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ABSTRACT

A liquid hydrocarbon-fuel ed PDRE was built and
successfully tested at the Naval Postgraduate School’s
Rocket Propul sion and Conmbustion Laboratory. The first
time use of a new electro-hydraulic liquid fuel injector
was denonstrated to produce consistent atom zation
properties while allowi ng for varying fuel injection
durations at frequencies up to 50Hz. Planar |aser-induced
fl uorescence and hi gh-speed i magi ng were used to
characterize the injection flow paths of this injector.

Usi ng gaseous ethyl ene as a baseline for conparison,

t he PDRE was operated at various equi val ence ratios and

frequencies up to 40 Hz. Operation in partial fil

scenari os was successfully conducted and found to deliver a

decreased inpulse linearly related to the percentage fill.
A series of tests was conducted using liquid JP-10

and RP-1 fuels over varying oxidizer-to-fuel ratio. The

hi gher pressures, wave speeds, and resulting inpul se

nmeasurenents reveal ed the benefits of using high energy

density hydrocarbon fuels. The difficulty in detonating

t hese fuel s was denonstrated and overcone using a variety

of different geonetries and hardware confi gurati ons.
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. 1 NTRODUCTI ON

A BACKGROUND

| nexpensi ve access to space renmains a challenge in
today’s space |aunch industry. Launch costs to low Earth
orbit (LEO remain at roughly $10,000 per pound. NASA' s
Marshall Space Flight Center (MSFC) is investigating and
devel opi ng advanced chem cal propulsion systens that wll
eventually reduce launch costs by a factor of 100 while
i nproving safety by a factor of 10, 000. The goal is to
make access to space as safe and cost effective as today’s

air transport systens.

An advanced propul sion system under investigation for
these purposes is the pulse detonation rocket engine
( PDRE) . Unli ke conventional rocket engines, which use
constant pressure conbustion, PDREs harness the energy
rel ease rate and t her nodynam c characteristics of
detonati on waves to provide thrust. This enables PDREs to
operate at higher thernodynam c efficiencies. Furthernore,
since the reactants are injected into a PDRE at relatively
| ow pressures, the need for massive turbomachinery (as used

in conventi onal | i qui d-fuel ed rocket engi nes) S
el i m nat ed. Thus PDREs are potentially a sinple and
ef ficient alternative to today’'s conventional rocket
engi nes.

The PDRE still requires extensive research before it

can be considered as a viable option for space |aunch.
Sonme areas that are being investigated are PDRE operation
in a vacuum partial-fill scenarios, and conbined-cycle

operations wusing both air and oxygen as oxidizers.

1



Additionally, the wutilization and performance of |iquid
hydrocarbon fuels used in a PDRE is being characterized

since these fuels are attractive for volunme-limted
aerospace systens. The PDRE does have potential
di sadvant ages, however, the primary being its relatively
low specific inpulse (lsp) of roughly 120-200 seconds.
Since these nunbers represent nozzl el ess systens, inproved

nozzl e design may help to offset this deficiency.

This work, conducted as part of an Ofice of Naval
Research (ONR) program for the investigation of pulse
detonation engine (PDE) design issues, i nvol ved the
construction and operation of a PDRE at the Nava
Post gr aduat e School ' s ( NPS) Rocket Pr opul si on and
Conmbustion Laboratory (RPCL). The overall goal of this
work was the characterization of the performance of various
[ iquid hydrocarbon fuels. In order to achieve this goal
an initial theoretical investigation was conducted using
the Thermo-Equilibrium Program (TEPY, flow visualization
was perforned, and the performances of liquid hydrocarbon

fuel s were conpared to those of gaseous hydrocarbons.

B. PDRE PRI NClI PLES OF OPERATI ON

Bef ore addressing the principles of operation of the
PDRE, one must first nake a distinction between the PDE and
the PDRE. The PDE is a general termfor all engines using
pul sed detonations of a fuel/oxidizer mxture to produce
t hrust. Further, the PDE is wusually considered an air-
breat hi ng device, using the surrounding air as an oxidi zer.
The PDRE is a subset of the PDE in which the oxidizer
(usually &) is carried onboard. This thesis deals only

2



with the PDRE. Because of its nore general nature,
however, the term PDE is sonetinmes used to describe any

pul se detonati on engi ne.

The conbustion cycle of the PDRE (Figure 1) involves
the cyclical |oading, detonating, and purging of a |ong,
typically cylindrical detonation tube that is closed on one
end and open on the other. A fuel/oxygen mxture 1is
injected into the tube at or near the closed end. Once the
tube is fully “charged’”, the reactive mxture is ignited
near the closed end and a detonation wave eventually forns.
Once the detonation wave reaches the open end of the tube,
the pressure differential causes rarefaction waves to
progress toward the closed end and the burned products are
expel | ed. After the products are expelled, a new
fuel /oxidizer <charge is injected and the process is

r epeat ed.

The nmechanics of a detonation wave are addressed in

greater detail in the follow ng chapter.

Each detonation wave forned by this process generates
the high pressure needed to produce thrust. Due to the
cyclical nature of the PDE, this thrust is produced in
di screte bursts rather than in a continuous fashion as in a
conventional rocket (or jet) engine. As the frequency of
detonations increases, the thrust becones quasi-steady and

can be nodel ed as nearly continuous.



1.  Reactants injected 5. Detonation wave exits
2. Tubefills 6. Rarefaction waves

3 Mixture ignited 7. Products exhausred
4.  Deronation wave forms 8. Cycle repeats

Figure 1. PDRE Cycl e




In order to overcone the unsteady thrust of the PDRE
while still taking advantage of its higher thernodynam c
efficiency, the operation of several PDREs in tandem wl |
be required. Rather than firing a single |arge PDRE,
future applications would “bundle” several snaller tubes
together around a central axis of thrust. Each of these
tubes will be fired in a sequence so as to mnimze the
time in which thrust is not actually being produced.
Qovi ously, as the nunber of tubes increases, the ability to
achieve quasi-continuous thrust also increases. An

artist’s rendition of such a systemis shown in Figure 2.

Figure 2. PDRE- Pr opel | ed Spacecraft
(CGourtesy of MSFC Website)

An inevitable effect of this type of geonetry that

will need to be addressed is off-axis thrust effects.

5



Because the tubes are bundled around the axis of thrust,

firing individual tubes wll cause the overall thrust
vector to vary. Al though this nmay be desired for thrust
vector control (TVC) purposes, it can be prevented by

simul taneously firing tubes in opposing positions about the
axis of thrust (i.e. 0° & 180° and 90° & 270° about the

center axis). This geonetry actually proves to be

i nherently advant ageous for TVC applications.

Bef ore such advanced applications of the PDRE can be
undertaken, there are sone basic issues that need further
refinenent. As stated above, when conpared to a
conventi onal chem cal rocket engi ne, t he PDRE is
mechanically sinple, lightweight, and highly reliable due
to its independence from heavy turbomachinery. The PDRE
does, however, have a high reliance on highly precise
timng, injection, and ignition systens. The reactants
must be injected into the conbustion chanber at very
precise and discrete intervals, ignition nust occur in
concert wth this injection, and the hot conbustion
products nust not ignite the wunburned reactants in the
follow ng charge. O these issues, precise injection seens
to be the nost challenging and is an area of investigation

in this work.



1. DETONATI ON BACKGROUND

A | NTRODUCTI ON

In order to understand the conbustion phenonena
occurring within the PDRE, a discussion of the fundanental

mechani cs of detonation waves i s presented.

B. DEFI NI TI ONS

Several terns used to describe conbustion processes
are often m stakenly thought of as synonynous. Words such
as deflagration, explosion, and detonation are sonetines
used interchangeably when they actually have distinct
meani ngs and descri be very specific phenonena. Sonme very

brief definitions are given bel ow

Conbust i on: A rapid chem cal process by which a

gas, liquid, or solid fuel is rapidly oxidized
resulting in a release of heat and, quite often,
l'ight. During this process the transformation of
chemcally bound energy into heat leads to a

significant tenperature rise.

Conmbustion wave: A propagating area of localized

conbustion. The wave consists of a heating zone ahead

of the wave, a reaction zone, and an equilibrium zone.

Defl agration: A conbustion wave that propagates at a

subsonic velocity sustained by a chemcal reaction
that occurs at nearly constant pressure. The
conmbustor process that occurs inside rockets and gas
turbi nes are typical exanples.

7



Expl osion (Thernmal): An exotherm c reaction where the

rate at which energy is released exceeds the rate at
which the surrounding environment can absorb that
ener gy. Despite being violent and rapid, t he
conbustion event wthin an explosion occurs as a

defl agrati on.

Det onati on: A supersonic conbustion event in which

the conbustion wave formed is conposed of a strong
shock sustained by the rapid energy release occurring
in the highly conpressed, high tenperature region
i mredi ately behind the |eading shock. The cl ose
coupling of the strong shock wave wth the rapid

conmbustion region is known as a detonati on wave.

The dramatic differences between a deflagration and
detonation can be seen using a stationary one-dinmensional
nodel of a conbustion wave propagating through a tube. In
Figure 3, a conmbustion wave is depicted with the reactants
flowng into the wave from right to left. The wave
velocity (ui) is considered subsonic in the case of a
deflagration and supersonic in the case of a detonation.
Using this depiction, a qualitative conparison of severa
deflagration and detonation thernodynamc ratios is given
in Table 1. Note the dramatic increase in the velocity and
pressure ratios of the detonation when conpared to a
defl agrati on. It is the large increase in pressure,
created by the detonation wave rather than a nechanica
device, that mmke it an attractive nmechanism for an

advanced propul sion system



U | Ug
Burned r, |r, Unburned
Products <“— “— Reactants
T2 | Ta
P2 Pl
Where u=velocity
r =density
T=temperature
P=pressure
Fi gure 3. Stati onary One- D nensional Wave

Table 1. Qualitative differences between detonations and
defl agration in gases.?

Properties | Detonation| Defl agration
us/ ¢y 5-10 0. 0001-0.03
Uos/ Uq 0.4-0.7 4-16
Pyl Py 13-55 ~0. 98
Tol Ty 8-21 4-16
ol ry 1.4-2.6 0. 06-0. 25

C. DETONATI ON THEORY

Wth regard to the formation of a detonation,

(Ref 1) offers the follow ng description.

In a typical [|aboratory Bunsen burner,

enters the bottom of

bottom of this tube allow air

a vertical

9
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t he passing fuel. This mxture is considered honbgeneous
when it exits the top of the tube where it is ignited.
Wthin the flame that sits atop the burner is a boundary
bet ween t he unburned and burned gases known as the | um nous
or reaction zone. This region, less that 1mm thick, is
where nost of the reaction and heat release take place
within the flane. As the fuel/air mxture is continuously
drawn into the reaction zone its tenperature increases
exponentially. The tenperature continues to rise through
the reaction zone until the adiabatic flanme tenperature is
reached. The tenperature profile of the gas as it passes

t hrough the reaction zone is shown in Figure 4 bel ow.

T I Ty
TO
— Reaction Zone X
1mm
Fi gure 4. Tenperature Profile Through Reaction Zone of a

Typi cal Fl ane!

Now consi der the sane fuel/air m xture used above, but
stored uniformy in a horizontal tube that is open on both
ends. If an ignition source is applied to one end a flane
appears and propagates down the tube. This flame can be

treated as a wave as it nobves into the unburned reactants

10



at a speed of roughly 40 cm's (see Figure 3). The
tenperature profile and thickness of the reaction zone of
this wave are simlar to those of the flane on the Bunsen

bur ner .

Finally consider the case above where one end of the
horizontal tube is closed with the reactants inside. The
m xture is ignited, this tine at the closed end, and again
a flame forns. This flanme accelerates as it propagates
down the tube and eventually will attain a velocity of not
tens of centinmeters per second but rather thousands of
nmeters per second. The conbustion wave then travels at

supersoni ¢ speeds with respect to the unburned reactants.

In order to determine the characteristics of this
supersoni ¢ conbustion wave, we can begin wth the
integrated conservation equations and state equations

across the | eading shock of the wave (see Figure 3).

Continuity r,u =r,u, (2.1)

Moment um P+r,u =P, +r,u (2.2)
1., _ 1.,

Ener gy cplT1+Eul +q—cpzT2+Eu2 (2.3)

State; P =r,RT, (2.4)

State; P,=r,RT, (2.5)

Wher e Subscript 1 indicates unburned reactants

Subscript 2 indicates burned products
P ° Pressure

T ° Tenperature

r ° Density

u®° Velocity of gases relative to wave

11



g °© Chenical energy rel ease
R © Universal Gas Constant

Cp © Specific heat at constant pressure

In these equations there are five unknowns yet only
four equations. Through al gebraic manipul ati on (not shown)
two new equations energe:

g &, P01 el 10
=223 Z(P,- Pl)g—+—:= (2.6)
g'l r. g 2 rh ;g
ng_ajz_lg g—]__( rz)l;' (2 7)
' gFl g é ]'/rlg .
Wher e g° Ratio of specific heats

M ° Mach nunmber of wave

Equation (2.6) is known as the Hugoniot relationshinp.
This relationship states that for a given set of initial
conditions (P, 1/r;), a famly of solutions (P, 1/r))
exists for a given value of g. If we plot the pressure of
the burned gases, P,, versus their specific volunme, 1l/r; we

can see a graphical depiction of this famly of solutions.
This famly of solutions, known as the Hugoniot plot (see

Figure 5), shows all possible values of P, and 1/r, for

initial values of P, and 1/r; at a given q. Figure 5 shows

t he Hugoni ot plot for only one value of (.

12



O I DEFLAGRATION

l/pz

Fi gure 5. The Hugoniot Plot?

To use the Hugoniot plot one first plots an initial
condition (P, 1/ri) of the unburned gases. The two dotted
lines passing through this point represent the conditions
of constant pressure and specific volune. These |ines
divide the curve into three mgjor regions (I, I, I11).
Next, two lines of tangency to the curve are drawn through
the initial condition. These |ines of tangency represent
Rayl ei gh fl ow. The points of tangency (J, K) further
divide the three mmjor regions of the curve into five

smal l er sections (A B, C, D, and E).

Usi ng Equation 2.7 and the values of R, Py 1/r;, and

1/r, in region I, one finds that the values of M in that

region are greater than 1. This indicates that the waves

in that region are supersonic. This region is therefore

called the “detonation branch.” In a simlar fashion, one
13



finds that the values of M in region Il are less than 1 and
therefore the waves are subsonic. This region is known as
the “deflagration branch.” Wthin this region, reactions
occur at much lower rate than within the detonation region.
The values for M in region 11l are imaginary and,
therefore, this region does not represent a physically real

sol uti on.

Concerning ourselves only with the detonation region
we can further scrutinize sections A and B in this region.
The wave velocity for points on the curve above point J
(section A) is greater than the theoretical steady-state
detonation velocity for the mxture. The resulting high
tenperatures in this region dramatically increase the sonic

vel ocity. The Rayl eigh condition allows this condition to

exist only briefly. In this case rarefaction waves form
and “catch up” to the detonation front. Thi s reduces the
pressure until P, and 1/r, drop to point J, known as the
Chapman-Jouguet (C-J) point. Here the velocity of the

gases relative to the detonation wave is exactly sonic.
Further, in section B, the burned gas velocity relative to
the wave front slows down, but is supersonic. The Rayleigh
condition dictates that it is inpossible to mintain a
supersonic velocity in a constant area duct wth heat
addition; sonic flow is the limt. Hence, a detonation
wave in this region is rarely observed (the gas mxture

requires extrenely fast chem cal kinetics)’.

The upper Chapman-Jouguet point, then, represents the
only steady-state solution in the detonation region. At
this point the velocity of the burned gases with respect to
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the detonation wave (uz) is equal to the sonic velocity
wi thin the burned gases (ap).

It can be shown that the velocity of the burned gases
at point Kin the deflagration region also equals the |ocal
sonic velocity and that solutions in section D are
i mpossi bl e. Therefore the only remaining sections of the
Hugoni ot curve where solutions can exist are in section A
and C (see Figure 6). The solutions in section A are

transitory in nature and they quickly drop to the C-J
poi nt .

Fi gure 6. Hugoni ot Pl ot Showi ng the Only Experinentally
Possi bl e Results (Broken line indicates transient
conditions)?

Wth the know edge that the Chapnan-Jouguet point is

the only point on the Hugoniot plot were a steady state
detonation solution can exist and that, at this point, w

equal s a;, the conservation of mass equation (Equation 2.1)
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can be rewitten as follows to give an equation for the

detonation velocity (uj):

r, _(r,)
o r,)

r,u =r,u,=r,a or u, = a, (2.8)

where a,° Sonic velocity in the burned gases

D. FORVATI ON AND STUCTURE OF THE DETONATI ON WAVE

The Hugoni ot pl ot shows that, depending upon initial
condi ti ons, an explosive mxture can support either
defl agration or detonation. Wth regard to the fornmer, a
subsoni ¢ conbustion wave is formed and quickly attains a
constant, subsonic velocity. In the case of a detonation
again a subsonic wave is fornmed, but this wave continues to
accelerate until a supersonic detonation wave is forned.

The formation of this wave is di scussed bel ow

The exanple of a tube closed at one end and open on
the other is again used. As the reactants are ignited at
the closed end, a conbustion wave forns. This initial
deflagration leaves in its wake burned products wth a
specific volunme 5-15 tines that of the initial mxture.
This rapid expansion generates conpression waves that wll
accel erate the unburned reactants ahead of the flame due to
conpression heating. Each of these conpression waves tends
to heat up the reactants causing the |ocal sonic velocity
to increase thus allow ng each succeeding wave to catch up
with the |eading wave. This preheating of the unburned
reactants also increases the flame speed itself, which in

turn increases the production and velocity of the burned
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products. Eventual |y turbul ence ensues in the unburned
reactants further accelerating the entire process until a
shock is formed which is strong enough to ignite the
m xture itself. The reaction zone immediately behind the
shock continues to feed <conpression waves forward
preventing the shock from decaying. This sustai nnent
results in the formation of a stable detonation wave. This
entire process is known as the deflagration-to-detonation

transition.

The process described above shows how a detonation
forme from a deflagration. Direct initiation of a
det onati on, however, is possible. If a planar shock from
some other source is introduced to the unburned m xture,
the flame reaction is imediately started by the rapid
conpression of the mxture. The reaction zone behind the
shock is also inmediately set up and sustains the shock as

descri bed above.

The sinplified structure of a typical detonation wave
is showmn in Figure 6 below The structure of the
detonation wave consists of a shock traveling at the
detonation velocity, a region of heated and conpressed
gases following the shock, and reaction region where the
chem cal reaction progresses to the C-J conditions of
equi l i brium In Figure 7, Plane 1 indicates the shock
front, Plane 1’ the region inmmediately follow ng the shock,

and Plane 2 the C-J conditions.
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[11. PRELI M NARY RESEARCH

A. MARSHALL SPACE FLI GHT CENTER

The Propulsion Research Center (PRC) at NASA's
Mar shal | Space Fl i ght Cent er ( MSFC) S actively
investigating the PDRE concept. As part of the Advanced
Space Transportation Program (ASTP), MSFC engineers, along
with i ndustry partners Uni t ed Technol ogy Resear ch
Corporation and Pratt & Witney's Seattle Aerosciences
Center (fornerly Adroit Systens, Inc.), are developing
pul se detonation technology that wll eventually lead to

the denonstration of a flight-qualified PDRE

Initial research for this thesis was conducted at MSFC
under the guidance of Dr. Noah Rhys. PDE fundanentals were
reinforced, hardware configurations were discussed, and a
prelimnary list of test objectives was devel oped. An
anal ysis of theoretical performance of several hydrocarbon
fuels was also conducted, the results of which are

di scussed bel ow.

B. THERMO EQUI LI BRI UM PROGRAM

The Therno-Equilibrium Program (TEPJ2 is a W ndows -
based software tool wused to determne the products of

™

conbusti on under thernodynam c equilibriumconditions. TEP

can be used for sever al applications i ncl udi ng
t enper at ur e/ pressur e-based conbusti on, entr opy/ pressure-
based conbustion, and shock/detonation conditions. TEP™

contains thernodynamc information on over 1000 chem cal
species and elenments, including ions. A reactants and

ingredients library contains data on over 60 conmon fuels
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and oxidizers, and allows information on new fuels to be

added to the dat abase as needed.

Chemical equilibriumis the state of a working fluid
in which the mxture conposition undergoes no further
changes for a specified pressure and tenperature. TEP" uses
the mnimzation of the G bbs free energy to solve for the
products of conbustion that are in chemcal equilibrium
This can be equated to finding the condition where the

entropy of the products is at maxi num

The research conducted at Marshall used only the
detonation application within TEP" In this application,
t he Chapman-Jouguet detonation conditions are calcul ated
for a noving wave propagating into a pren xed conbustible
m xture in a shock tube. The tube is assuned to be closed
on one end and open on the other. A Tayl or - Zel dovi ch
expansion was performed behind the detonation wave to
account for the no-flow condition at the head end of the
t ube. Various hydrocarbon m xtures were analyzed using

t hi s approach.

1.  TEP" | nput

Wthin the detonation application of TEP, the user
first chooses the reactants to be eval uated. A fuel and
oxi di zer are chosen from the naster reactants file and a
reference tenperature, phase, and nole fraction for each

reactant i s entered.

A species library contained within the software is
then selected. These libraries allow for the user to
select the desired thernodynamc data set for a desired

| evel of detail. A brief description of each library is
20



given within the software. The Master library was al ways

selected for runs perforned in this work.

The reactants mixture ratio is set next. TEP™ al | ows
the mxture to be specified by an oxidizer-to-fuel ratio
(dF), equivalence ratio (f), fuel percentage, or fuel-to-air
ratio. A specific ratiol/percentage or range of several of

t hese val ues nmay be entered.

Finally, the operating conditions are input. These
include the initial tenperature and pressure of the
unburned reactants. A specific pressure or range of
pressures may be entered while only one tenperature may be
entered. Using the option/units nmenu, the user can specify

English or nmetric units for these inputs.

2.  TEP" Qut put

TEP" returns an output file containing the gas
properties and conposi tion of each user -specified
detonation condition. The gas properties are arranged in a
table containing rows that correspond to each gas property
and colums that correspond to a user-specified initial gas
pressure. If a range of gas properties such as f were
entered, several tables are produced in the output file

Gas species concentrations are listed in each table.

Wthin the gas properties section of the output file,
each table is broken down into three subsections. These

subsections contain the properties of the unburned gas, the

properties  of the burned gas, and the detonation
par anet er s. The elenents of each subsection are |listed
bel ow.
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Unbur ned Gas:
Pressure, Pl (atmor psia)

Tenperature, Tl (°K or °R
Ent hal py, Hl1 (cal/g or btu/lbm
Mol ecul ar wei ght, ML (g/nol)
Ratio of specific heats (G/C), GAMVAL
Sonic velocity, SON VEL1 (m's or ft/s)
Burned Gas:
P2, T2, H2, M2, GAMVA2, SON VEL2
Density, Rho2 (kg/nB or |bnift?3)
Det onati on Paraneters

Pressure ratio, P2/P1
Tenperature ratio, T2/T1

Mol ecul ar wei ght ratio, M/ M
Density Rati o, Rho2/ Rhol

Det onati on Mach nunmber, MACH NO
Det onati on velocity, DET VEL

These elenments can be wused to calculate other
detonation properties such as head wall pressure (P3) and

specific inpulse (lsp) for the given conditions.

C. THECRETI CAL RESULTS

TEP" was used to determne the theoretical performance
of several different hydrocarbon fuels under varying
initial conditions. Al cases run used diatom c oxygen
(&) as an oxidizer. Al of the reactants were consi dered
in a gaseous phase and the mxture was considered
honogeneous. The gaseous phase was chosen to ensure
uniformty of results as TEP" had difficulty running sone
liquid fuels. The results closely match the performance
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given by fuels in a liquid state since the heat of
vaporization is nearly insignificant when conpared to the

heat of conbusti on.

The fuels chosen for analysis included JP-10, RP-1,
et hyl ene, propane, nethane, butane, and ethane. G aphite,
heptane, and octane were also run but failed to give
conplete results. Hydrogen was also analyzed and its
performance was conpared to that of the hydrocarbon fuels.
The TEP™ output was conpiled into several spreadsheets that
are included in Appendi x A

The output from TEP" provided the means to calcul ate
t he performance of an ideal PDRE. In this ideal case the
t ube neasures one neter in length and has a dianeter of ten
i nches (0.254 m) giving an overal |l volume of 0.051 nf. Each
performance paraneter is defined below and the calcul ated
values of each are shown in the shaded areas of the

performance spreadsheets (See Appendi x A).

Det onation Tinme (s)

The time for the detonation to propagate from the

closed end to the exit of the tube.

_ TubeLength

* " DETVEL (3.1)
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Rarefaction Tine (5S)

required for the rarefaction waves to

The tine
to the closed end of the tube at

propagate from the exit
the | ocal speed of sound.

r Tubelength (3.2)
SONVEL2

Eg ( at IIE
The expanded pressure behind the detonation neasured

at the closed end of the tube calculated using the Tayl or-

Zel dovi ch isentropi c expansion relation.
éﬁgé
- (B, 15
3, 1 ,9 %} (33)

The force exerted by the detonation wave on the cl osed

end of the tube.
F=P*A (3. 4)
where A ° Cross sectional area of tube

P; © I nstantaneous head end pressure

Total Inpulse (1)

The force integrated over the total cycle tinme (tcycle).

L= (3.5)
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Specific Inpulse (lsp)

The total inpulse per unit wei ght of propellant.

t
VY

where Wwei ght of the reactants

(3.6)

=r,*g,*vol

The conpilation of TEP"™ data is shown graphically in
Appendi x A In these graphs the performance of the
hydrocarbon fuels is conpared to that of hydrogen fuel for
a range of equival ence ratios. The B, B, F, detonation
velocity and WMach nunber, total inpulse, and specific

i mpul se are plotted on separate graphs.

From the graphical representation it is evident that

the hydrocarbon fuels all outperform hydrogen with regard

to the force exerted on the head wall. This equates to
greater thrust and total inpulse that is also shown in
their respective graphs. Hydrogen does outperform the

hydrocarbons wth respect to specific inpulse, however.
This is due to the |ower nolecular weight of hydrogen when
conpared to the heavier hydrocarbon nol ecules. This can be
equated to a higher energy per unit mass for hydrogen. It
is interesting to note that, while the hydrocarbons all
attain a higher Mach nunber than hydrogen, hydrogen attains
a higher overall detonation velocity. This results from
the higher local sonic velocity of hydrogen at the chosen

pressure and tenperature.

Wth regard to sensitivity to changes in equival ence
ratio, it appears that an increase in f correlates to an
increase in performance for the hydrocarbons wi thin nost of
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the given range. A f of roughly 2-2.1 gave the maxi num
per f or mance. Hydrogen, on the other hand, actually
decreased in all paraneters except detonation velocity as f

i ncreased.

In  sunmmary, this prelimnary investigation nmade
apparent the greater performance of several hydrocarbon
fuels as conpared to hydrogen when total inpulse was the
performance netric. It also showed that, per unit nass,
hydrogen has a better performance but would ultimtely
require larger tanks. The data becane a benchmark to which

the actual results of hot fire were conpared.
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| V. EXPERI MENTAL SETUP

A | NTRODUCTI ON

This work was broken up into three distinct phases

that were each conpleted in sequential order. The first
phase enconpassed flow visualization. In this phase, the
fuel injection flow paths of the liquid fuel were

characterized using several different injectors. The next
phase involved the perfornmance evaluation of gaseous
et hyl ene. These data allow valving issues to Dbe
characterized and were used as a baseline conparison for
the liquid fuel analysis that followed. Finally, several

i quid hydrocarbon fuels were eval uat ed.

Al'l phases of experinentation were run in Test Cell #2
at the RPCL and controlled from the safety of the lab’s
control room An existing Visual Basic™ (VB™ code was
nodi fied to accomodate the control of each of the three
phases (Figure 8). This code allowed the user to manually
enter variables affecting the test conditions of the setup
such as timng, fuel and oxidizer pressure, and purge rate.
It also allowed the user to control the opening of the
facility, the start/stop of test runs, and the real -tine
calibration of specific conponents. The specifics of the
code’s use in each phase are discussed in the sections of
this chapter that follow
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Fi gure 8. PC Wth vBA Code D spl ayed

Timng for each sequence was provided by a Berkeley
Nucl eoni cs Corporation Mddel 500 pul se generator (hereafter
referred to as the “BNC 500”) accurate to 100 ns (Figure
9). This device produced TTL pulses that were sent to
vari ous conponents to control their timng. The pul se
could be selected as either positive or negative.
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Fi gure 9. BNC 500 Pul se CGenerator and Data Acquisition
Br eak- Qut Panel

El ectrical power for the test cell was provided
through two electrical cabinets, one providing 24VDC and
the other providing 110VAC (Figure 9). Qobservation of the
activity in and around the cell was provided via several
video caneras that were routed to two monitors nounted
inside the control room (Figure 10). The first nonitor was
used to display one of several views of activity within the
test cell area. The second was used to display activity on
the golf course that surrounds the RPCL. Care was taken to
ensure that the area inmediately behind the test cell was
clear during all hot fire tests. Each video signal was
routed through a SVHS VCR to record test runs. V\ar ni ng
lights and sirens were also controlled fromthis panel. An
energency stop button was nounted on the wall inmediately
above the PC that ran the VB™code.
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Fi gure 10. Control Room Operations Panel

During the course of this research, a great deal of
time and effort went into hardware draw ngs for conponents,
bui | dup of hardware, and nodification of existing hardware
configurations. The experience gained in this process was,
I feel, of equal value to the experinental results
contained in the follow ng chapter.

B. LASER BACKGROUND

The environnment wthin any conbustor (to include the
PDRE) is extrenely hostile and flow neasurenents of the
conmbustion process wthin prove difficult to accurately
acquire. Laser diagnostics are very attractive in the
study of conbustion processes for several reasons. The
first is the non-intrusive nature of the |aser energy. The
| aser elimnates the need for flow perturbing probes such

as wires or thernocouples and replaces them with flow
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neasurenments based on optical scattering, absorption, and
em ssion® The | aser energy inparted on the overall flowis
negl i gi bl e. Second, the laser provides a neans of
depicting an extrenely conpl ex, three-dinensional flowin a
poi nt wi se or planar fashion. The degree of space and tine
resolution afforded by the laser is normally achieved only
by powerful conputational fluid dynamc (CFD) codes.
Finally, due to the lack of exposure to the conbustion
environnment, the |laser diagnostic hardware is unharned
during testing.

C. LASER DI AGNOSTI CS

The | aser di agnostic method provides the best
neasurenents wth the |east interference. General ly,
optical nmethods are based on the principles of particle and
nol ecul ar scattering or nol ecular absorptiond. Sinply put,
as |laser energy enters the conbustion nedium one or nore
of several interactions can occur. Each photon may be
transmtted, reflected, absorbed, or scattered by the
medi um Several different characteristics of the flow can

be determ ned through these interactions.

Opt i cal scattering nmy be broken generally into
Rayl eigh and Raman scattering. A third type, Me
scattering, deals with particle scattering and will not be

addr essed here.

Rayl eigh scattering is an elastic interaction that
occurs between photons and the nolecules of the nedium
Because the interaction is elastic, no energy from the
i ncomi ng photon is inparted upon the individual nolecules

and the photon is scattered at its original wavel ength.
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This lack of difference in wavel engths nakes Rayleigh

scattering ineffective at distinguishing individual gaseous

species wthin the flow The density of a known
conposition can, however, be obtained via Rayleigh
scattering. Al so, tenperature nmeasurenents utilizing

Rayl ei gh scattering are very difficult to obtain due to the
hi gh spectral resolution required. Wth this said, the
pri mary advantage of Rayleigh over Raman scattering is that
it is several times nore intense and therefore nuch nore
easily detected.

Ranman scattering, despite its lower intensity, has
several advantages over Rayleigh scattering. These include
the ability to identify specific species, accessibility to
tenperature information, its lack of interferences, and the
capability to look at a nedium not in chem cal or thernal
equi | i bri unf. In Raman scattering, an inelastic collision
occurs between the incomng photon and the nolecule. This
results in an exchange of energy and the scattered photon
undergoes a change in wavel ength. From this change in
wavel ength and the associated redistribution of energy, the
density of specific species and gas tenperatures can be

extract ed.

Besides the scattering of incident radiation, another
phenonenon, | aser-induced fluorescence (LIF) has becone
useful in visualizing conmplex flow fields. LIF, as its
name inplies, uses the principle of chem cal fluorescence
to detect and image concentrations of specific species
within the flow Fl uorescence involves the absorption of
the incomng radiation at a particular wavel ength and the

subsequent em ssion of radiation at a separate, |onger

32



wavel ength® (Figure 11). The laser is used to excite a
specific species within the nmedium from a quantum state e
to an excited state, e’. From this excited state the
medi um emts photons of light at a | onger wavel ength, or it
“fluoresces.” A canera tuned to the em ssion wavel ength
can then inmage this fluorescence. The [ evel of
fluorescence is proportional to the nunber of nolecul es of
the species present and therefore provides a qualitative

imge of its relative densitys.

A specific category of LIF, the planar LIF or PLIF,
uses | aser energy that has been nmanipulated to form a | aser
“sheet.” This sheet can be used to fluoresce an area
within the flow field that can then be imged to provide a
t wo- di nensi onal snapshot of the flow pattern. The use of
PLIF in this thesis is further detailed in the flow

vi sual i zati on section that foll ows.

-
Filtered Obsenved

Emission and
absorption o
Emission
band

Wavelength, nm

Figure 11. Typi cal Absorption and Em ssion (Fl uorescence)
Spect r unt
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D. FLOW M SUALI ZATI ON

The characterization of fuel injection flow paths was
essential in the overall design of a PDRE that would be
successful in achieving the objectives of this work. In
this phase, high-speed imaging and PLIF of liquid fuels
were used to qualitatively characterize the behavior and
performance of several different injectors. Sever a
har dware and configuration deci sions were made based on the

data acquired during this phase.

Fi gure 12. Fl ow Vi sual i zati on Setup

In order to closely approximte the behavior of the
injector in the final experinental setup, a “cold fire” rig
was developed with a simlar geonetry (Figure 12). 1In this
configuration, the stainless steel +tube of the final
configuration was replaced with a clear acrylic tube. This

allowed for the transmttance of the |aser energy required
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for the PLIF and for a variety of canera positions to
record the injection sequence. Because the fuel to be
imaged was not required to detonate, the ignition system
was not included in this configuration. |Its absence had no
effect on the flow, however. Al'l other hardware used in
the final configuration was otherwise used in the flow

vi sual i zati on setup.

Figure 13. Sturman | nj ector

Fuel was injected into the tube using one of several
different Sturman injectors (Figure 13). These state of
the art electro-hydraulic injectors, currently being tested
for use in diesel and direct injection engines, were
slightly nodified for this application. Each injector was
fitted with one of two different tips. The first tip had
five holes drilled into an angled circular face (the “five-

hol e” injector). The second used an annul ar design that
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injected the fuel in a hollow diverging spray cone (the
“single-tip” injector).

Each injector used Mbil 1 synthetic notor oil as the
hydraulic fl uid. Hi gh pressure, gaseous nitrogen was used
to pressurize both the fuel and oil reservoirs (Figure 14).
The pressurized oil was then routed from the reservoir to
the injector through a specially nmachined stainless steel

bl ock to which the injector was nount ed.

Fi gure 14. Ol and Fuel Reservoirs

The performance of each injector is characterized in

the follow ng chapter

A cylindrical fuel reservoir capable of holding 100 m
of liquid fuel was nounted above and adjacent to the
injector (Figure 15). This reservoir was pressurized wth
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the same nitrogen as the oil, although the pressure was

st epped down from 1500 psi to approximately 80 psi.

Fi gure 15. Fuel Reservoir

Air was introduced into the tube via an annular inlet
mani fol d through which the fuel injector protruded (Figure
16). The air flowed into the manifold through two ports at
the 3- and 9-0’'clock positions. Ar was used for the flow
visual i zation for cost reasons and, because no conbustion
was to take place, the effects were negligible. Air was
fl owed continuously while the fuel was pulsed. Four holes
were drilled and tapped into this manifold into which four
Il engths of threaded rod were inserted. These rods were

inserted into a simlarly drilled and tapped stainless
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steel flange fitted to the exit of the tube to hold the rig
t oget her in conpression.

Fi gure 16. I nlet Manifold

An argon-ion |aser operating at 514 nm was used to
create the |aser sheet for the PLIF. The laser |ight was
sent through a series of mrrors and other optical devices
until a sheet was obtained that passed through the
transparent tube at right angles to its |ongitudinal axis.
At the open end of the tube was a mrror that directed an

i mge of the | aser sheet to a high-speed canera.

The injection patterns of both kerosene (RP-1) and JP-
10 were inmaged. Prior to the fuel being injected into the
tube, a fluorescing dye was added. The dye used was P-576A
pyro- met hane from Exciton, Inc., which emtted from 552- 608
nm when excited by the argon-ion 514 nm wavel ength. Hence,
the fluorescence observed indicates the presence of fuel.
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A DRC Haddland Utra 17 high-speed intensified CCD
canera capable of up to 100 mllion frames per second was
used for inmaging the flow. A filter was installed that
allowed only the fluorescing wavelengths to pass (see
Figure 11). This was done to prevent the |aser energy,
whi ch generally is an order of nmgnitude brighter than the
fluorescence, from dom nating the inmage. The resulting
i mges show fuel concentrations at a specific tinme and
| ocation within the tube. Several images are taken | ooking
down the length of the tube with the |aser sheet placed in
various |ocations. The |aser sheet and canera are then

rotated 90° and the tube is inmaged from above, conpleting

the overall three dinensional nodel (Figure 17).

High-Speed CCD
Camera

[0}
Lazet Sheet

(Rotated 20 weg far
visuadization)

rs

Transparent Lexan Tube /

= i i by
: Optics
|J]__| Argon-lon Laser

Figure 17. Sinplified PLIF Di agnostic

The imaging sequence was run from a PC inside the
control room using the code provided by the canera’s

manuf act urer. This code allowed the user to vary the
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timng of the 17 images taken during each test run and the
gain at which those inmages were taken. Once saved, the
imges were adjusted to optimze their brightness and
contrast settings using the software and then animated in a
mul ti -exposure stack. Each stack was then saved to the

PC s hard drive for further analysis.

E. GASEQUS FUELS

In order to provide a baseline of data to which the
performance of |iquid hydrocarbon fuels could be conpared,
a test matrix was performed using gaseous ethyl ene. Thi s
phase al so served as a “shakedown” of the newly constructed
PDRE, its conponents, and the software that supported their

testing.

During this phase, the baseline PDRE was introduced

(Figure 18). The rig was based on an 11" stainless steel
tube with an inside diameter of 1.5". Wel ded to each end
of this tube were stainless steel flanges. The first

flange, at the head end of the tube, provided a nount for

the inlet manifold through which the fuel and oxidizer
woul d f1l ow. This is the same manifold used in the flow
vi sual i zati on phase. The opposite flange, at the tube’s
exit, was cut wth an o-ring groove and allowed for
additional Ilengths of tube to be attached. A stainless
steel port was welded to the tube at approximately 1.5
fromthe inlet manifold to allow for the insertion of the
igniter. Two ports were cut into the tube near the exit

t hrough which pressure sensors neasured the speed of the
det onati on wave.
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Fi gure 18. Gaseous Set up

At the head end, two different stainless steel rings
were used induce better mxing (Figure 19). The first was
a straight ring that sinply provided a snmooth transition of
the reactants from the inlet manifold to the tube. The
second ring served as a collar for the fuel injector as it
projected into the tube. Drilled into the nmaterial
surrounding the collar were twelve ¥ holes. These hol es
i ncreased the turbulence in the oxidizer as it passed from

the inlet manifold into the detonation tube. Thi s
turbulence resulted in better overall mxing of the
react ants.
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Figure 19. Tube Inserts

During the later portion of the gaseous test matrix
the baseline tube was replaced with a tube with a different
i nternal geometry. This tube had been used as a pre-
detonator (or initiator) in a five-inch PDE previously
tested at the RPCL. The different geonetry resulted from a
convergent/divergent, stepped insert placed inside the
first portion of the tube (Figure 20).

Fi gure 20. St epped Geonetry Insert
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Four Parker-Hannifin (PH) valves controlled both the
fuel and the oxidizer flows (Figure 21). Three of these
val ves, one at the 3-o0'clock position and two at the 9-
o' clock position, were used to pulse the oxygen flow ng
into the inlet manifold. The fourth valve, attached to an
al um num injector that passed through the manifold along
the tube’s longitudinal axis, pulsed fuel into the tube.
Purge air was flowed through the alum num bl ocks that were

used to nount the PH valves to the manifold.

Fi gure 21. Par ker- Hanni fin Valve with Al um num Bl ock

The alum num injector was custom machined for this
thesis (Figure 22). Perpendicular to the face of the
tapered end, 16 holes were drilled through which the fuel

was i njected. The face was tapered at 30° to the
| ongi tudinal axis of the injector. This allowed for the

fuel to be injected at 60° to the longitudinal axis of the
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t ube. The injector passed through the manifold and was
held in place by two small sem -circular plates that
cl anped the injector to the manifold. An oring was placed

bet ween the injector and the manifol d.

Fi gure 22. Gaseous | njector

Two additional segnments of main conbustor tube were
machi ned to provide additional |ength for the baseline PDRE
(Figure 23). Simlar to the baseline tube, the second tube
had two flanges (one wth an o-ring groove) and two
pressure ports. The third tube had a single flange and two
pressure ports. Each of the flanges was drilled with four
holes wused to attach the segnments together. These
geonetries allowed for partial-fill operation with one,
two, or three tube segnments and for the pressure to be
nmeasured at three |locations along the tube. These pressure
nmeasurenments were used to cal cul ate detonati on wave speed.
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Fi gure 23. Addi ti onal PDRE Segnents

Two Kistler nodel 60381 piezoelectric pressure sensors
were inserted into the two ports at the exit of each tube
(Figure 24). The high frequency pressure transducers were
filtered at 500kHz by a bank of Kistler 5010 anplifiers and
the anplified signals sent to a PC running the data
acquisition software where they were saved. A third
pressure sensor was placed adjacent to the inlet manifold
where P; was neasured. This signal was anplified and
recorded in a simlar fashion.
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Fi gure 24. Ki stler Pressure Sensors

The sensors were exposed to extrene heat during the
detonation process that, if not accounted for, would result
in what is known “thermal dropout.” This effect occurs when
the thin solid-state diaphragm deforns due to heating
rat her than pressure. To offset this effect, the tips of
the sensors were coated with a thin layer of insulating
silicon (Figure 24).

In order to neasure the thrust produced by the PDRE
“thrust cage” was designed and fabricated (Figure 25). The
thrust cage was a device that fit over the end of the inlet
mani fold and around the fuel injector. It was then bolted
to a vertical plate that was fixed to the test stand. This
cage was cut with four large holes that allowed the fuel,
purge, and electrical lines to pass through. An annul ar
Kistler |load cell (Mdel #9061A) was placed around the bolt
that attached the thrust cage to the plate (Figure 26).
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The load <cell signal was sent to the sanme bank of
anplifiers and to the sane data acquisition program used by
t he pressure sensors.

Fi gure 25. Thrust Cage

Fi gure 26. Load Cel
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The spark required to initiate conbustion in the
fuel /oxidizer m xture was provided via a Unison Industries
Vision-2/50 Variable Ignition System (Figure 27). The
ignition energy delivered by this system was held constant

at 70M. A Chanpion igniter plug was nounted through the
PDRE tube into the m xed reactants (Figure 28).

Fi gure 27. Ignition System
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Fi gure 28. Chanpion Igniter Plug

F. LI QU D FUELS

The baseline PDRE tube remained in place for the
[iquid fuel portion of this work. The gaseous injection
system was replaced with one of the Sturman liquid injector
systenms tested during the flow visualization phase (Figure
29). Due to the size of this injector the thrust cage had
to be renoved and thrust neasurenments were therefore only

determned fromthe integrated head wall pressure.
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Fi gure 29. Mount ed Sturman | njector

The original design called for the oxidizer to be
delivered by four PH valves. After initial testing, and
following the catastrophic failure of one of the valves, it
becane apparent that these valves were incapable of
delivering the required anount of oxygen for this phase
The four PH valves were then replaced with two solenoid
val ves capabl e of delivering the required oxygen mass flow
but only at frequencies below 10 Hz. These valves were
controlled by the BNC 500 and VB™code in a simlar fashion
as the PH valves. The air purge was elimnated during this

phase (Figure 30).

50



Fi gure 30. Li qui d PDRE Set up
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V.  EXPERI MENTAL RESULTS

A | NTRODUCTI ON

As discussed in the previous chapter, the experinmental
portion of this thesis was broken wup into the flow
vi sual i zati on phase, the gaseous hot-fire phase, and the
liquid hot-fire phase. Each of the first two phases was
conducted so as to streamine the execution of the final
l[iquid hot-fire phase. For exanple, the flow visualization
phase served not only to provide inmaging of the liquid fuel
injection pattern, but also to define the optinum operating
range of the Sturman injectors. During the gaseous hot-
fire phase, a wde range of equi val ence rati os,
injection/ignition tines, and purge rates were explored to
find the optinmm operating conditions for this PDRE The
opti mum conditions from each of the first two phases were
then applied during the Iliquid hot-fire phase. Thi s
approach provided a focus of effort and mnimzed the
anount of tinme needed for t he final phase of

experi nmentati on.

B. FLOW VI SUALI ZATI ON

Four of the Sturman injectors described in the
experinmental setup were characterized during this phase.
Each injector was first imged with the high-speed CCD
canmera in a stand-alone configuration. Based on the
performance of each injector, one was chosen for use in the
hot-fire configuration. This injector was then inmaged
inside the clear acrylic tube.
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During the stand-alone inmaging, the injector was
nmounted on the edge of the test cell table with the tip
exposed to the surrounding environnment. The fuel, oil, and
el ectrical connections were made just as they would be in
the final configuration. A black plate was placed around
the injector tip to provide a background agai nst which the
fuel could be imaged. The [ aser was not used for the first
portion of imaging and therefore the pyronethane dye was

not added to the fuel.

Each of the four injectors was inaged with the canera
positioned to the side and then at the end of the injector.
A qualitative analysis was then conducted using the data
obtai ned with the high-speed camera. From the analysis it
was determned that the each of the “five-hole” injectors
had problens directing the fuel in a uniform pattern. In
the worse case, it appeared that one or nore of the holes
in the injector tip caused fuel to inpinge on the plate
behind the tip (see Figure 31). After sone investigation
it was determned that this injector was designed to be
nmounted at an angle in a diesel engine. The holes in the
injector tip were therefore drilled at various angles

resulting in the non-uniform pattern.

Due to the poor performance of the five-tip injectors,
they were not tested further. The single-tip injector was
used in the remainder of the experinmental setups. Thi s
i njector produced a nuch nore uniform spray pattern and a
wi der dispersion of fuel (see Figure 32). The | aser was
i ntroduced and the pyronethane dye was added to the fuel to
provide imging of this injector. Both JP-10 and kerosene

(RP-1) were used as fuels. The oil to the injector was
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varied to control the duration tine of injection. A pl ot

of injection tinmes is shown in Figure 33.

Figure 31. “Five-Hole” Injector Pattern (Note the fue
striking the black background)
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Fi gure 32. Single-Tip” Injection Pattern
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Fi gure 33. Injection Time Vs. Ol Pressure
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The injection time decreased wth increasing oil
pressure and eventually reached a m ninum of roughly 4.3 ns
at 1500 psi. From the qualitative analysis of the
injection imges it was determned that the mninmm
effective oil pressure was roughly 750 psi. At pressures

bel ow this value the injection pattern becane erratic.

The injector was then nounted inside the acrylic tube
for the cold-flow visualization. The |aser sheet and
canera were set up to provide cross-sectional inages of the
fuel injection pattern within the tube. | mages were taken
with and without air flowing into the tube. A set of
i mges was created for a range of oil pressures from 900-

1500 psi and a range of air pressures from 360-725 psi.

From the qualitative analysis of the inmages it was
determned that this injector was nore than sufficient to
neet the requirenents of the final experinental setup
However, because higher oil pressures were used to mnimze
injection tinmes, fuel exiting the injector tip inevitably
i npi nged upon the tube wall. This condition needed to be
avoided not only to prevent hot spots a ong the tube wall
but also to mnimze voids in the mxture downstream
Figure 34 shows an exanple of fuel hitting the tube wall.
This imge was taken without air flowing into the tube to
better denonstrate the fuel inpingenent. A bright ring of
fluorescing fuel is seen around the tube wall where the
fuel accunulated. Also, a region is visible downstream of
t he fuel inpingenent in the center of the tube where a void

existed in the m xture.
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Fi gure 34. Liquid Injection Show ng Wal |l | npi ngenent
(Fuel injected fromleft; tube walls at top and botton)

Air flowng fromthe inlet manifold into the tube
was intended to redirect the fuel as it passed through the
injection stream The original geonetry used the straight
insert shown in Figure 19. The resulting flow was
predonminately wuniform and added the mgjority of its
| ongi tudi nal nonmentum to the |ongitudi nal conmponent of the
i njection path. This served only to push the wall
i npi ngenment further down the tube, not to minimze it. The
straight insert was replaced with the insert containing 12
hol es.  Turbul ence generated by this new geonetry appeared
to inpart a considerable anmount of nmonentum on the fuel in

the radial direction and helped to reduce the anount of
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fuel on the wall. An image of the injection with air
flowing into the tube through the new geonetry is shown in
Figure 35. Note that the downstreamvoid in the mxture is

al so m ni m zed.

Fi gure 35. Liquid Injection Show ng M nimzed Wl
| mpi ngenent

C. GASEQUS FUELS

Gaseous ethylene (CyHs) was used during the gaseous
hot-fire phase to provide a baseline of experinental data.
The  performance  of t he hot-fire setup was al so
characterized under a wide variety of operating conditions.
A matrix of test objectives was established to include the
exploration of partial fill scenarios, sensitivity to

58



changes in equivalence ratio, and the effects of variations
in injection and ignition timng. Flexibility was built
into this matrix to explore areas of interest that arose
during testing. Sonme of these included different hardware
geonetries and configurations, sensitivities to variations
in the air purge, and placement of the sensors that

det ect ed detonation wave velocity.

The sensors discussed in Chapter |1V were used to
collect data on the four key performance netrics for the
hot-fire phases. The |oad cell provided neasurenment of the
i nstantaneous force (F) at the head wall. The pressure
sensor at the head end of tube provided head wall pressure
(P3) and the two sensors at the end of the tube provided
i ndication of detonation wave passage (Wave; and Wave).
These data were saved in one file for each run within the

data acqui sition program

When the data was reduced, each of the data

acquisition files was |oaded into TecPlot 7.5& for

anal ysis. Each plot generated by TecPlotda was screened for
the results of that run. One particular event, whether it
was a successful or failed detonation, from each run was
selected for further analysis. The start/stop tinmes and
conditions for each event were recorded on a spreadsheet
for each run (see Appendix C). The start tinme was defined
by either the onset of load (F) or the passage of the
det onati on wave as recorded on the Wave; sensor, which ever
cane first. The stop tine was defined as the tinme at which
the | oad cell neasurenents decreased to zero. Exanpl es of

the TecPlota output are included in Figure 36.
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The event start and stop tines for each run were
| oaded into a Ms-Visual C++4 program along wth the

associ ated ASCI| data generated by TecPlota for each of the
four run performance neasurenents. This program read the
ASCI| data for the entire run and elimnated all but the
data that fell within the start and stop times. The tota

F and B for this period was integrated over this period.

The program al so cal cul ated the conmbusti on wave speed using
the tinme of passage at Wave; and Wave, and the user-defined
val ue of the distance between each sensor (this distance
varied slightly for each tube extension). A detonation
velocity of =zero was returned for any event in which
nei ther Wave; or Wave, sensed a pressure rise of greater
than 100 psi. The results of these calculations were
output to an ASCII file that was then recorded into the run
data spreadsheet (see Appendix C).

1. Correl ation Bet ween Force and Pressure
Measur enment s

The total inpulse per shot was determ ned through both
the load cell and head end pressure neasurenents for each
event . These were conpared to deternmine the correlation
between the two neasurenents. Each neasured the sane
physi cal inpul se but because the neasurenment canme from two
different types of sensors, sone disagreenent between the
two was expected. A cursory inspection of the data
reveal ed that each neasurenent of F was roughly tw ce that
of Ps. This was thought to be a result of flexure in the
vertical plate to which the thrust cage and load cell were

mounted (see Figure 25). As the thrust cage transmitted the
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| oad of a detonation to the plate, the plate would flex a
smal | anount . Followng the detonation, the plate
deflected back to its resting state, and thus a second
force, proportional to the detonation wave force, was
recorded. The P; neasurenent, on the other hand, decayed
with arrival of the rarefaction waves and, therefore,
provi ded a measurenent of the inpulse that was believed to
be nore accurate.

The conparison of the two neasurenents is plotted in
Fi gure 37. In this plot, the force recorded by the | oad
cell is divided by two in order to offset the phenonmenon
di scussed above. The plot contains all of the runs that
were determ ned to be successful detonations. A handful of

obvi ousl y anonal ous events were di scarded.
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plotted force is half that recorded by the |oad cell)
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A close correlation between F and PsA is shown in the
pl ot . A linear trendline is added to reinforce this
correl ation. The slope of the line shows that the | oad
cell agrees with the P; neasurenent to within approxi mtely
11% However, Ps is still considered the nore accurate
nmetric and is considered the prinmary nmeasure of performance

for this thesis.

2. Partial Fills

Partial fill scenarios were explored using both of the
t ube extensions shown in Figure 23 (also known as the “long
tube”). The tube fill tinmes were increnentally reduced for
each run while the equivalence ratio, purge rate, and
frequency were held constant. A plot of these partial fill

runs is provided in Figure 38.
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Fi gure 38. | mpul se vs. Percentage of Tube Filled
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The head wall pressure decreased with decreasing fill
per cent age. As the fill percentage dropped bel ow roughly
70% the detonation wave decayed prior reaching the wave
sensors. This being the case, the detonation wave stil
produced a fair anount of pressure prior to running out of
reactants in the partially filled tube. It should be noted
that, beyond a fill of 100% the plot in Figure 38 wll
flatten as adding reactants to an already full tube has no
addi tional effect on Ps. In fact, this situation has a
detrinmental effect on Igp.

3. Vari ation of Equival ence Ratio

From the theoretical data acquired in Chapter 111 it
was determ ned that nost hydrocarbon fuels give their best
performance at an equival ence ratio (f) of roughly 2.0. Due
to hardware limtations, however, a f range of 1.0 to 1.4

was attained with both hot-fire configurations. Val ues of
1.3 and 1.4 gave the best performance over the range

eval uat ed.

The pressure, and therefore the mass flow rate (m), of
the oxygen was held constant for each of the test runs

Adj usting the fuel pressure prior to each run varied the
fuel -to-oxidizer ratio (F/O and, therefore, the value of f.
The VB4 control code was nodified to display the current

values of OF and f as the fuel pressure was varied. These

cal cul ations took into account the effects of the purge air

on the values of OF and f.

The definition and calculation of f is shown in
Equations 5.1 and 5.2 bel ow.
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_ (F/0)
“TF/O)ue (54

mfuel _ mfuel

where F/O= (5.2)

mOX n-l)x
and

(F/0)ye,® Stoichiometric Fuel-to-Oxidizer Ratio
for a given chemcal reaction with a fuel ‘A and oxidizer
‘ B!,

aA+bBU cC+dD (5.3)

_(a*w,)

stoich (b*WB) (5.4)

(F/0)

where W= Mol ecul ar wei ght of the reactants

and a,b,c,d = Stoichionetric nmolar concentration

coefficients

The mass flow rate was calculated wusing the
theoretical rate of flow of a conpressible fluid in a
cl osed channels®. This equation is shown below and a
tabul ation of applicable values of m is included in
Appendi x B.

mz—(AZF;?/fZKZ (5.5)
t
wher e A, = Choke area
P; = Upstream pressure
K = Conpressibility factor?*
G = Conpressibility flow function*
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* An expl anation of these ternms can be found in Reference 6.

A series of runs was conducted for a variety of tube
lengths (to include the stepped geonetry, indicated by the
“tube 2" title) while f was varied between 1.0 and 1.4. The
frequency was held at 5 Hz for the long tube, 10 Hz for the
medi um tube, and 20 Hz for all others. The injection tines
were varied to ensure the tubes were full. Purge pressure
was set at 20 psi for all runs except those with the second
medi um t ube. The results of this series are plotted in
Figures 39 and 40. (The base short tube returned zeros for
all detonation velocities and is therefore not shown;
m ssing data points represent problens with the results in
the batch file).
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An increasing value of f had a direct effect on the
values of F and P;s but a l|less obvious effect on the
detonation velocity. The theoretical analysis conducted in
Chapt er 11 supports these results as the maxi mum
performance was predicted at a f of 2.0. Also, the tube
length had a simlar effect on the three neasurenents.
This is rather intuitive because as the conbustor Iength
increases, the transit tinmes for both the detonation and
rarefaction waves al so increase. This results in greater
i mpul se per cycle. The |longer tubes did not have an
obvi ous effect on detonation velocity because a steady-
state detonation wave should propagate at const ant

vel ocity, independent of tube |ength.
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The experinmental detonation velocities appear much
| ower than those predicted in the theoretical study. The
explanation may be due to inaccuracies in calculating f,
specifically with regard to the effects of the purge air.
The runs conducted wth the second nedium tube were
performed with a purge of 40 psi, double that of all the
ot her runs. Wth regard to the experinental plots, this
hi gher purge rate seens to have degraded the performance of
this particular configuration and may have had simlar
effects across the board. Those runs conducted with the
base short tube that were not included were conducted wth
a single purge line through the fuel injector. Apparently
this geonetry was not conducive to producing successful
detonations. There does exist the possibility that sonme of
t hese events never conpletely evolved into detonations due
to the short length of the detonation tubes.

D. LI QU D FUELS

In order to provide the best chance of success, the
hi ghest turbul ence-produci ng geonetry was used to maxim ze
the mxing for the liquid hot-fire testing. This included
the use of the second short tube with the stepped geonetry

and the inlet insert with the 12 holes (see Figures 19 and

20). Extensions to the base tube were not used. Kerosene
(RP-1) and JP-10 were the fuels evaluated. Testing of
other liquid hydrocarbon fuels was planned but not

acconplished due to time constraints. The failure of one
of the high-speed Parker-Hannifin (PH) val ves al so

contributed to the abbreviated test matri x.

68



Fi gure 41. Fail ed PH Val ve

The failure of the PH valve (Figure 41) occurred
during the shakedown of the liquid rig in preparation for
the test matrix to cone. Figure 41 shows the coil as it
was ejected from the valve. After the failure of the
valve, it was deternmned that the renmaining three PH val ves
woul d not be able to provide the oxygen flow rate required
to detonate the liquid fuels. After the failure, two
sol enoid valves were used to replace the four PH valves.
These solenoids |imted successful operation to a frequency
of 5 Hz.

O her changes to the rig used in the gaseous phase
included the elimnation of the air purge. To conpensate,
oxygen was flowed continuously during firing. Due to the
|arge size of the Sturman injector, the thrust cage and
load cell had to be renoved. Conpari son of thrust
calculated fromload cell (force) and integrated head wal
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pressure (Ps*A) data provided confidence that the P
measurenents yielded the better nmetric. The renoval of the

| oad cell therefore had a negligible inpact on this phase.

During this phase the pressure of the oxygen was

varied from 120 to 200 psi in order to control the
equi val ence ratio. Using the Sturman injector, the fuel
pressure was held constant. The value of m, was

cal cul ated by hand as foll ows:

r.*V._
My = fudt - (5.6)

where ri, = Fuel density = 830 kg/n? for RP-1
= 940 kg/n? for JP-10
Vinj = Volurme of fuel injected for each cycle

= 130 mm?

ti = Injectiontine = 4.5 ns

This produced a range of f from1l.0to 1.4 for RP-1 and from
1.1 to 1.9 for JP-10.

As expected, the liquid fuels proved to be nore
difficult to detonate than the gaseous fuels. Several runs
were nmade before finding a conbination of injection and
ignition times that provided successful detonations (see
Appendi x C). The results of this phase are plotted in
Figure 42. The theoretical values and pol ynom al
trendlines for each fuel are provided for reference in
Figure 43. Here, a handful of possibly anomal ous events

were thrown out and the results were again plotted. The
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pl ot shows the data for both RP-1 and JP-10 were | ower than
theory predicted but did also show sim |l ar trends.
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There was a wde dispersion of values for RP-1 but
nost fell within 15% of the predicted val ues. If the two

| onest data points for RP-1 are ignored, the renaining
values tend to track theory fairly well.

JP-10 also tracked theory but the nmgjority of val ues
were roughly 22% | ower than predicted. At a f of 1.3, JP-10
behaved nearly exactly as predicted. This f may have
provi ded the best mxture ratio for this configuration and

resulted in near-ideal perfornmance.

The lower than predicted values for this phase may

have been a result of fuel inpingenent on the tube wall.
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As graphically depicted during the flow visualization phase
(see Figures 34 and 35), the nonentum of the liquid fuel
tends to carry to the tube wall. This can result in a
| ower than predicted value of f as the fuel hitting the wal

doesn’'t mx efficiently with the oxygen and is therefore
not fully utilized during the combustion process. Duri ng
several runs in this phase, liquid fuel was recorded
dripping from the end of the tube by the renote canera

This indicates that the effective value of m, was |ower

than calculated and reinforces the idea of f uel
i npi ngenent . The stepped interior geonetry of this
configuration (see Figure 20), while beneficial in creating
turbulence within the mxture, my have exacerbated this
problem by limting the distance from the injector to the
tube wall .
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VI.  CONCLUSI ONS

This work denonstrated the successful operation of a
liquid-fueled pulse detonation rocket engine using two
conpl ex hydrocarbon fuels, nanely JP-10 and RP-1. The
i mportance of this success cannot be underestinated. | f
the PDRE is going to evolve into a viable alternative to
the conventional rocket engine, the use of high energy
density liquid fuels wll have to be operationally
realized. Sonme of the difficulties in achieving detonation
with liquid fuels were experienced, the nost notable being
the tendency for fuel inpingent on the tube walls due to
i mpr oper oxygen-to-fuel nonmentum ratios during the

i njection process.

The first use of a Sturman fuel injector on a PDRE
system was al so denonstrated. This injector provided a
factor of reliability proven by its diesel heritage. The
properties of precise and predictable netering of fuel
whil e maintaining constant atom zation properties was one

of the reasons it was selected for use in this system

The ability of the PDRE to operate under partial fill
scenari os was denonstrated. The denonstrated reduction in
impul se with the partial fill scenarios was evident and was
showmmn to be nearly linear with percentage fill. Thi s
ability is inportant for possible thrust vector control and

throttling issues in future operational PDREs.

Several different geonetries were used to acconplish

the objectives of this work. Multiple tube segments
allowed for the exploration of partial fill scenarios,
while wvarious internal geonetries provided increased
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turbul ence to the reactants. Care must be taken in the
design of future PDREs to avoid fuel/wall interactions and

m xture voi ds occasionally experienced during this work.

VWiile the primary liquid phase was conducted at a
frequency of 5 Hz, the preparatory gaseous phase achieved
an operating frequency of 40 Hz. Qperation at this
frequency was steady and reliable. The key issue
hi ghli ghted by this phase was the PDRE' s sensitivity to the
purge cycle. Air was used to bl ow down the tube follow ng
detonation and in preparation for a new charge of
reactants. Wiile this practice is acceptable in the
| aboratory, an operational PDRE wll require a nore

efficient nmeans of achieving this buffer.

A. FUTURE WORK

Future work in the pulse detonation area includes the
possible use of a PDRE in a rocket-based conbined cycle
(RBCC) npbde. Like the strutjet, the PDRE here may be used
inside an ejector setup. Atnospheric air is flowed through
a duct containing the PDRE Firing inside this duct, the
PDE would inpart additional nonentum to the airflow As
the upper region of the atnosphere is reached, the intake
of the duct would be closed and the PDRE woul d opporate as
the primary propulsion unit using the onboard oxidizer to

continue into the vacuum of space.

Perhaps the nobst promsing area of future research
i nvolves the use an adaptive exit nozzle with a PDRE In
this application the thermal energy of the exhausted
reactants is further converted to kinetic energy through an

adaptive converging-diverging nozzle. Because the burned
75



conmbustion products are exiting the tube at just below the
sonic velocity, only a very slight anmount of convergence at
the exit is required to choke the flow The convergence
may help to provide a degree of backpressure during the
fill process and would have little effect on the remaining
portion of the cycle. It is estimated that if the thernm

energy can be further converted to kinetic energy at the
exhaust plane, the thrust could be inproved by up to »40%

This is an area of future work at the RPCL.

Wiile a great deal of refinement renmmins, the PDRE
provides a promsing alternative to sone of today’s
prohi bitively expensive and risky space |aunch systens. It
is nmy sincere hope that this work provides a contribution
to the goal of safe, sinple, and reliable access to space.
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APPENDI X A:  TEPa ANALYSI S

Hydrocarbon Fuel Comparisons Used in a Pulse Detonation Rocket Engine

HPwbhPE

All reactions consist of a hydrocarbon fuel mixed with pure oxygen as an oxidizer (a hydrogen reaction is provided for reference).
Ambient conditions for all reactions are one atmosphere pressure and a temperature of 300 degrees Kelvin.

Reactants are considered in a gaseous state. The mixture in considered homogenous.

Performance calculations are based on a one meter tube with a diameter of five inches (volume=0.051m3).
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H2/02

Bhi
O/F

Unburned Gas

Pl (atm)
T1 (deg K)
H1 (callg)
M1 (kg/kmol)
Gammal

Sonic Vell  (m/sec)
Burned Gas

P2 (atm)
T2 (deg K)
H2 (J/kg)
M2 (kg/kmol)
Rho2 (kg/m"3)
Gammaz2(SF)
Gamma2(S)

Sonic Vel2  (m/sec)

Detonation Parameters

P2/P1

T2/T1

M2/M1

Rho2/Rhol

Mach #

Det Vel (m/sec)
Det Time (sec)
Raref Time (sec)
Tot Time (sec)
B8] (atm)
F3 (N)
Tot Imp (N-sec)
Spec Imp (sec)
Methane/O2

Phi

OlF

Unburned Gas

P1 (atm)
T1 (deg K)
H1 (callg)
M1 (kg/kmol)
Gammal

Sonic Vell ~ (m/sec)
Burned Gas

P2 (atm)
T2 (deg K)
H2 (J/kg)
M2 (kg/kmol)
Rho2 (kg/m"3)
Gammaz2(SF)
Gamma2(S)

Sonic Vel2  (m/sec)

Detonation Parameters

P2/P1

T2/T1

M2/M1

Rho2/Rhol

Mach #

Det Vel (m/sec)
Det Time (sec)
Raref Time (sec)
Tot Time (sec)
P3 (atm)
F3 (N)
Tot Imp (N-sec)
Spec Imp (sec)

08 09 1 11
9.921  8.8183 7.964 7.215
1 1 1 1
300 300 300 300
0.97 1.04 11 1.16
13.548  12.724 12.01  11.386
1.4008  1.4011  1.4014  1.4016
507.8 524.1 539.5 554.1
18.52  18.643 18716  18.747
3649 3671 3681 3681
2.49E+06 2.67E+06 2.84E+06 3.00E+06
16.353  15.355  14.475  13.696
1.01 0.95 0.897 0.85
1.2174 1.2176  1.2181  1.2187
1.1288  1.1288  1.1291  1.1296
1447 1498 15451  1588.7
18.52  18.643 18716  18.747
12.16333 12.23667 12.27 12.27
1.207042 1.206775 1.205246 1.202881
1.8381  1.8383  1.8383 1.838
52373  5.2546 5.26651  5.2698
2659.8  2753.8 28404  2920.1
3.76E-04 3.63E-04 3.52E-04 3.42E-04
6.91E-04 6.68E-04 6.47E-04 6.29E-04
1.07E-03 1.03E-03 9.99E-04 9.72E-04
6.353322 6.392628 6.413975 6.42272
32831.27 33034.39 33144.7 33189.89
35.03271 34.04825 33.12052 32.25723
127.4331 131.6887 135.6694 139.4166

0.8 0.9 1 11 12
49864 44324 39891 3.6265 3.3243
1 1 1 1 1
300 300 300 300 300
18575  -20473 -222.96 -240.46  -257.3
2744 27.047 2668 26.337  26.015
1364 13615 1.3593 1.3572  1.3553
352.1 354.3 3565 3585 3605
27.319 28316  29.202  29.98  30.649
3662 3700 3726 3740 3742
1.06E+06 1.08E+06 1.09E+06 1.11E+06 1.11E+06
22715  21.837  21.036 20.301 19.623
2.07 2.04 2,01 1.98 1.96
12191 12196  1.2203 1.2212 1.2224
11297 11303 11312 1.1322 11335
12305 12619 12907 1316.9 13406
27.319 28316 29202  29.98  30.649
12.20667 12.33333 12.42 12.46667 12.47333
0.827806 0.807372 0.788456 0.770817 0.754296
18528 18535  1.8538  1.8538  1.8534
6.4747 66008 67119  6.809  6.8927
2279.8 2339 23926 24412 24847
4.39E-04 4.28E-04 4.18E-04 4.10E-04 4.02E-04
813E-04 7.92E-04 7.75E-04 7.59E-04 7.46E-04
1.256-03 1.22E-03 1.19E-03 1.17E-03 1.15E-03
9172344 9.491263 9.778148 10.02794 10.24203
47398.78 49046.81 50529.31 51820.11 52926.48
50.31069 59.83657 60.26776 60.57738 60.78065
106.1089 108.6651 111.0997 113.3624 114.8786

12

6.6137

300
1.22
10.834
1.4018
568.1

18.74
3672
3.16E+06
13.002
0.809
1.2195
1.1304
1629.2

18.74
12.24
1.200111
1.8374
5.2695
2993.5
3.34E-04
6.14E-04
9.48E-04

6.420066
33176.17
31.44621
142.7527

13

3.0686

300
-273.49
25.713
1.3535
362.4

31.202
3732
1.11E+06
18.994
194
1.2237
1.1353
1361.9

31.202
12.44
0.738692
1.8526
6.963
2523
3.96E-04
7.34E-04
1.13E-03

10.42343
53863.84
60.89964

116.24
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13

6.105

1

300
1.28
10.345
1.4019
581.4

18.701
3656
3.30E+06
12.38
0.772
1.2205
1.1315
1666.8

18.701
12.18667
1.196713

1.8365

5.2649

3061.1
3.27E-04
6.00E-04
9.27E-04

6.407201
33109.69

30.6805
145.8804

14

2.8494

1

300
-289.09
25.429
1.3519
364.1

31.629
3710
1.10E+06
18.406
191
1.2253
1.1376
1380.8

31.629
12.36667 1.
0.723819

1.8511

7.0191

2556
3.91E-04
7.24E-04
1.12E-03

10.5675 1
54608.37 5
60.91313 6
117.9963 1.

1.

3.87E-04
7.16E-04
1.10E-03

14

5.6689

300
133
9.906
1.4021
594.2

18.634
3634
3.43E+06
11.82
0.739
1.2215
1.1328
17017

18.634
12.11333
1.193216

1.8354

5.2566

3123.3
3.20E-04
5.88E-04
9.08E-04

6.386658
33003.53
29.96133
148.7333

15

2.6594

300
-304.12
25.161
1.3503
365.9

31.928
3676
09E+06
17.856
1.89
1.2271
1.1406
1397.3

31.928
2.25333 12
0.70967 0.

1.8492

7.0621

2583.9

0.67275
5152.24
0.81515

18.9309 11

-318.61

1.07E+06

3.84E-04
7.09E-04
1.09E-03

10.74086
55504.22
60.62427

15

5.291

300
1.39
9.512
1.4022
606.4

18.542
3608
3.56E+06
11.315
0.709
1.2226
1.1345
1734.3

18.542
12.02667
1.18955
1.8339
5.2451
3180.6
3.14E-04
5.77E-04
8.91E-04

6.359818
32864.83
29.28282
151.3921

16 1.

2.4932

1
300

24.907
1.3489
367.5

32.086
3629

17.339

1.87
1.2292
1.1447
1411.4

32.086
.09667
.69615
1.8464
7.0905

2606

9.6442

2.

-332.59
24.668
1.

369.1

32.102

1.03E+06
16.852

1.
1.
1423.2

32.102
11.90333
0.683152

1.

7.

2622.4
3.81E-04
7.03E-04
1.08E-03

10.77353
55673.01
60.34798
120.

16

4.9603

300
1.44
9.155
1.4023
618.1

18.43
3578
3.67E+06
10.856
0.681
1.2238
1.1363
1764.7

18.43
11.92667
1.1858
1.8323
5.231
3233.4
3.09E-04
5.67E-04
8.76E-04

6.327198
32696.27
28.63999
154.0221

7 18

3465

300

3475

3571

1.85
2315
1497

8427
1043

1452

2.2162

300
-346.09
24.441
1.3462
370.7

31.978

3501
9.90E+05
16.393
1.82
1.2341
1.1558
14325

31.978
11.67
0.670717
1.8381
7.1039
2633.1
3.80E-04
6.98E-04
1.08E-03

10.76622
55635.23
59.96703
121.0518

1z

4.6685

300

8.83
1.4025
629.4

18.302
3546
3.78E+06
10.438
0.657
1.225
1.1384
1793.1

18.302
11.82
1.182106
1.8304
5.2147
3282.2
3.05E-04
5.58E-04
8.62E-04

6.290175
32504.95

28.0312
156.0929

19

2.0995

1 1
300
-359.12
24.225
1.345
372.1

31.721
3420
9.40E+05
15.959
18
1.2369
1.1629
1439.5

31.721
11.4
0.658782
1.8329
7.09
2638.5
3.79E-04
6.95E-04
1.07E-03

10.72199
55406.67
59.48952
121.0786

18 19 2
4.4091 41771 3.9682
1 1 1
300 300 300
1.55 16 1.65
8.534 8.262 8.013
1.4026 1.4026 1.4027
640.3 650.7 660.8
18.16 18.008 17.847
3511 3475 3438
3.88E+06 3.98E+06 4.06E+06
10.057 9.707 9.385
0.634 0.613 0.594
1.2263 1.2276 1.2289
1.1407 1.1431 1.1456
1819.7 1844.6 1868
18.16 18.008 17.847
11.70333 11.58333 11.46
1.178463 1.174897 1.171222
1.8284 1.8263 1.824
5.1966 5.177 5.1562
3327.2 3368.8 3407.3
3.01E-04 297E-04 2.93E-04
5.50E-04 5.42E-04 5.35E-04
8.50E-04 8.39E-04 8.29E-04
6.249477 6.206117 6.160713
32294.64 32070.57 31835.95
27.45349 26.90607 26.38625
158.2487 160.2222 161.9485
Methane/O2
2 Phi
1.9946 O/F
Unburned Gas
1Pl
300 T1
-371.73 H1
24.021 M1
1.3439 Gammal
373.6 Sonic Vell
Burned Gas
31.339 P2
3331 T2
8.80E+05 H2
15.55 M2
1.78 Rho2

1.24 Gamma2(SF)
1.1709 Gamma2(S)
1444.2 Sonic Vel2

Detonation Parameters

31.339 P2/P1
11.10333 T2/T1
0.64735 M2/M1
1.8268 RHO2/RHO1
7.0626 Mach #
2638.3 Det Vel
3.79E-04 Det Time
6.92E-04 Raref Time
1.07E-03 Tot Time

10.64512 P3
55009.47 F3
58.94027 Tot Imp
120.9049 Spec Imp



Propane/O2

Phi

O/IF

Unburned Gas

P1 (atm)
T1 (deg K)
H1 (callg)
M1 (kg/kmol)
Gammal

Sonic Vell  (m/sec)
Burned Gas

P2 (atm)
T2 (deg K)
H2 (J/kg)
M2 (kg/kmol)
Rho2 (kg/m”3)
Gamma2(SF)
Gammaz2(S)

Sonic Vel2  (m/sec)

Detonation Parameters

P2/P1
T2/T1
M2/M1
Rho2/Rhol
Mach #
Det Vel (m/sec)
Det Time (sec)
Raref Time (sec)
Tot Time (sec)
P3 (atm)
F3 (N)
Tot Imp (N-sec)
Spec Imp (sec)
Ethane/0Q2
Phi
O/F

Unburned Gas

P1 (atm)
Tl (deg K)
H1 (callg)
M1 (kg/kmol)
Gammal

Sonic Vell  (m/sec)
Burned Gas

P2 (atm)
T2 (deg K)
H2 (I/kg)
M2 (kg/kmol)
Rho2 (kg/m”3)
Gamma2(SF)
Gammaz2(S)

Sonic Vel2  (m/sec)

Detonation Parameters

P2/P1

T2/T1

M2/M1

Rho2/Rhol

Mach #

Det Vel (m/sec)
Det Time (sec)
Raref Time (sec)
Tot Time (sec)
P3 (atm)
=) (N)
Tot Imp (N-sec)
Spec Imp (sec)

1.38E+06

4.5353 4.0313

300
-101.16
33.668
1.3055
311

300
-111.33
33.844
1.2984
309.3

32.58
3748

34.362
3794
1.42E+06
23.127
255
1.2251
1.1333
12433

23.961

254
1.2242
1.1323
1213.4

32.58
12.49333
0.711685

1.8561
7.242
2252.3
4.44E-04
8.24E-04
1.27E-03

34.362
12.64667
0.683341

1.8567

7.4625

2308.4
4.33E-04
8.04E-04
1.24E-03

10.82418
55934.75
70.93204
103.6027

11.39688
58894.23
72.88229

106.068

4.6556

300
-117.31
31.64
1.3274
323.5

30.938
3726
1.32E+06
23.565
2.38
1.223
1.1316
1219.7

30.938
12.421
0.7448
1.8552
6.9948
2262.7
4.42E-04
8.20E-04
1.26E-03

10.3077
53265.79
67.21203
104.7181

1

3.6282

300
-121.07
34.015
1.2918
307.8

36.04
3828
1.47E+06
22.365
2.57
1.2262
1.1345
1270.7

36.04
12.76
0.6575
1.857
7.6666
2359.6
4.24E-04
7.87E-04
1.21E-03

11.93403
61669.99
74.66808
107.8387

3.7245

300
-140.51
31.57
1.3169
322.6

33.844
3802

1.41E+06

21.942

2.38
1.2248
1.1336
1277.9

33.844
12.673

0.695
1.8561
7.3535
2371.9

4.22E-04
7.83E-04
1.20E-03

11.2378
58072.17
69.92684
109.0007

L1

3.2954

1 1
300
-130.39
34.18
1.2857
306.3

37.612
3851
1.51E+06
21.663
258
1.2275
1.1359
1295.7

37.612
12.83667
0.633792

1.857

7.8553

2406.1
4.16E-04
7.72E-04
1.19E-03

12.43481
64257.81
76.29934
109.7675

12

3.1037

300
-161.83
31.506
1.3079
321.8

36.302
3832
1.47E+06
20.571
2.38
1.2274
1.1363
1326.6

36.302
12.772
0.6529
1.8558
7.6507
2461.8
4.06E-04
7.54E-04
1.16E-03

12.02381
62133.92
72.07619
112.3329

12

3.0235

1
300
-139.32
3434
1.28
304.9

39.073
3863
1.54E+06
21.015
2.59
1.2289
1.1374
1318.6

39.073
12.87667
0.611969

1.8567

8.029

2448.2
4.08E-04
7.58E-04
1.17E-03

12.90253
66674.77
77.79901
111.4748

14

2.6603

1

300
-181.48
31.448
13
321.1

38.266
3817
1.51E+06
19.387
2.37
1.2305
1.1403
1366.2

38.266
12.724
0.6165
1.8541
7.8885
2533.1
3.95E-04
7.32E-04
1.13E-03

12.65649
65403.39
73.69199
115.2301

13

2.7909

1

300
-147.89
34.495
1.2747
303.6

40.412
3865
1.57E+06
20.41

26
1.2305
1.1392
1339.2

40.412
12.88333
0.59168
1.8561
8.1874
2485.7
4.02E-04
7.47E-04
1.15E-03

13.33008
68884.17
79.14899
112.9365

16

2.378

1

300
-199.65
31.394
1.2931
320.5

39.638
3756
1.53E+06
18.345
2.36
1.2345
1.1466
1397.1

39.638
12,519
0.5843
1.8501
8.064
2584.8
3.87E-04
7.16E-04
1.10E-03

13.12155
67806.58
74.76662
117.1526

79

2.5916 2.4188

1 1
300 300
15612  -164.04
34645  34.791
12698  1.2652
3024 3012

41.615
3855
1.60E+06
19.845
261
1.2323
1.1414
1357.8

42.663
3833
1.61E+06
19.313
2.62
1.2342
1.1442
1374.2

41.615
12.85
0.57281
1.855
8.3302
2518.7
3.97E-04
7.36E-04
1.13E-03

42.663
12.77667
0.555115

1.8535

8.4566

2546.9
3.93E-04
7.28E-04
1.12E-03

12

13.71929
70895.47
80.36112

114.159

14.06498
72681.83
81.42766
115.1394

14
74
82
11!

18 2

2.0692 1.8622

1

300
-232.2
31.297
1.2816
319.6

300
-216.51
31.334
1.287
320

40.332
3647
1.51E+06
17.414
2.35
1.2393
1.1565
1419.1

40.336
3496
1.45E+06
16.58
2.33
1.245
1.17
1432.2

40.332
12.157
0.5556
1.8432
8.1733
2615.7
3.82E-04
7.05E-04
1.09E-03

40.336
11.654
0.5297
1.8336
8.217
2626.1
3.81E-04
6.98E-04
1.08E-03

13.40466  13.4974
69269.58 69748.81
75.29456 75.26032

118.04 118.3792

-171.64

1.62E+06

0.538503
1.8512 1.

8.

2588.4
3.86E-04
7.14E-04
1.10E-03

3.89E-04
7.20E-04
1.11E-03

18 i1

2.2676

1
300

34.932
1.2609
300.1

43.54
3800

18.811

2.63
Jan-00
1.1478
1388.4

43.54
.66667

8.5658
2570.2

.36209
217.18
.33122
5.8305

22

1.6929

1

300
-246.82
31.254
1.2767
319.2

39.705
3312
1.36E+06
15.829
2.31
1.2516
1.1865
1436.6

39.705
11.039
0.5065
1.8216
8.1983
2616.9
3.82E-04
6.96E-04
1.08E-03

13.41079
69301.27
74.72198
117.7742

2.

-178.96
35.069
1.

44.23

1.62E+06
18.335

1.
1.
1400.4

44.23
1251333
0.522826

14.60857
75490.91 76509.55
83.07176 83.66259
116.6893 116.8334

1432

1
300

2568
299

3754

2.63
2386
1522

8483
6571

24

1.5519

1

300
-260.49
31.214
1.2723
318.9

38.514
3102
1.24E+06
15.151
2.29
1.2591
1.2058
1432.8

38.514
10.341
0.4854
1.8077
8.1231
2590.1
3.86E-04
6.98E-04
1.08E-03

13.15476
67978.18
73.68968
116.2675

2.0157

300
-186.02
35.201
1.253
298

44724
3696
1.61E+06
17.884
2.64
1.2412
1.1576
1410.3

44.724
12.32
0.508054
1.8445
8.73
2601.3
3.84E-04
7.09E-04
1.09E-03

14.8057

Propane/O2

19 2 phi

1.9096  1.8141 O/F

Unburned Gas

1 1
300
-192.81
35.33
1.2494
297

1P1

300 T1

-199.37 H1

35.455 M1
1.246 Gammal
296.1 Sonic Vell

Burned Gas

45.017
3626
1.59E+06
17.455
2.64
1.244
1.1639
1417.9

45.116 P2
3547 T2
1.56E+06 H2
17.048 M2
2.64 Rho2
1.247 Gamma2(SF)
1.1711 Gammaz2(S)
1423.2 Sonic Vel2

Detonation Parameters

45.017
12.08667
0.494056

1.8401

8.7846

2609
3.83E-04
7.05E-04
1.09E-03

45.116 P2/P1
11.82333 T2/T1
0.480835 M2/M1

1.835 RHO2/RHO1
8.821 Mach #

2611.6 Det Vel
3.83E-04 Det Time
7.03E-04 Raref Time
1.09E-03 Tot Time

14.94698 15.0334 P3
77239.65 77686.23 F3
84.07976 84.33221 Tot Imp
117.1358 117.1619 Spec Imp

Ethane/Q2

26  Phi
1.4325 OIF
Unburned Gas

1P1
300 T1
-273.29 H1
31.177 M1
1.2684 Gammal
318.6 Sonic Vell

Burned Gas

36.824 P2
2874 T2
1.09E+06 H2
14.536 M2
2.27 Rho2
1.2676 Gamma2(SF)
1.228 Gamma2(S)
1420.8 Sonic Vel2

Detonation Parameters

36.824 P2/P1
9.58 T2/T1
0.4662 M2/M1
1.7922 Rho2/Rhol
7.9935 Mach #
2546.3 Det Vel
3.93E-04 Det Time
7.04E-04 Raref Time
1.10E-03 Tot Time

12.73949 P3
65832.28 F3
72.18875 Tot Imp
113.9176 Spec Imp

(atm)
(deg K)
(callg)
(kg/kmol)

(m/sec)

(atm)
(deg K)
(J/kg)
(kg/kmol)
(kg/m"3)

(m/sec)

(m/sec)
(sec)
(sec)
(sec)

(atm)
(N)
(N-sec)
(sec)



Butane(C4H10)/Q2

Bhi
O/F

Unburned Gas

Pl (atm)
T1 (degK)
H1 (callg)
M1 (kg/kmol)
Gammal

Sonic Vell  (m/sec)
Burned Gas

P2 (atm)
T2 (deg K)
H2 (J/kg)
M2 (kg/kmol)
Rho2 (kg/m"3)
Gamma2(SF)
Gamma2(S)

Sonic Vel2  (m/sec)

Detonation Parameters

P2/P1

T2/T1

M2/M1

Rho2/Rhol

Mach #

Det Vel (m/sec)
Det Time (sec)
Raref Time¢ (sec)
Tot Time (sec)
28] (atm)
F3 (N)
Tot Imp (N-sec)
Spec Imp (sec)

Ethylene/O2

Bhi
OlF

Unburned Gas

P1 (atm)
T1 (deg K)
H1 (callg)
M1 (kg/kmol)
Gammal

Sonic Vell ~ (m/sec)
Burned Gas

P2 (atm)
T2 (deg K)
H2 (J/kg)
M2 (kg/kmol)
Rho2 (kg/m"3)
Gamma2(SF)
Gamma2(S)

Sonic Vel2  (m/sec)

Detonation Parameters

P2/P1

T2/T1

M2/M1

Rho2/Rhol

Mach #

Det Vel (m/sec)
Det Time (sec)
Raref Time (sec)
Tot Time (sec)
P3 (atm)
F3 (N)
Tot Imp (N-sec)
Spec Imp (sec)

2.17E+06

4.473

1

300
-93.97
34.862
1.2903
303.8

33.534
3759
1.40E+06
24.184
2.63
1.2248
1.1326
1209.8

33.534
12.53
0.693707
1.8566
7.3928
2246.2
4.45E-04
8.27E-04
1.27E-03

11.12614
57495.16
73.12115
103.1731

08

4.2773

1

300
84.82
31.168
1.3474
328.4

30.536
3846

24.229

2.34
1.2352
1.1359
1224.4

30.536
12.82
0.777368
1.8515
6.9038
2267.1
4.41E-04
8.17E-04
1.26E-03

10.07979
52088.06
65.51734
103.6155

3.802

93.18
31.089
1.

328.3

31.95

2.30E+06
23.403

1.
1.
1254.8

31.95
12.99
0.752774
1.

7.
2323.5
4.30E-04
7.97E-04
1.23E-03

10.52091

54367.6
66.72672
105.

3.5784

1

300
-112.42
35.482
1.2745
299.3

37.341
3842
1.49E+06
22.604
2.68
1.227
1.135
1266.5

37.341
12.80667
0.637055

1.8575

7.8593

2352.5
4.25E-04
7.90E-04
1.21E-03

12.34411
63789.09
77.48189
107.3384

09 1

300

3435

3897

2.34
2372
1374

8517
0772

5396

3.4218

300
101.15
31.013
1.3398

3283

33.265
3937
2.42E+06
22.651
2.33
1.2392
1.139
1282.9

33.265
13.12333
0.730371

1.8515

7.2361

2375.4
4.21E-04
7.79E-04
1.20E-03

10.93018
56482.5
67.8053

107.6942

12

2.982

1

300
-129.31
36.07
1.2611
295.3

40.746
3881
1.57E+06
21.266
272
1.2297
1.138
1314

40.746
12.93667
0.589576

1.8572

8.2636

2440.3
4.10E-04
7.61E-04
1.17E-03

13.43355
69418.9

81.27709
110.9223

1

1

3.1107

300
108.78
30.94
1.3364
328.2

34.486
3967
2.53E+06
21.963
2.33
1.2413
1.1407
1308.8

34.486
13.22333
0.709858

1.8512

7.3819

2423
4.13E-04
7.64E-04
1.18E-03

11.30811
58435.49
68.76514

109.201

14

2.556

1

300
-144.85
36.629
1.2495
291.7

43.67
3875
1.63E+06
20.104
276
1.2331
11421
1352.9

43.67
12.91667
0.548855

1.8555
8.6061
2510.4
3.98E-04
7.39E-04
1.14E-03

14.37193
74268.02
84.47956
113.5179

12

2.8515

300
116.07
30.872
1.3332

328.2

35.614
3989
2.64E+06
21.33
2.32
1.2434
1.1424
1332.7

35.614
13.29667
0.690917

1.8508

7.5154

2466.6
4.05E-04
7.50E-04
1.16E-03

11.65744
60240.72
69.62458
111.0184

16

2.2365

1

300
-159.19
37.159
1.2394
288.4

45971
3823
1.66E+06
19.075
2.8
1.2372
1.1485
1383.4

45971
12.74333
0.513335

1.8518

8.8815

2561.7
3.90E-04
7.23E-04
1.11E-03

15.13683
78220.73
87.07708
115.1067

13

2.6322

1

300
123.06
30.806
1.3302
328.2

36.65
4002
2.74E+06
20.745
2.32
1.2455
1.1442
1354.7

36.65
13.34
0.673408
1.8501
7.6372
2506.4
3.99E-04
7.38E-04
1.14E-03

11.97868
61900.73
70.39038

112.197

80

18

1.988

1

300
-172.46
37.665
1.2305
285.5

47.494
3721
1.65E+06
18.15
2.82
1.2422
1.1583
1405.3

47.494
12.40333
0.48188
1.8451
9.0824
2592.7
3.86E-04
7.12E-04
1.10E-03

15.69506

81105.4
88.99616
116.3866

2.4442

300
129.75
30.744
1.3274

328.2

37.589
4007
2.83E+06
20.201
231
1.2476
1.1462
1374.8

37.589
13.35667
0.657071

1.8492

7.7474

2542.4
3.93E-04
7.27E-04
1.12E-03

12.27049

63408.7
71.06261
113.7035

2 22 24 26  Phi
1.7892  1.6265 1.491 1.3763 O/IF
Unburned Gas
1 1 1 1P1 (atm)
300 300 300 300 T1 (deg K)

-184.79 -196.25 -206.96 -216.96 H1 (cal/g)

38.146  38.605 39.044  39.463 M1 (kg/kmol)

1.2227  1.2157  1.2093 1.2037 Gammal

282.8 280.3 278 275.8 Sonic Vell (m/sec)
Burned Gas

48.165  48.018  47.123  45.537 P2 (atm)

3573 3387 3174 2939 T2 (deg K)

1.61E+06 1.53E+06 1.42E+06 1.28E+06 H2 (J/kg)

17.314  16.556  15.868 15.241 M2 (kg/kmol)

2.84 2.86 2.87 2.88 Rho2 (kg/m”3)
1.248 1.2548 1.2625 1.2712 Gamma2(SF)
11719 1.1885  1.2079 1.2302 Gammaz2(S)
1418 14219 14173 1404.5 Sonic Vel2 (m/sec)
Detonation Parameters
48.165  48.018  47.123  45.537 P2/P1
11.91 11.29 10.58 9.796667 T2/T1
0.453888 0.428856 0.406413 0.38621 M2/M1

1.8356  1.8239  1.8103 1.795 Rho2/Rhol

9.2054  9.2533  9.2306  9.1401 Mach #

2602.8  2593.3  2565.7 2521 Det Vel (m/sec)
3.84E-04 3.86E-04 3.90E-04 3.97E-04 Det Time (sec)
7.05E-04 7.03E-04 7.06E-04 7.12E-04 Raref Time (sec)
1.09E-03 1.09E-03 1.10E-03 1.11E-03 Tot Time (sec)
16.01953 16.11043 15.97784 15.63115 P3 (atm)
82782.14 83251.87 82566.71 80775.15 F3 (N)
90.18454 90.65242 90.4373 89.5526 Tot Imp (N-sec)
116.5072 115.5514 114.019 111.5606 Spec Imp (sec)

Ethylene/O2
15 16 17 18 19 2 Bhi
2.2812 2.1386 2.0128 1.901 1.801 1.7109 O/F
Unburned Gas
1 1 1 1 1 1Pl
300 300 300 300 300 300 T1
136.18 142.34 148.27 153.97 159.46 164.74 H1
30.684 30.627 30.572 30.52 30.469 30.421 M1
1.3248 1.3223 1.3199 1.3177 1.3156 1.3136 Gammal
328.2 328.2 328.2 328.2 328.2 328.2 Sonic Vell
Burned Gas
38.427 39.159 39.781 40.287 40.676 40.949 P2
4004 3992 3973 3945 3909 3866 T2
2.91E+06 2.99E+06 3.06E+06 3.12E+06 3.17E+06 3.22E+06 H2
19.695 19.221 18.776 18.358 17.963 17.591 Rho2
23 2.3 2.29 2.28 2.28 2.27 M2
1.2497 1.252 1.2542 1.2566 1.259 1.2615 Gamma2(SF)
1.1484 1.1508  1.1537 1157  1.1609  1.1652 Gamma2(S)
1393.7 1409.8 1424.6 1437.8 1449.3 1459.2 Sonic Vel2
Detonation Parameters
38.427 39.159 39.781 40.287 40.676 40.949 P2/P1
13.34667 13.30667 13.24333 13.15 13.03 12.88667 T2/T1
0.641865 0.627584 0.614157 0.601507 0.58955 0.578252 M2/M1
1.8481 1.8467 1.845  1.8428  1.8403  1.8373 RHO2/RHO1
7.8462 7.9335 8.0095 8.074 8.127 8.1689 Mach #
2574.8 2603.5 2628.46 2649.6 2667.1 2681 Det Vel
3.88E-04 3.84E-04 3.80E-04 3.77E-04 3.75E-04 3.73E-04 Det Time
7.18E-04 7.09E-04 7.02E-04 6.96E-04 6.90E-04 6.85E-04 Raref Time
1.11E-03 1.09E-03 1.08E-03 1.07E-03 1.06E-03 1.06E-03 Tot Time
12.54563 12.76389 12.96396 13.13383 13.27171 13.37844 P3
64830.47 65958.33 66992.25 67870.07 68582.58 69134.1 F3
71.69564 72.12008 72.51257 72.81932 73.03547 73.16476 TotImp
115.1466 115.7406 116.771 117.6389 117.828 118.3633 Spec Imp



F(N)

Head Wall Pressure

P3 (atm)
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Detonation Velocity
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Pressure Following Wave
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I(t) (N-s)

I(sp) (sec)
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APPENDI X B:

MASS FLOW RATE TABLES

Gas O2
o 1.393
R 259.83 J/kg-K
K 0.042405619 fsec-K"“/m
G 1
Jc 1
Ti=(K) 285 |deg-K
Mass Flow Rate (mdot)(kg/sec)
2 0.001 0.002 0.003 0.004 0.005 0.003968
A 7.85398E-07 3.14159E-06 7.06858E-06 1.25664E-05 1.9635E-05 1.23661E-05
Upstream Pressure(p:)
(psia) (kPa)
45 310.264065 0.0006121 0.0024484 0.005508899 0.009793599 0.015302499 0.009637528
55 379.211635 0.000748122 0.002992489 0.006733099 0.011969954 0.018703054 0.011779201
65 448.159205 0.000884144 0.003536577 0.007957299 0.01414631 0.022103609 0.013920874
75 517.106775 0.001020167 0.004080666 0.009181499 0.016322665 0.025504164 0.016062547
85 586.054345 0.001156189 0.004624755 0.010405699 0.01849902 0.028904719 0.01820422
95 655.001915 0.001292211 0.005168844 0.011629899 0.020675376 0.032305275 0.020345893
105 723.949485 0.001428233 0.005712933 0.012854099 0.022851731 0.03570583 0.022487566
115 792.897055 0.001564255 0.006257022 0.014078299 0.025028086 0.039106385 0.024629239
125 861.844625 0.001700278 0.00680111 0.015302499 0.027204442 0.04250694 0.026770912
135 930.792195 0.0018363 0.007345199 0.016526698 0.029380797 0.045907496 0.028912585
145 999.739765 0.001972322 0.007889288 0.017750898 0.031557152 0.049308051 0.031054258
155 1068.687335 0.002108344 0.008433377 0.018975098 0.033733508 0.052708606 0.033195931
165 1137.634905 0.002244366 0.008977466 0.020199298 0.035909863 0.056109161 0.035337604
175 1206.582475 0.002380389 0.009521555 0.021423498 0.038086219 0.059509716 0.037479277
185 1275.530045 0.002516411 0.010065643 0.022647698 0.040262574 0.062910272 0.039620949
195 1344.477615 0.002652433 0.010609732 0.023871898 0.042438929 0.066310827 0.041762622
205 1413.425185 0.002788455 0.011153821 0.025096098 0.044615285 0.069711382 0.043904295
215 1482.372755 0.002924477 0.01169791 0.026320297 0.04679164 0.073111937 0.046045968
300 2068.4271 0.004080666 0.016322665 0.036725996 0.06529066 0.102016657 0.064250188
400 2757.9028 0.005440888 0.021763553 0.048967995 0.087054214 0.136022209 0.085666918
500 3447.3785 0.00680111 0.027204442 0.061209994 0.108817767 0.170027761 0.107083647
O,
Upstream Pressure vs. Mass Flow Rate
0.08
N
0.06
S o~ ——d=0.001
2 0.05 ~s d=0.002
~ _
=< 0.04 / d=0.003
-
o =
S 0.03 — d=0.004
£ ! ~ d=0.005
0.02 7
0.01 - ,_Wﬂ'ﬁ‘ﬂi—
. A A
4 —0—0—0—0—0¢ 90—
0.00 1
0 500 1000 1500 2000
P; (kPa)
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4.10433E-04

Gas Air
9 1.
R 2891/kg-K
K 0.040278321fsec-K'"*/im
G
9
Te=(K) 294deg-K
Mass Flow Rate (mdot)(kg/sec)

d2 0.001 0.002 0.003 0.004 0.005

A2 7.85398E-07 3.14159E-06 7.06858E-06 1.25664E-05 1.9635E-05)
Upstream Pressure(py)
(psia) (kPa)
45 310.264065 0.000574383 0.00229753 0.005169444 0.009190122 0.014359566
55 379.211635 0.000702023 0.002808093 0.006318209 0.011232371 0.01755058
65 448.159205 0.000829664 0.003318655 0.007466974 0.013274621 0.020741595
75 517.106775 0.000957304 0.003829217 0.008615739 0.01531687 0.023932609
85 586.054345 0.001084945 0.00433978 0.009764505 0.017359119 0.027123624
95 655.001915 0.001212586 0.004850342 0.01091327 0.019401369 0.030314638
105 723.949485 0.001340226 0.005360904 0.012062035 0.021443618 0.033505653
115 792.897055 0.001467867 0.005871467 0.0132108 0.023485867 0.036696668
125 861.844625 0.001595507 0.006382029 0.014359566 0.025528117 0.039887682
135 930.792195 0.001723148 0.006892591 0.015508331 0.027570366 0.043078697
145 999.739765 0.001850788 0.007403154 0.016657096 0.029612615 0.046269711
155 1068.687335 0.001978429 0.007913716 0.017805861 0.031654865 0.049460726
165 1137.634905 0.00210607 0.008424278 0.018954627 0.033697114 0.05265174
175 1206.582475 0.00223371 0.008934841 0.020103392 0.035739363 0.055842755
185 1275.530045 0.002361351 0.009445403 0.021252157 0.037781613 0.05903377
195 1344.477615 0.002488991 0.009955965 0.022400922 0.039823862 0.062224784
205 1413.425185 0.002616632 0.010466528 0.023549688 0.041866111 0.065415799
215 1482.372755 0.002744273 0.01097709 0.024698453 0.04390836 0.068606813
300 2068.4271 0.003829217 0.01531687 0.034462957 0.06126748 0.095730437
400 2757.9028 0.005105623 0.020422493 0.04595061 0.081689973 0.127640583
500 3447.3785 0.006382029 0.025528117 0.057438262 0.102112466 0.159550728
560 3861.06392 0.007147873 0.028591491 0.064330854 0.114365962 0.178696816
150 1034.21355 0.001914609 0.007658435 0.017231479 0.03063374 0.047865219
674 4647.066218 0.008602975 0.034411901 0.077426778 0.137647604 0.215074382
300 2068.4271 0.003829217 0.01531687 0.034462957 0.06126748 0.095730437
366 2523.481062 0.004671645 0.018686581 0.042044808 0.074746325 0.116791133
800 5515.8056 0.010211247 0.040844986 0.09190122 0.163379946 0.255281166

mdot (kg/sec)

AIR

Upstream Pressure vs. Mass Flow Rate
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Gas N2
g 1.4
R 296.8IJ/kg-K
12
K 0.039745534fsec-K™ /m
G 1
dc 1
T=(K) 285]deg-K
Mass Flow Rate (mdot)(kg/sec)

d> 0.001 0.002 0.003 0.004 0.005]

Az 7.85398E-07 3.14159E-06 7.06858E-06 1.25664E-05 1.9635E-05
Upstream Pressure(p)
(psia) (kPa)
45 310.264065 0.000573703 0.002294813 0.005163329 0.009179251 0.01434258
55 379.211635 0.000701193 0.002804771 0.006310735 0.011219085 0.01752982
65 448.159205 0.000828682 0.00331473 0.007458141 0.013258918 0.020717059
75 517.106775 0.000956172 0.003824688 0.008605548 0.015298752 0.023904299
85 586.054345 0.001083662 0.004334646 0.009752954 0.017338585 0.027091539
95 655.001915 0.001211151 0.004844605 0.010900361 0.019378419 0.030278779
105 723.949485 0.001338641 0.005354563 0.012047767 0.021418252 0.033466019
115 792.897055 0.00146613 0.005864521 0.013195173 0.023458086 0.036653259
125 861.844625 0.00159362 0.00637448 0.01434258 0.025497919 0.039840499
135 930.792195 0.00172111 0.006884438 0.015489986 0.027537753 0.043027739
145 999.739765 0.001848599 0.007394397 0.016637392 0.029577586 0.046214979
155 1068.687335 0.001976089 0.007904355 0.017784799 0.03161742 0.049402219
165 1137.634905 0.002103578 0.008414313 0.018932205 0.033657254 0.052589459
175 1206.582475 0.002231068 0.008924272 0.020079611 0.035697087 0.055776699
185 1275.530045 0.002358558 0.00943423 0.021227018 0.037736921 0.058963938
195 1344.477615 0.002486047 0.009944189 0.022374424 0.039776754 0.062151178
205 1413.425185 0.002613537 0.010454147 0.023521831 0.041816588 0.065338418
215 1482.372755 0.002741026 0.010964105 0.024669237 0.043856421 0.068525658
300 2068.4271 0.003824688 0.015298752 0.034422191 0.061195006 0.095617198
400 2757.9028 0.005099584 0.020398335 0.045896255 0.081593342 0.127489597
500 3447.3785 0.00637448 0.025497919 0.057370319 0.101991677 0.159361996

N>

mdot (kg/sec)

0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01
0.00

Upstream Pressure vs. Mass Flow Rate
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Gas Ethylene(C2H4
o 1.237
R 296.37, J/kg-KUZ
K 0.038083302fsec-K “/m
C 1
¢ 1
T=(K) 285]deg-K
Mass Flow Rate (mdot)(kg/sec)
d2 0.001 0.002 0.003 0.004 0.005
A2 7.85398E-07 3.14159E-06 7.06858E-06 1.25664E-05 1.9635E-05
Upstream Pressure(p)
(psia) (kPa)
45 310.264065 0.00054971 0.002198839 0.004947389 0.008795358 0.013742746
55 379.211635 0.000671868 0.00268747 0.006046808 0.010749882 0.01679669
65 448.159205 0.000794025 0.003176101 0.007146228 0.012704406 0.019850634
75 517.106775 0.000916183 0.003664732 0.008245648 0.01465893 0.022904577
85 586.054345 0.001038341 0.004153363 0.009345068 0.016613453 0.025958521
95 655.001915 0.001160499 0.004641994 0.010444487 0.018567977 0.029012465
105 723.949485 0.001282656 0.005130625 0.011543907 0.020522501 0.032066408
115 792.897055 0.001404814 0.005619256 0.012643327 0.022477025 0.035120352
125 861.844625 0.001526972 0.006107887 0.013742746 0.024431549 0.038174296
135 930.792195 0.00164913 0.006596518 0.014842166 0.026386073 0.041228239
145 999.739765 0.001771287 0.007085149 0.015941586 0.028340597 0.044282183
155 1068.687335 0.001893445 0.00757378 0.017041006 0.030295121 0.047336127
165 1137.634905 0.002015603 0.008062411 0.018140425 0.032249645 0.05039007
175 1206.582475 0.002137761 0.008551042 0.019239845 0.034204169 0.053444014
185 1275.530045 0.002259918 0.009039673 0.020339265 0.036158693 0.056497957
195 1344.477615 0.002382076 0.009528304 0.021438684 0.038113217 0.059551901
205 1413.425185 0.002504234 0.010016935 0.022538104 0.040067741 0.062605845
215 1482.372755 0.002626392 0.010505566 0.023637524 0.042022265 0.065659788
300 2068.4271 0.003664732 0.01465893 0.032982591 0.058635718 0.091618309
400 2757.9028 0.00488631 0.019545239 0.043976789 0.078180957 0.122157746
500 3447.3785 0.006107887 0.024431549 0.054970986 0.097726197 0.152697182
CoH4
Upstream Pressure vs. Mass Flow Rate
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Gas, Short Tube

Run; Comments
8 Phi variation
4 Phi variation
5) Phi variation
6 Phi variation
7 Phi variation
8 Problem loading
9 Freq variation
10 Freq variation
11 Freq variation
12 High purge, freq
13 Timing variation
14 Timing variation
15 Higher purge

Gas, Med Tube

Run;

14

16
17

19

16
17

886k

comments

Phi, spark variation
Phi, spark variation
Phi, spark variation
Phi, spark variation
Phi, spark variation
Phi, spark variation
Phi, spark variation

*

=3

* Add for 16_R14-20
** ReRun of 16_R5

Phi variation
Phi variation
Phi variation
Phi variation
Phi variation
Phi variation

APPENDI X C:

RUN DATA

Sensors=0.9791"=24.87mm

Pressures ﬁm_'"ﬂ

Oz Euel.  Purge(set:] OFE i O2Fil:  FuelFil.  Delay Spark: Ereq:
156 162 20 341 1 20 20 0 21 20
156 180 20 3.07 11 20 20 0 21 20
156 194 20 287 12 20 20 0 21 20
156 214 20 263 13 20 20 0 21 20
156 229 20 245 14 20 20 0 21 20
156 229 18 245 14 20 20 0 21 20
156 214 20 264 13 20 20 0 21 10
156 214 20 2.64 13 20 20 0 21 20
156 214 20 264 13 20 20 0 21 30
156 214 45 264 13 20 20 0 21 30
156 214 20 2.64 13 15 15 0 16 30
156 214 20 264 13 10 10 0 11 30
156 214 30 264 13 10 10 0 11 30

e ——

LONG TUBE

MED TUBEl Sensors=0.9760"=24.79mm

SHORT TUBE

—

-
Pressures Timin |

Oy . QIE: =g O, Fill: Euel Fill: Eﬁ ii; EBQEIIS .
174 181 20 3.34 1 40 40 0 41 10
174 202 20 3.01 1.1 40 40 0 41 10
174 202 20 3.01 1.1 45 45 0 46 10
174 215 20 2.86 1.2 45 45 0 46 10
174 233 20 2.64 1.3 45 45 0 46 10
174 253 20 2.45 1.4 45 45 0 46 10
174 233 20 2.68 1.3 45 45 0 45 10
175 180 20 3.36 1 45 45 0 46 10
156 232 20 2.44 1.4 10 10 0 11 5
156 160 20 3.42 1 45 45 0 46 10
156 179 20 31 1.1 45 45 0 46 10
156 195 20 2.86 1.2 45 45 0 46 10
156 213 20 2.61 1.3 45 45 0 46 10
156 228 20 2.45 1.4 45 45 0 46 10
156 256 20 2.24 1.53 45 45 0 46 10
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Gas, Long Tube

p——
LONG TUBE

MED TUBE

SHORT TUBE
———

Sensors=0.9516"=24.17mm

Pressures Timin
Run: Comments O;: Euel:  Purge(set:] QIE: = O, Fil.  FuelFil.  Delay Spark; Ereq:
1 Exploratory 119 128 134 3.35 1.02 40 40 0 41 10
2 Exploratory 115 130 202 2.29 15 40 40 0 41 10
3 Exploratory 115 130 202 2.29 1.5 60 60 0 60 10
4 Exploratory ? ? ? ? ? ? ? 0 ? ?
1 Purge variation 174 255 10 2.45 1.4 100 100 0 101 5
2 Purge variation 174 255 20 2.45 1.4 100 100 0 101 5
8 Purge variation 174 255 30 2.45 1.4 100 100 0 101 5
4 Purge variation 174 255 40 2.45 1.4 100 100 0 101 5
5 Purge variation 172 254 50 2.46 1.39 100 100 0 101 5
6 Partial fill series 175 254 20 2.46 1.39 0 90 0 91 5
7 Partial fill series 175 254 20 2.46 1.39 80 80 0 81 5
8 Partial fill series 175 254 20 2.46 1.39 70 70 0 71 5
9 Partial fill series 175 254 20 2.46 1.39 60 60 0 61 5|
10 Partial fill series 175 254 20 2.46 1.39 50 50 0 51 5
11 Higher freq, purge 174 239 40 ? ? 50 50 0 51 10
12 Higher freq, purge 174 239 40 ? ? 50 50 0 51 10
3 Part Fill Threshold* ? ? ? ? ? ? ? 0 ? ?
4 Part Fill Threshold* 174 256 50 2.45 1.4 20 20 0 21 20
5] Part Fill Threshold* 174 259 50 2.43 1.4 22 22 0 23 20
6 Part Fill Threshold* 174 261 50 ? ? 24 24 0 25 20
7 Part Fill Threshold* 174 255 50 2.49 1.37 26 26 0 27 20
8 Part Fill Threshold* 173 256 50 2.47 1.39 25 25 0 26 20
*Frequency=20Hz
1 Partial fill series 174 257 20(26) 2.44 1.4 50 50 0 51 5
2 Partial fill series 174 257 20(26) 2.44 1.4 40 40 0 41 5
6 Partial fill series 174 257 20(26) 2.44 1.4 30 30 0 31 5
4 Partial fill series 174 257 20(26) 2.44 1.4 20 20 0 21 5
5 Partial fill series 174 257 20(26) 2.44 1.4 10 10 0 11 5
6 Phi variation 174 239 20(26) 2.62 1.3 70 70 0 71 5]
7 Phi variation 174 215 20(26) 2.87 1.2 70 70 0 71 5
8 Phi variation 174 197 20(26) 3.11 1.1 70 70 0 71 5
9 Phi variation 174 179 20(26) 34 1 70 70 0 71 5|
10 No purge 174 180 0 3.38 1 70 70 0 71 2
1 No purge 174 180 0 3.36 1 100 70 30 101 2
12* AlternateWav1,2** 174 235 20 2.63 1.3 70 70 0 71 5
13** AlternateWav1,2** 174 181 20 3.41 1 70 70 0 71 5|
Gas, Short Tube 2 LONG TUBE
MED TUBE ] Sensors=1.0309"=26.185mm
SHORT TUBE
———
—
Pressures Timin
Run: Layout Saved? (&5 Fuel:  Purge(set): Q/E: s Q. Fill: Euel Fill: Delay Spark: Ereq:
1 Phi variation 157 162 20 3.42 1 20 20 0 21 20
2 Phi variation 157 178 20 3.11 1.1 20 20 0 21 20
3 Phi variation 157 197 20 2.85 1.2 20 20 0 21 20
4 Phi variation 157 211 20 2.63 1.3 20 20 0 21 20
5 Phi variation 157 231 20 2.44 1.4 20 20 0 21 20
6 Freq variation 157 211 20 2.63 1.3 20 20 0 21 10
7 Freq variation 157 211 20 2.63 1.3 20 20 0 21 20
8 Freq,purge variation 157 211 30 2.63 1.3 20 20 0 21 30
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P
Gas, Med Tube 2 LONG TUBE
MED TUBEl Sensors=1.079"=27.40mm
SHORT TUBE
I
Pressures Timin
Run:  Layout Saved? 0, Euel  Purge(set:] QIF " O Fill:  FuelFil.  Delay Spark Ereq:
i Did not do 157 162 20 3.42 1 20 20 0 21 20
10* Did not do 157 178 20 3.11 11 20 20 0 21 20
11* Did not do 157 197 20 2.85 1.2 20 20 0 21 20
12 Misc 157 211 20 2.63 1.3 20 20 0 21 20
13 Misc 157 231 20 2.44 14 20 20 0 21 20
14* Did not do 157 211 20 2.63 1.3 20 20 0 21 10
15* Did not do 157 211 20 2.63 1.3 20 20 0 21 20
16* Did not do 157 211 30 2.63 13 20 20 0 21 30
17 Misc 157 234 40 2.43 1.4 40 40 0 41 10
*DND
1 Phi variation 156 162 40 3.42 1 40 40 0 41 20
2 Phi variation 156 180 40 3.09 11 40 40 0 41 20
3 Phi variation 156 180 40 3.09 11 30 30 0 31 20
4 Phi variation 155 198 40 2.84 1.2 30 30 0 31 20
5 Phi variation 156 216 40 2.61 1.3 30 30 0 31 20
6 Phi variation 156 231 40 2.44 1.4 30 30 0 31 20
7 Freq, purge variation 156 213 40 2.64 1.3 30 30 0 31 10
8 Freq, purge variation 156 213 40 2.64 13 30 30 0 31 20
9 Freq, purge variation 156 213 50 2.64 1.3 20 20 0 21 30
10 Freq, purge variation 156 213 60 2.64 1.3 10 10 0 11 40

Sensors=1.0309"=26.185mm

TG
E O, Fill: Euel Fill: Delay Spark: Ereq:

Liquid, Short Tube 2

Pressures
FileName: Comments Comments B 3 Fuel: Purge(set):
LI Sl [ClariEhlis =Eh

Kerosene/RP-1

PED_12 4 R1 Spark variation 1 175 1600 NA 28 7 29 33 5
PED_12 4 R2 Spark variation 2 175 1600 NA 28 7 29 35 5
PED_12 4 R3 Spark variation 3 175 1600 NA 28 7 29 33 5
PED_12 4 R4 Phi variation 4 200 1715 NA 28 7 29 33 5
PED_12_4 R5 Delay, spark vary Solid Run 5 145 1715 NA 28 7 29 B3] 5
PED_12_4 R6 Delay, spark vary ~75%solid bangs 6 145 1730 NA 28 7 29 32 5
PED_12 4 R7 Delay, spark vary Dd Wav1,2gain 7 145 1704 NA 28 7 29 34 5
PED_12_4 R8 Delay, spark vary Bangs but No dets 8 145 1720 NA 28 7 29 35 5
PED_12 4 R9 Delay, spark vary Poofs, no dets 9 145 1720 NA 28 7 28 33 5
PED_12_4 R10 Delay, spark vary  Dets every other shot 10 145 1720 NA 28 7 29 33 5
PED_12 4 R11 Delay, spark vary Not quite dets n 145 1720 NA 28 7 30 33 5
PED_12 4 R12 Delay, spark vary Poofs 12 145 1720 NA 28 7 31 33 5)
PED_12_4 R13 Phi variation **Best case 13 157 1720 NA 28 7 29 B3] 5
PED_12_4 R14 Dito above **Best case 14 157 1720 NA 28 7 29 33 5
PED_12_4 R15 Freq, purge variation Solid dets 15 181 1725 NA 28 7 29 B3] 5
PED_12_4 R16 Freq, purge variation Solid dets, sporatic 16 181 1725 NA 28 7 29 B3] 10
JP-10 ** Amps at 300 ** ** Amps at 300 **
PED_12 5 R1 Phi vary @ best case Mostly misses 1 181 1690 NA 28 7 29 58] 5
PED_12 5 R2  Phivary @ best case Bangs every other 2 140 1690 NA 28 7 29 33 5
PED_12 5 R3  Phivary @ best case 80% good bangs 3 160 1715 NA 28 7 29 33 5
PED_12 5 R4  Phivary @ best case Poofs, few bangs 4 200 1725 NA 28 7 29 33 5)
PED_12 5 R5 Phivary @ best case Bangs every other 5 120 1730 NA 28 7 29 g3l 5
JP-10 **Removed solenoids, **Removed solenoids/Replaced with check valves**
PED_12 6_R1 Various 1 321 1675 NA 28 7 29 33 20
PED_12_6_R2 Various 2 320 1700 NA 28 7 29 33 30
PED_12 6 _R3 Various &l 357 1700 NA 28 7 29 23] 30
PED_12 6 R4 Various NoData 4 357 1710 NA 28 7 29 33 20
PED_12 6_R5 Various NoData 5 NA 28 7 29 33 5
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APPENDI X D:  FACI LI TY OPERATI ONS

TEST CELL #2
STANDARD OPERATI NG PROCEDURES FOR GASEQUS FUELS

Facility Open Procedure

Test Cell

1. Turn on Anps 1-4.

Control Room

2. Verify energency stop button is pushed in.

3. Turn on 24VDC power supply located in cabinet #1A
4. Turn on control panel in cabinet #2.

5. Turn on warning |ights.

Test Cell

6. Using hearing protection, turn on ignition system
(Caution: Residual fuel in tube may ignite).

7. Open high-pressure air. Ensure valve in Test Cell #1
i s open.

8. Open shop air, O, N and fuel bottles. Check for

| eaks.

Control Room

9. On Roberto, control code:

a. On desktop, open "PED Code. EXE. "

b. Enter run conditions.

c. Under facility operations open ball valves and
sel ect "continuous", "spark", and "open facility".

10. Open data acquisition code.

On deskt op, open "Hi ghspeedDAQ vi."
Set sanple rate to 1,000,000 Hz.
Set channels to 0: 3.

Set # of scans to 1, 000, 000.

Set device to 2.

©ao0ow

11. Ensure all RPCL personnel are in control room
12. Reset energency stop button.
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Run Pr ocedur es

Control Room

1. Ensure all pressures and run conditions are set.
2. Ensure area is clear of golfers and all RPCL personnel
are in control room

3. Start VCRs.

4. Sound siren.

5. In control code, click on start run.

6. Once firing has begun, click on play in DAQ code.
7. In control code click on stop run.

8. Engage purge for 10-20 seconds.

9. Secure siren.

10. Secure VCRs

11. Engage energency stop button.

Cl ose Facility Procedure

Control Room

1. Ensure energency stop button is engaged.
2. (Close DAQ code.

Test Cell

3. Cose/vent @ and shop air

4. Cose high-pressure air and fuel.
5. Secure ignition system

6. Secure anps.

Control Room

7. Purge high-pressure air.

8. Purge fuel.

9. Secure warning lights.

10. Secure control code.

11. Secure control panel.

12. Secure 24VDC power supply.
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TEST CELL #2
STANDARD OPERATI NG PRCCEDURES FOR LI QUI D FUELS

Facility Open Procedure

Test Cell

1. Turn on Anps 1-4.

Control Room

2. Verify energency stop button is pushed in.

3. Turn on 24VDC power supply located in cabinet #1A.
4. Turn on control panel in cabinet #2.

5. Turn on warning |ights.

Test Cell

6. Using hearing protection, turn on ignition system
(Caution: Residual fuel in tube may ignite).

7. Ensure fuel and oil reservoirs are filled.

8. (Open shop air, O, and N, bottles. Check for |eaks.

Control Room

9. On Roberto, control code:

a. On desktop, open "PED Code. EXE."

b. Enter run conditions.

c. Under facility operations open ball valves and
sel ect "continuous", "spark", and "open facility".

10. Open data acquisition code.

On deskt op, open "Hi ghspeedDAQ vi."
Set sanple rate to 1,000,000 Hz.
Set channels to 0: 3.

Set # of scans to 1,000, 000.

Set device to 2.

©aoow

11. Ensure all RPCL personnel are in control room
12. Reset energency stop button.

Run Procedures

Control Room
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1. Ensure all pressures and run conditions are set.
2. Ensure area is clear of golfers and all RPCL personnel
are in control room

3. Start VCRs.

4. Sound siren.

5. In control code, click on start run

6. Once firing has begun, click on play in DAQ code.
7. 1In control code click on stop run.

8. (Open Ox val ve 10-20 seconds.

9. Secure siren.

10. Secure VCRs

11. Engage energency stop button.

Cl ose Facility Procedure

Control Room

1. Ensure energency stop button is engaged.
2. Cose DAQ code.

Test Cell

3. Cose/vent @ shop air, and Nz
4. dose high-pressure air and fuel.
5. Secure ignition system
6. Secure anps.

Control Room

7. Secure warning |ights.
8. Secure control code.
9. Secure control panel.

10. Secure 24VDC power supply.
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