and
whether it is left- or right-facing. In order to preveht a
large number of unnecessary calculations, weak shocks will
be removed from the calculation by examination of n. If
either n+ or pn- drops below 0.10, then the shock wave is
removed and a small amplitude compression wave replaces the
shock. This can then be tracked by the interior point
routines. The value of nt = o.10 corresponds to a shock
Mach number of 1.3, for which the pressure ratio Po/P; is

1.70.
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2.4.5 Treatment of Boundary Conditions at Duct Exits

At the open end of the two flow channels the flow may
be either an inflow or an outflow. Additionally, the flow
Mach number at the exit may be either subsonic or super-
scnic. Therefore, the treatment of each must be accounted
for in the analysis. The treatment follows a Procedure set
forth by Zucrow and Hoffman {(Ref. 27j.

Consider the unit Process for an open end point with
outflow at the right hand side of the internal flow field
(Fig. 2-9).

The boundary condition at the open end is determined
by the external flow field surrounding the exit Plane of
the duct. For subsonic outflow, the approximation is made
that p, at the open end is equal to the ambient presgsure.
Figure 2-9 (3a) illustrates the process of an open end with
subsonic outflow. If it-is-assumed that the ambient pres-
sure, p,, is known, then the boundary condition imposed on
the internal flow field is that P4 = p,. If the details of
"the external flow field must be considered, then a two- or
three-dimensional analysis of the external field must be
obtained and the Pressure p, that the external flow field
present to the internal flow field must be used. For all
calculations in this research, the jets were assumed to be
operating in a static state at known ambient conditions,

similar to the experimental data used in the comparison,
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Figure 2-9 Unit Process for Outflow at an Open End
(a) Subsonic outflow (b) Supersonic outflow

and therefore P4 Was assumed to be the ambient value at Xyq.
The case for supersonic outflow is shown in Fig. 2-9

(b). For supersonic cutflow, all three characteristics
originate from within the internal flow fielq, consequently
the flow properties at point 4 are independent of the
external flow field. Thus, the basic duct fiow analysis is

used to determine the flow properties at point 4. While the
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foregoing has been developed with a righthanded outflow, an
analogous process may be similarly developed for a left-
handed flow.

The unit process for inflow is illustrated in Fig., 2-
10. The case for subsonic inflow is shown in Fig. 2-10 {a).
Note, that only a single characteristic, the right running
Mach line C,, reaches point 4 from within the flow passage.
Therefore, two boundary conditions must be specified from
the external flow field. As those boundary conditions
depend on the particular type of external flow field, the
flow was assumed to be static and the ambient pressure and
entropy used tc establish the flow conditions (Ref. 10).

In the case of supersonic inflow, as illustr;ted in -
Fig. 2-10 (b), all three characteristics through the point
4 originate in the external flow field, thus the properties
at point 4 are completely determined by the external flow

field and are independent of the internal flow field.
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CHAPTER 3
PULSATING COMBUSTION MODELING

3.1 The Thermodynamic Limits of the Combustion Process

A combustion chamber is basically a device that is
made to convert the chemical eénergy of two reacting sub-
stances into heat. Combustion is, therefore a thermochen-
ical process involving a reaction between two‘components,
that is, the fugl and oxidizer. The fuel is usually the
potential source of energy and the oxidizer is the agent
that is required to change the chemical species from react-
ants into products giving off heat. Such a process is
known as an exothermic process. Combustion, in its most
general sense, is an exothermic process and the products
are usually in the féfm of gases. For air-breathing en-
gines, such as the valveleass pulsejet, the oxygen is con-
sumed in the reaction process and the nitrogen acts as a
diluent without undergoing any chemical change.

Since the combustion chamber is a system whose primary
purpose is the conversion of chemical energy into heat,
then it must be designed to satisfy two basic requirements:

1) it must be capable of converting the fuel into
heat energy efficiently

2) and should‘be able to convert the heat energy

i
o]
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into kinetic energy with min;mum loss of system energy.

The actual mechanism of combustion is quite compli-
cated and although various theoretical models exist, most
results are empirical in nature. However, the elementary
processes ;n the combustion chamber are: the atomization
of liquid fuel (usually a hydrocarbon) by the injection
nozzle, the vaporization of the liquid droplets by the heat
radiated and conducted to them, the preignition reactions
between the fuel and oxygen in the air, the ignition and
combustion of the mixture, and finally the mixing of the
hot combustion products with the excess air.

The purpose of atomization of the liquid fuel is to
increase the total surface area of the droplefs so that
rapid vaporization will be achieved. This is necessary as
the required preignition reactions (chaining) are generally
carried out in the gaseous phase and are accelerated by the
existing conduction of heat in this form. Vapofization and
atomization of fuels have been investigated for a large
number of industrial applications and a large amount of
data exist on theée topics (Ref. 22).

Another purpose of the atomization is to decrease the
size of the droplets so that they may easily be transported
by the airstrean. The diffusion of the droplets into the
air is via two processes:; one, the molecular diffusion, and

two, large scale turbulence in the flow field. The former
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is so small as to be generally ignored, whereas the turbu-
lent mixing, which is approximately 400,000 times as great,
predominates (Ref. 22). Thus the diffusion of the droplets
to achieve a uniform air-fuel mixture for combustion via
turbulence is of prime importance and has a dramatic effect

he size of combustion chambers which can efficiently be

fo 3o
(o294

et

used. But, the generation of turbulence cannot be accom-
plished without the loss of energy, thus the question to be
answered is how to create the turbulent mixing with minimum
loss of pressure. As the flame velocity and thus the
ignition time are also effected by this turbulent diffu-
sion, the overall efficiency of the-combustion process is
dramatically effected.

The process of oxidation of hydrocarbon fuels is quite
complex. The kinetics of the oxidation mechanism are
qualitatively understood and can_be broken down. into three
phases. The first phése»is fhe éatalytic oxidation at low
temperatures. The second phase is the slow oxidétion phase
which is very important in that it is directly connected %o
the ignition lag, or the induction period. The final phase
in ignition is inflammation. The ignition lag is a result
of the fact that the vaporized fuel must be heated to a
temperature to produce the correct chaining combinations

for the chemical kinet

[EY

cs tc produce the igmition. If

lsufficient time is not allowed for the preheating and
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preignition reactions, ignition will not occur. Thus, with
a given combustion chamber design and a given mixture
ratio, the time interval for evaporation and slow oxidation
can be so reduced by increasing the inlet velocity as to
Prevent ignition. This is the lean mixture combustion
limit. As the mixing of the fuel air stream is not homoge-~
neous, the general result is that only a portion of the
mixture can provide combustible material at any time.
Since the results depend on the chemical rate process and
the theory of turbulent flows and mixing, the present
empirical, first order approximaticns represent the best
which presently can be achieved within the limits of the
available resources.

The upper limit to the heat which can be added to the
system can be approximated by examining the flow in a cons-
tant area duct with heat addition, Rayleigh flow. The
heating of a subsonic flow will éventually lead to sonic
velocity. When this sonic velocity is reached, no further
heat addition is possible. 1In practice, for cylindrical
combustion chambers, the limiting fuel/air ratio corres-
ponding to the Rayleigh heat addition limit closely approx-
imates the rich mixture combustion limit. The choking
leads to incomplete combustion and eventually extinction.

These limits define the outer operating régions cf the

combustion process, but do not establish the limits on the
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process as 1t occurs. The major factor affecting the
Process is that of the velocity of propagation of the flame
within the combustor. Normally the velocity of propagation
of a flame of combustible gaseous mixture is on the order

-

of a few feet per second. However, under certain condi-
extremely high propagation velocity, on the order of sever-
al thousand feet per second. The most basic explanation of
this phenomenon was put forward by Chapman (Ref. 32) and
Jouquet (Ref. 33). Their approach was to consider a cenm-
bustion process propagating at a constant velocity through
2 gas in a duct of constant cross-section. As shearing
stresses and body forces were consideréd negligible, and
the process was essentially one-dimensional, this combus-

tion model is normally described as a Rayleigh process.

(Fig. 3-1)

(2+) detonation

\/ Rankine-Hugoniot

(2-) deflagration

Preasure, p

1 Specific Volume, v

Figure 3-1 Rayleigh flow process
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examination of the momentum equation for Rayleigh flow

provides a relation between bressure and flow velocity at

any station of the region

-

n :
Pi =P = 5 (u-uy) 3.

(where the subscript i denotes the upstream conditions and
8 is the cross-sectional area), and the continuity equa-

tion, for a cross-sectional area, is given by

LS 3.1-2
uy Vi
Thus
u’ s
L LA
Pi Pivi S vj
or
2 -1 = -y Xy 3.1-3
Pi Vi

Therefére, the Rayleigh process is always represented in the

P,v-plane as a straight line of negative slope:

a(P/py)
d(v/Vi)

= -~y M; 3.1-4

For a combustion process, M; is the propagation Mach number
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of the combustion front relative to the unburned gas.
Therefore, for any Rayleigh process starting at (pi, vil),
the end point will depend on the amount of total heat added
ga, in the combustion process. The completed process must
lie on the line given by Eq. 3.1-4, relative to this star-
ting point.

| .

of thermodynamics (that is conser-

From th

vation of energy), cae has

dq = ¢, 4T + p dv 3.1-5
or
1
dg = e d(sv) + p dv 3.1-6

As p is a linear function of v, the ahove integrates to

1 P£+P4
9a = 3I7 (PEVs - PiVy) + —5= (vg - vi)  3.1-7
or

¥+ 2 q _ Vs

Pg ¥-1  pyvy vy
= 3.1-8

Pi v+1 Ve .

¥=-1 Vi

(where the subscript f denotes the final condition after
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the heat release dy)- This equation is known as the
"Hugoniot equation” and as represented in a p, v-plane is
called the "Hugoniot curve" for the specific amount of heat
released, Q3. The Hugoniot curve is the locus of transfor-
mation endpoints for any given initial conditions and for a
given value of the heat released. The Hugoniot curve for
93 = 0 is called a "Rankine-Hugoniot" curve, in that it
represents the locus of end points of adiabatic shock
transformations. Therefore, Hugoniot curves for exother-
mic reactions must be above the Rankine-Hugoniot curve
(Fig. 3-2).

Since Rayleigh transformations are physically possible
only if the slope is negative (Eq; 3.1-4), the Hugoniot
curve is physically significant in two distinct branches,
which are separated by a "forbidden region" which covers

the entire quadrant in which dp/dv > 0.

vl

1.0

Figure 3-2 Hugoniot curves
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By a differentiation of Eg. 3.1-8, the slope of the
[d(P/pi)/d(V/vi)] of the Rankine-Hugoniot curve at the ini-
tial point is -v. Therefore an infinitesimal Rayleigh
transformation along the tangent to the Rankine-Hugoniot
curve at the initial conditions (Pi' vi), is itself an in-
finitesimal isentropic, adiabatic disturbance. Equating

lod 2 1.4 +
=11 ek = -

~¥ My = -v 3.1-9

therefore, it confirms that such disturbances propagate at
sonic velocity, that is M; = 1.0.

A combustion process starting at i can only proceed
along Rayleigh lines outside the Xi¥ quadrant. The
Rayleigh line iY represents a constant-pressure process,
with My = 0, which is a flame at rest with respect to the
unburned gas which is practically impossible; and the line
iX represents a constant-volume process, in which the flame
propagates at an infinite velocity, which is also practi-
cally impossible. The slope of the Rayleigh lines below
line iY are between 0 and =-¥, therefore the propagation
Mach numberé lie between 0 and 1. The slope of the Rayleigh
lines to the left of 1X are between -v and -w, which
means all the propagation velocities are supersonic. The

subsonic processes are called deflagrations and the super-

F
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sonic processes are called detonations.

Examination of the basic ‘Rayleigh process indicaies
that p will decrease or increase as heat is added depending
on the velocity of the propagation. That is pg < p; for
deflagration and pg > py for a detonation, also one can not
have vg > v; for deflagration and vg < v; for detonation.

A Rayleigh line from the initial condition on a
Rankine-Hugoniot curve will intersect the final condition
Hugoniot curve at most tw.o points. In the delflagrar*.ian
domain, the intersection nearest the initial point is
called the point of "weak deflagration”, the other inter-
section point is called "strong deflagration”. Similarly,
in the detonation domain, the intersection closest to the
initial point is called the point of "weak detonation” and
the other "strong detonation". The tanéency points are
called the "Chapman-Jouquet deflagration"” and "Chapman-
Jouquet detonation" states, and represent the transforma-
tion in which the sonic condition is reached by velocity of
the burned gas relative to the transformaticn front. This
is known as the "Chapman-Jouquet condition”. 1In view of
the above condition, "strong deflagrations" and "weak deto-
nations" must be eliminated and as can be shown (Ref. 12)
are impossible. Therefore, from the initial state, only
three essential forms of combustion may occﬁ.‘r. They are:

one, the "weak deflagration" in which the velocity of the
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burned gas is higher than the transformation propagation
thus the combustion is a Yslow burn® which extinguishes
itself; two, a Chapman-Jouquet detonation in which the
transformation propagation is equal to the local speed of
sound, but, dependent on the local chémical kinetics, may
accelerate and become a "strong detonation”, or choking may
occur which limits the reaction; and three, given the
proper preignition conditions, the supersonic ignition or
"gstrong detonation" of the gas.

Once the operation of the physical phenomenon is un-
derstood to some degree, limits of performance of the
combustion need to be established. This is best realized
by first examining the particular type of combustion pro-
cess one wishes to describe and which basic modeling form
best suits the requirements. The latter is left in its
detail form until later.

There exist two basic modes of combustion, that is,
steady and unsteady. In the steady reaction it is usually
sufficient, at first levels of analysis, to assume substan-
tially homogeneous reaction zones or a "volume mode" com-
bustion process. As the effects of friction and area
changes can be accounted for in relatively simple models,
the average conditions can be simply specified. 1In the
gasdynamic analysis of nonsteady combustion, the transition

and placement of the transformation region greatly affects,
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and is in turn effected by, the existing chemical kinetics.
Therefore, to describe the transport of this region through
the unburned gas, the analogy of a "frontal mode" has been
developed (Ref. 34), so that as the reaction transitions
from a "frontal mode" or a wave problem to the complete
ignition or "volume mode” result, the details may be ana-
lyzed.

As the "frontal mode" can be visualized as simply a
Rayleigh process, if the front transformations are regarded
as quasi-steady, it can be utilized to establish bounds on
the performance of combustors in terms of non-steady flows.
Beginning with a modified form of Eq. 3.1-3, a generaliza-
tion may be made, so that linear relations may be analyzed.

The relation for the pressure and specific volume

S (—3-— 1) 3.1-10

where the subscript i denotes the initial, unburned condi-
tions and vy is a constant to be determined.

In the_Chapman—Jouquet treatment of Rayleigh processes
it was ncted that fhe Rayleigh transformation were for
v = v M2, |

If we define the specific volume variation of a
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combustion process as a linear function of time,
v
-——— = 1 + k t 3.1-11

where

v
k o= (/o) ( z= - 1) = constant 3.1-12
i
and t, is the total combustion time and the subscript £
denotes final conditions.
For an approximation to the time history of the
release of heat during the transformation, we can use
dg 1
d: = ;:I (Kl + Kot); K4, Ky constants 3.1-13
as suggested by Foa (Ref. 12).

The first law of thermodynamics may be written in the

form

3.1-14

or, in terms of the above variables

d . A
P 1 .
{1 + k t) -E;- +kRyvyp = —;I (Kqy +Kot) 3.1-15
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Integrating yields

1 K2 k § K2 c
— ( ) 3.1-186

- +
R(¥=-1)  (¥+1) [vi(1+k t)1Y

where the constant C can be evaluated at t = ¢ where P=p

YI_ 1 ! K2 \MI

k¥ vy (Kl T k(v+1) 3.1-11

i

If C = 0, then p would be a linear function of time

Ko
P = Py + ——-_k(v-i-l)vi t 3.1-18
If p and v both vary linearly with time, they also vary

linearly with one another, therafore for the special case

one cbtains

K
2 . = 2 ( v - 1) 3.1-19
Pi k2(¥+1)p3v; Vi

or

v = - f 3.1-20
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If Ko > 0, that is the rate of heat release increases
with time, then ¥ < 0 and the process would iie in the for-
bidden quadrant of the p,v plane; if K5 < 0, then ¥ > 0 and
a non-steady explosion will lie in the domain of deflagra-
tion or detonation. For the case of a deflagration, if 0 <
v < ¥, the path is along the transformation in the p, v-
plane of a "weak deflagration". If ¥ < u < +e, the path
is along the path of a "weak detonation". One should note
that the explosion path terminates at the first intersec-
tion of the Hugoniot curve corresponding to the heat of the
reaction. Once this point 1s reached, no further reaction
can take place as the 1limit of the heat liberation has been
reached. '

In the thermodynamic modeling of such processes, as
long as the end state is path independent, the selected
transformation function forAanalyfical treatments is
basically a convenience. A functional representation which
has been found to be useful in the generalized study of jJet

engine performance is the polytropic process.

p v® = constant 3.1-21

where n = constant

Polytropic explosions have three transformation paths
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in common linear explosions. that is, whenn = 0, -1, or
4w, the polytropic process reduces to a linear process with
v =20, -1, or %=.

From the first law of thermodynamics, the equation of

state for a perfect gas, and the polytropic relation

—_ = = — 3.1-22

one obtains

¥ 1
= — o — a PN St
dg -1 p dv o1 v dp 3.1-23
or
¥-n
dq = -1 p dv 3.1-24
or
¥-n
= - .1-2
dg T-1) v dp 3.1-25

If the flow were assumed to be steady and viscous actions
neglected, taking the above with the dynamic equation of

motion

wdu = - — + £, dx : 3.1-26
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or
u?
d(-;—) = -vdp + f, dx 3.1-27
one gets
d(_}i) Y0 3 HE 3.1-28
2 ¥-n 1 :

which indicates that the flow velocity always decreases
when heat is added in a polytropic process, except in the
domain 0 < n < v, which is the path of weak deflagrations.
With all other values of n, the flow velocity decreases if
the flow is steady, as heat is added. Therefore the com-
bustion is steady when the value of n is positive and
therefore nonsteady when n is negative.

Thus, from the first law and assuming a polytropic

process
dv ki 4T
= = — — 3.1-29
v n-1 T
and
Cy(n-Y)
dg = dT : 3.1-30

n-1
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if the subscript i denotes the initial value ang f the final

value and h the average value, then

T n+1 9a

_— = 1+ — p 3.1-31

Ti n—.h CV <4

h
and
n 1

Pe Tg \PH Ve Te \ P72
—_— = (-——- —— = —— 3.1-32
Pi Ty \£ T3 :

The time rate of heat release for Polytropic explosion is

then given by

dg _ y-n
i k p 3.1-33

Since K 2 0 depending on whether n 2 ¥, then the time rate
of heat release in a polytropic explosion is, at any given

pressure, linearly proporticnal to in~-v|.

This demonstrates the analytical limits, in fhe form
of a polytropic process, of the nature of unsteady combus-

tion as it occurs in a valveless pulsejet.
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3.2 Present Combustion Modeling

Summary of Present State-of-the-Art Modeling of

Combustion Processes

The process of combustion is essentially one in which

chemical energy is added to a "system". The chemical
energy is then transformed into pPressure, which is allowegd

to expand and perform useful work. In con
valveless pulsejets, the most common form of this addition
is in the form of an atomization of a liquid fuel into a
combustion chamber which is mixed through turbulent diffu-
sion with the incoming flow. The mixed flow is then ig-
nited and the chemical energy released.

Many models exist which attempt to describe the physi-
cal operation of the combustion process, they include zero-
» one-, two-, and three-dimensional models as well as
c¢ombinations of the above. From an engineering viewpoint,
the justification of a model is based, to a large degree,

upon the following concerns:

a) is it sufficiently accurate
b) how does the method effect the time to obtain a
solution

c) how the model may effect the results

Generally, what is needed is an appreciation of the
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Pes of models available and their possible appli-
cations. As an example. there wouid be little point in
using a complex three-dimensional model for the initial
sizing of a combustor. However, it would Probably be
appropriate to analyze the Primary zone conditions and
their effects on the wall temperature. Combustion models
have been loosely classified (Ref. 35) as 0-, 1-, 2~, and
3-dimensional Plus hybrid ccmbinations of the above, and
while the classification is not ideal, as some overlapping
occurs, it is convenient in terms of.ranking the approaches

relative to this specific application.

3.2.1 Zero—Dimensional Models

This type of model treats the entire reaction zone as
a single unit, and it is typified by the perfectly stirred
reaction (or PSR) in which the velocities, temperatures,
heat flux densities, and chemical compositions are assumed
uniform throughout the reaction zone. An approach to such
a system was made by Longwell (Ref. 36) using the well}
stirred reactor approach. Pressure, temperature, and heat
release rates are exponential functions of the concentra-
tion, the kinetic rate constant, and the heat of reaction
of the fuel and are calibrated via empirical data.

While simple in approach, and thus relatively guick to

calculate, the rate equations depend on the homogeneity of
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the initial state and are not directly applicable to sys-
tems where the mixing processes are predominant.

This model has been used With some success by

Kentfield, et al. (Ref. 17), where it is referred to as the

"volume mode”. The Success of this application was depen-
dent chiefly upon the calibration via exXperimental results

and was limited in the analysis to the effects a2t +he
throat areas of the combustion chambers on the tuned intake

and exhaust channel gasdynamics. Therefore, the results of

utilizing such a model are limited in their region of

geometric application and depend substantially upon know-

ledge of the chemical kinetics prior to the analysis.

3.2.2 One-Dimensional Model

Although not as simple as the zero—dimensional models,
the one-dimensional models are still relatively simple, and
the calculations are only slightly greater than the zero-
dimensional model. Beginning with a knowledge of the fluid
flow and the chemical heat release, a model may be devel-
oped wiiich is no longer mixing limited or reaction limited.
The process is similar to the "front mode", as described by
Foa (Ref. 12). The assumption is that the combustion takes
Place at all points of a thin, plane Propagating surface.

While the actual flame or shock ignition front may be




The model more Closely represents the physical opera-
tion of the ignition/combustion pProcess, relative that of a
Zero-dimensional model and allows for the inclusion of 3
mixing model of the air strean. In addition, the effects
of combustion chamber shaping, combu=tion pPesition ang
stability, as wel]l as Statistical evaluation of the fuel
consumption can be analyzed. The latter is most important
in that in Zero-dimensional models it is assumed the charge
in the combustion chamber is at g Stoichometric level and
therefore the predictions of fuel consumption are nearly
ideal. The model sill requires empirical information as to
the heat release rate and additionally the mixing turbulent
intensity. The added burden of developing a one~-dimension-
al empirical mixing model Yields the distinct{advantage of
being able to completely analyze the operation of a -valve-
less pulsejet with the same order of model throughout,

while maintaining the shortest possible computational time

reguired.

3.2.3 Two—Dimensional Mcdels

As is implied in it title, the two dimensional models
employ evaiuation of variation in x - Y ccoerdinates and are

generally suitable for Systems where axisymmetric flow pre-
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vails. Usually the problem can be simplified if the flow
is uni-directional and without circulation (as in ramjets
and gas turbine combustors) but in complex flows such as
valveless pulsejets, there needs to be adequate modeling
of; turbulence, reaction rates, radiation chemical kine-

,

tics, and two cdels have been generated

(Ref. 37) in which analysis of jet-engine after-burning’

"buzz" were successfully investigated using this apnroach,
but computation times for fhe iterative solutions were

orders of magnitude greater than first order modeling.

3.2.4 Three-Dimensional Models

These should be the "all-can-do" models, which if
accurate enough, should yield perfect predictions through-
out the combustor. Current models predict species, concen-
trations, temperatures, pressures, and velocities at any
point within the combustion chamber. Some models include
the prediction of flame radiation and wall temperatures at
the price of a more complicated program.

The major problenms preventing the general use of such
models are:

a) the many assumptions involving flow and turbu-

lence predictions may not be correct

b) reaction kinetics may not be correct
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c) effects of carbon formation are not known (this
effects the flame radiation Predictions)

d) for accuracy of computation, a large number of
grid (or mesh) points is required which increases
computer time and cost

e) in conjunction with (d), a large computer must be
available.

From the above, it can be seen that the chance of de-

- A

veloping a satisfactory three-dimensional program is

remote.

3.2.5 Hybrid Models

Examination of the above models indicates a need to
"cut-and-paste" the applicable portions to the specific
problem at hand. The models chosen and their pertinent
Prediction techniques will depend on the previously men-
tioned applicatiqn concerns, that is, accuracy relative to
the remainder of the model, computational time and require-
ments, and the overall effect of the model on
Based on the requirements of the analysis of the valveless

pulsejet an approach as indicated above was chosen.
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3.3 Summary Comparison of Attributes and Deficiencies of

Existing Models

Based on the review of the operating cycle of the
standard valveless pulsejet in Chapter 2, the following at-
tributes are required of a model for the successful demon-
straticn of the objectives of this ressarch:

i) due to the limited computational resgurces, the

solution time and complexity should be minimized
ii) the model should handle some simplified mixing
model to assess the concept
iii) accuracy of approach should be limited to the
magnitude established by the gasdynamic analysis
of remaining geometry.

Examination of the previously presented models shows
that, in the above context, the three- and two-dimensional
models greatly increase the complexity of the analytical
procedure, by orders of magnitude, in the time and computa-
tional resources required and as their details exceed the
procedure utilized in the remaining geometry analysis, they
were excluded as acceptable in this particular research.

The use of the zero-dimensional, perfectly stirred
reactor (also referred to as the "volume model" analysis),
has been utilized, as was previously mentioned, successful-
lvy in the anal?sis cf the effects of geometric variations

of the intake and exhaust'geometry, and in this use has
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been shown to be adequate (Ref. 17). But, unless taken in
a quasi-steady mode, in space and time, the modeling does
not allow for the injection and mixing limitations to be
accounted for, and while the complexity and computational
times are minimum, the ability to evaluate the prime thesis

the research that is that of the Synchronous Injection

cf
Ignition concept. is not available.

Examination of the one-dimensicnail model shows that by
use of this concept one can depart from the perfectly
stirred reactor to a mixing limited problem. Although not
quite as simple as the zero-dimensional model, the simpli-
city and cost of computation of the one-dimensional model
are of the same order of magnitude and are of the same
order of accuracy as the remaining geomet;y analysis. The
primary limitation of the one-dimensional model over that
of the zero-dimensional modei is the estimation and use of
empirical mixing and reactioﬁs conditions, as the computa-

tion of the actual kinetics is nearly impossible due to the

L5}

nature of the existing knowledge of the combustion process.

In the context of these required attributes and rela-
tive model deficiencies, it is apparent that a hybrid model
best meets the needs of the present research. The combina-
tion of the zero-dimension, perfectly stirred reactor in

together with the one-dimensional mixing model allow for

the maximum utiliization of available resources and would be
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within the regime of accuracy desired.

3.4 Hybrid One-dimensional Mixing, Constant Volume
Combustion Model
The hybrid combustion model used in this research is a

combination of a zero- and one-dimensional combustor

tinet operating regions. First, the intake/ignition phase
and second, the combustion/exhaust phase.

The intake/ignition phase of the'combustion process is
the combination of the inflow into the combustion region of
the inlet and exhaust ducts of the jet (see Fig. 2~4). The
inflow of the intake, when combined with the fuel injection
schemes described in Chapter 4, produce the combustion mix-
ture. The ignition of this mixture is then begun by the
multiple points of ignition sources present in the inflow
of the exhaust duct. The ignition position is established
when the exhaust inflow wave intersects the intake fuel air
mixture at a point where the mixture is specified.

The combustion/exhaust phase phase is a global, one-
dimensional ("control volume" type) analysis to simulate
the transient combustion pProcess. The model follows a pro-
cedure set forth in Ref. 25, but has been modified for this

particular application.

If we split the combustion chamber at the ignition
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location and treat each half of the chamber and their ad-
Joining tubes as separate channels, we can assume the igni-
tion location to act as a solid boundary and a control

volume for each half of the combustor can be illustrated by

Fig.3-3.
3 N T,(%)
o, * Do(t)
“la
(o4

Figure 3-3 Combustion configuration

The control volume equations are the continuity

equation

g; j; av + f; TnmdA = 0 ' 3.4-1
cv cs

and the energy equation

fei p dv + fho o W dA - Q%) 3.4-2
cv cs

ﬂ-lﬂd
d'

These equations can be simplified by assuming the gas

to be calorically perfect

P =oRT
ej = ¢y, T 3.4-3
h = T

°p
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and if the Mach number in the combustor is assumed to be
low, the local thermodynamic properties are approximately

equal to the stagnation values.

P = pg
el = ein 3.4-4
T o= T,

To analyze the combustion transient, we will assume
the fuel and air mass inflow rates are constant over the
short combustion period. We will also assume the outflow to
be choked at the combustor nozzle throat during combustion.
The validity of this aséumption can be rationalized by
examining the pressure rise limits and the combustion times
of operating devices. For subsonic nozzle flows, this
assumption can be replaced by the classical nozzle mass

flow equation for unchoked flow (Ref.27). Thus, we will

assume
my = mf + ﬁa = constant 3.4-4
and
A polt)
. t Fo ¥ 1
mp (%) T (T / = 3.4-5
ol®) ¥+1
2{v-1)
1*_:_)
(45
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Substitution of equations 3.4-3 through 3.4-5 into 3.4-1
and 3.4-2 and simplifying leads to the following first
order, non-linear, ordinary differential equations for the

combustion chamber pressure and temperature

dpg(t) R Jarer - o ]
= - m_(%) {+) dth VY a2 a-
3t o T LQ,t_ m, (t) hc‘:n\t' + m*‘"°1’_& 2.4-¢
dTo () T [ 1 dpolt) g Tolt) | . ?
——— =2 t - f -
dt ol ) Z_po(t) dat Y polt) M mn(t)i

3.4-7

These equations, together with equation 3.4-5 for lhn,

can be solved by the Gill method, which is a modified forth
order Runge-Kutta method (Ref.26). In equation 3.4-2, Q(t)
is the heat release rate in the combustor, which is equal
to the product of the fuel inflow rate and the enthalpy of

the fuel. At steady state
Q(t) = AH m,(mR) 3.4-8

where mR is the mixture ratio of the inflow at the point of
ignition. At the ignition transient, in Fig. 3-4, the burnt
gas will include a part of the inflow mixture gas and a
part of the original unburned gas in the combustion chamber

which is swept by the flame front in a unit time. If one
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assumes the burnt fraction of the inflow gas to be propor-
tional to the volume of the burnt gas divided by the whole

combustion chamber {control volume), then

(Vf . t \
Q(t) = AH i FT + ml(mR) -E' 3.4-9

| < J

where V¢ is the flame front speed relative to the wall, XL
is the length of the combustor, FT is the total fuel mass
in the combustor centrol volume before ignition and Ts is

the time period between ignition and flame front impinge-

ment on the nozzle wall.

Flame Front

Burnt Unbu;:xga\\\1
mo o . gas ., eas
£ /

-—-ﬁxr,h——j

Figure 3-4 Combustion ignition transient




CHAPTER 4
SYNCHRONOUS INJECTION IGNITION

4.1 The Synchronous Injection Ignition Concept

he fundamental objective of this research is the
demonstration of the Synchronous Injection Ignition Concept
{SII). The Synchrenscus Injection Ignition concept is that
significant improvements in the performance of valveless
Pulsejets can be achieved via a éynchronized, high pressure
injection of a metered amount of fuel at the most advanta-
geous point in the operating cycle of the device, instead
of the present almost continuous injection of fuél during
the whole cycle. The concept is novel in that this research
is the first to propose this combination of operational
pProcedures to achieve the indicated performance gains for
the valveless pulsejet. The appligation of high pressure
injection of the fuel charge will provide maximum atomiza-
tion of the fuel, the metering will provide a means of
throttling the device as well as provide a form of fuel-air
mixture control, and the cyclic control of this injection
- Will insure the maximum combustion efficiency through opti-
mum mixing and ignition timing. The result of this combina-
tion of operations will be significant redqctions in the

specific fuel consumption of the device at thrust levels

89
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identical to conventional valveless pulsejets. The pro-
jected magnitude of this increased fuel efficiency would
bring the performance of the SII valveless pulsejet, in
terms of specific fuel consumption, near that of a conven-
tional turbojet. When combined with the simpiicity and cest
of the device, relative to the turbojet, the SII valveless
pulsejet would provide an attractive alternative to the

turbojet in many applications.

4.2 Historical Background

The foundations for the formulation of this concept
originate primarily from the work of the French engineers
at SNECMA (Ref. 13 ) and Lockwood at Hiller (Ref. 14 ) as
previously disgussed.in Chapter 1. The major objective of
the French research was to examine the fundamentals of
pulsed ccmbusticen and to do so they utilized the simplest
device then available, the valveless pulsejet. It is in
this work that the first descriptions of intermittent fuel
injection are discussed. In initial experiments examining
the effects of fuel supply pressure on the combustion
process, the French experimenters observed the intermittent
injection of the fuel when the pressure within the combus-
rion chamber exceeded the fuel supply pressure. It was also
observed that the specific fuel consumption of the device

decreased with this intermittent injection of the fuel, and
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an examination of the contents of the exhaust gases indi-
cated a reduction in the amount of unburned hydrocarbons
thus indicating a more efficient combustion process. As the
researcher's interest was in pulsed combustion, the ma-
jority of this work was presented as improverents in the

field of experimental pulsed combustion research rather

lhmee e aaa
-

3

he researcher primarily responsible for identifying
the results of the intermittent injection of fuel on the
performance aspects of the valveless pulsejet as well as
providinglthe first systematic study of the effect was
Lockwood (Ref. 14). Lockwood's interest was primarily in
the perfo:mance aspects of the valveless pulsejet and areas
of it's possible improvement. His task was the development
of the valveless pulsejet into a viable primary propulsion
device for vertical éakeoff er landing (VTOL) concepis. As
one major area of his research, Lockwood examined the
effects of intermittent fuel injection on the performance
of the valveless pulsejet. Using the French work as a
starting point, Lockwood systematically examined the ef-
fects of varying fuel supply pressure, fuel mass flow, fuel
supply location within the combustion chamber, as well as
geometry variations on the performance of the valveless
pulsejet. He confirmed the results the French had reported

and established limits on the performance of low supply
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pressure fuel systems as a means to obtain intermittent
injection of the fuel. The majority of these limitations
were forced upon Lockwood due to the nature of the applica-
tions of the device. Simplicity in construction, operation,
and maintenance were paramount, thus schemes utilizing the
complex high pressure systems existing at the time of his
researchi limited their application. Lockwood dlid recoguize
the importance of maximizing the atomization and mixing for
maximum combustion performance and to this end produced the
best low pressure systems yet devised, and in his results
pointed the way for future research.

Recognition of the inability of low pressure fuel
supply systems to provide proper atomization and precise
control of the time of fuel addition to the combustion
chamber has led to numerous alternate proposals. The major-
ity have centered.around the use of some form of pre-
injection fuel atomization as in a carburetor. However, the
results have been poor. The control of the mixture and the

precise timing of the injection during the cycle of the

Hh [fa}

device are almost nonexistent thus efforts in this vein
have been discontinuad.

The recent technological advances in the microelec-
tronics industry have produced a wide variety of electronic

devices which possess the ability to control operations at

very high speeds in a precise and dependable manner. The
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advent of the microprocessor with its low cést, speed, and
ability to be Programmed to accomplish complex task has
opened new frontiers in the area of brocess control.
Secondary developments in the area of devices to be driven
by these microprocessors have include such items as fuel
injection systems for automobiles. These jtenms have been
possibility of application in other areas. One such area is
the SII valveless pulsejet. For the first time in the
history of the device the technology exist to precisely
control the time, location, and amount of fuel injected
into the device with a simple, low cost system. It has been
in this context that the present research has been direct-
ed. The technology now exist which provides an ability not
previously available and allows for a reexamination of the
valveless pulsejet technology in terms of these new devel-
opments. Thus, this research was an effort to examine the
Injecticn Ignition Concept for the evaluation of possible

application of this new technology.

4.3 Modeling of the SIT Concept

The principal cbjective of this research was to sval-

uate the Synchronous Injection Igniticn concept as a means
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to significantly improve the performance of the valveless
pulsejet and to this end the modeling of that process was

of prime importance.

4.3.1 Basic Injection Mcdeling

The basic model used to simulate the injection of fuel
into the air stream included injection location, atomiza-
tion, mixing, and ignition of the fuel-air mixture as a
function of the fuel injection pressure, mass flow within
the device, combustion chamber pressure, and wave condi-
tions. The physical location of the injection of the fuel
is fixed during the analysis of a parficular configuration
but can be adjusted from one simulation run to another to
allow for the examination of this effect on the perfor-
mance. Thus, the injection location is an input to the
analysis program (described in Chapter 5). The choice of
utilizing a fixed input iocation during the analysis was
based on the rationalization that the vast majority of
existing applications used a fixed location for the injec-
tion and the simulation of these configurations was of
primary interest. This choice also allowed for the examina-
tion of the effects of various injection locations with a
simple change toc the inpuf data of the program.

. Atomization and mixing of the fuel was simulated via

the hybrid model described below. The penetration and
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statistical distribution of the fuel droplet size of the
injected fuel stream are functions of the fuel supply
pressure, the combustion chamber pressuée, the angle of the
injection relative to the local flow, and the local veloci-
Ty uf the airstream at the injection location of the com-
bustion chamber. The resultant penetration pattern of a
transverse injecticn of +he fuel is shown in Fig. 4-1, with
the coorelation medel used in this study shown in Fig. 4-2
(Ref. 38). In all the analysis performed to date the injec-
tion angle has been kept constant at ninety degrees to the
local flow to minimize the number of variables. This var-
iable was selected as it appears to carry only a second
order effect on the results (Ref. 38). The resultant fuel
spray pattern and internal droplet distribution (Fig. 4-3)
is then used as a starting point in the analysis of the
mixing process of the fuel and air.

The resulting fuel-air mixture is then established
along the internal flow path within the combustion chamber
with the aid of empirical turbulent mixing coefficients
obtained from calibrated models of diffuser flows similar
to configurations in this study. The relative internal
velocities and flow properties are obtained from the one-
dimensional, unsteady, gasdynamics model described in
Chapter 2. This then provides the statistical variation of

the mixture within the combustion chamber and establishes
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Figure 4-1 Schematic of transverse flow field
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the ignition and combustion capability of the mixture
within the combustion chamber.

The ignition of the mixture is then established by the
interaction of the returning combustion products of the
Previous wave and the mixture at that point where fifty
percent of the mixture is at a stoichiometric level. This
would be the self ignition case. Tn the starting case the
ignition is assumed to occur at the lccation of the igni-
tion device, in this case a spark plug. Once ignition was
established, the results of the combustion process could be
predicted from the mixture information. Thus the combustion
efficiency would be a function of the the mixture within

the combustion chamber at the time of ignition.

4.3.2 Synchronous Injection Ignition Modeling

The synchronous injection ignition modeling differs
from the basic injection modeling in two major areas.
First, the amount of fuel injected in the basic injection
scheme is a function of tha exit area of the injection
nozzle and the pressure difference between the fuel supply
pressure and the combustion chamber pressure during a cycle
of the device. Therefore the flow rate varies during the
cycle and so the total amount of fuel injected. In the SIT
model, the amount of fuel to be injected during a particu-

lar cycle is fixed, as is the optimum time of <the
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injection. Second, the atomization models are sSomewhat
different as the low pressure scheme produces a slightly
different statistical distribution than the high pressure
scheme. The concentration and percentage of large droplets
near the injector is higher for the low bpressure scheme,

thus the distribution is skewed in that direction.
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Figure 4-3 Variation of normalized fuel droplet size
with fuel rate and feed pressure (Ref.
22)
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CHAPTER 5
COMPUTER ANALYSIS

5.1 Overview of Computer Model

A computer program was developed as a part of this
research to simulate the unsteady combustion and gasdynam-
ics present in the fiow of valveless pulsejets. An existing
program (Ref. 29) developed by Wilson and Lee for the
transient analysis of MHD channel flows was modified to
incorporate muitiple channels and a transient combustion
model. The unsteady, quasi-one dimensional ccde employs a
real gas method of characteristics analysis, with discrete

tracking of shock waves and other discontinuties. Friction-

al and heat transfer effects, as well as spatially varying

combustion transient is based on a hybrid, quasi-one dimen-
sional mixing, constant volume combﬁsfion model. The pulsed
combustion model incorporates empirical turbulent mixing
lengths of the injected fuel and a simple heat release to

model the constant volume combustion process.

29
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5.2 Fundamental Analytical Procedure and Progranm Logic

The analysis of the unsteady operation of a valveless
pulsejet, in this program, is separated into three distinct
steps (Fig. 5-1). The first of these steps is the analysis
of the combusticn process. In the initial startup of the
Pulsejet, the ignition is assumed to take place at the
location of the initial ignition source, the spark plug. In
the present analysis the location of the spark plung is
fixed at the middle of the combustion chamber, half way
between the inlet and exhaust channels. Subsequent cycles
utilize the ignition location determined from the analysis
of the injection, atomization, mixing, and interaction
described in previous chapters. Once the location of the
ignition has been established, the origin of the coordinate
system for the analysis is fixed and the analysis is begun.
Note that for a fixzed pPulsejet geometry, this point will
change from cycle to cycle as the mixing properties and
ignition vary. This local movement becomes substantial

relative to the length of the combustion chamber, movin

o
-

further and further toward the rear of the combustion

chamber as the rich combustion limit is reached. This

information is used as an indication of when this limit is

reached. The analysis then follows the procedure set for-
ward in Chapter 3, in which the flame front is propagated

through the unburned gas from the ignition point toward the
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nozzle surface, one ignition wave traveling toward the
inlet nozzle and one toward the exit nozzle. This yields
the flow properties at the nozzle interface of both the
inlet and exhaust channels as a function of time (see
Figure 5-1a).

In the second step of the calculation procedure, the
above information is then used with the gasdynamic channel
flow analysis to predict the flow within the inlet channel
and exhaust channels to determine the relative flow condi-
tions through the outflow and reflected inflow portions of
the operational cycle (see Figure 5-1b).

The third step in the calculation is the combustion
jnflow calculation. The results of the infiow portion of
the channel analysis provide the flow property variations
with time at the nozzle/combustion chamber interfaces.
These results are then used to predict the interaction
within the cbmbustion chamber of the injected fuel and the
turbulent mixing at the inlet and the reignition process

due to the interaction of the multiple ignition sources in

T

he returning exhaust wave with the mixture (see Figure 5-
ic).
5.3 Program Limitation

The program as it exists is limited due to 1its deyel-

opment, modeling techniques, and calibration as to the
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example, the simplification to keep the computational times
reascnable by use of a one dimensional model of the basic
flow, limits the geometric effects one can analyze. Under
this restriction, only the area change with distance down
the axis of the jet is important, not the shape of that
Cross section. Therefore in the calibration only valveless
pulsejet data of the t¥pe represented by cylindrical and
conical geometries ware used. While it has been shown (Ref.
18} that moderate cross sectional area variations from this
Will not be affected, it should be noted the analysis was
not intended to be, or should be, used for geometries
different from the calibrated values. In addition to the
above, note that the possible location of fuel injection
positions is limited to the region described by the combus-
tion chamber. This limit is somewhat artificial and comes
about due to the nature of the three part analysis des-
cribed above. Although Lockwood (Ref. 14) examined loca-
tions within the inlet as pPossible injection sites and
found them to be an advantage for starting, the thrust of
this research was in the area of normal cperation and
therefore no attempt was made to incorporate this flex-
ibility.

Additionally the analysis is limited by the incorpora-

tiocn of a number of empirical relationships in the area of
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fuel injection Spray distribution, turbulent mixing, and

combustion efficiency.

5.4 Computational System and Performance

The code produced for this research was written in
ANSI FORTRAN 77 and was compiled on an IBM PC, with 2z
numeric coprocessor, using MicroSoft 3.31 FORTRAN compiler.
A complete listing and flow diagram of this program, along
with sample results, is included in Reference 39.

The iterative nature of the calculation procedure when
combined with the need to examine a number of operating
cycles per case limited the number of variations examined.
The average time for a steady solution of one cycle, star-
ting as described above, was approximately twenty seven
minutes of CPU time. The analysis normally required four
to six cycles to reach a stable salution, that is cne in
which the ignition location had not changed relative to the
prior location by mofe than one-half of one percent of the
length of the combustion chamber. If the operation of the
Pulsejet was near the rich limit, the location became
unstabie and convergence was not achieved. In cases near
this operating region where convergence was achieved, the
number of cycles often exceed twenty. Therefore the time to
calculate a single data point, such as a specific fuel

injection case for a fixed geometry, varied from three to




106

ten hours of CPU time. The code was modified approximately
half way through the study to include a limit on the number
of cycles analyzed even if the convergence criteria was not
realized. A counter was placed in the convergence loop to
stop the process after twenty iterations and an output of

the final case calculated produced with a warning message.




CHAPTER 6

COMPUTATIONAL RESULTS

6.1 Introduction

chapters 2 and 3, for the performance of valveless pulse-
jets is evaluated. The effect of heat transfer, friction,
uncteady combustion, and fuel injection schemnes are con-
sidered. The experimental data chosen for the calibration
of the numerical analysis is from Lockwood {Ref. 40). The
configuration selected for the calibration was the HH-1M
valveless pulsejet illustrated in figure 6-1. The rational
for the selection of this configuration and data set were;
one, the data set is the most complete available in the

literature at this time, and second, the HH-1M represented
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Figure 6-1 Geometry of the HH-1M Pulsejet
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the most optimum geometry, in terms of performance, of the
series of configurations examined.

As an apriori knowledge of the quantitative effect of
each of the parameters listed above was not avajlable, the
analysis was initially begun by ignoring the effects of
heat transfer and friction. These effects were subsequently
added, in turn, until a full Performance evaluaticn could
be made. By use of this procedure, the separate influences
of the individual parameters could be guantified. The re-
sults of the complete model were then compared tc the known
performance of the HH-1m unit. A calibrated prediction
model was then generated by adjusting the ignition sequenc-
ing ( that is, the relative mixture ratio at the point of
ignition) and the initial flanme front velocity at the
ignition until the combustion chamber pressure variation
with time was simulated.

Performance predictions of the calibrated model were
then compared with results from a series of geometries for
Wwhich experimental data were available. The comparison of
these different geometries and experimental data bases were
made to determine the applicability of the calibrated model
for general use.

Finally, a coﬁparison of the two fuel injection

Schemes was made, using a fixed geometry, to evaluate the

relative performance and establish the feasibility of the .
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Synchronous Injection Ignition concept.

6.2 Calibration of Model with HH-1M

The geométric location and numbering of the stations
of interest is presented in figure 6-2. Station 1 is at the
exit plane of the inlet channel, Station 2 is at the inlet
/combustion chamber interface plane, or the inlet nozzle
plane. Station 3 is the combustion chamber/exhaust inter-
face, or the exhaust nozzle. Station 4 is the exit plane of
the exhaust. Finally, station § is the mid combustion

chamber plane. These station numbers are used acs 2

(=3

Figure 6-2 Jet station numbering

subscript on the appropriate non-dimensional time, veloci-
ty, and pressure terms. As stated, the time, velocity, and
pressure terms are presented in a non-dimensional format.
This was done to clarify the presentation of the results
and allow for the comparison of jets of various sizes and

operating conditions. The normalizing constants are; for
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the time, the time of one cycle, for the velocity, the
ambient stagnation speed of socund, and for the Pressure,
the ambient static pressure which was assumed to be the
stagnation pressure. A1l calculations were made at standard
sea level conditions, thus Pamb = 2116.2 1b/ft2 and ay =

1117 ft/sec.

Calibration of the Combustion Model

g)
(&)
.
[

Initial runs of the brogram indicated a problem in
defining the termination of one cycle and the beginning of
the next. For a fixed geometry and operating condition, the
cycle time varied as much as eight percent from one calcu-
lation to the next. The difficulty was traced to the origi-
nal definition of the termination of the cycle. that is,
when the net mass inflow into the combustion chamber was
Zero. A combination of errcr in the tracking of the temper-
ature and pressures affected the mass flow calculations.
The problem could have been eliminated by the selection of
a finer grid in the numerical procedure, however this could
only be accomplished at a substantial increase in the
computational times. The solution was to terminate the
cycle when the net mass inflow into the combustion chamber,
across stations 2 and 3, changed from positive to negative
(Ref.1i8).

Based on the combustion geometry illustrated in figure
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=1 and the experimental combustion chamber pressure rige
with time in figure -3, the values of the ignition se-
quencing and the flame front velocity were varied to pro-
duce the best simulation. Initial values of fifty percent
mixture ratio for the ignition sequencing and flame front
ignition velocity of three hundred meters per second (Ref.
6) were used with perturbations up to pPius and minus fifty
percent of these base values. Examination of figure 6-3
revels the following: (Note the non-dimensional time in
this figure is based on the experimentally measured rise
time of the pressure from ambient to peak chamber value.)
one, the principle effects of the variation of the ignition
Sequencing are in the correlation of the predicted verses
the measured location in time of the peak pressure and in
the value of the peak, and second, the Primary effect of
the ignition velocity is on the time cf combustion and thus
the peak value, with a secondary effect on the time loca-
tion of the peak. Based on these results a maximunm correla-
tion of the experimental curve was achieved with a sixty
percent mixture ratio at ignition and an ignition flame
velocity of approximately four hundred meters per second,
which corresponds favorably with previously obtained values
(Ref. 6).

These adjusted values were then used in all other

calculations of combustion chamber performance. While these
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correiation values will vary slightly with combustor geome-

try, they will remain valid for the dgeometries evaluateqd

(Refs. 40,16,13),.

6.2.2 Correlation of Combustion Chamber Pressure Time
Ristory

Experimental time histories of the combustion chamber

different operating conditions. The corresponding predicted
time histories of the pressure agree fairly well with the
experimental values. The two conditions evaluated were at
approximately forty percent fuel flow and eighty percent
fuel flow to evaluate the effect of different operating
conditions. The model prediction appears to be more accu-
rate at the high fuel flow rate condition. This is Probably
a result of the fact the calibration was performed at the
higher flow rate condition. .

To evaluate separately the effects of both the wall
heat transfer and the wall skin friction, the program was
modified to utilize an input value of the Stanton number
instead of the Reynolds analogy form in'equation 2.4.1-9.
Thus, the quantitative(nature of the two effects on the

prediction model could be evaluated.
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6.2.3 Evaluation of Heat Transfer and Friction Effects

The values of the pressure, velocity, and temperature
for the station of interest are shown in figure 6-5 for the
baseline geometry of figure 6-1, with no friction or heat
transfer. The values shown are for the 12.5 ibg/hr fuel
flow point.

The lack of frictional effects on the predicted values
of the model resulted in dramatic increases of the thrust
after the fifth cycle due to supersonic flow in the ex-
haust. Additionally, the model predicted fully cyclic oper-
ation only after ten cycle calculations. Thus, when com-
pared with the case with friction, where cyclic operation
was achieved within four to six cycles, the friction proved
to have a damping effect and actually decreased the compu-
tational time required to achieve a solution.

The meodel was then rerun including the effects of wall
heat transfer but no wall skin friction. Selection of a
Stanton number was bﬁsed on previous evaluations {Ref. 18)
and was selected to be 0.0012 for the best correlation.
Figure 6-6 shows the normalized bressures, velocities, and
temperatures for this case. Comparison of figures 6-5 and
6-6 indicate no significant changes, however the thrust
decreased approximately six percent.

Finally, the modeil was run using the calculated wall

skin friction and the Stanton number as discussed in
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chapter 2. The results are presented ih figure 6-7.

Considerable changes occurred with the inclusion of
the friction effects. The non-dimensional velocities U3 and
Uy were significantly reduced. There was also a slight
reduction in the value of the peak pressure achieved, and
the cverall thrust decreased by approximately twenity two
percent.

The reduction in exhaust velocity also changed the
ratio of the exhaust thrust relative to the inlet thrust.
Comparison with the results of reference 14 indicate the
ratios, as adjusted by the inclusion of the friction,
closely correlate with experimental values. The numerical
model was also found to achieve c€yclic operation by the

forth or fifth cycle.

6.3 Comparison of the Model with Experimental Results

The calibrated numerical model was exercised over a
range of pulsejet sizes and combustion chamber geometries
o determine the effects, if any, of the discrete calibra-
tion. Geometries were chosen which corresponded to configu-
rations for which experimental data existed. The only lim-
iting criteria was the combustion chamber be developed from
conical sections, as cross sectional area shape changes had

been shown to have some effect. The underlying reason for
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Figure 6-5 Pressure, velocity, and temperature variations
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this evaluation was to insure the ability of the numerical
model to accurately simulate other geometries and thus
insure the viability and feasibility of the numerical model
as an engineering design tool.

The pulsejet configurations selected for this evalua-
tion included the HH-1M for ‘which the original calibration
was performed (Fig. 6-1), the Saunders-Roe §5.4" valveless
Pulsejet. and the SNECMA Ecrevisse (Fig. 1-12). The primary
difference in these jets is in the diameter of the combus-
tion chamber and the inlet diffuser cone geometry,

The basic performance of each of the above Pulsejets
is shown in figures 6-9,6-10,and 6-11. Note that in each
case the predicted values are in good agreement with the
published experimental values. The only discrepancy appears
in the region of high fuel flow rates. The prediction model
appears to bhe slightly optimistie in terms of %is basic
performance predictors. This optimism appears to be due to
the fact the fuel feed orifice was assumed to be constant
geometry and the fuel rate was adjusted by adjusting the
feed pressure. However, in all three configurations the
fuel feed nozzles were of the impact type and thus as the
rate and pressure increased the orifice gap increased (Ref.
40). Additionally, as the combustor size is decreased the
variations are larger. These are assumed to be due to the

-

smaller mixing length times and diffuser performance,.
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Decreases in chamber size are accompanied by reduced dif-
fuser turbulent mixing and thus reduced combustion effi-
ciency. However, the results confirm <the applicability of

the numerical procedure as a design tool.

6.4 Comparison of Intermittent, Low Pressure Injection
and the Synchronous Injection Ignition Schom

-
.a i

]
/1]
cr
[
ct

A ed in chapter one of this report, the primary
objective of this research was to evaluate the performance
capability of the Synchronous Injection Ignition concept as
a means to significantly reduce the specific fuel consump-
tion of a standard valveless pulsejet. This was accomp-
lished by evaluating the the two fuel injection schemes for
a given geometry with the calibrated model. The configura-
tion selected for this evaluation was the Saunders-Roe 5.4"
diameter wvalveless pulsejet (Ref.16). The selection of this
configuration was based on the following; first, the basic
size of the device removes it from the range of concern due
to variations in the performance of the diffuser; second, a
complete set of performance data was available for numeric
model verification; third, the injection position was fixed
( unlike the HH-1M, which varied depending on the test);
and fourth, the comparison between the numeric model and

the experimental results in the previous evaluation were

one of the better correlations.
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The results of the comparison between the two injec-
tion schemes can be seen in figure 6-12. The lower fuel
rate scale is expanded relative to Figure 6-10 to accomadate
the Synchronous Injection Ignition concept. Note the
radical difference in the specific fuel consumption and the
air-fuel ratio. The minimum value of the specific fuel
consumption for the Synchronous Injection Ignition scheme
is approximately half that of the low pressure, intermit-
tent injection scheme. The vast majority of this difference
can be seen in the air-fuel ratio difference, Approximately.
ninety percent of the specific fuel consumption improvement
is due to the increase in the fuel-air ratio The remain;ng
ten percent appears to be due to increased combustion
efficiency, which can be seen from the minor increase in
thrust and operating frequency. "The table below gives a
Summary comparison of the performance values at a thrust of
35 pounds, which is near the minimum specific fuel
consumption point for this configuration.

This evaluation demonstrates the capability of the
Synchronous Injection Ignition concept as a viable means to
significantly reduce the specific fuel consumption of the
standard valvelesé pulsejet. To better understand how this
improvement comes about one needs to examine the factors in

the injection scheme which contribute tc these performance

differences.
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COMPARISON OF RELATIVE PERFORMANCE OF THE TWO
INJECTION SCHEMES TO IDEAL FOR THE SAUNDERS-ROE
5.4 INCH VALVELESS PULSEJET

STANDARD SII IDEAL
Thrust (1bg) 35 35 35
Air-fuel ratic (=) 25.4 63.0 71.0
Specific fuel
consumption {1bp/hr/1bg) 2.17 1.18 1.08
Fuel flow (lbm/hr) 75 41 36

‘The fuel injection schemes are discussed in chapter 4.
The non-dimensional variation of the pressure within the
pulsejet at the injection location is shown in figure 6-13.
The solid line represents a 3 psig low pressure feed
system. As one can see the fuel feed pressure exceeds the
combustion pressure for approximately sixty-five percent of
the cycle time ( 0.6 to 0.95). To use a lower pressure in
an attempt to minimize this time period results in a lower
pressure difference and thus a larger average drop size and
poorer penetration of the fuel spray and thus reduced
mixing and combustion efficiency. Thus, the combustion
efficiency falls more rapidly than the fuel flow reduction
at lower pressures. The above cverpressure was experimen-

tally determined (Ref. 40) to be the optimum for low




128

pressure schemes.

For the rixed fuel feed orifice, the fuel flow rate
will be proportional tc the difference in the chamber
pressure and the feed pressure with time. This variation is
illustrated in figure 6-14.

Three major factors affecting the performance of the
low pressure, intermittent injection scheme relative to the
synchronous injection are; one, the mean droplet size due
the magnitude of the difference in the injection pressure
difference and the actual fuel flow rate; two, the relative
penetration and mixing of the fuel spray pattern; and
three, the relative location in time within the cycle of
the peak flow rate. The combination of these effect the
mixture ratio and ignition delay and ultimately lower the
combustion efficiency. To evaluate the effect of the injec-
tion rate timing, one needs to examine both figures 6-13
and 6-14. Note that the fuel flow rate (which is propor-
tional tc the feed pressure difference) peaks near the non-
aimensicnal cycle time of 0.2 for the luw pressure, inter-
mittent injection scheme. Examination of the non-dimen-
sional pressure value at this same time in the pressure-
time curve indicates the pressure is at an inflection point
and is at a minimum. This point corresponds tc 2 near zerc
velocity at station 2 [(the inlet nozzle, figure 6-7b ).

Thus, the maximum fuel flow rate occurs when the velocity
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Figure 6-14 Vafiation of feed pressure difference for
low pressure, intermittent injection and
synchronous injection for one cycle
through the inlet is minimum and‘ the diffuser mixing is
minimum therefore the statistical mixture ratio is véry
poor.

In the Synchronous Injection Ignition injection scheme
the high pressure injection insures mean fuel spray droplet
size below 50 microns and provides supefior penetration. In
addition, injection is not begun until positive inflow has
begun (a relative time of 0.3) thus providing the maximum
utilization of the diffuser mixing capabilities. Thus the

relative difference in the performance can be direétly
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attributed to the more refined fuel injection and mixing

qualities of the Synchronous Injection Ignition concept.




CHAPTER 7

SUMMARY

7.1 Summary of Present Research

A numerical simulation of the unsteady gasdynamics of
a standard valveless pulisejet has been developed. The modei
emploved a quasi-one dimensional, real gas, method-of-
characteristics channel flew code in conjunction with a
hybrid, quasi-one dimensional mixing, constant volume com-
bustion model. This combination produces the ability to
evaluate the performance of standard valveless pulsejets
and various fuel injection schemnes.

The model was calibrated with eXisting experimental
data. The results of the éalibrated simulation are in good

agreement with the results of other researchers. A compari-

son of the standard, low pressure, intermittent injection

with the Synchronous Injection Ignition concept was per-.

formed to evaluate the feasibility and performance of the
concept. The results indicated a significant reduction in
the specific fuel consumption of the Synchronous Injection

Ignition concept over the standard low pressure injection

schemes.

132




133

7.2 Recommendations

The inability to define precise combustion performance
in an unsteady combustion process has led to the inclusion
of empirical relationships and limitations being incor-
porated within the present combustion model. Contributions
in the analytical evaluation of this process are needed tc
eliminate these restrictions. The wodel was also limited to
a one-dimensional gasdynamic model for the sake of computa-
tional time. Removal of this restriction would allow for
the development of cptimum combustor geometries and mul-
tiple injection schemes for increased performance. Numeri-
cal procedures need to be developed for increased speed of
the simulation. Last, but certainly the most important,
experimental verification of the results should be per-

formed.
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