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Starting Envelope of the Subdetonative Ram Accelerator

E. Schultz,* C. Knowlen," and A. P. Bruckner*
University of Washington, Seattle, Washington 98195

An experimental investigation has been undertaken to explore the effects of propellant composition, entrance
Mach number, and projectile throat area variation on the subdetonative ram accelerator starting process. Upper
and lower limits on these parameters provide bounding conditions under which a supersonic projectile can suc-
cessfully initiate and stabilize the combustion-supported shock system on the projectile necessary for acceleration.
Relatively energetic propellant combined with high entrance Mach number are observed to push the shock system
ahead of the projectile, whereas low energy release together with low entrance Mach number are conducive to the
shock system falling behind. Decreasing entrance Mach number also causes the shock system to propagate ahead
of the projectile under some circumstances, suggesting that fundamentally different start failure mechanisms are
responsible. Increasing the flow area at the throat lowers the Mach number for choking the diffuser, but causes
difficulty in containing the combustion-supported shock system unless the Mach number is increased or the pro-
pellant energy release is decreased. Trends observed in this investigation and prior research are used to develop a
generalized starting envelope, illustrating where the success and failure boundaries lie in relation to one another
on the propellant energy release vs Mach number plane.

Introduction

HE ram acceleratoris a hypervelocitylauncherin which a pro-

jectile, similar in shape to the centerbody of a ramjet, travels
supersonically through a tube filled with premixed gaseous fuel and
oxidizer (Fig. 1).'> The ideal starting process begins with a con-
ventional gun accelerating the projectile and obturator from rest
through an evacuated launch tube (Fig. 2).> A diaphragm separates
the launch tube from the high-pressure, propellant-filled ram ac-
celerator tube (Fig. 3a). The projectile pierces the diaphragm and
enters the propellant at a supersonic entrance Mach number. The
propellant is compressed on the conical projectile nose up to the
projectile throat and expands over the body where it encounters
the obturator (Fig. 3b). A normal shock is driven onto the projec-
tile body as the obturator separates from the projectile and rapidly
decelerates (Fig. 3c). The propellant energy is released in a com-
bustion zone behind the normal shock, thermally choking the flow
behind the projectile. The choked flow stabilizes the normal shock
on the projectile body, creating a high-pressurezone at its base that
results in sustained acceleration of the projectile through the tube
(Fig. 3d). The starting process is loosely defined as the period of
time between projectile acceleration from rest to the point where
the flowfield illustrated in Fig. 1 is stabilized.

Development of a robust starting process is instrumental for uti-
lizing the ram acceleratorin a variety of applications. Summaries of
past research on numerous factors influencing the starting process
at the University of Washington and other ram accelerator facilities
are presented by Schultz et al.’ and Schultz.* Recent investigations
of the role that the obturator plays together with start failures caused
by propellant detonation are reported in Ref. 5. The research pre-
sented here explores the effect of entrance Mach number, propel-
lant composition, and projectile throat area on the starting process
at entrance Mach numbers lower than the Chapman-Jouguet (CJ)
detonation Mach number. Envelopes of operating conditions un-
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der which successful starts occur are derived from the experimental
results, and a generalized starting envelope is developed based on
trends observed while varying the aforementioned parameters.

Experimental Procedure

The experiments were conducted in the 38-mm-bore University
of Washington (UW) ram accelerator facility (Fig. 2).° It consists
of a light-gas gun initial launcher with a 6-m launch tube, a launch
tube dump tank, 16 m of ram acceleration tube, a final dump tank,
and a catcher tube. There are two instrument stations in the launch
tube, 12 and 139 mm before the entrance diaphragm. The first in-
strument station in the ram accelerator tube is located 12 mm after
the diaphragm, followed by a station 227 mm from the diaphragm.
There is a 400-mm interval between subsequent stations in the re-
mainder of the ram acceleratortube. All stations were instrumented
with electromagneticsensors and piezoelectricpressure transducers
(PCB 119) atthe tube wall. Electromagneticsensorsprovideda time-
distance history of the projectile by detecting the passage of a mag-
net (=1us) located in the projectile throat. Differencing these data
pointsresultedin velocity data with an uncertainty of approximately
1% basedon the 1-us diagnosticresolution,distancebetweeninstru-
mentstations,and entrance velocitiesaround 1200 m/s. The pressure
transducers measured the flowfield pressure at the tube wall.

The initial launcher is a helium-filled, double-diaphragm,single-
stage light-gas gun with a maximum pressurization capability of
40 MPa. The entrance Mach number to the ram acceleratortest sec-
tion is varied by adjusting the helium pressure to change the projec-
tile/obturator velocity history in the launch tube and through propel-
lantchemistry changesto adjustthe acousticspeed. A 305-mm-long
section of the launch tube beginning 0.6 m ahead of the entrance
diaphragm has 36 holes, each of 6.4-mm diameter, through which
gases in the launch tube are vented to an evacuated dump tank.’
The nominal launch tube residual air pressureis 3-5 torr, monitored
by a piezoresistive transducer (Kistler 4043A1). The entrance di-
aphragms are made of Mylar, up to 0.72 mm thick for a 5-MPa fill
pressure.

The propellantcharacteristicsare tailored by the type and concen-
tration of fuel, oxidizer,and diluentused in the mixture. A propellant
classis characterizedby its fuel-oxygen stoichiometry and the vari-
able concentration of a specific diluent. The nominal UW starting
process propellantfor the entrance velocity range of 1100-1200 m/s
is 2.8CH, + 20, + 5.7N, at a 2.5-5 MPa fill pressure, with small
variations in the methane and nitrogen content. The gas handling
system is based on sonic orifice metering and is supported by gas
chromatography. Absolute mixture accuracy is within 5%, and the
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Fig. 1 Ram accelerator propulsive mechanism at subdetonative velocities with quasi-one-dimensional model station numbers.
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relative precision when varying mixtures is within 1%. Propellant
properties of interest include the acoustic speed and the energy re-
lease parameter Q = Ag/c, T, wherethe equilibriumenergy release
Agq is normalized by the constant pressure specific heat capacity ¢,
and the temperature T of the undisturbed mixture. The energy re-
lease parameteris often taken at the CJ state,in whichcase Q = Q.
Chemical reactionsrates, inductionlengths, and activationenergies,
collectively referred to as reactivity parameters, are also of inter-
est but difficult to quantify under typical ram accelerator operating
conditions.

The ram accelerator projectile shown in Fig. 4 is typically fab-
ricated of 7075-T6 aluminum alloy and consists of two pieces,
the nose and body, which thread together at the throat. Primary
characteristics of this projectile include a 10-deg half-angle nose,
4.5-deg taper from throat to base, a flow-throat-to-tube area ratio
(Aproat! Awpe) of 0.42, a flow-base-to-tube area ratio of 0.64 (in-
cluding fins), and a mass of approximately 75 g. Projectiles with
four and five fins having these primary characteristics (the fins of
four-finned projectiles are 25% thicker than those of five-finned
projectiles to provide similar flow occlusion) demonstrate the same
behaviorduring the starting process and will henceforth be referred
to as standard projectiles. Specifications of these and the other pro-
jectiles used in this investigationare providedin Table 1. Increasing
the projectile throat diameter while maintaining constant base area
results in scaled-up projectiles having reduced flow-throat-to-tube
area ratios and longer body lengths than the standard projectiles®
Projectiles having larger than standard Aox/ Awbe and the same
body length and taper angle were used in investigations of throat
area variation (TAV) projectiles. Increasing the body taper angle
while keeping the throat and base areas constant results in a short
projectile’ A magnet located in the throat allows tracking of the
projectile with the electromagnetic sensors.

The 38.1-mm-diam (40.05-mm) polycarbonate obturator
(Fig. 4), comprises a solid backplate (3 g) glued to a perforated
cylinder (13 g), prevents blow-by of the initial launcher gas, and
assists propellant ignition in the ram accelerator tube. In some ex-
perimentsa magnet was epoxiedinto a circumferentialgroovein the
perforated cylinder to facilitate tracking the obturator. Experiments
conducted with combustible mixtures are referred to as hot shots
(HS), whereas those in noncombustible mixtures are referred to as
cold shots (CS).
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Table1 Projectile configurations

No.of  Agmpat/ Finwidth, Noseangle, Bodylength, Body taper, Mass,
Type fins Atube mm deg mm deg g
Scaled-up 4 0.25 3.8 10 94.7 4.5 85
4 0.29 3.8 10 88.9 4.5 77
4 0.34 3.8 10 82.6 4.5 73
4 0.38 3.8 10 76.2 4.5 65
Standard 4 0.42 3.8 10 71.1 4.5 75
5 0.42 3.0 10 71.1 4.5 76
Short 4 0.42 3.8 15 46.0 6.9 50
TAV 1 3 0.42 3.8 10 71.1 4.5 69
TAV 2 3 0.50 3.8 10 71.1 4.5 72
TAV 3 3 0.59 3.8 10 71.1 4.5 62
Nose Throat Body Base
___—1 125° —| [~— 3 mm
18 mm
10°
29 mm
’ 38 mm fin outer diameter
82 mm | 71 mm

—m]

16 mm

—.1

PROJECTILE
l—
re— 0.8 mm 3 mm
35 mm DIA
OBTURATOR

Fig. 4 Standard ram accelerator projectile and obturator.

The result of a start attempt was discerned from the projectile
velocity profile and the tube wall pressure data. Any experimentin
which the projectile accelerated for more than 2 m (1.7-ms time-
of-flight in propellantat 1200-m/s entrance velocity) was deemed a
successful start. Experiments in which the projectile did not accel-
erate for at least 2 m were considered start failures and identified
as a sonic diffuser unstart, wave unstart, or wave fall-off, based on
analysis of the tube wall pressure data as discussed in Ref. 3 and
summarized in the following section.

Possible Start Attempt Outcomes

Experiments have identified four possible outcomes of a start
attempt®: successful start, sonic diffuser unstart, wave fall-off, and
wave unstart. A successful start (Fig. 5a) is achieved when super-
sonic flow is maintained throughout the diffuser and the normal
shock system is stabilized on the projectilebody through propellant
energy release. Plots of a projectile velocity distance and tube wall
pressure data for a successfulram accelerator start are presented in
Fig. 6. The location of the entrance diaphragm is at 0 m. The tube
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Projectile and normal
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wall pressure data, presented as measured pressure normalized by
propellantfill pressure, are shown as a series of traces that originate
from different instrumentation stations along the tube. A projectile
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outline is shown scaled relative to the average velocity. The conical
shock from the projectilenose tip is evidentas the first pressurerise.
The next shock impacts the tube wall in the projectile throat region
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expansion.The following shock is assumed to be the leading wave of

e

l

N

3

——

the combustion-supportednormal shock system. Reflected oblique
shocks,appearingas periodic pressure fluctuationsin the traces from
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shows the tail of the signal decaying below the fill pressure due
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to thermal drifting of the piezoelectric pressure transducer. Erosion
of the thermal protection material varies for individual transducers,

3 and so not all transducers exhibit this phenomenon. On successful

¢) Wave fall-off

starting, the projectile velocity steadily increasesat a rate consistent

1 with that predicted for the thermally choked propulsive mode.!!

A sonic diffuser unstart (Fig. 5b) is caused by conditions up-
stream of the throatresulting in choked flow at the projectile throat.

| E= —

d) Wave unstart

Fig. 5 Possible outcomes of an attempted start.
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Compression waves emanating from the sonic region coalesce into
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Fig. 6 Experiment resulting in a successful start.
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Fig. 7 Experiment resulting in a sonic diffuser unstart.

pressure data from a shot that resulted in a sonic diffuser unstart
caused by a low entrance Mach number. The projectile velocity
steadily decreases following entry into the ram accelerator tube,
and the pressure trace 227 mm past the entrance diaphragm shows
the shock that arises after the sonic diffuser unstart. The spatial
separation between the first two pressure traces past the entrance
diaphragmdoes not permit detailed observationof the unstartshock
wave formation.

A wave fall-off (Fig. 5¢) occurs when insufficient energy is re-
leased from the propellant to keep the normal shock system on the
projectile body from receding behind the base. The projectile out-
runs this shock system and decelerates due to supersonic drag as
it travels through the tube. Figure 8 exhibits a projectile velocity
profile and tube wall pressure data from a wave fall-off experiment.
The velocity increases after projectile entry due to the high base
pressure generated by the obturator, and then decreases after the
obturator-supportedshock system recedes from the projectile body.
The experiment eventually resulted in a sonic diffuser unstart after
the projectile was sufficiently decelerated. The wave fall-off data
presented in Fig. 8 have the same features as the data collected
when a projectile enters a nonreactive mixture.

A wave unstart (Fig. 5d) is caused by conditions behind the throat
resulting in disgorgment of the shock system into the diffuser. The
projectilethenrapidly deceleratesin the high-pressureregionbehind
the shock. Projectile velocity vs distance and tube wall pressure data
from a shot in which the unstart wave developed in the projectile
wake are presentedin Fig. 9. A high-amplitude shock in the projec-
tile wake is first observed 1027 mm past the entrance diaphragm,
and it can be seen to have surged beyond the projectile throatby the
1427-mm location. In other wave unstart cases, the high-amplitude
shock appears to form first on the projectile body and sometimes
not as a discrete shock, but rather as a broad, high-pressure region
originating in the wake or on the body. These significant variations
in pressure history data observed during wave unstarts suggest that
there exists more than one wave unstart mechanism.?-¢

Experimental Results

The effects of entrance Mach number M, propellant energy re-
lease Q, and projectile throat area on the starting process are dis-
cussed hereafter. The experimental data are presentedon plotsin the
Q-M plane and indicate whether a successful start, sonic diffuser
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Fig. 8 Experiment resulting in a wave fall-off.

unstart, wave fall-off, or wave unstart occurred. The large amount
of data presented eliminates the possibility of discussion of each
individual data point. Instead, trends and other salient features are
brought to attention for use in later analysis.

Mach Number and Energy Release

The results of 518 start attempts using standard and TAV1 pro-
jectiles at fill pressures ranging from 2-5 MPa in a propellant
composition range of 2.8CHy + 20, + (4.5-7.5)N, are presented
in Fig. 10. Experiments conducted with an entrance Mach num-
ber of 2.8 showed that a 5% reduction in energy release changed
the outcome from a wave unstart to a wave fall-off. An increase
of entrance Mach number from 2.8 to 2.9 in the propellant having
Qc; =4.6 changed the result from a wave unstart to a successful
start, thus indicating a lower bound on entrance Mach number to
the starting of this projectile. No upper bound on entrance Mach
number has yet been found under these experimental conditions.
Successful starting of the ram accelerator was achieved with energy
release parametersranging from4.4 < Q¢ < 5.3. Because of as yet

unexplained reasons, an occasional wave fall-off and wave unstart
were observed within this regime of the Q-M plane, giving a 94%
reliability of starting under these conditions.

Results of attempts to start a standard projectile in 2.5 MPa
CH4/0,/CO, propellantsbetweenMach 2.5 and 2.9 are presentedin
Fig. 11. When Q was gradually increased by reducing CO, dilution
in experiments conductedat a particularentrance Mach number, the
results changed abruptly from a wave fall-off to a wave unstart. The
Q level at which this change in start outcome occurs was found to
increase as the entrance Mach number was decreased. There were
no successful starts for this particular propellant class at these val-
ues of M, even though Q was varied in such small increments that
carbon dioxide concentrations were changed by only 0.1 mole at a
time.

The results of 32 start attempts at 5 MPa with a short projec-
tile (Table 1) are presented in Fig. 12 for fuel-rich CH,/O, and
CH,/0,/He propellants’ Variations in methane were used to adjust
the Q of these propellants while the entrance velocity was kept con-
stant (13254 15 m/s). Successful starts were achieved in the range
5.0 < Qc¢y < 5.3 at an entrance Mach number of ~3.3 in CH,/O,,
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Fig. 9 Experiment resulting in a wave unstart.

and more energetic propellants resulted in wave unstarts. Adding 2
moles of helium to the methane-richpropellantreduced the entrance
Mach number to approximately 3. Under these conditions Q had to
be reduced to 4.8 before a successful start could be achieved.

The results of start attempts with the TAV projectiles in 5-MPa
argon- and nitrogen-diluted propellants are presented in Figs. 13
and 14, respectively. All three TAV projectile geometries (Table 1)
exhibited the same trends stated earlier, which are summarized as
follows:

1) Relativelylow Q and M are conduciveto a wave fall-offresult.
A wave fall-off will occur in the limit of a nonreactive propellant
(Q =0) at Mach numbers above the sonic diffuser unstart limit,
M,q,, and, therefore, relatively low propellant energy release is ex-
pected to have the same result. Under conditions of decreasing M
there exists a lower limit at which the propellant cannot be ignited,
irrespective of Q.

2) Relatively high Q leads to wave unstarts. Excessive energy
release behind a projectile pushes the shock system ahead of the
throat. Wave unstarts also occur at higher and lower M than those
that permit a successful start. These phenomena, observed on ei-

ther side of the successful start regime, suggest multiple mecha-
nisms for producing a wave unstart>® A projectile at low M may
be ill suited for containing the combustion wave, whereas a high
entrance Mach number might be conducive to directly initiating
a detonation or releasing energy in the immediate vicinity of the
throat.

Note that Q is a parameter that cannot be used for compar-
isons among differentpropellantclasses. In other words, a particular
methane, oxygen, and nitrogen propellant will, in general, not ex-
hibit the same starting characteristics as a methane, oxygen, and
argon mixture that has the same value of Q. Energy release is quan-
tified by Q, but does not take the other reactive characteristicsof a
propellant into account. A supporting example is provided by two
TAV3 start attempts at approximately Mach 3.5 in Q¢; =4.0 pro-
pellantsat a 5-MPa fill pressure, onein 2.8CHy + 20, + 10.1Arand
the otherin 2.8CH, + 20, + 8N,. With all other conditionsheld the
same, the argon-diluted experiment resulted in a wave unstart with
detonation within 0.5 m of entrance, whereas the nitrogen-diluted
experiment resulted in a successful start (Figs. 13 and 14, respec-
tively).
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Fig. 10 Start attempt results with the standard projectile in nitrogen-diluted propellant.
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Fig. 11 Start attempt results with the standard projectile in carbon dioxide-diluted propellant.

Throat Area

Figure 13 contains highlighted data points at particular Q and M
conditions for which a TAV1 projectile experiences a wave fall-off
where a TAV2 successfully starts, as well as another Q-M condi-
tion at which a TAV2 wave fall-off corresponds to a wave unstart
result for a TAV3. Figure 14 illustrates a Q-M condition resulting
in a TAV2 successful start and a TAV3 wave unstart. The complete
body of data from Figs. 13 and 14 indicates that, for a fixed Q and
M, projectiles with increased flow area at the throat tend to dis-
gorge the shock system that can be contained by projectiles having
less throat flow area. Increased throat flow areas require reduced Q
and/or increased M to contain the shock system. Only the TAV2
projectile was successfully started in the argon-diluted propellants
(Fig. 13). All three TAV configurations were successfully started in
nitrogen-diluted propellants, although under different O-M condi-

tions (Fig. 14). Successfulstarts were achieved by increasing M and
decreasing Q as the throat flow area increased.

Start attempt results for 193 projectiles of varying throat area in
the nominal 2.8CH, + 20, + 5.7N, propellant at pressures in the
range of 2-5 MPa are presented in Fig. 15. The nominal throat flow
area ratio (Amroar/ Awbe =0.42) was able to successfully start from
Mach 2.9 to 3.6. Successful starts occurred for several throat flow
area ratios below 0.42, illustrating that a reduced throat flow area
can contain the normal shock system in this propellantas long as the
diffuser flow is supersonic. The problem that arises with very small
throat flow areas is the increased M for sonic diffuser unstart. An
experiment with a 0.25 throat flow arearatio projectileresulted in a
sonic diffuser unstartat Mach 3.24, whereas higher throat flow areas
permitted a successfulstart at this value of M. When the throat flow
area ratio was increased to 0.50, wave unstarts resulted at a value
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Fig. 13 Start attempt results with throat area variation projectiles in argon-diluted propellant.

of M, where successful starts were observed for the nominal area
ratio. Greater throat flow area seems conducive to disgorgment of
the shock system under Q and M conditions in which a smaller
throat flow area can contain the shock system.

Experimentally determined sonic diffuser unstart Mach numbers
Mg, for the TAV projectiles in 5-MPa, CH4/O,/Ar propellants are
plotted in Fig. 16, along with the projectile Mach number necessary
for steady supersonic flow through a diffuser as given by the area-
Mach number relation,'?

(y+D/2(y=1)
P, 1 2 -1
=(2)—| —=—(1+L=—=m
Py ) My | v +1 2 s

where Py,/ Py, is the total pressureratio of the conical diffuser. The
theoretical My, for several diffuser total pressureratios is also plot-
ted in Fig. 16. It can be seen that the diffuser total pressure loss at

Alube

Alhroal

M4, decreases with increasing flow area, which is a consequence
of lower M, less nose cone surface area, and alterationsin the shock
train structure between the tube wall and conical nose. The data are
taken from wave fall-off shots in which the projectile decelerated
due to drag until the diffuser could no longerremain supersonic. Ini-
tially obtaining supersonic flow through the diffuser is a different
gasdynamic process from choking an already supersonic diffuser,'?
and, therefore, the value of M4, required for successful diffuser
starting on entranceis expected to be different from the Mach num-
ber limit measured for projectile diffusers that successfully start
followed by drag decelerationto a diffuser unstart.

Note that in all throat flow area variation experiments (Figs. 13-
16), the throat area was not the only projectile geometry variable
changed. The base diameter was reduced as the throat diameter was
reduced to maintain a constant body taper angle for the TAV pro-
jectiles. The reduced throat flow area experiments with scaled-up
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Fig. 14 Start attempt results with throat area variation projectiles in nitrogen-diluted propellant.
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Fig. 15 Start attempt results with varying throat flow area in nitrogen-diluted propellants.

projectiles (Fig. 15) incorporated changes in body length, rather
than base diameter, to provide a constant taper angle as the throat
diameter varied. Therefore, the results presented in this section can-
notbe attributed to a variationin only the throat area without a more
detailed parametric investigation.

Analysis
In the following sections, the results presented earlier are com-
pared to a quasi-one-dimensioml model of the ram accelerator that
predicts operational limits and are used to construct a generalized
starting envelope.

Quasi-One-Dimensional Model

Station numbers for a quasi-one-dimensioml model of the ther-
mally choked ram accelerator that predicts an operational envelope

are presented in Fig. 1 (Ref. 13). Global assumptions of this model
includeinviscid steady flow of a calorically perfect gas. Quasi-one-
dimensional isentropic flow analysis is employed between stations
1 and 2, 2 and 3, and 4 and 5. The influence of nonisentropic phe-
nomena on the flowfield is ignored for this discussion because they
do not qualitatively affect the results.!*> Normal shock jump condi-
tions are used between stations 3 and 4, and heat addition resulting
in thermal choking is assumed to occur at full tube area between
stations 5 and 6. Given a projectile Mach number, this model pro-
ducesthreelimits to ram acceleratoroperation: choked flow between
stations 1 and 2 (sonic diffuser unstart), energy release for which
the normal shock is located at a flow area ratio greater than that
at the projectile base (wave fall-off), and energy release for which
the normal shock is located at a flow area ratio smaller than that at
the projectile throat (wave unstart). These limits represent the three
start failures, and, therefore, it is useful to compare experimental
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Fig. 17 Limits of operation predicted by the quasi-one-dimensional model for three different throat area ratios and the experimental successful

starting envelope.

start attempt data with the envelope of operation predicted by this
model.

The predictedoperationalenvelopesfor the projectilesusedin this
investigationare presented in Fig. 17 along with the experimentally
determined envelope for successful starting in CH4/O,/N, propel-
lants. The presence of the perforated obturator during the starting
process will influence the range of Q and M in which the ram accel-
erator can be operated; however, the qualitative effects of variable
Q, M, and throat and base area ratios predicted by this theoretical
model are still relevant. There is a Mach number limit below which
the flow will choke ahead of the throat, resulting in a sonic diffuser
unstart. Above this Mach number, low Q tends to cause a wave fall-
off whereas high Q results in a wave unstart. Increasing flow area
at the throat shifts the sonic diffuser unstart limit to a lower Mach
number. Reduced throat flow area allows operation with higher Q at

a given M than projectiles having the nominal flow throat area. Re-
ducing the base area of the projectile lowers the Q at which a wave
fall-offis predicted to occur and increases the theoretical maximum
operational Mach number.

The experimentally observed successful starting envelope (M =
2.9-3.6 and Q =4.0-5.3) lies almost entirely outside of the model
envelope, below the shock at base limit (Fig. 17). This finding is
not surprising given the simplistic, steady-statenature of the model.
Many factors relevant to the starting process are unaccounted for,
including the presence of an obturator, residual launch tube gas, and
propellant reactive characteristics®~> For example, the obturator
acts to overdrive the normal shock prior to thermal choking and
thereby would shift the shock at throat and shock at base model
limits downward. Future analytical modeling efforts on the starting
process will incorporate such effects.
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Generalized Starting Envelope

For a given projectile, obturator, and other initial conditions, it is
desirableto obtain a startingenvelopethatillustratesthe dependence
on the propellant chemistry and entrance Mach number. Theoreti-
cal and computational analyses of the ram accelerator to date are
inadequate for accurately determining such a starting envelope. The
lack of a sufficiently comprehensive parametric experimental study
to identify chemistry and Mach number regimes conducive to suc-
cessful starting precludes the presentation of a quantitative starting
envelope as well. However, based on the present experimental in-
vestigation of the starting process and that presented in Ref. 6, a
qualitative starting envelope can be constructed. This generalized
starting envelope in the Q-M plane is presented in Fig. 18 with
axes values left off to underscore its qualitative nature.

The following comments summarize the experimentaland analyt-
ical observationsmade in this study thathave been used to construct
the limits drawn on the Q- M plane. A sonic diffuser unstart occurs
at M less than My, where supersonic flow to the projectile throat
cannot be maintained. The CJ detonation Mach number Mc;, which
has amodest dependenceon Q (varyingas Q'/?), sets an upper limit
on starting in the subdetonative velocity regime. The wave fall-off
phenomenondominates the region of relatively low Q and M where
the propellant cannot be ignited or release enough energy to keep
the shock system on the projectile body. A detonation wave unstart
region, in which the projectileand obturatorinitiate a detonationim-
mediately on entrance, exists for relatively high Q and M (Ref. 6).
Other types of wave unstarts, caused by yet undetermined mech-
anisms, have been observed to occur at constant Q when M is 1)
increased from a wave falloff result, 2) decreased from a detonation
wave unstart result, or 3) decreased from a successful start result.
Wave unstarts have also been observedto occur at constant M when
Q is 1) increased from a wave falloff result, 2) decreased from a
detonation wave unstart result, or 3) increased from a successful
start result. The successful start envelope is then bounded by the
aforementioned start failure modes.

Care should be exercised to realize that any quantitative Q-M
plane starting envelope will only be applicableto a particular set of
initial conditions including projectile and obturator characteristics,
propellantclass, launch tube conditions,etc. Furthermore, recall that
Q is a parameter that cannot be used for comparison across mixture
classes. With all other conditions held the same, equal Q propel-
lants from different classes have been shown to result in different
start outcomes. An improved propellant correlating parameter for
the starting process other than Q would greatly simplify data pre-

sentation and understanding but is likely to be very complex, given
the various reactive characteristics of each propellant mixture.

The starting process is so complex in sheer number of factors in-
volved and so rich in phenomenathat computational fluid dynamics
(CFD) holds considerable potential for studying the starting process
as an adjunct to extensive parametric experimental investigations.
However, the challenges confronting the application of CFD are
many: unsteady, three-dimensional,mixed subsonic and supersonic
regions; shock waves; turbulent and separated flows; and chemi-
cal kinetics in a variety of propellants at pressures high enough to
make real gas effects important. High-resolution experimental data
for CFD validationcould ultimately provide a complete understand-
ing of the starting process and, therefore, quantitative prediction of
successful starting limits.

Conclusions

Propellant composition, entrance Mach number, and projectile
throat area were found to have significant effects on the starting
process of a ram accelerator projectile, leading to all of the possi-
ble outcomes: successful start, sonic diffuser unstart, wave fall-off,
and wave unstart. The present results are qualitatively supported by
the limits to operation predicted by a quasi-one-dimensiond ram
accelerator model, but quantitative agreement is poor. Relatively
energetic propellantsare observed to lead to wave unstarts, whereas
decreasing energy release is conducive to wave fall-off. Wave un-
starts occur at Mach numbers lower and higher than those resulting
in a successful start, lending support to the theory that multiple
mechanisms may be responsible for causing a wave unstart. Rel-
atively low Mach numbers lead to wave fall-offs until the sonic
diffuser unstart limit is reached. Increasing flow area at the throat
lowers the sonic diffuserunstartlimit, buthas a tendency to disgorge
the combustion-supportedshock system, resulting in wave unstarts
unless the entrance Mach number is increased or the propellant en-
ergy releaseis decreased. Trends observed during the experimental
investigation of the parameters listed earlier were used to develop
a generalized starting envelope on the O-M plane. This envelope
details where the possible start outcome regimes lie in relation to
one another, providing a guide to help establish new ram accelera-
tor facilities and develop more robust starting processes in existing
launch systems.
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