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Abstract

The Subdetonatve Ram Accelerator Starting Pocess

by Eric Schultz

Chairperson of the Supervisory Committee
Professor Adam.mBruckner
Department of Aeronautics and Astronautics

The ram accelerator is g/perelocity launcher in which a subcaliber projectile,
similar in shape to the centerbody of a ramjetidisasupersonically through a tube filled
with premixed gaseous fuel and oxidizer A corventional gun initially boosts the
projectile to supersonic entrancelacity,. An experimental inestigation has been
undertalen to impree understanding of transition from the gentional gun to the ram
acceleratqrreferred to as the “starting process”. vBleping a robst starting process is
instrumental for utilizing the ram accelerator inaigty of applications. d¢ur possible
outcomes of a start attemptvieabeen identified. A successful start is asdgewhen
supersonic fiev is maintained throughout the flifer and the shock system is stabilized
on the projectile body through propellant aperelease. A sonic difser unstart is
caused by conditions upstream of the throat resulting in subsonimfline difuser A
wave fall-off occurs when institient enegy is released from the propellant teelp the
shock system on the body from receding behind the baseavé unstart is caused by
conditions danstream of the throat resulting in disgorent of the shock system on the
body into the diiuser Piston &periments were conducted to define detonation limits for
several propellants, study the association of detonations with #gee wnstart process,
gain knavledge of the obturator dynamics as it transitions from the launch tube into the
ram accelerator tube, andvesticate the dects of mass, geometrgnd launch tube air
pressure ariations on propellant ignition. Projectibeperiments were used ta@ore the
limits to successful starting, study the association of detonations withathee umstart



process, impnee understanding of the Wdield in the launch tube and ram accelerator
tube, and iwestigate the dects of Mach numberpropellant chemistry obturator
geometry and mass, and throat ar@aiafions on the starting process. Along with
experimental results, aview of past research as well as the current understanding of the

starting process is presented.
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1. Introduction

The ram accelerator is genelocity launcher in which a projectile, similar in
shape to the centerbody of a ramjetyeta supersonically through a tube filled with
premixed gaseous fuel and oxidizer A schematic of the idealized Wiield of the
thermally chokd ram accelerator propwsimode is presented in Fig. 1.1. The propellant
flowing over the projectile nose is ram compressed by a series of reflected shocks and
expands supersonically rebladi to the projectile behind the throat. The propellant then
encounters a normal shock system fold by a subsonic combtion zone which
releases the chemical eggrand choks the fla. The comhbstion supported normal
shock system generates a high base pressure which accelerates the projectiteedo
tube. This mode of ram accelerator operation is obdeat/projectile @locities bela the
Chapman-Jouguet detonatiomlacity (V.,) of the combstible @s mixture®® The
research described here lies completely within the subdetenatocity regime.

A schematic of the 38.mm bore Unversity of Washington (UW) ram accelerator
facility is presented in Fid..2* It consists of a lightas gun initial launcher with aré
launch tube, a launch tube dump tankni6f ram acceleration tube, a final dump tank,
and a catcher tube. The standard projectilevahio Fig. 13 is typically fbricated of
7075-T6 aluminum allp and consists of tw pieces, the nose and bodvhich screv
together at the throat. Primary characteristics of the standard projectile include a 10
half-angle nose, 5 fins to stabilize the subcaliber projectile in the tube, a mass of
approximately 7gm, and a flo throat-to-tube area ratioA(, / Ao Of 0.42. A
polycarbonate obturatotwo types of which are sk in Fig. 1.4, is glued to the
projectile base to pvent blav-by of the @s from the initial launcheand to assist in

propellant ignition in the ram accelerator section.

Normal

Tube Wall Shock Combustion
< -
Conical
Premixed  Shocks - Thermal
Fuel/Oxidizer FiRlREE Choking
M>1 M<1 M=1

- =

Fig. 1.1 Ram accelerator populsive mechanism at subdetonatie \elocities.
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a) Perforated obturator with backplate. b) Solid obturator with Bridgman seal.

Fig. 1.4 Two 16gm obturator configurations.
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The propellant characteristics are tailored by the type and concentration of fuel,
oxidizer, and diluent used in the mixtureTypical fuels used are methane (ftnd
hydrogen (H), while diluents include nitrogen (N argon (Ar), carbon dioxide (CP
helium (He), or additional fuelThe oxidizer is oxygen ({in all cases. Fill pressures in
the UW fcility are generally 5-58tm. Propellant properties of interest include the
acoustic speed and the heat release parar@QeteAg/c,T, where the equilibrium heat
release 4q) is normalized by the constant pressure specific heat capggitgn@ the
temperature of the quiescerdsgmixture 7). Chemical reactions rates, induction lengths,
and acwation enegies, collectrely referred to as “reaeity parameters”, are also of
interest it are more difcult to quantify under typical ram accelerator operating
conditions.

Experimental data are collected through instrument stations spaegd 40cm
along the length of the ram accelerator tubeserfg2m tube section has Bvinstrument
stations along its length, each station with either three or four instrument ports located
about the circumference of the tube. Electromagnetic transduceirdepactime-distance
history of the projectile by detecting the passage of a magnet in the projectile throat.
Piezoelectric pressure transducersvalineasurement of the Wldield pressure at the tube
wall, and fiber optic luminosity sensors detect visible light emission in the tube.

Ram accelerator operation at projectilelocities of 1 to 2.km/s and Mach
numbers from 2.5 to 8 has been obsedrto date. Sustained accelerations are commonly
on the order of 25,008, with peak accelerations up to 50,@00The gsdynamics of the
ram accelerator are such that theide can theoretically be scaled up omtoin size>
Potential applications includeypersonic ehicle flight testing, supersonic angplersonic
propulsion research,alidation of reacting fM computational fluid dynamic codes,
tactical and straggc defense, and direct launch to orbit of acceleration-insensiti
payloads. A number of other ram accelerasmilities are na operating in the United
States and abroad due to the wide range of basic and applied research opportunities that

the technology éérs®*°



2. Starting Process Oerview

The idealized UW starting process, illustrated in Fig. 2.gjnsewith the helium
filled light gas gun accelerating a perforated obturator with backplate and projectile from
rest dovn 6m of evacuated launch tube. A Mylar “entrance diaphragm” separates the
evacuated launch tube from the high pressure, propellant-filled ram accelerator tube. The
projectile pierces the entrance diaphragm and enters the propellant with the obturator at
supersonic “entranceelocity”. The propellant is ram compressed up to the projectile
throat and ¥pands wer the body where it encounters the obturatdrnormal shock is
driven onto the projectile body as the obturator and backplate separate from the projectile
and rapidly decelerate. The propellant ggas released in a comstion zone behind the
normal shock which thermally chek the flae. The chokd flov stabilizes the normal
shock on the projectile bodgreating a high pressure zone at the base of the projectile that
results in sustained acceleration as the projectilelsadavn the tube. The starting
process is loosely defined as the period between projectile acceleration from rest to the
point where the fifield illustrated in Fig. 1.1 is stabilized.

Pressure

<—Launch '[lbe‘ Ram Accelerator lbe—

EE

a) Projectile and obturator just prior to  b) Projectile in propellant and obturat
entrance diaphragm. just prior to propellant impact.

Reflected Shock Obturator

Normal Shoc Backplate
onical Shock ,/
M :
||| — — / [ —

c) Obturator dwes normal shock onto d) Comlustion zone stabilizes normal
projectile and rapidly decelerates. shock on projectile body

Fig. 2.1 Idealized starting pocess.



2.1 Non-idealities of the Starting Pocess

A more detailed inspection of the starting proceseals may non-idealities with
the potential to &kct a start attempt. A brief description of each isvigled in the
following paragraphs. Most of this researcfofhas iwvolved eperiments aimed at
improving the understanding of the role these non-idealities play

The @s released from the initial launcher can cause structailaref of the
obturator depending on theag pressure, obturator geometry and material, and the
projectile base area. Maximum initial launchas gressure is 34am, accelerating the
standard obturator and projectile from rest to approximately 480 The werage
acceleration xgperienced in the launch tube is 11,@)0with peak acceleration up to
45,000g given by anF = ma expression for the maximum pressure actingrothe
obturator at full tube area.

The launch tube is not perfectlyazuated, and someg from the initial launcher
does blwv-by the obturator The residual launch tube air andvelby gas are compressed
between the obturator and entrance diaphragm, illustrated ir2 Rigas the projectile

accelerates dun the launch tube. A series of 36 holes, 6 in diameteris distrikuted

Pressure
* > T—‘ <—|

a) Shock generated in launch tube b) Shock reflects 6bf entrance
gas by projectile launch. diaphragm.

e
e

c) Shock reflects bprojectile d) Second shock reflectionf aff
and obturator entrance diaphragm.

Fig. 2.2 Gas compession between obturator and entrance diaphragm.
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Ram Accelerator 0be

Fig. 2.3 Launch tube enting.

over a 305mm section of tube, lggnning 600mm from the entrance diaphragm. The
perforated area is 3.2% of the tube section area containing the holes, asdetiing of
gases in the launch tube to ameuated dump tank as stroin Fig. 2.3.

Perforated and solid obturator geometries are used, as illustrated in Fig. 1.4. The
perforated obturator requires a backplate to sealainagthe initial launcherag. The
backplate is glued withyanoacrylate to the perforated obturatord will separate when a
sufficiently high pressure ddrential ists across it. Similarjythe solid or perforated
obturator is glued to the base of the projectile, and will separate from the projectile when a
sufficiently high pressure ddrential eists. The entrance diaphragm will rupture if the
pressure dferential across itxeeeds a certain\Vel, depending primarily on the Mylar
thickness.

If the compressed launch tubasgdoes not break the entrance diaphragm, then the
projectile nose will. The dynamics of the diaphragm rupture @i, \depending on what
time scale this\ent occurs relate to the motion of the projectile and launch tube shocks.
Other potential éécts from the entrance diaphragm impact are that the projectile may be
damaged, and the geometry and dynamics of the obturator could be changed. Projectile
condition upon entrance is of concern because a damaged or eroded geometry can
significantly afect the propellant flefield, especially in the case ofveee projectile
canting'! Short obturator lengths may allahe obturator to tumble in the tube if struck
by diaphragm fragments, influencing the area profile encountered bywhe flo

The propellant is compressed as it passes through a conical shock generated by the

projectile nose, and then through reflections of this shock between the projectile and the



;
tube wall. The propellant>x@ands as it encounters an increasing area behind the throat,
but the fin leading edges in the throat area create high pressure stagriatios aad
comple oblique shock patterns. The geometry-dependent, three-dimensionaleritirb
flowfield on the projectile body contains ratk rggions of subsonic and supersonicnilo
shock reflections between the body and tub#,\whock-shock intersectiofsand shock
interactions with the boundary layers on the projectileaserfind at the tubeall. The

shock system supported by the obturator is typically idealized as a single normal shock,
but is more lilkely a complicated system of reflected oblique shocks and/or lambda shocks
forming a shock train which renders theaflsubsonic relate to the projectilé®**

The obturator dynamics can continue tteeif the flavfield about the projectile as
long as there»asts a subsonic ggon between the obturator and projectile. Obturator
dynamics will be dected by its mass, geometiand the pressure thfential across it.

Once the backplate has dislodged from a perforated obtuth®rflav can &pand
through the gposed obturator perforations. A significant pressuferéiftial across the
obturator will cause the perforations to act as ekodrifi. Flav occlusion will be altered

by a short length obturator if it tumbles in the tube when subjected to a non-uniform
pressure distriltion.

Propellant variables dictated by the chemical composition and ambient environment
include the reactivity parameters (acoustic speed, finite reaction rates, activation energy,
induction time, and energy release), temperature, pressure, and velbatgropellant is
initially quiescent at room temperature with a fill pressure up @0 \ariation of the
type and relatie amounts of fuel, oxidizeand diluent allevs tailoring of the propellant
chemical properties. The readty parameters are typically coupled in such a manner that
it is difficult to control one without &cting the others.

The eact mechanism by which the propellant is ignited and cstitn stabilized
behind the throat is unclearThere are numerous contrting factors, summarized in
Table 2.1, present in the starting process. Ignition and stabilization of theistanb

process is probably dependent in sonag wn all of theseakctors.



Table 2.1 FRctors Influencing the Starting Process

Projectile Obturator Initial Launcher Ram Accelerator

» Geometry » Geometry * Residual air » Entrance diaphragm
* Mach number * Mach number * Blow-by gas * Propellant

» Mass » Mass * Venting

» Material » Material * Driver pressure

2.2 Possible Outcomes of a Start Attempt

There are four possible results of a ram accelerator start attempt at supersonic
entrance glocity: a successful start, sonicfd#fer unstart, ave fall-off, or wave unstart.
Each of these phenomena, illustrated in Eig, is described in the folldng paragraphs.

A successful start (Fig. 2.4a) is accomplished by satisfyimgctiteria: obtaining
supersonic flv past the projectile throat and stabilizing a high pressure shock system on
the body by igniting the propellant in a comstion zone behind the shock system. A
successful start is defined in the camtaf this work as a projectile which has accelerated
for more than 2n beyond the entrance diaphragm. At this point the obturator is thought

to be decoupled from the acceleration process and a change in mixture via staging can be

Projectile, obturator, and Projectile and normal shock
normal shock just after farther down ram accelerator
entrance diaphragm tube

[[c=—= ¢ c— D G
= & =1 v
o= ¥ om
| :> $$ —— d) Wave

Unstart
Fig. 2.4 Possible outcomes of an attempted start.
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a) Projectile elocity versus distance data. b) Tube vall pressure data.

Fig. 2.5 Experiment esulting in a successful start.

made at the In tube join*®> Plots of projectile @locity versus distance and tubeliv
pressure data for a successful ram accelerator start are presented in FAgditance of
0 m is assigned to the location of the entrance diaphragm. The albpressure data,
presented as measured pressure normalized by tube fill pressure warastzoseries of
traces which originate from digrent instrumentation stations along the tube. A projectile
outline is shavn scaled relate to the gerage elocity. The lavest pressure trace, hém
after the entrance diaphragm, clearlywstohe obturatedriven shock. The conical shock
from the projectile nose tip ivielent as the first pressure rise. Reflected oblique shocks,
appearing as periodic pressure fluctuationserel into the full tube area behind the
projectile’? The projectile elocity is steadily increasing fover 2m of travel and the
stabilized combstion-supported shock system Mdent in the pressure traces. The
pressure trace from 1427m shavs the tail of the signal decaying beldhe actual
pressure at the tubeal due to thermal drifting of the piezoelectric transducer

A sonic difuser unstart (Fig. 2.4b) occurs when th&vfle rendered sonic ahead of
the throat due to upstream conditions. Thevflthokes ahead of the throat when a
projectile enters the propellant at afgigntly lov Mach number A sonic difuser unstart
will also occur if the flav reaches sonic conditions ahead of the throat due to upstream
comhustion or projectile drag deceleration to a fisidntly low Mach number

Compression aes emanating from the sonigren coalesce into a shock and progiag
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ahead of the projectile, causing rapid deceleration in the resulting high pressure zone on
the projectile nose. The projectile Mach number necessary for supersantbriboigh
the difuser to the throatM,) is given for steadyisentropic, quasi-one-dimensionahlo
by the area-Mach number relation,

+1

fbe (F _ 1 [ 2 %er_lM 2D}V—1 Eqn. 2.1
Aiproat” M ’ 2ly+1 2 sdu [
sdu

~<<

wherey = ¢,/ ¢, is the ratio of specific heats of thasgmixture. A supersonic tiser is a
necessarybut not suficient, condition for a successful ram accelerator start, andvtjus
forms an approximate o Mach number limit for attempting to start the ram accelerator
Figure 2.6 contains projectilelocity versus distance and tubalMpressure data from a
shot which resulted in a sonic fier unstart caused by aMentrance Mach numhber
The projectile elocity steadily decreases upon entrance, and the pressure traoen227
past the entrance diaphragmwsisdhe shock which arises after a sonitudiér unstart.

A wave fall-off (Fig. 2.4c) occurs when the coogtion-supported shock system
recedes from the projectile body because of figent heat release. The projectile
outruns the shock system and decelerates due to drag aslg ttavn the tube. Figures
2.7 and 2.8&ontain projectile @locity versus distance and tubehvpressure data from

shots which resulted inawve fall-offs in non-reactie and reacte mixtures, respeetly.

Distance
600 - r '

I Past
18 — 3 Entrance
=T | Diaphragm
3 ‘
n 1
15 ~, ! 627mm
’\u? § Z 3 Sonic Diffuser
= o !
g 12 o |
P z o 1 227mm
S = = |
o 3 © !
o 0o & x t |
> C e o 1
=1 !
200 |- HS1200 a ! 12mm
Standard Projectile -106 Q i
1.5CH,+20,+3.9CO, o [ /Tﬁ
25 atm Fill Pressure | HS1200
100 L L L L L L Il L Il I}
0.0 0.5 1.0 15 20 25 3.0 -200 0 200 400 600 800
Distance (m) Time (usec)
a) Projectile elocity versus distance data. b) Tube vall pressure data.

Fig. 2.6 Experiment esulting in a sonic diffuser unstart.
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Fig. 2.8 Reactve experiment esulting in a wave fall-off.

Note the similarity of the shock system recession from the projectile base in the pressure

Brperenents shon
eventually resulted in a sonic flier unstart after decelerating due to drag for some

plots, re@ardless of the presence of oxygen in the mixture.

distance.

A wave unstart (Fig. 2.4d) is caused by conditionsviikiream of the throat
resulting in disgament of the shock system on the body into thieiskit The projectile
then rapidly decelerates in the high pressugerebehind the shock. Figu?ed contains
projectile and shockelocity versus distance and tubealvpressure data from a shot

which resulted in a ave unstart. The ave \elocity and pressure amplitude indicate that
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Fig. 2.9 Experiment esulting in a ware unstart originating on projectile body:.
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Fig. 2.10 Experiment esulting in a wave unstart originating in projectile wake.

the unstart \ave is a detonation. Due to limited instrumentation density (approximately
three projectile lengths betweeneey instrument station) the location of detonation
initiation relatve to the projectile cannot be accurately discerned. Signifiegiation in
pressure history data obsedvduring diferent wave unstarts suggests that therests
more than one ave unstart mechanism.ofFexample, projectile ®locity versus distance
and tube wll pressure data from a shot in which the unstastewdereloped in the

projectile vake are presented in Fig. 2.10. A high amplitude shock in the projeatie w
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is first obsered 1027mm past the entrance diaphragm, which hagesubgond the
projectile throat by 142ihm.

The &act mechanism(s) by which aave unstart occurs is unkwa, although
several typotheses ha been suggested. The foliog synopsis will be limited to the
gasdynamic \ave unstart fipotheses, as structural betwa leading to a \@ve unstart has
already been well document&d® The obturator and/or compressed launch tuises)
may drve a shock system onto the body with such a dodwelocity relatve to the
projectile that it erruns the throat. Alternagly, the wave unstart could be due to the
comhustion rgjion releasing too much ewmgr for the projectiie Mach numbé&r
Conditions may be such that the mixture detonates behind the throat, resulting in a
detonation \ave propagting ahead of the throat. Theories of shock-boundary layer
interactions causing separation that leads teve wnstart in high engy propellants hae
also been suggest&tt? Another concept is that as the projectile Mach number increases,
the strength of the reflected shocks maywgto the point where propellant ignition &k
place between the body and tubellw Comlustion between the body and tubaliw
possibly propagting forward through the boundary layenay contrilote to the \ave
unstart mechanism. Excessienegy release occurring on the projectile noseswnce
thought to play a major role in theave unstart processubhas been ruled out to axtent
as a result of comistion stripping and re-ignitionxperiments® Note that under the
definitions set forth here, comdtion in the diiuser would result in a sonic diiser unstart

and not a \ave unstart.

2.3 Maximum Performance Starting Conditions

Ram accelerator performance is maximized at subdetenatiocities by operating
at relatvely lov Mach numbers and in the highest gyerelease @) propellants
possible'> Greater thrust has been demonstrated analytically x@etimentally in high
Q propellants ersus lav Q propellant$’ The impetus for starting at a decreased Mach
numbers is that relagly low Mach numbers ha& also been analytically and
experimentally shan to increase the ram accelerator thrust. FurthermoneMach

number starting is important to utilize the imyped propulste eficiency provided by the
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ram acceleratorv@r corventional guns by transitioning from gun to ram accelerator at
lower welocity,®> and to minimize aerodynamic heatingacHities with launch tube length
constraints or v pressure initial launchers which can supply limited entraeteciy

will be constrained to start atoMach number

2.4 Historical Perspective

The UW ram acceleratorag conceied in 1983, and thaéility became operational
in 1985. Projectile firings into corabtible mixtures are referred to as “hot shots” and
given the designator HS, while projectilgperiments in non-comistible mixtures are
referred to as “cold shots” andsgn the designator CS. Pistotperiments are frequently
conducted in which aytindrical object (typically an obturator) is fired into the ram
accelerator to check instruments, track shocks, eoesiitate propellant react
characteristics without the complication angense of a projectile. Pistons shot into
non-comloistible mixtures are referred to as “slug shots” with the designator SS, while
piston (sometimes attached to a subcaliber sphgpexienents in comistible mixtures
are referred to as “detonation shots” with the designator DS. Thesebban 1320 hot
shots, 63 cold shots, 116 slug shots, and 285 detonation shots conducted at the UW ram
accelerator between September 27, 1985 and March 10, 1997.

The two facilities used prior to January 1990 (corresponding to H$3156 and
HS157- HS646) were similar to the one currently in operatiart, the ram accelerator
sections were 4.9 and 1212 long, respectely. The launch tube & 7.3m long with
twice the enting dump tankalume in communication with a 1rB long \ent section (7%
area perforation). The lightag gun, ecuum system, and diaphragm techniques were the
same as currently used. A majorfelience from the typical starting process emetb
today was the use of a gunwder ignitor system for some of theperiments. A pellet
mounted at the center of the entrance diaphragis svallowed by a pitot tube in the
projectile nose tip and struck a primigniting a black pavder chage whose hotxaust
ejected from the projectile base. This refgy complicated starting mechanisnasv
discarded after HS274 when itw discuered that starting &s possible by asdynamic

means only Inconsistent ram accelerator performance in multi-stagerenents prior to
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October 1990 led to the disary that propellant compositionas inaccurate from one
shot to another The @s handling system reged a major upgrade at this point
(corresponding to HS754), after which the control of mixture composition and shot
reproducibility was significantly impreed.

From April 1990 to the present, thacflity has been configured in the manner
described pnaously. Appendix A contains a database of hot shqieemental data
pertaining to the starting process from HS647 through HS1320. A statistical summary of
the outcome for the 618 attempted starts with nominal projectile geometries in this hot
shot range is presented irable 2.2. Most startaflures are attrited to specific
investications of the starting process; the nominal starting process has an 89% success
rate. The “Other Unstart” designation indicates that thdeace is inconcluse as to
whether a sonic difiser unstart or eve unstart occurred, and “Unknn” refers to shots
for which data are not vailable. Seeral eperiments with unique projectile
configurations are not included in this database of hot shots, including the

quasi-two-dimensional and hole projectiles shan in Fig. 2.11.

Table 2.2 Statistical esults of start attempts 6r HS647 through HS1320.

Successful Start 67%

Wave Rall-Off 6%

Sonic Difuser Unstart <1%

Wave Unstart 11%
Other Unstart 2%
Human Error 1%

Unknowvn 12%

The “standard” projectile geometry has not changed radically from thatsino
Fig. 1.3 during the operational lifetime of the UW ram acceleraterojectiles with
variations in nose cone angle, nose length, throat dianbeidy length, body taper angle,

base diametenumber of fins, fin thickness, fin @kngle, and fin location Y been used
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S

a) Quasi-2D projectile. b) Hollow projectile (cut-avay view).

Fig. 2.11 Unique pbjectile configurations.

in experiments. Projectile materials used include polycarbonate, magnesium, aluminum,
and titanium, sometimes used in conjunction with brass or copper beariagesuaind
Teflon or niclel coatings. The masses of projectiles fired range frognb@ 110gm,
and are commonly on the order of @i for an aluminum projectile.

The typical obturator geometry is the perforated configuratiowrshio Fig. 1.4a.
The obturator is usually made of polycarbonate, although sometimes a magnesium or
aluminum #&ceplate is attached for increased strength. Obturator mass (including
backplate for perforated geometries) is typically aroundrip but masses from 10 to
36 gm hare been used.

The nominal propellant mixture for the starting process is 2,8285+5.7N,, with
small perturbations in the methane and nitrogen content. Methane- and oxygen-based
propellants with carbon dioxide, ggm, or helium as diluents v& also produced
successful starts. Propellant fill pressures from 10 tatffOhae been used, with
projectile entrance elocities typically around 115@/s (Mach 3.1). Successful starts
have been achieed at a minimum entrancelocity of 715m/s and a maximum entrance
velocity of 1361m/s. Helium up to 34atm pressure is the primary lightg gun
constituent, although on occasion the pressure has been increasedatm 3%/or
hydrogen added to attain higher entranekegities or to handle more massiprojectiles.
Stationary blocks within the breech can also be x@mmofor better initial launcher

performance by alleing a lager wlume of drver gas.
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2.5 Literature Review

The following sections summarize information from the ram accelerator literature
which pertain to the starting process. Research conducted at the UW is discussed in detail
because it is most pertinent to thiwvestigation, and that from other ganizations is
briefly summarized. The information isganized according toatility, because no tw
facilities are the same. Unless otherwise noted, projectile geometries used Hetbetdif
facilities are similar with conical forebodgonstant diameter or tapered midsection, and
either a blunt base or conical afterbody¥he e&act projectile configurations used are
available in the cited references. The locations of ram acceleeatititiés currently in
use are presented in Fig. 2.12, aaBIl& 2.3 (arranged in historical order) contains general
characteristics of each. Aladilities are operational with thexaeption of the one at
Saitama, Japan which is currently under constructiowo dther &cilities, the Impact
Research Laboratory in Allguerque, NM and Elgin Airdfce Base, FL, were operational

in the past bt have since ceased ram acceleratonagti

Table 2.3 Ram accelerator facility characteristics.

# Location Bore Initial Launch| Ram
Launcher Tube | Tube
1 Seattle, W& 38mm Smooth | Light Gas Gun| 6m | 16m

2 Aberdeen, MD 120mm Smooth Povder Gun | 4.7m | 9.2m

3 St. Louis, France 30mm Railed Povder Gun | 1.8m | 7.2m
30 mm Smooth Powvder Gun | 3.3m 6m
90 mm Smooth Povder Gun | 9.4m | 16m

Sendai, Japan 25mm Smooth Pavder Gun 4m 6m

Hiroshima, Japan | 15x 20mm Railed| Light Gas Gun| 3 m 2m

Mianyang, China 37 mm Smooth Povder Gun | 49m | 4.8m

Seoul, South Krea 22mm Powder Gun N/A 15m

| N o o b~

Saitama, Japan 20 mm Smooth N/A N/A N/A
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Fig. 2.12 Current ram accelerator facility locations.

2.5.1 Unversity of WAshington

The understanding of the starting process at theddsity of Washington (UW)
facility in Seattle, &, USA has been furthered byveeal eforts. An eperimental
investication by Burnham et &% utilized a Highly Instrumentedube Section (HITS) to
provide high spatial resolution pressure and luminosity measurements of itieldlo
around the projectile during the starting process. The HITS isnb80ong with four
circumferential instrument stationgegy 20mm, and vas placed immediately before and
after the entrance diaphragm. A discussion of diagnostic deficiencies of the piezoelectric
pressure transducers and fiber optic luminosity probas preided. The pressure
transducers may lag in time response bya feicroseconds, and dynamic response
combined with recess distance from the tuladl an cause amplituder@rshoot of 35%.
The luminosity sensors were found to be unreliable (30 to 4Q&6d rate), and therefore
a “no luminosity” signal \as disrgarded. These sensors als@énthe tendencto detect
light occurring avay from their instrument stations because of reflections in the tube.

The sonic diuser unstart Mach numbeM(,) for the standard projectile and

propellant vas found through a series of cold shots g&b 2.7CH+7.8N,) to occur
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between Mach 2.51 and 2.63. lasvnoted that in the case of a sonidudér unstart,
pressure transducer measurements immediately after the entrance diaphragm appeared
nominal. The unstart shockawe ahead of the throatas only obsemd after 7anm of
travel past the entrance diaphragm.

Hot shots (2&tm 2.7CH+20,+5.8N, with standard projectile at nominal entrance
velocity) were conducted tovasticate the use of solid obturatorgriation in launch tube
residual air pressure, and obturatorviploy. In all cases (both cold and hot shots) the
compression of the launch tubasgs between the obturator and entrance diaphragm w
obsered by the pressure transducers and luminosity sensors. Shock reflections were
tracked and a radiating luminosity gien was detected just prior to the entrance
diaphragm.

Successful starts were obtained with soligyfriobturators, although the discussion
points out that the solid obturator is lesgyfeing then the perforated geometry because
the solid obturator generated shoc&sacloser to the projectile throat. This statement is
regarded as specula& in light of the measured shock locationfatiénce of a fe
microseconds, and the instrumentation time resolution being of the same order

The residual air pressure in the launch tulzes waised ab@ nominal (Sorr) to
50torr. A successful start occurred with an entrance diaphragm thicknessnoin] &t
an immediate unstart upon entrance resulted for a diaphragm thicknessrwh.0.The
conclusion made as that the compressed launch tuae caused the thinner diaphragm to
rupture prematurely A shock propagted into the propellant ahead of the projectile,
initiating comlustion and thus reducing thdesftive projectile Mach number beloM,,.

An undersized solid obturator (371m diameter) with 5% ble-by area resulted in
an immediate unstart upon entrance with a diaphragm thicknessnofri.8he blav-by
gas contrilnted to the compressed launch tubs,gprematurely rupturing the diaphragm.
The same conclusion as for thevelied residual air pressure staidre was made: the
shock propaating into the propellant ahead of the projectile ignited #seamd decreased
the efective projectile Mach number beloM,,. Ideas were presented for using multiple

diaphragms and/or adding launch tukentg just prior to the entrance diaphragm to
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alleviate the diaphragm pre-break problem occurring in situations withvediatnigh
levels of blav-by or residual air pressure.

A wave fall-off occurred when a 4@m long luffer section filled with 2%tm
2.7CH+7.8N, was placed between the launch tube and the propellant-filled tube.
Reducing the residual air pressure tot@rs and limiting blev-by to a minimum through
the use of a solid obturator with a Bridgman seal also resulted avafall-off. These
experiments identified the compressed launch t@seag a primary ignition source in the
starting process. The ram accelerat@swinable to start under otherwise nominal
conditions in the absence of the compressed launch asbeogtacting the propellant.

The computational irestigation by Burnham et &k utilized a one-dimensional
unsteady code toxamine launch tubeag compression, and bothasimensional and
axisymmetric, unsteagyeacting (global induction/reaction time model) Euler codes to
study entrance into the propellant. Through modeling oWy and residual air
pressure, the one-dimensional codasvable to accurately reproduce thxpezimental
launch tube data. ey high pressure and temperaturgioas were erified in the
immediate vicinity of the entrance diaphragm. The addition of a quasi-one-dimensional
projectile area profile to the obturator did not significantlgafthe computational results
in the launch tube.

The axisymmetric unsteady Euler reacting codaswnable to capture the
comhustion stabilization process near the projectile base because ofistsdmature.

The code \as able to determine limits for obtaining supersonie tlrough the dfuser
Results from transition simulations with the projectile, obturatnd compressed launch
tube @s entering the ram accelerator section quaddigti displayed the obsezd
experimental phenomena. Relatly lowv compressed launch tubeag pressure and
temperature (obtained by minimizing residual air and/owdlg in the simulation)
resulted in little propellant engy release and therefore awe fall-off. Relatvely high
compressed launch tubagpressure and temperature (obtained by increasing residual air
and/or blov-by in the simulation) resulted in a shock progagy into the propellant
ahead of the projectile causing choking of théuddér Some cases were found in which

the compressed launch tubasgaould cause a shock to initially prodg ahead of the
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projectile, lut for which the projectile difiser was able to sellow the shock a short time
after entrance into the propellant.

An experimental inestication is currently being carried out by Btat et aP**to
look at the dects of plugging the launch tubent holes and increasing the launch tube
residual air pressure. Significantly highevells of launch tube ag compression are
reached in the antless ersus ented configuration. Hot shots conducted into
2.8CH+20,+5.7N, at 1150m/s entrance elocity with a 0.7mm thick Mylar entrance
diaphragm hee identified a limit to successfully start iantless configuration withterr
residual air in the launch tube. A successful start occurs for propellant fill pressures at or
above 30atm, while an immediate unstart upon entrance results if the fill pressure is
25atm. A diaphragm thickness of Imn permitted a successful start ata2m fill
pressure, indicating that the dynamics of the diaphragm play a role in the starting process.

Experiments were conducted in thented configuration with the same propellant
and entrance elocity, but at 50atm fill pressure and with a 3n@m thick Mylar
diaphragm, for residual air pressures from 5 to 12 Increasing compression of the
launch tube gs was consistently obserd as the residual air pressuraswncreased. A
successful start occurred at or el@60torr residual air pressure, and an immediate
unstart upon entrance at 108r and abwe. A cold shot resulted in an immediate unstart
upon entrance for a residual air pressure oftad@f7indicating that the cause of the unstart
is not comhistion related. The compressed launch tuae drves a shock into the
propellant, either through premature rupture of the entrance diaphragm or when pierced by
the projectile nose. This shock raises the propellant temperature and induces mass motion
away from the projectile. This combination decreases tlfectefe projectile Mach
number resulting in a sonic difiser unstart.

No data hee been formally presentedgeeding the dect of the diaphragm on the
projectile, lut several eperiments hae been conducted which assure that minimal
projectile damage is incurred by passing through the diaphragm. Some xgehienents
by Stavart et al. utilized a 3.60m thick Mylar entrance diaphragm and resulted in

successful starts. Othexperiments demonstrated that the projectile performance is not
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affected by passing through v of Mylar diaphragm\ery 4m of travel dowvn the
entire 16m ram accelerator tube.

Due to the limited diagnosticvailable for use in thexé¢reme emironment of the
UW ram acceleratorthere is no directvidence of whether or not thermal choking
actually occurs between the projectile and the obturatbtovever, the ecellent
agreement betweerxgerimental elocity versus distance data and that predicted by an
end-state Hugoniot analysis performance codeiges strong support for the case that a
thermally chokd ragion does xist at full tube area behind the projectileveting at
subdetonatie \elocities?® Luminosity measurements for projectiles at subdetomati
velocities indicate that the primary coudbion zone is at or behind the base of the
projectile.

A few experiments were conducted by Higgins et'atin which a diwing standard
projectile (already successfully startedasnvrun through # of inert gas to strip the
comlustion wave, and then transitioned back into a costtble mixture. In the case of a
Mach 4.2 projectile entering 2.8G+20,+3.8N, at 25atm pressure, a wecomhustion
wave formed in the projectile ake, propagted tovards the projectile, attached itself to
the base, and accelerated the projectile. The gstiolm stripping and re-ignition
experiment demonstrated that successful starting can occur under certain conditions
without the presence of an obturator and residual launch tabe @ther similar
experiments transitioning from inertag into diferent propellants at ddrent Mach
numbers resulted in either no propellant ignition (similar to aaewfall-off in start
attempts with an obturator) or irawe unstarts.

McFall et al?’ performed a numerical analysis of a zesbogity starting process
which may allev ram accelerator operation without an initial launchére projectile and
obturator bgin at rest in a launch tube filled withwigressure @s. A diaphragm ahead of
the projectile separates thevM@ressure launch tube from the high pressure, propellant
filled tubes. The diaphragm is ruptured, causing the high pressure propellapana e
into the launch tube andver the projectile. The fefctive Mach number and ignition
characteristics are tailored such that thrust isvigeal to the projectile in a manner

analogous to normal operation, where the projectile i&eltmag through a quiescent
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propellant. This shocktpansion tube type of starting processwd accelerate the
projectile up to Mach numbers suitable for entrance into quiescent propellant. The
numerical analysisxamined the basicagdynamic and kinetic issues associated with the
zero \elocity start technique. aviables gplored included the Mach numbepund speed,
projectile and obturator location relagito the birst diaphragm, launch tubagpressure,
and propellant gs pressure. The numerical results indicate that the technique is feasible,

although as yet naxperimental €brts hare been conducted to support these findings.

2.5.2 Army Research Laboratory

Kruczynski et af:**?® reports &perimental results and Nusca et*’atiscusses
computational imestications on the starting process of the Army Research Laboratory
(ARL) facility in Aberdeen, MD, USA. The entrance diaphragm is made of pglyvin
chloride (PVC), and aent section xsts in the launch tube. The 48 aluminum
projectile is similar to the standard UW design scaled torird0bore, and a 0y solid
nylon obturator with an aluminuna¢eplate is used. Successful startehzeen achied
in 3CH,+20,+10N, from 50 to 8%atm fill pressure, with an entrancelacity of 1200m/s.

A wave unstart occurred at 1@®m fill pressure with this propellant. Arperiment with
a relatvely short g projectile fired into 6&tm of 2.6CH+20,+6.9N, at 1420m/s
entrance glocity also resulted in a successful start.

The numerical simulations of the starting process are based on axisymmetric,
unsteadyReynolds aeraged Naer-Stokes equations with a Baldwin-Lomax tutbnce
model and a global methane/oxygen reaction (1 or 3 step) model for then50
3CH,+20,+10N, propellant. = The simulation is initialized with the obturator
(backpressure of 27&m) attached to the projectile basevéthng at Mach 3.5 in the
propellant.  The projectile and obturator dynamics are updatedty e0.2ms,
corresponding to 250m of travel at the 1250n/s entrance elocity. The obturator
backpressure is set to atmospheric aftemts4and the obturator influence igylexted
after it separates by Bvprojectile lengths (approximatelynis from the start of the

simulation).
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Flow stagnation on the obturator generates a normal shock on the projectile body
and a combstion front on the nose. As the obturator separates, the normal shock is
obsered to &ll off of the projectile body Comlustion continues to occur in the throat
region due to shock heating, in the boundary layers of the projectile and alibdue to
viscous heating, and dmstream of the normal shock.

The initial normal shock location is consistent witkperimental pressure
measurements,ub the location of the comaistion front is inconsistent withkperimental
luminosity measurements (especially considering the velgthigh dilution leel of this
propellant). Continued corabtion ahead of the throat is contradicted kyeeimental
measurements, as is the normal shadlnfy off the body for a projectile accelerating at
subdetonatie \elocities. The disagreements between the computational results and the
experimental data could be a result of inadequate modeling of the obturator dynamics
(back pressure, update time step, andvkdg), the kinetics model, the axisymmetric
modeling of an inherently three-dimensionaiiield, the turlnilence model, and the lack
of modeling the complete starting process (i.e., projectile and obturator transition from a

partially evacuated launch tube).

2.5.3 Adwanced Projects Research Inc.

A 38mm smooth bore superdetonatifacility was once operated by Aaivced
Projects Research Inc. (APRI) at the Impact Research Laboratory ugueimue, NM.
Humphrg et al®*? provides information on theatility and discusses starting issues
which arose in this technology demonstration project. A total of 18 slastattempted.
A two-stage light gs gun vas used to launch a 18@h aluminum projectile into a
propellant of lgdrogen and air (mixture ratio unspecified) at entraetecities from 2800
to 3200m/s (approximately Mach 8.2, or 1950¢,). The projectile \as supported by a
76 gm assembly consisting of glan sabot, a polypropolux obturat@nd an aluminum
pusher plate. Starting problems addressed includating of the sabot base pressure,
sabot separationenting of the sabot strippeag, and obtaining supersonicwldhrough
the difuser Various launch tube configurations (alveeal meters long) were used,

including a sabot stripper section filled witlatin air and ent sections with seral torr
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residual air pressure on both sides of the stripper section. A numerical analysis
highlighted two modes of achieng supersonic flw through the dffiser prior to entrance
into the propellant. One modevolved the projectile wertaking the fonard travelling
shock weagned by the finalent section, and the other mode requiredlewing of the
shock after it reflected bthe entrance diaphragm. Three successful starts wereedhie
with a projectile flov throat-to-tube area ratio of 0.43utbno successful starts were
achieved with an area ratio of 0.24. Instrumentatiofiicifties prohibited identification
of the comhistion mechanism, which may Je been shock induced coudsgtion, an

oblique detonation awe, or a combsting projectile’

2.5.4 Institut of Saint-Louis

The Institut of Saint-Louis (ISL) is a French-German research institute in
Saint-Louis, France with three ram accelerators. The starting process of the suldetonati
90 mm smooth boreakility is described by Giraud et &lSuperdetonate studies in tw
30mm bore ram accelerators, one with a railed bore and the other a smooth bore, are
described by Seiler et at*% Smooth and rail bore tube cross sections are illustrated in
Fig. 2.13.

The 90mm facility operates at fill pressures from 30 toatm with projectile
entrance glocities of 1330n/s. The 1.34g projectile is similar to the standard UW
projectile, while the 0.34g obturator is composed of four separate pieces designed to

minimize blav-by and separate from the projectile upon propellant impact. The final 4

Fin Projectile Fail

\ Tube /

a) Fin stabilized. b) Rail stabilized.

Fig. 2.13 Ram accelerator tube @ss sections.
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of launch tube before the PVC entrance diaphragm is perforated i@mepgun @s
venting.  Propellants used for the starting process include ,#2Ck+10N, and
3.6CH+20,+7.5N,. Wave unstarts ha been obseed upon entrance to a
2.7CH+20,+5.6N, propellant at 15 and 3m. Obturator separation from the projectile
has been studied, with the obturator still attached when the projectile nose pierced the
entrance diaphragm. A distance ofrAfth between the obturator and projectile and a
differential \elocity of 190m/s were obseed when the projectile base reached the
diaphragm location. Somexgeriments hee been performed toxamine the relatie
importance of the pwer gun @s, projectile, and obturator in the propellant ignition
process. Interaction of the obturator with the propellass wientified as the primary
source of ignition. Hwever, successful startingcperiments were conducted in which the
obturator vas mechanically stripped from the projectile while in the launch tebé v
section. Luminosity measurements indicate that the primary ustrob rgion is in the
recirculating rgion behind the bldiforojectile base.

The 30mm railed-bore dcility operates with 13m axisymmetric projectiles,
while a fin-guided projectile (80 to 14in depending on the material) is used in the
30 mm smooth boreekility. The launch tube containent holes just prior to the entrance
diaphragm. No obturator is emgkxd for the rail tube launch process, while the smooth
bore uses a 3@gm obturator that is stripped by a In5long section of launch tube filled
with 20atm carbon dioxide. Successful raitility superdetonate starts were obtained
at an entrancealocity of 1800m/s in 20 to 2atm carbon dioxide diluted propellants with
methane, etflene, or lydrogen as fuels. Relaély low diluent concentrations resulted in
projectile unstarts shortly after entrance. Start attempts atrd80h the smooth bore
facility have been made in 2HO,+(5.7- 6.3)CQ propellants, although theseem to hae
been unsuccessful. X-ray photograph both fcilities reveals significant projectile
erosion after leang the propellant filled tubes. Mamnaterial types and coatingsviea
been used in an attempt to sile this problem. It is not clear whetheryaserere

projectile erosion ordrning occurs during the starting process.
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2.5.5 Dhoku Unversity

Sasoh et a**" report eperimental results and flovisualization of the starting
process at theohoku Unversity facility in Sendai, Japan. Holes are located just prior to
the entrance diaphragm foemting of launch tubeages. The launch tube residual air
pressure is typically 0.75 to 1&rr, and 0.03 to 0.5hm thick Mylar seres as the entrance
diaphragm. The projectile is scaled tor@t bore from the UW standard projectile, and
the typical entranceelocity is 1120m/s. Perforated polycarbonate obturators were found
to fail structurally during the peder gun launch process, thus solid polycarbonate or
perforated magnesium obturators are currently used. At this time cold shetshioan
supersonic flav through the difiser but limited success has been agbi with hot shots.

One successful start has been adde although not reproduced, in &Bn
2.8CH,+20,+4.6N, at 1211m/s entranceeiocity.

Visualization of projectile trael through the entrance diaphragm into a
non-comlostible mixture has been performed with a system of aspherical lenses.
Holographic interferometry sk a well defined conical shock from the projectile nose
just after it pierces the entrance diaphragm. High speed camera pictg@ssteocks
reflecting between the obturator and the entrance diaphragm as the launchstube g
compressed. df experiments with 1 to 2orr residual air pressure there is no noticeable
light emission until the projectile nose pierces the diaphragm; the light produced after this
impact may be due to com&ting Mylar An experiment with 1@orr residual air pressure
indicates the high temperature nature of the compressed launchakilbg g luminous
region adjacent to the entrance diaphragm prior to projectileairri

Hollow projectiles hae been shot in a collabonati program betweenohoku
University and the UW (Fig. 2.11b). vArage projectile mass is 186, and the 10°
diffuser angle s increased to 30° at the tip to minimize projectile damage upon impact
with the entrance diaphragm. A successful stars wachieed in 25atm
2.8CH+20,+3CQ, at 1100m/s entrance elocity. Carbon dioxide concentration of 4
moles resulted in aave fall-off, while 2.5 moles caused aave unstart. The minimum
Mach number for maintaining supersonioAflthrough the diiser in this mixture class

was 3.5. Numerical simulations of shots into iness gvere conducted toam an
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understanding of the flo through the projectile, as thisgien could not be monitored

during periments.

2.5.6 Hiroshima Umwiersity

Chang et at®® report eperimental results and flovisualization of the starting
process at the Hiroshima Wersity rectangular boredility in Hiroshima, Japan. The
launch tube is perforatedrer the last meter toewnt the initial launcheras behind the
5 gm polypropylene obturator The 5gm polyprogylene projectile is a tew dimensional
wedge, guided by the twtube rails running through grees in the projectile sides.
Typical launch tube residual air pressure istorf ram accelerator fill pressure is 1 to
5atm, and entranceelocities are around 1000/s. Cold shots into nitrogen, carbon
dioxide, and aggon hae successfully demonstrated supersoniv tlorough the ditiser
and the sonic difiser unstart Mach number in thesesgs has been identified. The ram
acceleration tube containsveeal windavs through which Schlieren visualization of the
shock system about the projectile is conducted. Images fperiments compare well
with the flawvfield characteristics predicted numericallguccessful starts during hot shot
experiments hee not been reported yet.

Quasi-two-dimensional projectiles were shot in the UWktility at 25atm fill
pressure to support hot shotperiments at Hiroshima Wrersity (Fig. 2.11a). The
projectile base geometry required the addition of an alumiraoepfate to the standard
UW perforated obturator to maintain its structuralgnity during the initial launch. Cold
shots into pure nitrogen were conducted to identify the sonfasdif unstart Mach
number An entrance elocity of 1180m/s into 2.8CHt20,+6.7N, resulted in a

successful start, whileweer concentrations of nitrogen led tewe unstarts.

2.5.7 Seoul Uwiersity

The Seoul National Uwersity in Seoul, Kkrea has conducted a numerical study of
the ram accelerator starting process at superdetensilocities’® Axisymmetric,

unsteadyReynolds aeraged Naier-Stokes gwerning equations with a Baldwin-Lomax
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turbulence model were used in conjunction with finite rate chemistry to understand
projectile transition in a 4m bore tube at 250@/s from latm air into 2&tm
2H,+0,+(3.76- 9)N,. The 150ym axisymmetric projectile model did not include the rails
required to center such a projectile in the tube. Successful starts wereedbserv
propellants with nitrogen concentration from 5 to 9 moles, and for the 9 mole case a thrust
equal to drag (constanélocity) condition occurred. Shock-induced or oblique detonation
wave comlustion occurredwer the constant area section or the aft cone in the successful
start cases. Oblique detonations were supported by separmgitmasreaused by shock
impingement on the projectile boundary laye®tart &ilures resulted for propellants
diluted with 3.76 and 4.5 moles nitrogen; in these cases an oblique detonat®n w

attached itself to the tip of the projectile nose cone.

2.5.8 China Aerodynamics Research &Blepment Center

No formal literature xsts on the China Aerodynamics Research anceDpment
Center (CARDC) dcility in Mianyang, China. Haever, personal communication with
Dr. Lieu Sen of CARDC has indicated that the launch tube hasra @dg \ent section,
and that Mylar entrance diaphragms are used to separaten3fropellant fill pressure
from 60torr residual air pressure in the launch tube. The projectile is scaledmn37
bore from the UW standard projectile, and typical entramdecities are approximately
1150m/s. Problems & been encountered with thewgter gun initial launcher causing
failure of perforated polycarbonate obturators. Successful coldxg®iraents into pure
nitrogen hae been conducted, and the sonidudiér unstart Mach number has been
identified. No successful starts in hot shqieximents are krvan to hare been achied

at this time.



3. Experimental Procedure

Projectile eperiments form a significant recurringpense for a ram accelerator
facility, thus a cost-&ctive means for characterizing the starting process without
projectiles is desirable. ai of this ivestigation involves piston detonatiorxperiments
as an dicient way to study ha propellant chemistryentrance Mach numbdaunch tube
air pressure, and obturator configuration influence the starting process. The remainder of
this investication irnvolves projectile ®periments shot underarious conditions to study
the efect of propellant chemistryentrance Mach numbethroat area, and obturator
configuration on the starting process. Much of the pertinent data from the projectile
experiments are summarized in tddr form in Appendix A. Data from the piston
detonation eperiments are summarized in Appendix B.

All projectile and piston x@eriments were conducted in the UW ram accelerator
facility shavn in Fig. 1.2°° A schematic of the instrument station configuration near the
entrance diaphragm is presented in Fig. 3.1. There arenstrument stations in the
launch tube, 12 and 138m before the entrance diaphragm. The first instrument station
in the ram accelerator tube is locatedri® after the entrance diaphragm, faled by a
station 227mm davn the tube. There is a 46@m intenal between subsequent stations
down the remainder of the ram accelerator tube. All stations were instrumented with
electromagnetic sensors and piezoelectric pressure transducers (PCB model 119) at the
tube wall. The launch tube stations and first three ram accelerator tube stations also

contained fiber optic luminosity sensors for some of #peements. Theap handling

139 mir 227 mm
12 mm 12 mm
. + 7 |
il ] H
.~ Launch Tibe o Entrance Ram Acceleratordbe & 7
<—Diaphragm

A

Fig. 3.1 Instrument station configuration near entrance diaphragm.
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system of the UWdclility, supported by @& chromatograph provides absolute mixture
accurag to within 5%, with relatie precision of approximately 1% whemrying
mixtures.

The nominal launch tube residual air pressuas @/to Sorr, monitored by a Kistler
4043A1, 0 to Jatm piezoresiste transducer Pressure in the launch tub@svreduced
belov 3torr by adding additionalacuum pumps to the system, while increased pressure
was efected by bleeding air into thevacuated launch tube. The entrance diaphragms
used were 0.36 and 0.7 thick Mylar for 25 and 5atm fill pressures, respegtiy.

The entrance Mach numberwnaried by adjusting theag pressure in the initial launcher
to change the projectile or pistorelocity history in the launch tube, and through
propellant chemistry changes to adjust the sound speed.

The propellant compositionag \aried by introducing arious amounts of carbon
dioxide, nitrogen, ayjon, helium, or drogen to fied amounts of methane and oxygen. A
“class” of propellant is characterized by its fuel-oxygen stoichiometry withriable
concentration of a specific diluent. The fill pressure of the carbon dioxide diluted
propellants vas 25atm, limited by a combination of thadility’s gas handling system and
carbon dioxides lowv liquefaction pressure at 3®Q A fill pressure of 5@&tm was used
for most &periments in the other propellants. Properties of frequently used propellants
are presented in Fig. 3.2. The non-dimensional equilibriunggmelease of comistion
(Qcy and the detonation wave Mach numbdgj are both taken at the Chapman-Jouguet
state (thermally choked). A chemical equilibrium code utilizing a real gas equation of
state was used to compuk, andQ, because of the significant departure from ideal gas
values at fill pressures above dn*® The induction timest(,.,) and lengthsL{, ),
referenced to the peak OH radical concentration, were computed for an incident shock of
M, with the ideal gas CHEMKIN thermochemical routiteend the GRI-1.2 reaction

mechanism for methane oxidatitn.

3.1 Piston Experiments

Piston initiated detonationxperiments were conducted witlanous propellants,

entrance Mach numbers, piston configurations, and launch tube pressures as a means of
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cost-efectively investicating \ariables in the starting process. Solid and perforated
polycarbonate pistons of 38&1dm #0.5mm) diameter were used (Fig. 1.4). A magnet
epoxied into a circumferential gre® alloved tracking of the piston with the
electromagnetic sensors. All perforated pistonsg(® with backplates (m) were
identical to the standard UW ram accelerator obturaidre 16 and 2§m solid pistons
were configured with a Bridgman seal to limitwlby from the initial launcher The
36 gm solid pistons did not ka a Bridgman seal.

The \elocity of the shock created by the piston impacting the mixtuae w
determined by tracking theawe mosement davn the tube with the piezoelectric pressure
transducers. A detonatioraw determined to kia been initiated when the shoakacity
was approximately,, throughout the 1fn test section. Unsuccessful detonation
initiation was indicated by the shock steadily deceleratingndthe length of the test
section. The non-ambiguity of this technique to distinguish between a detonation and a

decaying shock is demonstrated by the sh@ttoity versus distance plot in Fig.3.

2000

o 3 V, (real gas) = 1876 m/s
M ETIS Q.T‘ ’!’ T i’:’.“.’: ’:’v }’l’“’:’ Ve Tof ’:’f N
—~~
D 1600 |
\E/ DETONATION Shot (Geometry, Entrance Velocity)
> - DS186 (Perforated, 1530m/s)
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= . s DS190 (Solid, 1160m/s)
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< NO DETONATION
) 800 n
2.8CH,+20,+5.7N,
8
2 50 atm Fill Pressure
% g B oma 16 gm Pistons
i "8 B g n B oA @
400 | | | | | |
0 2 4 6 8 10 12

Distance (m)

Fig. 3.3 Repesentative shock elocity versus distance datadr piston experiments.

3.2 Piojectile Experiments

Projectiles were shot undeanous conditions to study thefeft of changing
propellant chemistry entrance Mach numberprojectile geometry and obturator

configuration on the starting process. A magnet in the throatealldracking of the
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projectile with the electromagnetic sensors. In some cases a magnepoxied into a
circumferential groee in the obturator taatilitate its tracking as well.

Several diferent geometry configurations, all made of 7075-T6 aluminuny,allo
were used, incorporating changes in throat ar@¥); Tfin numbey body length, and nose
angle. Geometric characteristics ofefigrojectile configurations are presented abl&

3.1, along with three-dimensional wig in Fig. 3.4. All projectile fins had a constant
12.5° ralke angle, and fin thicknesaned from 3mm (for 5 fin projectiles) to 3.8:m (for

3 and 4 fin projectiles). Note that corresponding changes in base diameter were made to
the TAV projectiles in order to maintain the same taper angle. Area profiles of ¢he fiv
projectile configurations are presented in Fig. 3.5. The peak area ratio corresponds to the
throat, and the cusp in area ratio between the throat and the base of the body locates the
end of the fin raé (where the fin meets the tuball}

Two polycarbonate obturator geometries afiable mass were used: a perforated
obturator (133m) with backplate (§m) as shan in Fig. 1.4a, and solid obturators (16,

26, and 3@m) with a Bridgman seal as st in Fig. 1.4b The Bridgman seal on the
solid obturator is used to limit bdeby from the initial launcher (the obturator base
expands under theag pressure to priwle a better full tube area seal). All obturators were

38.1mm F0.5mm) in diameter

Table 3.1 Popjectile configurations.

Type | Fins At(thgQ) ) Arl:lg(?gio) Lengfhd{mm) T:[:?e(zjry(O) Mass (gm)
Standard 5 0.42 10 71.1 4.5 76
Short | 4 | 0.42 15 46.0 6.9 50
TAVL | 3 | o042 10 711 45 69
TAV2 | 3 | 050 10 711 45 72
TAV3 | 3 | 059 10 711 45 62
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a) Standard projectile. b) Short projectile.

c) TAV 1 projectile. d) TAV 2 projectile. e) TAV 3 projectile.

Fig. 3.4 Images of pojectiles.
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Fig. 3.5 Pojectile area profiles.

The result of a start attemptaw discerned from the projectilelagcity versus
distance and tubeall pressure data. Amexperiment in which the projectile accelerated
for over 2m was deemed a successful start. Experiments in which the projectile did not
accelerate forer 2m were considered stamifures and identified as a sonicfdger
unstart, vave unstart, or ave fall-off, based on analysis of the tubaliMpressure data

similar to that presented in Chapter 2.



4. Results

Results from projectile and pistorperiments are summarized and discussed in the
following sections, @anized according to the starting processiables inesticated.
This efort examined only some of theadtors in the starting process and represents a
cursory ivestigation, at best, of aery compla ervironment. Projectile start attempt data
are talen from the database of shots in thenl8ystem configuration (HS647 through
HS1320), and by no means account for apeziments in the history of the UW ram
acceleratar The tremendous amount of data presented eliminates the possibility of
discussion of each inddual data point. Instead, trends and other remarkable features are

brought to attention.

4.1 Mach Number and Enegy Release

Pistons were fired atavious entrance Mach numbeid ] into propellants with
different amounts of engy release @). The piston configuration, propellant
characteristics, and limitinigl, obsered for detonation and no detonation are presented in
Table 4.1. Theery fuel-rich 5CH+20,+2He and 5.5C}+20,+1H, propellants were not
detonable at the maximuiM, attainable. In all other propellantsl, higher than the
detonation limit resulted in detonation whilewler M, resulted in no detonation.
Increasing diluent concentration (decreas@igwithin a gven propellant class \ahys
resulted in a highevl, required for detonation.

Note thatQ is a \alid means of comparing ignition characteristics across propellants
in the same class; propellants in one class with grédbteve lover detonation limits than
other propellants in the same class.wdeer, Table 4.1 clearly shves thatQ is not a alid
means of comparison acrossfeiiént classes. Thegaon diluted propellant class has
lower Q values while haing the lavest detonation limits than wrof the other classes.
Ram accelerator data are often plotted on theggmetease ersus Mach numbefXM)
plane, and caution must beeecised because propellants fronfetént classes can V&

very different ignition characteristics.
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Table 4.1 Summary of piston detonation conditions.

Pressure No Det| Det | Avg

(atm) Mg, | Q| Piston pe M, M, M,

15CH+20,+35C0,| 25 |5.66/9.1] 26gm Sold | 3.40 | 3.67 | 3.54
36gm Solid | 3.43 | 3.61 | 3.52

1.5CH+20,+4.5CQ 25 |5.31/7.9| 26gm Solid 391 | 400 | 3.96
36gm Solid 3.74 | 3.98 | 3.86

2.3CH+20,+5.7N, 50 |5.53|6.0|16gm Perforated 3.44 | 3.61 | 3.53
16gm Solid 299 | 3.19 | 3.09

2.8CH+20,+5.7N, 50 |5.14|4.8|16gm Perforated 3.44 | 3.58 | 3.51
16gm Solid 3.18 | 3.25 | 3.22

2.8CH+20,+4.5N, 50 |5.38|5.2|16gm Perforated 3.25 | 3.36 | 3.31
16gm Solid 3.12 | 3.27 | 3.20

5CH,+20,+2He 50 |4.89|4.8|16gm Perforated 4.10 | No Det| No Det
5.5CH+20,+1H, 50 |4.94|5.1|16gm Perforated 4.30 | No Det| No Det
)
i

Propellant

=N

|

2.8CH+20,+8.5Ar 50 |4.93|4.2|16gm Perforated 2.67 | 2.77 | 2.72
2.8CH,+20,+11Ar 50 |4.65|3.7|16gm Perforated 2.68 | 2.86 | 2.77

Results of standard projectile and obturator start attempts in the nominal propellant
class are presented in Fig. 4.1. The data are plotted o@-Meplane and indicate
whether a sonic difiser unstart, ave fall-off, wave unstart, or successful start occurred.
Each plot contains data from a 4n range of propellant fill pressure. The nominal UW
successful starting conditions aredent, withM from 3.0 to 3.3 an€) between 4.6 and
4.9. The 10 to 2atm fill pressure range (Fig. 4.1a) is madky a significant number of
wave fall-off and wave unstart shots betweemgrens where successful starts occurred, and
a fav similar data points are noticeable in the 20 ta®0 range (Fig. 4.1b). This is
inconsistent with xpectations of a bounded range of conditions under which a successful
start can occuyrand may be indicate of erratic behaor at relatvely low fill pressures.

Several data pointsxast in these plots which support trends discussed in Section
5.5. The 10 to 2&@tm data contain aave unstart at relately highQ. The 40 to 5&tm

fill pressure range (Fig. 4.1d) illustrates a tengleioc wave unstarts to occur ad is
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Fig. 4.1 Start attempt results with standard projectile in nominal propellant class.

decreased from successful start conditions. Also, noteave fall-off at relatvely low Q
andM, and the \ave unstart at high.

Results of attempts to start a standard projectile and obturatoratm2&arbon
dioxide diluted propellants between Mach 2.5 and 2.9 are presented in Fig. &8. W
fall-offs are obsemd under conditions of relaély low Q andM, while wave unstarts
occurred at relately highQ andM. There were no successful starts for this particular
propellant class at thes& even thoughQ was \aried in such small increments that carbon

dioxide concentrations were changed byr@dle.
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Fig. 4.3 Start attempt results with short projectile.

Successful starting conditions for the short projectile are presenteddfdO@im
propellant classes in Fig. 4.3. In the case of a methane/oxygen propellant class (Fig. 4.3a),
increasingQ andM above a successful starting condition resulted irmeewnstart. \&ve
unstarts occurred in a methane/oxygen propellant class diluted witndles of helium
(Fig. 4.3b) wherQ was increased at constavitabove the successful starigiene.

Results of start attempts with throat aremiation (TAV) projectiles in 50atm
argon-diluted propellants are presented in Fig. 4.4. The only successful start in an
argon-diluted propellant occurred for &2 projectile (Fig. 4.4b). All three projectile
geometries xhibited the same trend stated\poeisly. Relatvely highQ andM led to a
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Fig. 4.4 Start attempt results in algon diluted propellants.

wave unstart, while v Q andM were condueie to a vave fall-off. The wave unstarts

most frequently encountered in theperiments presented aloccurred 1 to & after

entrance, with thexeeption of the AV3 wave unstarts around Mach 3.5. Thesaav

unstarts took place less than th&after entrance,ven though the projectileslocity was

significantly higher The change obsexdl in wave unstart character suggests ded#nt

wave unstart mechanism.

Relatvely low Q andM have been shen to be condugk to a vave fall-off result.

In the limit of a non-reacte propellant @ =0) at Mach numbers abe M, a wave

fall-off will occur, and therefore relatly low propellant engy release isxpected to
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have the same result. It is also plausible that under conditions of decribhtuege will
be a laver limit at which the propellant cannot be ignited, irrespeatf Q.

Relatvely highQ was obsergd to lead to e unstarts. do little enegy release
will cause the shock system to recede from the projectile, laodltherefore it stands to
reason thatxxessve enegy release will push the shock system ahead of the throat (see
Section 5.4). \&e unstarts also occurred at higher angeloM than those which
permitted a successful start. These phenomena, elserveither side of the successful
start rgime, suggests multiple mechanisms for producingagewnstart. A projectile at
low M may be ill-suited for containing the coodtion wave, while high Mach number
projectiles might be condu@ to initiating a detonation or other rapid ayerelease
source in the immediate vicinity of the throat.

As previously notedQ is a parameter which can not be used for comparisons among
different mixture classes. In otheomds, a methane, oxygen, and nitrogen propellant of a
particularQ value should not bexpected to ¥hibit the same characteristics as a methane,
oxygen, and gon mixture that has the samaue. Enayy release is quantified 16y, but
does not ta& the other reacte characteristics of a propellant into account. A supporting
example is preided by tw TAV3 start attempts at Mach 3.5 @, = 4.0 propellants at
50atm fill pressure, one in 2.8GH20,+8N, and the other in 2.8G#H20,+10.1Ar With
all other conditions held the same, the nitrogen dilutpe@ment resulted in a successful
start while the agon diluted ®periment resulted in a ave unstart within 0.Bn of

entrance.

4.2 Throat Area
Start results for arious flav throat area ratio projectiles in the nominal propellant
class are presented in Fig. 4.5. The nominel flooat area ratioX, . / Aup = 0.42) vas
able to successfully start from Mach 2.9 to 3.6 in the 20 tatr®Cfill pressure range (Fig.
4.5a) and from Mach 2.9 to 3.3 in the 40 toa®f fill pressure range (Fig. 4.5b).
Successful starts in the 20 to &on fill pressure range occurred forveel flov
throat area ratios belo0.42, illustrating that a reducedvidhroat can contain the shock

system under standa€@landM conditions as long as the fiiser flav is supersonic. The
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Fig. 4.5 Throat area \ariations in nominal propellant class.

problem that arises withevy small flav throat areas is the increadddor sonic difuser
unstart. An gperiment with a 0.25 fle throat area ratio projectile resulted in a sonic
diffuser unstart at Mach 3.1, whereas increased titmoat areas permitted a successful
start at thisv..

A wave unstart occurred in the 460 atm pressure range whhwas decreased to
2.8, consistent with the pneus obseration of a vave unstart rgime at Mach numbers
belov successful starting conditions. avé unstarts also resulted in this pressure range
when the flav throat area ratio as increased to 0.50 bt where successful starts were
obsened for the nominal area ratio. Greatewflihroat area is condu@ to disgogment
of the shock system und& andM conditions in which a smaller fiothroat area can
contain the shock system.

Start results for AV projectiles in nitrogen- and gon-diluted propellant classes are
presented in Fig. 4.6. Data from both plots indicate that projectiles with increased flo
throat area hae a tendencto disgoge the shock system that can be contained by reduced
flow throat area projectiles at asgh Q andM. All three throat area configurations were
successfully started in nitrogen-diluted propellants (Fig 4.6a), although unftézermlif
conditions. Successful starts were aebtkby increasindyl and decreasin@ as the flav
throat area increased. In one case conditions which resulted in a succAg2fstart
caused aAV3 wave unstart.
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Wave fall-offs were obsemd at higherQ for decreased fl throat areas in the
argon-diluted propellants (Fig. 4.6b); conditions which resulted in a succes&falstart
caused a AV1 wave fall-off. The conclusion that increasedwldhroat areas require
reducedQ and/or increasel to contain the shock system is supported by the data points
where a AV3 wave unstart occurred under the same conditions which resulteddviza T
wave fall-off.

Experimental results of increasing thewflthroat area to lwer Mg, are compared
with the theoretical prediction of Eqgn. 2.1 in Fig. 4.7. The theory quedtati

demonstrates tha#l,,, decreases as the wlathroat area increases. Quantiely the
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comparison is nob@ct, in part because of the ideal nature of the theory considered. Also,
the perimental data are tak from wave fall-off shots in which the projectile
decelerated due to drag until thefalsier could no longer remain supersonic. Initially
obtaining supersonic flo through the dfiser is a diierent gasdynamic process than
unchoking an already supersonidaer* and thereforél,,, required for successful ram
accelerator entrance igpected to be diérent from the Mach number limit measured in
this manner

Note that in all AV experiments, the throat areaasy not the only projectile
geometry ariable changed. In most cases, the base diamateresduced as the throat
diameter vas reduced in order to maintain a constant body taper angle.w AA¥¢
projectiles incorporated changes in body length, rather than base djamgtevide a
constant taper angle as the throat diametged. Therefore, the results presented in this
section can not be attrited to a ariation in only the throat area without a more detailed

parametric imestication.

4.3 Piston/Obturator Configuration
Results from projectile start attempts and pistoqpeements in which the

piston/obturator mass and geometry wexged are presented in the fallmg sections.

4.3.1 Mass

Results of piston detonatiorxgeriments and projectile start attempts in which
piston/obturator massas \aried are presented on tQeM plane in Fig. 4.8. Solid piston
mass ariation from 26 to 3@m did not hae a noticeable &fct on the detonation limits
(Fig. 4.8a). A lager mass decelerates less quichlyd so is able to support the shock for
a longer period of time. Therefore, one migkpexct that a piston of greater massud
be able to detonate a propellant at\wdoM than a reduced mass piston. Thesswot
obsered under the conditions testedt may play a role if the change in piston maas w
more substantial, in the case of giaal detonations (see Section 4.5.1), or where a
prolonged DDT type of initiation process isvatved. It should also be noted that

variation of the initial launcherag pressure behind the piston should cause much the same
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Fig. 4.8 Piston/obturator mass a&riations.

effect as warying the piston mass, dictating the residence time during which the piston can
influence the ignition process. Mgmal detonations indicated in Fig. 4.8a will be
discussed in Section 4.5.1.

Increasing solid obturator mass seems to promote ignition of the propellant in
projectile start attempts (Fig. 4.8b). aW¢ fall-offs with 25gm obturators were obsew
for M abore those which result in ave unstarts for 3§m obturators. Liewise for a
given M, the more masge obturator caused aawe unstart at a l@er Q than that which
resulted in a wave fall-off with the less masge obturatar Greater initial projectile
velocity increases were noticed foewe fall-offs with more masse obturators. These
results can bexplained by thedct that a heaer obturator decelerates less rapidly after
entrance and therefore supports the shock system on the projectile body for a longer
period of time.

When comhstion was indicated by luminosity in carbon dioxide diluted propellant
experiments at instrument stations located 639 and/or &P8%avn the tube, the ave
unstarts abays resulted in a detonatiorawe. When comistion was not indicated by
luminosity at these stations, the unstaevev\elocity steadily decayed. The lack of
obsenation of luminosity for shots thatawe unstarted without resulting in detonation
may indicate that these unstarts had little to do with cstidn, lut rather were caused by

the obturator werdrving the normal shock system past the throat. TRisothesis
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correlates well with theatct that vave unstarts without indications of luminosity and no
detonation were only obsad for shots with the more magsi26 and 3@m obturators.
An infinitely massre obturator wuld not separate from the projectile base, resulting in a
wave unstart. Therefore, at some increased obturator masseisted that staraflures
will occur independent of gncomlustion process. Experiments in non-regctnixtures
would confirm whether or not comstion played a role in the more massobturator

wave unstarts presented here.

4.3.2 Geometry

Results of pistomgeriments for which the 1§m piston geometry as \aried from
perforated to solid in nitrogeraviation and methaneaviation propellant classes are
presented in Figs. 4.9a and 4.9b, respelsti In both propellant classes, the solid
geometry caused a detonation at redudefbr a gven Q. Perforations alle pressure
relief to the back side of the piston, therefore vesathg the transmitted shock and
mitigating detonation initiation.

Projectile start attempt results with @@ obturator geometry aviations are
presented in Fig. 4.10, and are in agreement with the piston detonqi@imeents. The
solid geometry caused are unstarts to occur under conditions which resulted in

successful starts with a perforated geomeffjrese obseations are due to the stronger
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shock system generated by the solid geometByccessful starts ¥&a occurred with
10gm solid obturators in th® andM range plotted in Fig. 4.10 at 25m fill pressure,

and therefore the solid geometry itself does neags result in stariflure.

4.4 Launch Tube Residual Air Pressue

Piston eperiments in which the launch tube pressues waried are presented in
Fig. 4.11. The launch tube air pressure is plotEvdusM and indicate whether or not a
detonation occurred. The 1 andoBr launch tube pressuresvieasimilar detonation
limits, and increased/ is necessary to detonate the propellant atoB0launch tube
pressure. This result indicates that ignition may be insems$gismall changes in launch

tube pressure,ub relatvely lage pressure changedeatt the ignition process. Increased
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launch tube pressure will cause greater cushioning of the unsteady piston impact and may
separate the backplate from the perforated piston, resultingver kmansmitted shock

strength and thereby miagng detonation initiation.

4.5 Unique Experiments

During the course of this westication, a fev experiments were conducted which
exhibited unique phenomena. Pistogperiments which resulted in nganal detonations
and a projectile starxperiment in which a ave fall-off was obsered folloved by a vave

unstart are presented in the feliog sections.

4.5.1 Maginal Detonations

A mamginal detonation is defined in the coxttef this work as a piston-generated
shock which traeels atV,, for some distance,ub decays before reaching the end of the
12m long test section. All mgmal detonations occurred in 1.5¢420,+5.5CQO, at
25atm fill pressure, and propatgd for seeral meters before quenching.able 4.2
summarizes the data from the piston detonatiapeements in this propellant.
Propagtion distances of the nganal detonations are noted in the “Result” column.
Marginal detonations were obsed/ for 26 and 3§m solid piston masses, and no
correlation between piston Mach number and distance afinaudetonation propagion
is evident.

The shock elocity versus distance data for thesgeriments are plotted in Fig.
4.12, illustrating the shock decay aftevesal meters of trgel. Different plots symbols
indicate data from separat&periments, and the solid symbol denotes tkgegment
which resulted in a detonationafdle 4.2). Sdicient data do nobast to declare thexact
cause of the detonation quenching, although it is clear that something occurred behind the
lead shock which caused the decdgctors iwvolved may include the piston dynamics,
initial launcher @s, pressure relief via communication with thaceiated launch tubemt

system, or imperfections in the saré of the tube.
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Table 4.2 Piston experiments in 2&tm 1.5CH, + 20, + 5.5CQ..

Shot Piston Vellzc)r::ti@n((r;e/s) Malf:rr]ltﬁgrcneber Result
DS124 35gm Solid 864 2.9 No Detonation
DS131 35gm Solid 1220 4.10 Marginal (8m)
DS132 35gm Solid 1310 4.40 Marginal (4m)
DS133 35gm Solid 1300 4.37 Marginal (9m)
DS134 26gm Solid 1333 4.48 Marginal (4m)
DS135 26gm Solid 1429 4.8 Detonation
DS136 35gm Solid 872 2.93 No Detonation
DS137 35gm Solid 1413 4.75 Marginal (3m)

4.5.2 Wve Rll-Off Followed by Wave Unstart

Projectile elocity versus distance and tub@lMpressure data for axgeriment in
which a vave fall-off occurred follaved by a vave unstart are presented in Fig. 4.13. The
projectile demonstrated more than X0 \elocity increase, decelerated m0s, and then

accelerated to 102@/s before \ave unstarting. The initialelocity increase (Fig. 4.13a)
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is not unusual for a shot with a 86 solid obturatqras vas discussed in Section 4.3.1
and will be supported in Section 5.1. The obturgmerated shock system ges onto
the projectile body (Fig. 4.13b), causing tledocity increase, u then &lls of the base by
627 mm after the entrance diaphragm. A pressureesiiikn appears ahead of the nose
and remains there until theave unstart occurs. At the 228%m instrument station, a
pressure ave is obsered deeloping in the vake of the projectile and is on the projectile
body 2625mm after entrance. A ave unstart occurs @ after entrance, as the shock
system propagtes bgond the projectile throat. Interpreting the phenomena occurring
during this shot is diicult with the aailable data. The pressure spikhead of the throat
remains a mystenand may be due to a timing error in the data acquisition system. As for
the pressure history behind the throat, perhaps tweoficthe projectile ignited, quenched,
and then re-ignited ain. Or maybe the shock system felf tife body without eer
igniting the propellant. A comstion wave may hse been generated after a suitable
induction time &r back in the wake of the projectile, caught up to, and thereroan the
projectile. This phenomenon is similar to the results of emtndn stripping eperiments,
in which the combstion wave was stripped from a ram accelerating projectile by passing
through an inert-gs-filled tube and then re-entered a costible mixture® A
comhustion wave was obsergd to form in the projectile ake and then to\eerrun the
projectile. The elocity history during the comuigtion stripping eperiment ghibited
projectile acceleration while in the propellant, faled by deceleration in the ineragy
and then acceleration to aawe unstart, after propellant re-entonce the pressureave

caught up to the projectile.



5. Analysis

Understanding of the starting process can bentddgond just the “end results” of
the start attempt results and piston detonation limits presented in Chapter 4. The
following sections prade further information into seral aspects of interest, including
the launch tube and ram accelerator tubw/fitdds, an analysis of the awe unstart
process imolving detonations, emlopes proiding the limits to successful starting,
obturator dynamics, and relai time scales on which phenomenavaf to the starting

process occur

5.1 Flowfield
A great deal of pressure and luminosity dass wnecorded during thisvestigation,

and some are presented here to support this and past research on the starting process.

5.1.1 Launch ilibe

Launch tube wall pressure and luminosity data arewshan Fig 5.1. Ngative
distances indicate location of the instrument station on the launch tube side of the entrance
diaphragm. The luminosity data are not scaled in a particatdnidn, and therefore
absolute signal amplitude is inconsequential. Note that all shocks reflecting between the
diaphragm and projectile/obturator are notvehalue to the scale of the plotted data. All
plots illustrate the high temperature and compression of the launchaslgigr to the
projectile reaching the entrance diaphragm. This compression vsnstw occur
independently of the reaeé nature of the propellant by Fig. 5.1a, recorded during an
experiment in which the ram accelerator tubaswilled with 25atm 2N+8CQ,. The
pressure trace 13fim prior to the entrance diaphragnavg no signal during this
experiment. Launch tube data for awe fall-off experiment (Fig. 5.1b) and aauwe
unstart &periment (Fig. 5.1c) shw little difference in luminosity character and peak
pressure 1Znm prior to the diaphragm. Thearffield pressure in the ave unstart
experiment is higher than that obsedvduring the \ave fall-off. The cause of this is not

necessarily a result of theave unstart, as theawe unstart @periment had an entrance
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Fig. 5.1 Tube wall pressue and luminosity data fom the launch tube.

velocity 200m/s greater than theawe fall-off experiment and therefore greater initial
launcher gs pressure.

5.1.2 Ram Acceleratonibe

Tube vall pressure and luminosity data from the ram accelerator tube just after the
entrance diaphragm (corresponding to the launch tube data presenmedaaibgresented
in Fig. 5.2. The pressure data from tlx@eximent in a non-reag@ mixture (Fig. 5.2a)
are \ery similar to those of theawe fall-off experiment in a reaate mixture (Fig. 5.2b).

In both experiments the obturatairiven shock system quickly recedes from the projectile
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Fig. 5.2 Tube wall pressue and luminosity data fom ram accelerator tube.

body and decays into thardfield. No luminosity vas obsered for the non-reacte
mixture periment, while it vas present 1&im after the entrance diaphragm during the
wave fall-off experiment. There is noay of discerning whether this luminosity is due to
the compressed launch tubesgentering the ram accelerator tube, or propellant
comhustion which did not stabilize on the rear of the projectile. Theewnstart
experiment (Fig. 5.2c) »hibits much greater pressure amplitudes and a prominent
luminous combstion rgjion. Note that the comistion wave follows the pressureave as

it disgoges from the projectile throat 108¥m past the entrance diaphragm.
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5.1.3 Obturator Geometry

Tube vall pressure and luminosity data from the launch tube and ram accelerator
tube during gperiments in which the obturator geometrgswaried are presented in Fig.
5.3. Essentially similar data are obsztun the launch tube for the perforated obturator
(Fig. 5.3a) as for the solid obturator (Fig. 5.3b). The pressure rise arireld 139mm
trace of the perforated obturatoxkperiment is not present in the solid obturator
experiment. This pressure riseasvobsered (and absent) in other solid and perforated
obturator &periments, and therefore is not necessarily a consequence of the obturator

geometry The diference between the perforated (Fig. 5.3c) and solid (Fig. 5.3d)
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obturator in the ram accelerator tubewflield is evident. These »@eriments were
conducted in the same propellant with the same entrance Mach namdb&oth resulted
in a wave fall-off. The solid obturator generates a stronger shock system on the projectile
body just after entrance, and supports the shock system for a greater distance after the
diaphragm. Luminosity is obsexd@ on and behind the projectile body 2@% past the
entrance diaphragm in the solid obturatapeximent, while no luminosity is detected
after 12mm in the perforated obturatoxmeriment. Projectile elocity data she a
greater initial elocity increase in the case of a solid obturator while the shock system is
on the projectile body The lack of pressure relief by the solid obturator helppéaim
the increased magnitude and persistence of the shock system and the presence of
luminosity, thus supporting the conclusiongaeding piston and projectilexperiments

arrived at in Section 4.3.2.

5.2 Obturator Dynamics

The role that the obturator plays in the starting process is better understood by
considering its motion during transition from the launch tube to the ram accelerator tube.
Obturator time ersus distance data from piston detonation and projectile start
experiments are presented in the fallng sections. The ffcts of propellant ignition,
mass, and geometry on the obturator dynamics are consideredxpEhienental data are
supplemented by calculations from a method of characteristics (MOC) code for a
non-reactre mixture impacted by a frictionless piston with no back pressure. A
comparison of xperimental and MOC data for conditions which resulted in no detonation
are presented in Fig. 5.4. The general piston and shock trajectories are predicted by the
MOC data. The piston rapidly decelerates after piercing the entrance diaphragm, comes to
a stop, reerses direction, and then weds back into the launch tube. The shock is
obsered to decay steadily as it propégs don the ram accelerator tube, and is teatk
more accurately than the piston by the MOC code. Note that the pistas Buther into
the ram accelerator tube and re-enters the launch tube later foratme flbpressure case

(Fig. 5.4a) than the 58&tm case (Fig. 5.4b). The pistons mayehtrtavelled farther into
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Fig. 5.4 Experimental and pedicted piston and shock-x data.

the ram accelerator tube than tixperimental data indicate, because the electromagnetic

sensors hae difficulty detecting the magnets on relaty slov moving pistons.

5.2.1 Propellant Ignition

The efects of 25atm fill pressure propellant ignition on the obturator dynamics are
presented in Fig. 5.5. The data from piston detonatiperenents (Fig. 5.5a) veal that
the piston comes to a stop and re-enters the launch tube asiehwhen a detonation
occurs. This result is due to the higher pressure applied to the pastenby the
detonation ersus the no detonatioxperiment. The initial piston history in the ram
accelerator tube is the same for the detonation and no detongtiemneents. Minimal
spatial measurement resolution and/or induction considerations may cause this result.
During the induction process the temperature and pressure ofviterémot substantially
changed by chemical reactions, thus the dynamics of the piston motion axpettéed to
be significantly dected by chemical reactions during the induction time. A projectile
start periment which resulted in aawe unstart with no detonation (Fig. 5.5hibits
an obturator history similar to that of the pistoxperiment which detonated. The
piston/obturator in both the piston and projecti@eriments re-enters the launch tube

approximately 3nsec after entering the ram accelerator tube.
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The efects of 50atm fill pressure propellant ignition on the obturator dynamics are
presented in Fig. 5.6. The piston detonatioqpeeiments’ data (Fig. 5.6a) also
demonstrate the piston re-entering the launch tabeeif during a detonation. Note that
the non-reacting shock decays more rapidly aath0 fill pressure than 2&m fill
pressure, although this may be a Mach numidectef A corresponding projectile start
experiment which resulted in aawe unstart follaved by a detonation (Fig. 5.63tebited

an obturator history which re-entered the launch tube later than the detonation and
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no-detonation pistonxperiments. The presence of a projectile causes the obturator to
remain in the ram accelerator tube for a longer period of time.

While propellant ignition certainly causes the piston/obturator to decelerate and
reverse direction more quickly than a no-ignition case, the piston detonapermeents
do not quantitatiely compare gry well to the projectile starkperiments. The projectile
presence is probably influencing the obturator dynamics, as is the initial lausher g
behind the obturator The piston detonationxperiments utilized much veer initial
launcher gs pressures for the same entraratecity as an obturator and projectile launch
package. The MOC code is not used to supportcdrthese data because it does not

model chemical reactions.

5.2.2 Obturator Mass

Mass eflects on the obturatarx data are presented in Fig. 5.7. Less ruassi
obturators decelerate and re-enter the launch tube more rapidly than obturators of greater
mass, rgardless of whether no detonation (Fig. 5.7a) or detonation (Fig. 5.7b) occurs.
The MOC data (Fig. 5.7c) support this obsg¢ian. The eperiments shw little effect of
shock supportariation by diferent piston massesytithe MOC data for a 10§m piston
verify that more masge pistons do support the shock for a longer period of time.
Increased shock support by a more massibturator supports the projectile start
obserations presented in Section 4.3.1. As noted in Section 5.2, the MOC code
accurately tracks the shockitbtends to werpredict the time required for the piston to

re-enter the launch tube.

5.2.3 Obturator Geometry

Perforated grsus solid geometryfetts on the obturatasx history are presented in
Fig. 5.8. The solid geometry decelerates and re-enters the launch tube more rapidly than
the perforated geomefrgnd supports the shockey a longer period,ven though it has
less residence time in the ram accelerator tube. The longer shock support by the solid

geometry supports the projectile start data and piston detonation limits presented in
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Section 4.3.2. MOC data are not compared with ¥pe@mental data because the code

does not account for perforations in the piston.

5.3 Detonation Wave Unstart

Detonation initiation s frequently obseed in conjunction with ave unstarts
during this ivestigation, as indicated by data for thregerimental series presented in
Table 5.1. After a ae unstart with detonation, the shoclelocity settled to
approximatelyV,, within a fev meters in all cases when the unstaaevwas initially
overdrven (Fig. 2.9). Detonation initiation behind the projectile throat in the
subdetonatie \elocity regime is highly undesirable because the detonatievewvill

outrun the projectile.

Table 5.1 Detonation fequency in conjunction with wave unstarts.

Propellant Pressure Number of % With
(atm) | Wave Unstarts Detonation

1.5CH+204#CO, | 25 11 73%

2.8CH+20,+#N, 50 11 100%

2.8CH+20,+#Ar 50 11 100%

Detonation initiation in tubes, either by direct initiation or deflagration to detonation
transition (DDT), has been studiextensively and is widely reported in the literatdfé>
Piston initiated detonations V& been inesticated to a lessexgent experimentally and
analytically***"*® The coupling of gsdynamic and thermodynamic processes in three
dimensions has created a significant challenge to quargitatinderstanding o a
detonation wave forms and propages. There is no general predietitheory on
detonation initiation, although initiation theories dxase for specific ideal conditions.
The factors influencing detonation initiation in a tube are the ignition source, boundary
conditions, and comistible mixture properties. Ignition sourcariables include engy,
the rate at which the emgris deposited, and the source geomeBpundary condition

variables include tube diametesurface roughness, and enaddivdynamics (fied \ersus
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moving). Mixture property &riables include acoustic speed, \ation enegy, induction
time, enegy release, temperature, pressustoeity, and turllence.

Due to limited instrumentation density (approximately three projectile lengths
between eery instrumentation port) the location of detonation initiation redatd the
projectile cannot be accurately determined. Therefore, some of ahe wnstarts
summarized ab@ may be a result of detonation initiation behind the projectile throat
(leading to a “detonationave unstart”), while others may be the end result of some other
phenomenon. Sfi€ient evidence of detonation initiation in the starting processtg to
mandate further westigation, especially in those cases where detonation initiates w
obsened almost immediately upon entrance. Pistgpedments were conducted to
determine what conditions are condgcito initiating a detonation, so that these
conditions can then beva@ided to eliminate detonation initiation as a source afew
unstart. The piston detonation limits identified are presentedalile 4.1, and are
compared to projectile start attempt data in the fotlg paragraphs.

The short projectile geometry with §61 perforated obturatoras fired into the
50atm 2.8CH+20,+5.7N, propellant at Mach 3.2 and 3.7 where it accelerated for almost
2m before a wve unstart occurred. In these cases a detonation did, dedunot
immediately upon entrance when the obturat@s vetill in communication with the
projectile flavfield. The projectile seems to be mdiong ignition because an immediate
detonation does not occur at a Mach numbevelite piston detonation limibf, = 3.51).

The standard projectile with a §6n perforated obturator successfully starts in this
propellant from Mach 2.9 to 3.4. Itis interesting to note thaéfog the entrance Mach
number of this projectile to 2.8 results in ave unstart with a detonationutalso not
immediately upon entrance. Additionatperiments hee shovn that immediate ave
unstart with detonation occurs when the standard projectile wigml6olid obturator
enters this propellant at Mach 3.1 and 3.2. The piston detonation limit for this case is
Mach 3.09.

Wave fall-off (no propellant ignition) occurs when the standard projectile
(A oa! Aupe = 0.42) with 16gm perforated obturator enters thedith 2.8CH+20,+11Ar
propellant at Mach 3.0. AAV2 projectile @, ./Aue = 0.504) with the 1@m perforated
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obturator vas successfully started in the same propellant and Mach nurihese are
examples of no ignition and a successful start at Mach numbenrge ahe piston
detonation limit ¥, =2.77). Further increasing thewidhroat area ratio to 0.5884V3)
with the 16gm perforated obturator results in awe unstart with detonation aftem2 of
travel. Increasing theAvV3 Mach number from 3.0 to 3.5 withgam concentrations of 7
to 12.7 moles resulted in immediateme unstarts with detonation. The throat area
variation is clearly influencing the outcome of the start attempt, and the distance in which
a detonation is initiated.

An immediate vave unstart without detonation occurs when the standard projectile
with 26 gm solid obturator enters the aén 1.5CH+20,+4.5CQ, propellant at Mach
2.83. The short projectile geometry with di& perforated obturatorxperienced an
immediate vave unstart with no detonation when it entered the 5,3C6,+1H,
propellant at Mach 3.1. These aret&xamples of an immediateawe unstart occurring
without detonation initiation.

The comparison of piston detonation limits with start attempt data presented in the
preceeding paragraphs illustrategesal points. First, piston detonation limits do not set
an upper bound on the conditions under which the ram accelerator can successfully start.
Successful starts,awe fall-offs, and vave unstarts with detonation not immediately after
entrance h& been obseed in situations where the piston alone will initiate a detonation.
This indicates that the projectile canvhaa mitigating efect on detonation initiation.
Second, wve unstarts with detonation immediately after entrance are @usatvaver
Mach numbers than the piston detonation limits. These data indicate that the projectile
can h&e an enhancing feict on detonation initiation. Data for successful starts aave w
unstarts with detonation not immediately after entrance were presented to substantiate the
obsenation that similar phenomena occur eda@and belw the piston detonation limit.
Finally, wave unstarts with no detonation immediately after entrance were ebdserv
These data indicate that detonations are nehyd associated with immediateawe
unstarts.

Comparison of projectile start attempt data with piston detonation limits highlights

the compl& nature of the e unstartdilure mode in the start process. In the process of
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shedding light on ave unstart phenomena, thiomk has perhaps raised more questions
than it has answered. Depending on the initial conditions of the start atteaspt, w
unstarts imolving detonations hee been obseed to occur immediately after entrance and
after sgeral meters of trael, both at lever and higher Mach number than the piston
detonation limits.

The role that detonations play in the subdetopatm accelerator remains unclear
For the time being, whether a detonation occurring duringage winstart is initiated
behind the projectile throat or ahead of the projectile throat after shockghisgdris left
to speculation. Hweever, a reasonable statement which can be made is that Kisiea
propellant composition limit under particular operating conditions in which the
subdetonatie ram accelerator cannot operate because the projectile and obturatibreha

ability to initiate a detonation.

5.4 Quasi-One-Dimensional Model

A guasi-one-dimensional model of the ram accelerator which attempts to predict an
operational evelope is presented in Fig. 5.9. Global assumptions of this model include
inviscid steady flav of a calorically perfectas. Quasi-one-dimensional isentropiavlo
analysis is emplged between stations 1-2, 2-3, and 4-5. Normal shock jump conditions
are used between stations 3-4, and heat addition to thermal choking is assumed to occur at
full tube area between stations 5-6.vé&3i a projectile Mach numhehis model produces
three limits to ram accelerator operation: abkflov between stations -12 (sonic
diffuser unstart), heat release for which the normal shock is located behind statéve 5 (w
fall-off), and heat release for which the normal shock is located ahead of statiave2 (w

unstart). These limits represent the three stlires, and therefore it is useful to

5 4§ 2
1
I
/

Fig. 5.9 Quasi-one-dimensional flefield model.
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compare eperimental start attempt data with thev&lope of operation predicted by this
model. Comparison of the model operationaledompe with &perimental data during
transition from one stage of propellant to anotheveisd meters after the initial starting
process) has shm that this model does not quantiaty predict the limits to ram
accelerator operatiori:®4°

The predicted arelopes for the projectiles used in this starting processiigation
are presented in Fig. 5.10. Note that area input to the model is the axisymmetric projectile
area, and therefore does not include the presence of fins. The model doesvglalitati
capture some fdcts of \ariable throat geometry presented in Section 4.2. Increasmg flo
throat area shifts the sonic fdi$er unstart limit to a l@er Mach number Reduced fio
throat area is able to contain a shock system supported by Qigaed does this atuer
M than increased flo throat areas. Increasedwidhroat area (with a corresponding
increase in base fiarea) permits operation atler Q and higher Mach number before a
wave fall-off occurs. Quantitately the nominal starting galope discussed in Section
4.1 M =3.0-3.3 andQ = 4.6-4.9) is within the limit erelope, as indicated by the shaded
region in Fig. 5.10. Haever, mary of the start dilures encountered also lie within the
ervelope. Therefore, the quasi-one-dimensional model does not queslitadredict

under what conditions a successful start will be aelie

v/‘
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----TAV2
-~ TAV3
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Fig. 5.10 Limits of operation predicted by quasi-one-dimensional model.
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This finding is not surprising gn the nature of the model. All of the assumptions
made are highly inaccurate in the ram accelerateirement, although more refined
models hge been ivesticated to imprge the accurag®ePhdahms Mary factors releant
to the starting process are unaccounted for including the presence of an qhauwnatbr
tube @s, propellant reas® characteristics, and specific three-dimensional projectile
geometries. The starting process is so coxiplsheer number o&ttors inolved and so
rich in phenomena that CFD holds a great deal of potential for studying the starting
process bgond eperiments. The challenges confronting the application of CFD are
mary: unsteady three-dimensional, med sub- and supersonicgrens, turlulent and
separated fl@, and chemical kinetics in anety of propellants at pressures high enough
to male real @s efects important. High resolutiorxgerimental data for CFDalidation

could ultimately preide a complete understanding of the starting process.

5.5 Starting Ervelope

For a gven projectile and obturator configuration it is desirable to obtain a starting
ervelope which is dependent upon the propellant chemistry and the entrance Mach
number Theoretical and computational analysis of the ram accelerator to date is
inadequate for determining such a startingetope. The lack of a compreheresi
parametric gperimental study to identify chemistry and Mach numbgintes conduee
to successful starting precludes the presentation of a quaetitditing evelope as well.
However, based on thisxperimental inestication of the starting process, a qualitati
starting emelope is suggested. This generalized startinglepe in theQ-M plane is
presented in Fig. 5.11 with ex\alues left df to underscore its qualita® nature.

The folloving comments summarize thgperimental and analytical obsations
made in this study which ti@ been used to construct the limitsvdnaon theQ-M plane.
A sonic difuser unstart occurs at Mach numbers less Mgpwhere supersonic floto
the projectile throat cannot be maintained (Fig. 5.11a). The Chapman-Jouguet detonation
Mach numberwhich has a modest dependencefvarying asvQ), sets an upper limit
on starting in the subdetonadi \elocity reggime (Fig. 5.11b). The ave fall-off

phenomenon dominates thegi@n of relatvely low Q and Mach number where the
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propellant cannot be ignited or release enoughggnier keep the shock system on the
projectile body (Fig. 5.11c). A “detonatiorave unstart” rgion, in which the projectile
and obturator initiate a detonation immediately upon entrance leading aceaunstart,
exists for relatvely highQ and Mach number (Fig. 5.11d). Other types aefevunstarts
(Fig. 5.11e), caused by yet undetermined mechanism{s, been obseed to occur at
constantQ when the Mach number is: 1) increased from avewfall-off result, 2)
decreased from a detonatiomwe unstart result, or 3) decreased from a successful start
result. Wave unstarts ha also been obseastl to occur at constant Mach number wien
is: 1) increased from aawe fall-off result, 2) decreased from a detonaticavevunstart
result, or 3) increased from a successful start result. The successfuhakpenms then
bounded by the aforementionediiire modes (Fig. 5.11f).

Care should be xercised to realize that wnquantitatve Q-M plane starting
ervelope generated will only be applicable to a particular set of initial conditions
including projectile, obturatorpropellant class, etc. Furthermore, recall Qats a
parameter which cannot be used for comparison across mixture classes. QEqual
propellants from dferent classes ka been shen to result in diferent start outcomes
with all other conditions held the same. An im@d propellant correlating parameter for
the starting process other thap would greatly simplify data presentation and
understanding, ut is likely very comple given the arious reactie characteristics of each

propellant.

5.6 Time Scales

It is important to deelop an understanding of the time scalesaofdrs iwolved in
the starting process. Relatitime scales help determine whiclttrs are of first order
effect, alloving for the implementation of impved eperiments and more accurate
computational modeling. In an initial stepnvards reaching this goaladtors briefly
discussed belw include the projectile, obturatoentrance diaphragm, shocks, and

propellant.
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5.6.1 Projectile

Since the most important frame of reference isdito the projectile, all time scales
should be relate to this frame. ime scaling of the projectile is viously not an issue in
its ovn body fibed frame. Hwever, dealing with the projectile motion one musink in
the inertial laboratory frame.ypical 50atm propellant wave fall-off experiments result in
deceleration of the projectile from 1160Us to 1100n/s within two meters of entrance,
while a successful starkgeriment accelerates the projectile from 1&%6 to 1530m/s.
The time scale on which the projectilevieés 2m past the entrance diaphragm is
approximately 2.0nsec for a wve fall-off and 1.5msec for a successful start.vekage
accelerations\eer this distance are -30@0and 26,00@, respectiely, and accelerations
just prior to a vave unstart can reach 50,080 The projectile acceleration will impact

unsteady terms in the gerning equations.

5.6.2 Obturator

The obturator dynamics data presented in Section 5\2deran estimation of the
time scale in which the obturator resides in the ram accelerator tubegrA fiérforated
obturator impacting a 58&m propellant at Mach 3.2 with no detonation re-enters the
launch tube approximately Msec later A solid obturator under the same conditions
re-enters the launch tubenisec after propellant impact. In general, solid and less
massve obturators decelerate and re-enter the launch tube more rapidly than perforated
and more mas# obturators. Detonation of the propellant,etakas “vorst case”
conditions for obturator dynamics during aw unstart, further decreases the obturator
residence time in the ram accelerator tube. Data from projectile spatiments at
50 atm fill pressure resulting inave unstarts shves obturator residence time to be on the
order of 2- 3msec. Deceleration of a piston from 116G to Om/s within 1msec of
entrance is at arvarage of ger 100,00@, and therefore unsteady terms are akpeeted

to be of importance in modeling the obturator dynamics.
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5.6.3 Diaphragm

The time scale of the entrance diaphragm rupture is dependent upon the pressure
differential across it. An infinitely high pressurefeliéntial results in a rupture time of
zero, corresponding to an instantaneoussth If this were the case, modeling of the
diaphragm wuld be as simple as reming it upon projectile arvial. However, the
diaphragm yield stress precludes th@dzup of an @erly lage pressure dérential. D
estimate diaphragm rupture time under imminamtsb conditions of a 0.3%m thick
Mylar diaphragm, assume that the uniformly distréal pressure ddrential is equal to
the yield stress (28&m). Further assuming that the entire diaphragm massdMp6
remains in one piece, the diaphragm acceleration is on the ordef gf(dPen by
F=ma). Such a high acceleration, albeit calculated ierg yough mannemwould send
the diaphragm treeling relatvely instantaneously @m the ram accelerator tube or
launch tube, depending on which side of the diaphragm lwaded. Zero pressure
differential across the diaphragnowd result in rupture on the order of the time itetgk
for the distance from the projectile nose tip to where the fia nadets the all to cross
through the entrance location. Thigest happens in 8@sec for a standard projectile at
1150m/s.

5.6.4 Shocks

The moements of shock systems in the ram accelerator amng difficult to
guantitatvely estimate due to their dependence on the projectile and obturator dynamics,
as well as the propellant eggrrelease. The shocks attached to the projectile nose and to
the fin leading edges are on the same time scale as the projectile. The Mach number of the

ideal shock generated by the obturator impacting the propellaneis lgy°

Eqgn. 5.1

_ y+1f,, 2
M __MP+JD4 DMp +1

Given the compression process occurring in the launch tube between the obturator and

diaphragm before entrance, together with the projectile presence, it islynhkt this
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ideal equation can be used for much more thaerg rough estimate. Once in the ram
accelerator tube, the dynamics of the obturgtarerated shock system are further
complicated by the propellant eggrrelease. If an engy release time scale could be
established, possibly through consideration of theutarth flov structures on and behind
the projectile body as well as propellant induction times, this may form the basis for a time
scale to represent shock system fluctuations.

It is interesting to note that if the entrance diaphragm doest im the direction of
the ram accelerator tube, a relaty high strength “shock tube” could be established.
Analysis of what déct this shock tube has on the starting process may hold promise for
start filures obsemd when operating with aeutless launch tube and/or with increased
launch tube residual air pressures. Complicataogofs in this analysis will include the

complex nature of the dvier section and the diaphragm dynamics.

5.6.5 Kinetics

As alluded to abee, the chemical kinetics resulting in egerelease to support the
shock system on the projectile body is an umkmcand for good reason. Little is kmo
about the flafield on and behind the projectile bodywea less is knon about the
kinetics of \ery high pressure, fuel-rich, and dilutgdnocarbon based propellants; and of
course the flafield and kinetics are coupled in a non-lineasHion. The first step in
identifying kinetic properties is to westigate induction times for propellants of interest.
Induction times ;) versus incident normal shock Mach number faresa propellants,
all with Q, = 4.78, are presented in Fig. 5.12. The induction times were computed for an
ideal gas with the CHEMKIN thermochemical routiftsand the GRI-1.2 reaction
mechanism for methane oxidatittn.The comhstion induction processas determined
to end when the concentration of OH radicals reached its peak. Notartton of
induction times by orders of magnitude for the shock Mach numbers presented. This is
not surprising, as induction times typicallgry exponentially with temperature, and the
temperature behind a shoclries with the square of the Mach numbdihe radically
different reactie characteristics of these eq@lpropellants is wdent as well. The

complity of the comlostion processes precludes further back-of-thvelepe analytic
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discussion on kinetics time scalesalittated kinetics mechanisms will be instrumental in

computational dbrts applied to the ram accelerator



6. Recommendations

All of the topics addressed in thisf@t require more in-depth study to ackeea
better understanding of the starting processth ¥Wiat in mind, each section of Chapter 4
and Chapter 5 represents a portion of the “things-to-do” list. No matter which issues are
investicated further care must be tak to eecute &periments which answer specific
guestions while introducing minimal ambiguityhis is dificult at best and impossible at
times, lut eforts must be made to isolatactors of interest in order to understand the
phenomena wolved. The number of coupleddtors ivolved males CFD a tool ideally
suited for supporting a parametrixperimental inestigation of the starting process. Prior
to CFD application, stitient confidence in the numerical techniques usedpmee this
comple ervironment must beajned by walidating the code output aimst eperimental
data.

Understanding the mechanisms leading tavevunstart is perhaps the biggest
overall challenge, it also holds the greatest promise foeaywolust starting process. In
the absence of impved diagnostics such as detailednfleisualization and on-board
instrumentation, xensve parametric studies of projectile geometry and propellant
variations will probably be required. High spatial resolution instrumented tube sections
one or tvo meters long on each side of the entrance diaphragmdvgignificantly help
ary investigation of the starting process transients. lonizatauggs are relatly simple
diagnostic tools which should be added to the instrumentation system. Toelse w
replace the fiber optic luminosity probes’ function of detecting cmtidn rgions, while
eliminating the uncertainty associated with detecting visible emissions. Through
knowledge of the \ave unstart, the starting process conditions can be tailored to meet the
goals outlined in Section 2.3: operation at higghnd lav Mach number

Much remains to be done in applying piston detonation limits to the subdetonati
starting process. Morexensve testing of piston massfefts could be pursued,
complemented by a study of initial launchasgressure behind the piston. The latter is
of interest because current ram acceleradailifies utilize both compressecag and

powder gun launchers, with inherentlyféifent pressure characteristics. Piston geometry
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variations other than perforated and solid pistons couldvestigated, and the method of
characteristics code modified to account for perforations in the piston. Launchatube g
pressure ahead of the piston has beewsho play a critical role in the ignition process,
mandating a more detailed seywof this parameterThe detonation limits presented here
may warrant refinement to namothe windav between detonation and no detonation.
Piston detonation limit studies may also be applied to starting parametexploote in
this research, such adests of launch tubeenting and entrance diaphragm thickness.
Further eforts are required to understandwhto use piston detonation limits for the
identification of conditions tovaid in the starting process. This wilvmive modeling of
the obturator and incorporation of projectile and launch t#seefects to augment the
piston initiated detonation limit data. The further study of kinetic induction times is
expected to play a role in relating piston detonation limits to the ram accelerator as well as
investicating the fundamental issue of detonation initiation by a piston.

An understanding of detonation limits may also be of use to the ram accelerator
beyond the starting process. When staging is performed, the projectile transitions from
one propellant to anotheand so it is concedble that a propellant transition could result
in the projectile and its flefield initiating a detonation leading toave unstart. If a
technique can be deloped to model this process, with potentzdtbrs that contrilte to
detonation initiation including the projectile, transition diaphragm, and the propellant
characteristics on either side of the diaphragm, transition conditions may be ruled out
prior to pending projectiles. Finallyram accelerator operation at superdetggati
velocities is in its iningy, but it is interesting to note that in this case it may be desirable to
initiate a detonatio. Detonation limit €brts may then seek to characterize propellants

and operating conditions which are congedo detonation initiation.



7. Conclusions

A thorough reiew of past research as well as the current understanding of the
starting process has been presented. The four possible outcomes of a start attempt are the
sonic difuser unstart, ave fall-off, wave unstart, and successful start. A sonitudér
unstart is caused by conditions upstream of the throat resulting in subsania tlee
diffuser A wave fall-off occurs when institient enegy is released from the propellant to
keep the shock system on the projectile body from receding behind the basave A w
unstart is caused by conditionsmstream of the throat resulting in disgorent of the
shock system on the body into thefalser A successful start is ackiezl when supersonic
flow is maintained throughout the wiser and the shock system is stabilized on the
projectile body through propellant eggrelease.

Piston detonationx@eriments were conducted to define detonation limits faraé
propellants, study the association of detonations with theée winstart process,am
knowledge of the obturator dynamics as it transitions from the launch tube into the ram
accelerator tube, andviesticate the dects of obturator mass, obturator geometnyd
launch tube air pressuranations on propellant ignition. The piston detonation limits
were found to not alays be indicatie of the upper elocity at which a ram accelerator
projectile can be successfully started. In some instances a successful staet fail wff
would occur at Mach numbers aleowvhich a piston alone detonated the propellant. Thus,
the goal of reducing the number of projectile firings, by néng the range of entrance
velocity and propellant chemistry to bevésticated through piston initiated detonation
limits, was not realized.

Obsenation of the piston time-distance profiles after propellant impact, supported
by a method of characteristics code, has increased the understanding of the piston
dynamics in detonationxperiments and ram accelerator start attempts. The piston
decelerates after propellant impact and thewvendackwrds. Reersal of direction
occurs more rapidly after propellant ignition, for less masgistons, and for solid
geometries. Piston mass had gliggble effect on the detonation limits for the conditions

studied. Solid pistons were able to initiate detonation \aedoMlach numbers than
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perforated pistons. In addition, ed¢ed launch tube pressur@asvfound to increase the
detonation limits.

Projectile start attemptxperiments were used txmore the limits to successful
starting, study the association of detonations with teeewnstart process, impm® the
understanding of the fidield in the launch tube and ram accelerator tube, aredtigate
the efects of Mach numbermropellant chemistryobturator geometry and mass, and
throat area ariations on the starting process. The impossibility of performingge lar
number of detailed parametricxperiments during this vestication precluded the
presentation of quantitag starting evelopes, bt a qualitatre ervelope vas created that
places the possible start outcomes retatd one another in a parameter space based on
entrance Mach number and propellant composition. Incré@seadonducie to a vave
unstart, while decreasé€g eventually leads to a ave fall-off. Wave unstarts were found
to occur at Mach numbers almand belw successful starting conditions, andve
fall-offs were limited to Mach number b&toconditions which resulted in a successful
start or vave unstart. Detonations were often obsérin conjunction with e unstarts,
and for relatrely highQ and Mach number these occurred immediately after entrance.

Increasing obturator massa® more conduee to igniting a propellant, asas
utilizing a solid rather than a perforated geometncreased flo throat areas reduced the
Mach number for maintaining supersonicwilahroughout the difiser but required
relatively low Q and high Mach number to contain the shock system behind the throat.
Measurements of the launch tube and ram accelerator tuifeelibwere in agreement
with past starting research. The launch tubs & compressed to significantly high
temperature and pressuredts prior to projectile entrance. Ram accelerator tube data
identified typical flevfield characteristics for all of the possible start outcomatsate of
insufficient resolution to determine Wahese outcomewelve for all ut the wave fall-off
case. ldentification of significantly tBfent pressure data forave unstart results under
various conditions leads to the conclusion that more than one mechargtsriecause a

wave unstart.
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