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Ram Accelerator asan I mpulsive Space L auncher:
Assessment of Technical Risks
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Abstract

Theram accelerator is a chemically powered hypeavelodty mass driver tha opeates with in-
tube propulsive cycles similar to airbreathing ramjets and scramjets. The launcher consists of a
longtubefilled with a pressurized gaseousfud-oxidizer mixture in which a subcliber projectile
having the shgpe similar to tha of a ramjet centerbody is accelerated. No propdlants for this
laundh process are carried aboad the projectile; it effectively flies throughits own propdlant
QankO Theram accelerator at the University of Washington has been opeated at velodties up
to nearly 3 km/s and in-tubeMach numbers greater than 7 in methane-based propdlant mixtures.
This Mach number capability correspondsto muzzle velodties greater than 7 km/s when usng
fud-rich hydrogen-oxygen propdlant. The combination of hypevelodty muzzle velodties and
the ram accelerator@® inhaent scalability to multi-ton payload sizes makes it suitable for direct
gpace laundh. Technical issues assodated with the implementation of the ram accelerator
technology for direct space laundh applicationsare presented here.

Introduction

The ram accelerator is a projectile launcher conceived in 1983 a the University of
Washington tha uses chemica energy to accelerate projectiles to hypesonic speeds (Hertzberg
et al. 1988) Althoughit resembles a conventiond longbareled cannon, the prindple of
opeaation of theram accelerator is notably different, beng closely related to tha of a supasonic
airbreathing ramjet engine This device congsts of a stationay tube andogousto the cylindrcal
outer cowling of a ramjet engine (Fig. 1), filled with combudible gaseous mixtures (typically
methane or hydrogen, oxygen, and diluents such as nitrogen, hdium, or excess hydrogen) at fill
pressures ranging from 5 to 200atm. Frangible diaphragms close off each end of the tubeto
contain the propdlant. The projectile is smilar in shgpeto the centerbody of a ramjet and has a
diameter smaller than the bore of the accelerator tube,
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Fig. 1 Comparison of airbreathing ramjet with ram accelerator.
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Theopeaationd sequence of theram accelerator (Fig. 2) isinitiated by injecting the projectile
into the ram accelerator tube at speeds greater than 500m/sec by means of a conventiond
powder gunor lightgas gun. A tubeseaing obturator is used with the subciber projectiles to
prevent gun gas blowby. The acceleration of the projectile from rest compresses residud air in
the gun'slaunch tube via a series of reflected shok waves (Stewart et al. 1998) When the
projectile pundures the entrance digphragm, the slug of shodk-heated air ignites the propdlant
near the base of the projectile, and the obturator is rapidly decelerated and left behind. A stable
combudion zoneis thus formed which travels with the projectile, maintaining a high pressure on
the projectile base tha smoothly propds it forward, in a manne andogousto a surfer riding a
breaking ocean wave (see Fig.3). To keep the subcliber projectile centered in the tubg the
projectile is either fabricated with finstha span thebore or else thetubeis equipped with several
internd guiderails tha guidethe axisymmetric projectile (Fig. 4).

What distinguishes the ram accelerator from gun-like devices is tha its source of energy (the
combudible gas mixture) is uniformly distributed throughoutthe entire length of thelaundh tube
whereas in a gunthe energy source is concentrated at the breech as either a charge of gunpavder
or high pressure gas. During the ram acceleration process the highest pressure in the laund
system is dways at the base of projectile, rather than at the breech asin a gun(Fig. 3). Another
key difference is tha, unlike a gun, the bulk of the ram accelerator combugion produds have
relatively little velodty with respect to the launch tube thus barel eroson is significantly
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Fig.2 Operational sequence of ram accelerator.

(8 Gunisloaded with projectileand obturator, and charge of gunpowder or
high pressuregas. Ram accelerator isloaded with combustible gas mixture
at 5ER00 atm. pressure.

(b) Gun firesobturator/projectile combination into ram accelerator.

(c) Combustion isinitiated and propels with projectile, sustaining traveling
pressurewave that accelerates projectileto high velocity.
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reduced. Only a small volume of high pressure gas exits thetubewith the projectile, resultingin
minimal muzzle blast and recoil. Since the laundh characteristics of the ram accelerator are
indgpendent of the initial conditionswithin the breech of a gun, the projectile acceleration and
muzzle velodty can be readily tailored to specific needs by adjusting the propdlant compostion
andfill pressurein thelaund tube

Ram accelerator propulsive cycles are distinguished by the velodty regime in which they
opeaate (Hertzberg et al. 1991) In the subdeonaive velodty regime; i.e., bdow the propdlant@
Chgpman-Jougue (CJ) detondion speed, the propulsive cycle behaves as if the flow were
themally choked behind the projectile, as shown in Fig. 5a In this case the volume expansion
of therapidly combuding propdlant maintains a shod train on the aft-body of the projectile and
establishes a region of thermal choking at full tube area behind projectile. Thethrug coefficient
(i.e., ratio of thrug to the produd of fill pressure and tube area) for this propulsive cycle is
relatively insengtive to projectile geometry (Bruckner et al. 1991)and is plotted versusin-tube
Mach nunmber in Fig. 6. Maximum thrug typicaly occurs near Mach 3 and decreases to zero at
the propdlant CJ detondion speed. Gaseous propellants exist that have CJ detonaion speeds of
up to ~4 km/s, thusthis represents the uppe velodaty limit of thermally choked ram accelerator
opeaation.

In the supadetondive velodty regime, i.e., above the propdlant CJ detondion speed, the
combugion process occurs a supesonic velodty completely within the confines of the annular
region between the projectile and tubewall, as shown in Fig. 5b. The thrug codficient versus
Mach number chaacteristics of this propulsve mode for the ideal case of no drag and when
viscous drag is induded are shown in Fig. 6 (Higgins 2006) The ne thrug decreases with
increasing Mach number untl the thrug equds drag, at which point the projectile continues to
cruise at condant velodty. The Mach nunmber at which the thrug-equds-drag condition is
reached depends strongly on the projectile geometry and propdlant compostion. Conservative
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estimates of peformance limits of this propulson modeindicate tha opeation at greater than
Mach 8 is feasible in hydrogen-oxygen based propdlants. This would readily lead to muzzle
velodtiesin excess of 7 km/s.

Experimental Results

Themally choked ram accelerator opeaation has been expeaimentaly demondrated in the
velodty range of 0.7 to 2.7 km/s with launcher bores ranging from 25 to 120mm. Ram
accelerator opeaation over this velodty rangeis achieved by partitioning the launch tube into
separate sections or stages, each filled with a different propdlant mixture, as shown in Fig. 7.
By selecting the sequence of propdlants in such a mannea tha ther speed of sound and
detondion speed increase towards the exit of the ram accelerator, the projectile Mach number
can be kept within limits tha maximize thrug and efficiency, resulting in high average
acceleration and a highe find velodty than is achievable with a single propdlant stage

Experiments in the 16m-long 38mm-bore ram accelerator facility at the University of
Washington have demondrated tha this multi-stage approach is practical and effective for
accelerating projectiles to hypesonic velodties, as indicated by the velodty-distance daa in
Fig. 8. Notetha theexpeaimenta daa correlate very well with thevelodty profiles predicted by
the theoretica modd of the thermally choked propulsive mode (Bruckner et al. 1991) In the
single-stage experiment shown in Fig. 8, the projectile actudly accelerates up to and beyondthe
propdlant CJ detonaion speed. Posdtive thrug at the CJ speed arises from the combudion
moving up onto the projectile body and the cessation of thema choking. Ultimately the
combudion moves completely onto the body and the projectile is ram-accelerated in the
supadeondive propulsive mode untl it reaches the thrug-equds-drag state. Having the
projectile make a trangtion to another propdlant before this limit is reached enables multi-stage
supeadeondive ram accelerator opaation to accelerate payloadsto velodties suitable for direct
gpace launch applications Experimental investigations carried out by Hertzberg et al. (1991)
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and reach hypervelocity.

Seiler, et al. (1998, and Knowlen et al. (1996,2007) have demondrated supadetondive ram
accelerator opaation in the velodty and Mach numbe ranges of 1.6 to 2.5 km/s and 6 to 7,
respectively.

The mog effective and efficient ram accelerator propulsive cycle in the velodty range from
0.7 to 3km/s is the themally choked mode (Hertzberg et al. 1988) This propulsive cycle
opeaates at the lowest Mach numbes (25<M<45) and has a low pesk cycle pressure.
Subddondive ram accelerator opaation at velodties greater than 3 km/s, however, has not yet
been demondrated. Above 3 km/s, supadeondive ram accelerator performance becomes
compditive and is certainly essentia above4 km/s. In order to reach Earth orbit velodties, ram
accelerator launches mugs opeate with a supadetondive propulsive cycle at in-tube Mach
number's ranging from around 6 to 10. It is essential for more laboratory experiments to be
carried out in this Mach range and, ultimately, at velodties of 6! 8 km/s to realize the full
potential of theram accelerator for direct space laund applications

Ram Accelerator Space Launch System Parameters

The main components of a ram accelerator space launche system are an initia laundh gun,
themally choked ram accelerator section, and a supedetondive ram accelerator section
(Bruckner and Hertzberg 1987,Knowlen and Bruckner 2001) Aninitial launcher is required to
accelerate the projectile from rest up to the minimum entrance velodty needed to enable
themally choked ram accelerator opeaation, which can be as low as 0.5 km/s for CH4/O,/CO;
propdlant. Combugion-driven gas gunssuch as that used for the punp-tubedriver stage of the
SHARP facility could be employed for this purmpose (Scott 1996) The basic design
congderationsfor a full-scale direct space laundh ram accelerator facility capable of laundhing a



2000kg projectile to 6! 8 km/s with a peak acceleration of 15009 are presented. Thetubebore
diameter varies from 1.13m in the subddondive stages to 1.0 m in the supedetondive stages,
as discussed bdow. Thetubewalls are assumed to be fabricated from steel alloy having ayield
stress of 1200MPa and are thick enoughto provide a safety factor of at least 2 based on the
theoretical peak cycle pressure. The paametersfor thislaund tubeare then used abasisto scale
smaller launah facilities and evaluate cods.

Anided ram accelerator would have a propdlant compostion gradient that enables opeaation
at nearly congant Mach nunber so tha the projectile would experience minimal variationsin
acceleration. Althoughit is possible to reliably introdue mixture gradients in tubes, it will be
more practical to use adjacent stages of variouslengths having different propdlants to control the
in-tube Mach number and acceleration history of the projectile. For the system proposd here,
the propdlants (all at the same pressure) are separated from each other with isolation valves (i.e.,
bdl or gae valves) tha can be opened jud prior to firing. This approach eliminates the need for
the projectile to pendrate diaphragms beween stages. A diaphragm at the entrance to the
themally choked section is still required; however, it has negligible impact on the projectile
when it is pendrated at relatively low entrance velodty. Alternaively, the entrance diaphragm
can be burst before the projectile reaches it to effect Qow velodty starting® i.e., initiate ram
accelerator opeation at velodties around300-500m/s (Knowien et al. 2000. At the exit, a pre-
scored diaphragm tha can be explosvely burst jug prior to the arrival of the projectile is
preferred because it is unlikely that a large-scale valve could be opened quickly enoughto keep
fromlodngasubdantial fraction of thefind propdlant.

A largebore ram accelerator space laundh system, such as the example presented here, would
likely use internd rails to suppot axisymmetric projectiles, as shown in Fig. 4. This allows the
tube cross sectiond area to be different in the themally choked and supadeondive ram
accelerator sections Theoreticad modding of the acceleration peformance of both ram
accelerator propulsive modes has proven to be quite good for experiments carried out to date.
Thus these theoretical peformance modds were used to estimate the size-scale and wall
thickness of the direct space laund facility. Detailed discussions of the numerical procedures
and theoretical undepinnings of the ram accelerator performance modding can be foundin
Bruckner et al. (1997, Knowlen et al. (1996,1998 and Bundyet al. (2004.

The projectile for the 1-m-bore launcher is a cone-cylinder-cone configuration, as shown in
Fig. 5, with nos and rear conehdf angles of 15° and 20°, respectively. Thecylindrical midbody
has a diameter of 0.85m and length 2.70m. To enhance the flame holding capability of the
projectile when opeaating in the theemally choked mode the rear coneis truncated to give a
0.5 m-diameter base. For anet mass of 2000kg, the density of this projectile is 1000kg/m® and
its geometry is compatible with ram accelerator opeaation in al of its propulsive modes. The
outer structure is used only as an aeroshdl during the laund process and then discarded at the
muzzle exit to release an aerodynamically stable atmogpheric trandt projectile.

The velodty-distance and acceleration-distance profiles of a projectile beng accelerated
from 0.7 to 6 km/s in the ram accelerator section of the proposd direct space laundh system are
shown in Fig. 9 (Knowlen et al. 2001) Thefirst seven ram accelerator stages are designed for
themally choked opeaation in the velodty rangeof 0.7 to 3 km/s and have a bore of 1.13m to
provide a projectile-to-tubeinna diameter ratio of 0.75. The propdlant, stage length, entrance
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and exit velodties (Vin and Vo), and average acceleration for each stage are listed in Table 1.
The entrance and exit Mach nunbers of each stage are typically 3 and 3.7, respectively, which
results in accelerations of 1200+ 300g. The pesk cycle pressure unde these conditionsis
100MPa, which dictates tha the tubewall thickness be at least 10 cm to maintain the desired
safety factor. Thetota length of the theemally choked ram accelerator section is 362m, which
resultsin atubemass of 1120metric Tons(rail mass notinduded).
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Fig.9 Veocity-distance and acceleration-distance profiles of ram accelerator sized to launch 2000 kg,
0.85-m-diameter projectilesat 6 km/s.

TABLE 1: Parametersfor Ram Accelerator System For Launching an 85 cm diameter, 2000 kg Projectile.

Launch Section Stages 1.D./0O.D.(m) Length (m) Vi, (km/s) Vo, (km/s) Acceleration Average (g)

Thermally Choked

1.0CH, + 20, + 6.0CO, 1.13/1.33 18.3 0.70 1.00 1420
1.5CH4 + 20, + 7.5N; (@l 24.9 1.00 1.30 1410
5.0CH4 + 20, + 1.0H, 24.6 1.30 1.50 1160
3.0CH4 + 20, + 4.0H, 38.6 1.50 1.80 1310
2.0CH4 + 20, + 7.0H, 474 1.80 2.10 1260
1.0CH4+ 20, + 11 H; 55.3 2.10 2.40 1240
8.0 Hy, +10, 152 2.40 3.00 1080
Super detonative

4.0CH, + 20, + 1.0H, 1.00/1.56 135 3.00 3.50 1220
2.5CH4 + 20, + 4.0H, (@l 206 3.50 4.20 1330
5.0CH4 + 20, + 7.0H, 200 4.20 4.80 1380
0.5CH4 + 20, + 10 H, 275 4.80 5.50 1340

BOH *+10, 242 550 600 1210

6.0 Hy +10, 173 6.00 6.30 1090
7.0 Hy +10; 551 6.30 7.00 862
8.0 Hy +10, 1240 7.00 8.00 616




The remaining stages of the ram accelerator section are designed for opeation in the
supadeondive velodty regime. Thebore of this sectionis 1.00 m, which results in a projectile-
to-tube inna diameter ratio of 0.85. Five supeddaondive stages are used to accelerate the
projectile from 3 to 6 km/s (Fig.9) in a distance of 1058m (dashed line in Tablel). The
propdlants were chosen to limit the acceleration to 1500g while opeating in the Mach nunber
rangeof 7! M ! 8 for velodties up to 6 km/s. This resulted in an average acceleration of
~1300g. To reach 7 or 8 km/s, extra stages are required (Table 1) in which the projectile
opeaates up to Mach 9 or 10, respectively. The peformance of the supadetonaive propulsive
modedecreases at velodties greater than 6 km/s because the benefits of redudng Mach nunber
by adding more hydrogen are offset by theredudion in heat release dueto theincreased dilution
of thefud-rich propdlant. Even thoughthe average thrug decreases as the projectile accelerates
beyond 6 km/s, reasonable length accelerator tubes are feasible for muzzle velodties up to
8 km/s. The pesk cycle pressure is 250MPa for the supadeondive propulsve modeg which
resultsin awall thickness of 0.28 m and launch tube masses of 9530,16,000,and 27,200 metric
Tonsfor muzzle velodties of 6, 7, and 8 km/s, respectively.

Thetota propdlant mass used pe ram accelerator laundh to 8 km/sis ~20 times the mass of
the projectile; e.g.,, ~40metric Tons for a 2000kg projectile. This is comparable to the
propdlant mass fraction of conventiond rocket boogers for LEO payloads Except for thefirst
two low speed thermally choked stagesin Table 1 (0.7 to 1.3 km/s), the only propdlants used in
the baseline ram accelerator system are methane, hydrogen and oxygen. All of these are readily
available and have well established distribution systems. Remote laundh sites may have LNG
and LOX trucked in whereas the hydrogen may have to be produed on site by either steam-
reforming methane or electrolyzing water. Cryogenic storage of the propdlants offers several
logistic advantages in addition to reduced storage volume requirements. Loading the laund tube
with propdlant can be carried out with conventiond cryogen handling systems in a very rapid
manne; i.e, in the time span of minutes, if necessary, by uang liquid rocket turbo-machinery.
The cryogens are loaded at sub-ambient temperature, which reduces the actud pressure during
thefilling process. Convective heating from the tubewalls will ultimately bring the propdlants
up to ambient temperature and the desired fill pressure; however, this could take hours.
Neverthdess, opeaation of the ram accelerator at sub-ambient temperature does not incur any
pendties (thrug is actudly propottiond to propdlant dengty, not fill pressure), and may even
have some bendicial effects in reduang heat transfer at high Mach number. Thus if necessary,
launch rates of oncee pe hour are certainly feasible usng conventiond cryogen trander
equipment. Operationd issues of the ram accelerator unde sub-ambient temperature conditions
however, have yet to bethoroughly investigated.

The baseline ram accelerator system parameters determined for the 2000kg projectile are
used as a basis for scaling down to smaller launchers with highe acceleration. Of particular
interest is a system tha has approximately twice the average acceleration, hdf the barel length,
and a reduced bore to enable the launch of 300kg projectiles at 6 km/s. This is about the
smallest scale that a direct space launch ram accel erator could be built that would still be able to
ddiver ~80 kg of payload to LEO. Theae are several potential markets of interest for payloads of
this size, thusthe infrastructure costs of such a system are indicative of the minimum required
investment to build adirect space laundh ram accelerator.



Launch Fadlity Cog Estimates

No onecan say for sure how much money is required to build a ram accelerator facility of
asufficient size for space laundh; however, there are some comparable systems from which to
draw estimates in a first-order effort to determine the uppe boundfor facility cosd. Here, we
will attempt to determine the cos of a baseline ram accelerator laundcher system having a 500
mm-bore and length of 800m that is capable of laundhing a 300kg projectile at 6 km/s.

The uppe cog bounday for a ram accelerator launch facility is represented by the
SHARP/JVL light gas gun effort. Public daa on SHARP is scant; noneghdess, a published
estimate for aproposed 1520 meter-long VL light gas guncited a cog of $298M(Gilreath et al.
1998,1999) Thebasisfor this number comes from an estimate provided by Morrison-Knudsen,
the company that built the Alaskan Pipdine Proportioning this cog to an 800-meter-long ram
accelerator launch tuberesults in an estimate of $157M It can be argued, however, tha theram
accelerator facility cog will be significantly lower than that of a light gas gun because it is
inheently amuch smpler device, as discussed bd ow.

The cog estimate for the proposd 1520 meter light gas gun indudes a total of 15 high
pressure propdlant storage tanks and heat exchange's. Each storage tank holds 18,900 cubic
meters of hydrogen gas at 70 MPa, and a temperature of 1500K. If spheaical and made of high
strength titanium, each storage tank would be 33 meters in diameter with a wall thickness of
57cm (almog 2ft). The ne mass of such a tank would be roughly 8000metric Tons which
contains enoughmateria to congruct the entire length of a ram accelerator launcher capable of
6 km/s muzzle velodty. In additionto 15 of these high pressure tanks the SHARP/JVL facility
indudes other complexities such as fast-openinghigh-capecity valves at each high pressure
storage tank and a hydrogen gas reclamation bafle at the muzzle of the light gas gun.
Furthermore, the design and fabrication of the large-scale punmp tube and acceleration reservoir
for this system is a significant engineering chalenge For these and other reasons we expect an
800-m-long by 500-mm-bore ram accelerator launcher to cog much less than $157M

Perhgps a better comparable cod estimate is the Alaskan pipdineitself, because it has many
of the same building requirements as a ram acceleratorN both are essentialy large pipes. Each
hdf mile (equivaent to 800m) of Alaskan pipdine cog roughly $16M in 2006 dollars, as
compared to the $157M suggested by the light gas gun. The ram accelerator will have more
complexities assodated with it than the Alaskan pipdine, such as high pressure gas feed systems
(opeating at 5 MPa or 725ps, with the total laundh tubevolume jus 1/5™ of onelight gas gun
high pressure storage tank), the need for closure mechanisms to separate sections of different gas
compostion, potentially an active control system for tube sections to maintain precision
alignment, as well as the fact the pipe sections will be thicker than the Alaskan pipdine
Because of this, the $16M pea 800m of Alaskan Pipdine is conddered the lower bound of
scaling the ram accelerator laundh system cog. The only firm conduson tha we can reach is
that the true system cost is somewhere beween $16M and $15™; however, this numbe is
likely closer to the lower bounddueto the vastly lower system complexity of ram accelerator
compared to the SHARP/JVL light gas gun. Theauthors propos tha a system cod in therange
of $40to $50M dollarsis not unreasonable.



Launch Site Altitude Consider ations

Integral to the performance characterizationsof the ram accelerator as a direct space launch
system is the location at which it is to be sStuated. There has been some discussion about the
bendits of a high dtitudelaunch site. In generd, the highe the atitude of the laund site, the
less velodty loss tha occurs while traversing the lower atmophee, as well as allowing for a
thermal protection system of lower mass. Neverthdess, a high altitudesite implies a site tha is
remote from civilization and all of its infrastructure bendits. Thus the advantages of highea
launch altitudes mug be quantified in order to andyze optimal site location. To this end, a
numerical modd was constructed to andyze the bdligtic flight pah of a ram-accelerator-
launcdhed projectile. This modd assumes a constant drag codficient, a 220 launch angle, a
standad 3-layer atmopheae, a sphaica Earth, and an impulsive maneuver for the apogee kick.
The numerical integration procedure was implemented in Octave, an open source Matlab clone
The influences of drag codficient and muzzle atitude on the necessary orbit insertion "V
determined from this modd are shown in Fig. 10.

Effect of Drag Coefficient and Launch Altitude

(Target Altitude = 800km, Launch AV = 6000m/s, Launch Angle = 22°, Latitude = 557)
5000 I
— Cd=0.04

e * - Cd=0.06

4500 =1 - Cd =008
. N~ = (Cd=0.10
= L .
g =
-~ -
= 4000 -
ﬂ . - —
o LI = ah
N T -
= 3500 R B
e M—— e,
3 "-—m_h‘ ..........
3 P——
£ 3000
5
(<7

2500

2000

0 1000 2000 3000 4000 5000

Launch Altitude (m)

Fig. 10 Upper Stage Energy Requirementsfor Various Drag Coefficients

The main metric of peformance that is used is the uppe stage " V required to attain the
target orbit because it deermines the payload fraction of thetotal vehicle mass ddivered to orbit.
It is evident in Fig. 10 tha the uppe stage "V is heavily dependent on the drag codficient.
Redlistic values of drag coefficient are difficult to determine a priori since no one has ever
launched a projectile at Mach 18+ at sea level. McNab (2003) suggests a Rodman cone shape
for aral-gun laundched projectile. Some empirical daa exist for these shgpes, but only up to
Mach 4. The study carried out by Zidlinki and Garne (1991)did, however, yield an empirical
equaion from Rodman coneflight daa:
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At Mach 18 (~6 km/s launch velodty), this equaion gives adrag coefficient of ~0.06. Using
this drag codficient as a starting point, one can determine how the uppe stage" V varies with
dtitude It was foundtha for every 500m of elevation, approximately 100m/s in uppe stage
"V was saved. For an uppe stage solid rocket having a specific impulse (Isp) of 325sec, this
trandates into roughly an extra 1% payload mass fraction increase pe 500m in atitude (i.e.,
from roughly 30% at sealevel, to 43% at 5000m atitude. The condugon drawn from thisis
tha while highe gte dtitudeis prudent, it is not critical. Mog likely, other factors such as
proximity to pre-existing infrastructure, downrange requirements, and environmental impact will
domnate over laund site altitudeconaerns

Launch Noise

Unde The National Environmental Policy Act of 197Q successfully obtaining a laund license
(or any othe activity tha could affect the environment) in the United States requires the
acceptance of an environmental impact statement. A ram accelerator laundh facility will mog
likely have its greatest impact on the surroundngsdueto the noise generated by the projectile
passing throughthe lower atmosphee at hypasonic speeds In order to estimate the sonic boom
strength, two methodsof andysis were employed. Onewas the Whitcomb far field equéaion for
atrunated cong and the other a nomalized weak shod theory for hypeasonic boons (Pan and
Sotomayer, 1972) Both methodsyielded smilar results, thus only the sound overpressure
amplitudes predicted by nommalized weak shod theory are shown in Fig. 11. These plots were
deeermined for a condant velodty, 2000kg, 85-cm-diameter projectile launched at 20%
indinaion angle in the standard 3-layer atmosphee modd. The decay in soundintensity along
the groundtrack of flight path is primarily theresult of the projectile@ rapid ascent.
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Fig. 11 Hypersonic projectile sound intensity along ground track.
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It comes as no surprise tha a hypesonic laund is quite noisy. Based on the noise estimates
here, a 6 km/s ram accelerator laundh site should be placed well over 10 km away from human
habitation. Environmental concerns encompass wildlife too. A full environmental impact
andysis is beyond the scopeof this paper, butit should be obvioustha the site location should
be placed well away from both aqudic life and land animals (Cheng and Lee, 2004) A high-
mountain desert location, for example, might bea goodchoice.

Payload Considerations

At a generd systems level, a ram accelerator-launched satellite is identical to a regular
communications satellite and mug peform the same fundions thus smilar systems mug be
present. The primary difference beween a standad satellite and one laundched with a ram
accelerator isthat thelatter mugs withsand a much more severe laundh environment than wha is
typically experienced with a rocket. Two issues in particular, the structural loads and thermal
environment, domnate thetechnical risksto be consdered.

On the structural side, the projectile is subjected to maximum acceleration (depending on the
number of stages) of 20009 for a 1.4-km-long ram accelerator launcher for a period of less than
onesecond. At the same time, it experiences a significant low-frequency vibration from theram
accelerator combugion, which is discussed later. On the themal side it mug then traverse the
lower amogphae while traveling at Mach 18 or greater. Neverthdess, it will be shown tha
these issues have already been well studied and can be solved with present-day engineering.

Impulsive-Launched Projectile Structural Loadng
Previoudy Tested High-G Systems

There have been two significant earlier efforts to develop direct to space gunlaunch
technologies, the first started in 1959 (Project HARP) and carried on throughthe early G0s by
Gerad Bull (Bull and Murphy, 1991) andthelatest in 1996 by John Hunter and Harry Cartland
with the Jules Verne Laundch company (SHARP/JVL) tha was fundel unde the DARPA TTO.

Many consde Gerald Bull the pioneer of direct space laundh development, even thoughthe
technology he employed, powde guns could not place a very sizable payload into orbit.
Neverthdess, project HARP launched many hundeds of projectiles into subotbital trajectories.
The maximum altitude achieved was 180kilometers, and complex projectiles were routindy
subjected to 10000g of acceleration. Since HARPG® ultimate god was to ddiver a working
satellite to LEO, much development effort was spent on condructing satellite system
components tha could survive theinitial laundh accelerations of the 16-inch-bore naval cannon
(Murphy and Bull, 1965).

Components tha were tested successfully by Bull and his group induded sun sensors,
horizon scanning sensors, accelerometers, NiCd batteries, on-boad computer, cold-gas ACS
system, and solid rocket motors. These systems were fired bath in subomital trgectories and
horizontally at a backstop with a smaller laundher, as reported by Marks et al. (1966) Peak
accelerations exceeded 10,0009 for each case. After recovery, the sensors were then tested
ingde a laboratory agang ther correspondng pre-launch reference.  Congdering this was
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accomplished in the early ®0s more reliable components can undoubedly be developed with
the micro-electronic technology of today (Davis, 2002).

Modean Day COTS High-G Conponents

It is currently possible to purchase an accelerometer/laser ring gyro commercial off-the-shdf
(COTS) from BAE systems tha will survive 20,000g peak acceleration and till fundion
propely afterwards (BAE Systems webgte, 2006). Among other things this technology has
mog recently been incorporated into a class of smart munitions the XM982 Precision Guided
Extended Range Artillery Projectile, which has capabilities of target identification, short-term
loitering, and of course guided flight This projectile is intended for use with the Army& Future
Comba System (Globd Security@ websdte, 2006, and undoubedly many will be produced.

Unde the SHARP research contract, fairly typical COTS electronics were tested in a similar
fashion to HARP@ methods According to Dr. Harold Gilreath (2006) the lead engineer of the
SHARRP effort, OTheissue of g-hardening was studied extensively, induding its cos. Hardening
the structure and electronics seems straightforward and relatively inexpensive. We went so far
asto test commercial electronic padkages, such as cell phones, in anair gunat several thousand
g's (with jug a little hardening) and had no failure. In the end, we decided that none of the
loading issues were show stoppeas.O Neither HARP nor SHARP had decided tha the g-loading
problem was insurmountable for structures and all electronics-based subs/stems. Deployables
and other ddicate items will still require some creative engineering for stowage but, as shown
bdow, there are readily available solutionsto these problems too.

Sitic LoadMitigation

The dtatic loading problem can be andyzed udng typica structural equaions of bending
moments, yield stress, and so on. For the accelerating body problem, loads arise much like a
bridgeor large conaete strucure; i.e., the loading at any given point is dueto the weight of the
structure above The stresses incurred from this type of loading for a continuouscolumn are
determined in the same manne used for hydrogatic pressure in aliquid column. Straightforward
calculationsshow tha a congant cross-section column of titanium can be over 9 metersin length
at 2000g before the stress at its base reaches compressive yield limits (neglecting budkling).
Since the length of a full-scale 2000kg projectile is about 3.4 meters (Bruckner and Hertzberg,
1987) atitanium structure will readily suppot theacceleration loading.

Depending on orientation, payload components are also subjected to bending moments and
stress concentrationsfrom laundhr-acceleration loading. For example, atypica electronics boad
is suppoted by a nunber of pods, thusbending moments can develop between the pods tha
lead to stress concentrationsat thar attachment points. These stresses will always be highe than
the smple compressive case. |If the boad is encased in an epoxy or plastic; however, the load
can be more evenly distributed over the bottom of the boad, which would significantly relieve
the stress conaentrationsand bending moments. For atypical circuit boad with surface-mount
components (e.g., chips trandormers, etc.), the compressive stresses developed are two orders of
magnitudelower than thetypical yield stress of the boad, which is approximately 70 MPa (Jeng
et al. 20032004. Unfortunaely, thereisvery little literature on this subject, ogensbly because
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applicationsfor hardening protection againg prolonged (as opposed to shod loading) loads over
1000g arerare.

Dynamc Loading Consderations

The dynamic problem is primarily concerned with vibrations acoudics, and combugion
ingabilities. The major source of vibrationsfor both conventiond rockets, as well as the ram
accelerator, is generated from combugion. The ram accelerator environment, however, is
several orders of magnitude QhoisierO than a typical rodket launch environment.  This is
undestandable when onelooksat the rate and confinement of energy release during launch. At
any given moment of opeation, the combudion intengty calculationsin the Appendix indicate
tha full-scale ram accelerator may generate many tensof gigawatts of acougdic power within just
centimeters of the projectile body. As a comparison, the Saturn V rocket lower stage generated
58 GW of power, adthoughfor a much longe period of time than tha for the launch process of a
full-scale ram accelerator laundher.

The discusson of dynamic loading is complicated because the ram accelerator has two
primary modes of opeaation;i.e., thermally choked (in-tubeMach 3-5, subsonic combugion) and
supadeondive (greater than Mach 6 in-tube supersonic combugion). The thermally choked
regime is better undestood than the supeadeondive regime because typical combudion
processes, such as are foundin a car engine or jet engine, are subonic. As for supasonic
combudion, the projectile is actudly moving faster than the bulk of the pressure oscillations as
indicated by the experimental daa presented by Hinkey et al. (1992. This results in a less
severe dynamic environment than tha of the thermally choked propulsive mode hence the
thermally choked velodty regime is congdered thelimiting case.

Acoudic Energy Trander

In the theemally choked propulsive mode there are two distind phenomena at work. The
first is the ordinary QhoiseOof combugion. Using the procedure outlined in the Appendix, it is
possible to estimate the worst-case dynamic environment dueto this source. For a 6 km/s ram
accelerator with a 2000kg projectile, 1-m-bare, and a laundh tubelength of 1.4 km a peak load
of 315 g combudion (hoiseOis predicted. For aram accelerator with a 300kg projectile, 500-
mm-bore by 800m-long and the same 6 km/s exit velodty a peak load of 57 g is predicted.
These dynanic load values are within the range of wha off-theshdf test equipment can
withgand in vibration, as well as within the range of what can be successfully hardened againg
with present-day engineering.

Combudgion Ingabilities

The second source of pressure ostillationsis dueto combugion ingabilities within the ram
accelerator tube Combudion ingabilities are very complex phenomena but in the thermally
chokead regime the amplitude of these oscillations can be bound with some certainty with
empirical daa. Expeimental tube wall daa (Hinkey et al. 1992) indicate tha pressure
o<tillations due to combudion ingabilities in the ram accelerator occur in a narrow frequency
band varying beween 2,000and 10,000 Hz with amplitudeof £25MPa for combustion pressures
of ~200MPa, which arise from opeation at 5 MPa fill pressure. The net result is that this

14



o<cillation will exert an acceleration variation of 10 to 20% of the nomind acceleration. Stresses
due to dynamic loads however, fall off as the inverse squae of the frequency, so while the
amplitude of these pressure ocillations are two orders of magnitude greater than those of the
combudion noise, ther ne effect is 2 to 3 orders of magnitude less than the stresses incurred
from combugion noise.

Dynamic Load Mitigation

Dynamic loads cause catastrophic failure either by exceeding yield stress or throughfatigue
faillure. Since the vibration environment is of short duration, we are concerned more with the
former.  Catastrophic failure typically hgppens through resonance.  Turbulent subsonic
combudion has a characteristic noise power spectrum dengty (Calvin, 1994)tha is constant up
to about 200Hz, above which the intensty decreases with frequency as " **° (Rajaram and
Lieuwen, 2003) Unfortunaely, mog electronics boads have resonant frequendes lower than
100Hz, which inconveniently is a'so where alarge portion of thedynamic energy is.

Typica solutions for this problem indude the use of vibration isolators (which requires
swing space), or ingdling stiffeners on the boads thus raising the resonant frequency
(Steinbeg, 2000) A beter solution has already been aludd to; i.e.,, encasing the electronic
componets in a blodk of plastic or potting epoxy. Criticisms of similar methods stem from
maintenance concernssince it is not feasible to diagnos and repar problems onaboad tha has
been fully potted. Being tha maintenance is notyet economical for a satellite in orbit, thisis not
consdered to beamajor conaern.

Coping with Fragile Components: Inflatable Solr Arrays & Communication Dishes

Since no one has orbited a complete and fundioning impulsive-launched communications
satellite, certain components have obvioudy never been tested at high accelerationsand are in
need of some development work. As was seen with project HARP, compact packages of
integrated electronics and simple mechanical systems can be designal to survive acceleration
loading in excess of many thousnds of g®. Deployables such as solar arrays and
communication dishes, however, are relatively fragile structures. To provide deployable
structures tha can withgand the high-g laundh environment, usng inflatable components may
provide the best solution. There is some precedent for udng inflatables in high-g systems, as
exemplified by agunlaunched UAV with inflatable wings(Brown et al. 2001)

A column of Mylar material (as foundin inflatable space structures) will self-load well bd ow
its yield stress if its length is less than a 4.8 meters when packed (densty = 1400kg/m?®, yield
stressat 100MPa). A 7-m-diameter inflatable antennasuch as the onetested aboad STS-77 had
packed dimengons of a disk 36-cm-diameter and less than 10-cm-thick, minusthe struts tha can
be packed in a similar fashion. Folded propely, stress concentrations are kept small and the
Mylar material does not experience any loading approaching its yield stress, making inflatables
excellent candidates for high-g laund load surviva.

Asfor solar arrays, new phobvoltaic films are commercially available tha are bonddle to a

variety of materias, induding polymers such as Mylar (Fairly, 2004). Depending on the
phobvoltaic material used, efficiendes beween 8% and 18% are possble (EEEC energy
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webgte, 2006) The net result is a multi-kilowatt solar array attached to the back of the
inflatable communicationsdish, yielding a respectable power/mass ratio (ranges from average to
exceptiond, depending on assumptionsof thin-film thickness).

The primary reason inflatable deployables, such as the ones described above have not yet
seen much use in space applications is thar relatively short lifetimes. A typical spacecraft
mission lifetime is usually greater than 10 years, but Mylar and thin film phobvoltaics
(especidly amorphoussilicon) will decompose when exposed to UV light or free radicalsin the
uppe atmosphee before the completion of a decade-long misson. The anticipaed satellite
design lifetime for some immediate applications however, is beween 1 and 2 years, which is
well within thedesign lifetimes of typical inflatables (Cassapakis, 2005)

Aerodynamic Heating for Impulsively-L aunched Space Vehicles

The heat trander issues for a vehicle launched directly from the surface of the Earth at 6-
8 km/s with gun-like devices are smilar, yet substantialy different from those arising during re-
entry. Theprimary god for manned-vehicle re-entry is to dissipae sufficient kinetic energy to
enable a GoftOlanding withoutoverheating the payload. Thusthese vehicles generally have low
bdlistic coefficients (low weightto drag ratio) and spend arelatively longtime (several minutes)
in theuppe reaches of theatmoheae a very high velodty. Ablative shields(Mercury, Gemini,
Apollo, Coronafilm canisters) and/or refractory thermal protection systems (Space Shuttle) are
routindy used to withdand the intense aerodynamic heating during re-entry. Strategic payloads
laundhed by ICBMs, however, are designad for high-speed re-entry with low drag profiles in
order to minimize defendve respon® times. Thermal protection systems involving heat sinks
and inaulation barriers have been developed for these applications In both cases, the worst of
the aerodynamic heating during re-entry typically occurs at high altitude and low dengty on a
time scale of minutes.

Impulsive space launch from the surface of the Earth requires the vehicle to pass throughthe
densest pat of theatmosphee while traveling at its highest velodty. This significantly enhances
the peak heat trander rate compared to re-entry. The exposdure time to the maximum heat flux
conditions however, is much shorter (on the order of secondg; thus the overall aerodynamic
heating is not necessarily any worse. For example, to attain 100km of atitudefrom a 20 degree
laundh angle, the ascent vehicle will travel ~300 km through the aamosphae. At an initia
velodty of 8 km/s the vehicle will be above 60% of the aamospheae (~10 km) within 4 sec and,
assuming its average velodty to be 6 km/s thereafter, it will reach the upper limits of the
amogpheae, ~50km, in less than 20 sec and 100km within 1 min of laundh, at which point its
thermal protection aeroshd| can bediscarded in preparation for orbit insertion maneuvers.

High bdlistic codficient is desirable for an impulsive-launch ascent vehicle to minimize
velodty loss to aerodynamic drag; however, the correspondng sendea geometry results in
severe heating of the nose tip and forebody. Many studies have addressed this issue for direct
gpace launch applicationsove the past 30 years. The conenaus of these studies is tha moden
ablative and/or trangiration cooling techniques will protect sea-level-launched projectiles at
8 km/s during atmospheic trandt with a tolerable mass loss. In addition, significant thermal
protection system mass redudion would be realized if the muzzle atitude were elevated to
5000m. Themain advantage of an ablative protection system is its passive nature and relatively
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low complexity; however, blunting of the noe tip increases drag and thusvelodty loss during
aimospheic trandt. Conveasdy, the trangiration cooling schemes maintain the shgpe of the
nose tip; however, they are more complicated in that on-boad equipment is required to control
theinjection timing and flow rate of the coolant. Brief reviews of the heat trander andyses for
impulsive-laundh space vehicles tha have been carried out in some petinent technical
pulicationsare provided bd ow.

PreviousWork on Thermal protection

During the 1980sthere was significant interest in usng light gas gunsand electromagndic
rallgunsas direct space launchers. Hawke et al. (1982) proposd the use of an EM railgun for
laundh velodties of up to 20 km/s for projectiles in the mass range of 1-200kg. They reviewed
prior work on kinetic energy loss for bdlistic launch and noted tha the necessary muzzle
velodty increases as the projectile mass decreases due to ablation effects. On this basis they
propo%d the use of tungden aeroshells to enable low-mass projectiles (i.e., severa kilograms) to
survive launch to orbit. Hunter and Hyde (1989) suggested the use of a light gas gunin the
velodty rangeof 5-7 km/sfor 1000-4000kg projectiles having carbon-carbonthermal protection
systems. They estimated the mass loss dueto ablation to be less than 20 kg for a 6 km/s launch
based on smulations carried out by Sandia Nationd Laboratory, and raised concerns about the
lack of experimental ablation rate data at stagnéion pressures greater than 120atm (stagnaion
pressure maximum is ~300atm and rapidly dropswith atitude. Fair et a. (1989)compared the
status of solid-propdlant rockets with the EM railgun technology potential at the time. They
refer to a hypaveodty projectile design incorporating trangiration cooling by expdling
combudion produd gases throughthe nose tip. In addition, the conaept of injecting a liquid
combudible jet ahead of the projectile tha mixes with the air at the shodk front and bums to
reduce the aamospheae dendty is mentioned. No ddailed heat trander andyses were actudly
presented in any of the pgpers cited above

Pamer and Dabiri (1989) consdered trangiration cooling for EM railgunlaundhed
projectiles with lithium coolant. Laund conditions optimized to ddiver 1 kg of payload to LEO
resulted in coolant mass ranging from 1% to 30% total projectile mass for muzzle velodties
ranging from 4.5 to 12 km/s, respectively. Conveasely, the coolant mass fraction was less than
1% in al cases consdered when the projectile mass was increased to 500kg. Bruckner and
Hertzberg (1987) and Kaoupis and Bruckner (1988) carried out ablation and shgpe change
calculations durning atmospheric trangt for a 2000kg projectile launched a 7 to 10km/s at
various indinaion angles and muzzle dtitudes. They assumed the mass loss resulted in
symmetrical blunting of carboncarbonno<e tips and accounted for the correspondnginaeasein
drag. Results of these calculationsindicate that the projectile would lose ~1% of initial mass and
20-50% of initia velodty by the time it leaves the atmogpheae (velodty loss increases with
increasing muzzle velodty).

Bogdanoff (1992 carried out an in-depth andysis of aerodynamic heating for ablative and
trangpiration cooled nose cones of 2000kg projectiles beng laundhed with muzzle velodties of 7
and 10 km/s. In the case of carbon-carbon ablation for the 10 km/s mission, the projectile mass
loss was less than 3%. For the same mission usng NHs for trangpiration cooling, the net mass
loss was 2-3%. Other trangiration coolants such as CH,4, H,, and H,O were considered;
however, NH3; was chosen to eliminae potential plugging of fine transpiration passages dueto

17



carbon deposts and prevent oxidaion damage from O and O, arising from water dissodation at
high temperatures. This paticular pgoer of Bogdanoff presents the mog detailled engineering
andysis of theaerodynanic heating problem fourd in theliterature cited herein.

Morgan (1997) provides an overview of guntechnologies for space launch applications and
suggests tha the thermal protection systems for high Mach re-entry vehicles can be used to
meliorate the aerodynamic heating problem. Gilreath et al. (1998 1999 present a detailed
design for a 682kg laundh vehicle tha employs an aeroshdl of primarily carbon composte
congruction with an overall mass fraction of ~10%. They refer to andytical and computationd
modding tha predicts the nos conerecession to be approximately 1% the length of the vehicle
at amuzzle velodty of 7 km/s.

Aerodynamc Heating Conenaus

Others who have recently consdered the impulsive launch aerodynamic heating problem
have summarily dismissed it as bang tractable (e.g.,, McNab 2003, Cocks et al. 2005) In
geneadl, as previoudy stated, moden carbon-carbon ablation and trangpiration thermal protection
systems are deemed adequae for Earth atmogpheae trangt at velodties up to 8 km/s.
Neverthdess, there are intriguing possibilities in udng the new geneation of lightweight
ceramic ablators; e.g., phenolic impregnaed carbon ablators (PICA)) for the Stardud (12.6 km/s
re-entry velodty) and the Genesis sample return capaules (comet dug and solar wind paticles,
respectively) (Olyndk et al. 1999) Theimplementation of these thermal protection technologies
on impulsive-launched space vehicles will certainly enhance the robugness of this means for
LEO access while increasing the payload mass fraction.

Conclusion

Theram accelerator is a promising technology for direct space laundh applications Practica
launches for 300kg projectiles have been estimated to cog around $4050M. The
environmental impact of muzzle blast may be a more significant factor in launch site location
than altitude athoughproximity to technical support infrastructure is anothe pertinent factor.
There do not appear to be any technica hurdles tha precludethe immediate implementation of
acceleration-hardened satellites for communications and Earth observation missons Upon
reaching key peformance milestones in laboratory experiments, the ram accelerator can be
readily scaled up to sizes appropriate for satellite launches to LEO.
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Appendix
Acoudic Energy Trander

Using the following characterigtics, it is possible to estimate the worst-case dynamic
environment dueto the ordinary GoarOof combugion in the thermally choked ram accelerator
propulsive mode

1. A practica uppe bound of the energy of acoustic noise geneation is 1/100000 of
combugion energy output*

2. Typical in-tube conditionsat M = 4 and a fill pressure of 5 MPa will have a propdlant
soundspeed of 1,000m/s, and a density of 80 kg/m?®.

"

3. Acoudic impedance of aram accelerator launch tubeis Z:XC whee ! is steel dengty,

cissoundspeed in steel, and A istubewall cross-sectiond area.
4. Similar to the case of an electrical circuit, the RMS pressure (voltage) in terms of a power

avg

2
inputis given by % =P

5. For acongant acceleration profile with a fixed-length ram accelerator, the average power

3
output can be determined by thefollowing equaion: P, , = %10'5

6. TheRMS pressure acting ontherear of the projectile is given by the resulting equéion:

— Bcvefcit ”C #10$5
Prus = i
where B, = bdlistic co€fficient, V_, =ram accelerator exit velodty, ~ = average in-
tube ges dendty, c = average in-tube gas sound speed, and d =length of ram

accelerator

7. A goodrule of thumb is that the peak acceleration experienced dueto adynamic load is
three times the RMS acceleration.

8. For a6 km/s ram accelerator with a 2000kg projectile, 1.0-m-bore, and a 1600m length
theRMS accelerationis 105 g, which gives a peak acceleration of 315 g.

9. For aram accelerator with a 300kg projectile, 500-mm-bore, 800 m length, and the same
6 km/s exit velodty the RMS acceleration is 19 g, which gives a peak acceleration of
574.

These dynamic load values are well within the range of wha off-the-shdf test equipment can be
successfully hardened agang with present-day engineering.
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