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High Ram Acceleration Using Open-Base Projectile

Yuichiro Hamate,¤ Akihiro Sasoh,† and Kazuyoshi Takayama‡

Tohoku University, Sendai 980-8577, Japan

High-acceleration operation has been realized in a 25-mm-bore ram accelerator by employing an open-base
projectile. The projectile comprises a centerbody and four � ns like a conventional ram accelerator projectile, but
is manufactured as a single piece. The base of the centerbody is perforated so that pressures inside and outside
are almost balanced, thereby reducing the required thickness of the centerbody wall and the total mass. Reliable
ram acceleration could be started only when the entrance velocity was increased by 0.1 km/s from that set for the
conventional projectile. Although the propellant � ll pressure was as modest as 3.5 MPa, an average acceleration
of 4:4££104g and a velocity increment of 1.0 km/s have been achieved through a 4.1-m-long, three-stage ram
acceleration section.

Nomenclature
A = tube cross-sectionalarea
a = speed of sound
F = thrust
h = speci� c static enthalpy
M = projectile Mach number
Mi = entrance projectile Mach number in i -th stage
mo = mass of obturator
m p = mass of projectile
P = pressure
Q = dimensionless heat release
q = speci� c heat release
t = time
U = projectile velocity
UCJ = Chapman–Jouguet detonation velocity
X = methane mole number with respect to 2O2

x = travel distance from the entrance of ram acceleration
section

Y = diluent mole number with respect to 2O2

° = speci� c heat ratio
´ = ballistic ef� ciency, Eq. (1)
½ = density
¿m = characteristic time for obturator separation

Introduction

A RAM accelerator is an important ballistic range device that is
capableof high ballisticef� ciencybecausea large thrust canbe

appliedover the entire accelerationperiod. Its operationwas � rst ex-
perimentallydemonstratedat the Universityof Washington.1 Inves-
tigationson performancecharacteristicsemphasizinga hyperveloc-
ity, heavy-mass launcher followed.2¡5 In particular, operation with
a bore of up to 120 mm was realized.2;3 Fundamental investigations
on the thrust production mechanisms using various tube/projectile
con� gurations and dimensions have also been conducted.6¡11 Al-
though the facility dimension is largely budget dependent, the pro-
jectile acceleration level is not explicitly subject to this constraint.
The square-cubic law states that the force scales with the square
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of a dimension and the mass with its cube; if this law holds, high
acceleration and velocity can be realized in even a small facility.
There are three methods to increase the acceleration: 1) multistage
operation, 2) increasing the propellant � ll pressure, and 3) decreas-
ing the projectile mass.

The effectiveness of the � rst method has already been experi-
mentally validatedby many researchers.1;5;11¡13 This scheme is cur-
rently in routine use. In particular, at the University of Washington,
a muzzle velocity of 2.7 km/s through a 38-mm-bore, 16-m-long,
four-stage ram acceleration section has been achieved.14

Using the second method, Bundy et al.15;16 conducted experi-
ments with elevated � ll pressures of up to 20 MPa. However, the
projectile acceleration does not increase linearly with the � ll pres-
suredue to the followingthreeproblems.First,with the increased� ll
pressures, ram accelerationtends to be delayed.Here, ram accelera-
tion implies a process that generatesa positivethrust to theprojectile
with the ignition of the compressed mixture around the projectile
aftbody. Second, the measured thrust is smaller than that predicted
for thermally choked operation.17;18 Here, thermally choked oper-
ation is de� ned as the ram accelerator operation in which the � ow
becomes choked behind the projectile where the heat release of the
combustion terminates.Third, because the pressurearound the pro-
jectile also increases, the projectile wall needs to be thicker; the
thrust to projectile mass ratio cannot simply be increased.

Thus far, the third method, that is, making a projectile lighter,
has not been examined intensively. This method can be effective
even if the propellant � ll pressure is limited to a moderate value.
The present study emphasizes this aspect in ram accelerator opera-
tion by experimentallyexaminingoperationcharacteristicsof newly
developed, ultralight projectiles named open-base projectiles.

Open-Base Projectile
Most projectiles used in previous ram accelerator studies have

had a centerbody, which is supported either by � ns1;5;8;10;12;13 or
rails.7 Although other shapes have been examined, including an
internal-�ow hollow projectile,19 a planar (quasi-two-dimensional)
projectile in a circular tube,20 and a two-dimensional projectile in
a rectangular ram acceleration section,9;21 to date the centerbody
shape has exhibited the best performance and reliability. In ram ac-
celeratoroperationat the ISL, French–German Research Instituteof
Saint Louse,7 the projectile was preacceleratedusing a powder gun
up to a superdetonativevelocity of the order of 1.8 km/s. The aver-
age accelerationin the 2.8-m-longprelauncherwas about6 £ 104 g;
the peak accelerationwas estimated to be two to three times higher.
For the projectile to keep its integrity during the prelaunch at this
high-acceleration level, it was manufactured as a single piece. On
the other hand, for thermally choked operation, the required en-
trance velocity is about 1.2 km/s, and the projectile experiences an
accelerationlevel usuallyup to 4 £ 104 g throughoutthe process.At
this acceptable acceleration level, the centerbody can be hollowed.
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a) Long projectile OL-A-12

b) Short projectile OS-A-9

Fig. 1 Open-base projectiles.

Usually the hollow is machined by dividing a projectile into two
pieces, a nose and an aftbody. After machining a hollow in each
piece, the two pieces are threaded together. In this way, the mass
of the projectile is decreased.1 However, while the pressure outside
of the centerbody becomes 20 times as high as the � ll pressure or
higher, the inside pressure remains unchangedduring the operation.
Therefore, this type of projectile experiences a large compressive
mechanical load from the outside, against which this vessel is weak
in nature. Moreover, in this shape the thread can cause a decrease
in the effective strength per unit cross-sectional area or inef� cient
projectile mass reduction.

Hamate et al.22 proposed a new projectile design, an open-base
projectile to increase the accelerationwith a limited operation pres-
sure. When the centerbody base is perforated, pressures inside and
outside the projectile are almost balanced. The wall thickness of
the centerbody can be signi� cantly reduced. A thread such as that
used in the conventional two-piece projectile is not necessary. As
described in their � rst publication (see Fig. 1b, Ref. 22), the ram
acceleration using this open-base projectile was realized not in a
steady-state manner but only during a transient period. Almost at
the same time, Bundyet al.15 designedfor the same purposea single-
piece centerbody projectile with a clearance hole having a constant
diameter in the base.They examinedram acceleratoroperationwith
a propellant � ll pressure as high as 20 MPa (Ref. 15). Only when
the projectile mass was reduced because of this hole, an entrance
velocity high enough to start ram acceleration was obtained.

Figures 1a and 1b show the long (Fig. 1a) and short (Fig. 1b)
open-base projectiles used in this study where the length is given
in millimeters. They are made as a single piece, either of magne-
sium alloy, AZ31F, or of aluminum alloy, A7075-T6. In Figs. 1a
and 1b, only projectilesmade of the aluminum alloy are shown.The
minimum centerbody thickness is 1 mm. Four � ns support the cen-
terbody. The projectile shown in Fig. 1a is open-base, long aftbody
(OL), aluminum alloy, 12-g weight class (OL-A-12). The projectile
of Fig. 1b is an open-base,shorter aftbodyand � ns, (OS), aluminum
alloy, 9-g weight class (OS-A-9). The short projectile is also made
of the magnesium alloy (not shown in Fig. 1). In this case, the
thicknesses both of the centerbody and of the � ns are 2 mm. The
projectile is magnesium alloy, 10-g weight class (OS-M-10).
The average clearance between the � ns and the ram acceleration
tube wall ranges 25–50 ¹m. The OL projectiles exhibited better
in-tube stability than the OS projectile.

Experimental Facility
The experimentswere conductedusing the ram acceleratorat the

Shock Wave Research Center, Institute of Fluid Science, Tohoku

Fig. 2 Conventional projectile C-M-18.

University (RAMAC25). The bore diameter was 25 mm. A powder
gun was used as the prelauncher, where the projectile was accel-
erated to a maximum velocity of 1.3 km/s. In the prelauncher, the
projectile was backed by a perforated obturator, which in turn was
backed by a backplate that plugged the perforation. The obturator
assists the initiation of the ram acceleration by moderately com-
pressing the mixture on the entry.8 There are two alternativecon� g-
urations of the ram acceleration section. Ram acceleration section
A (the same as that presented in Ref. 8) consists of three 2-m-long
tubes, along with a combinationof a pressure transducerand a pick-
up coil (the instrumentation unit), which are placed at a separation
distance of about 0.4 m. Ram accelerationsection B is designed for
operationat higheracceleration.It consistsof a 0.6-m-longentrance
tube followed by � ve 1.2-m-long tubes. The instrumentation units
are placed with a separation distance of 0.3 m. When the projectile
passage is sensed using the pick-up coils, the projectile velocity is
determined by the time-of-� ight method. The facility is described
in further detail in the previous papers.8;23

In the present paper, some operationalcharacteristicsof the open-
base projectiles are compared with those of a conventional projec-
tile (C-M-18) shown in Fig. 2, with length given in millimeters. It
comprises two pieces (a nose and an aftbody), which are threaded
together.The projectile is made of the magnesium alloy and weighs
18.5 g.

The ram accelerator performance itself was sensitive to various
environmentalfactors, includingroom temperature,projectile load-
ing conditions, and small variations in the projectile entrance ve-
locity. Based on previous ram accelerator experiments, the error
margin of the mixture composition is taken to be of the order of
5%. To obtain higher accuracy of mixture composition, the molar
ratios of the respective species were re-examined using a gas chro-
matograph (GC-14B, C-R5a, Shimazu). The accuracy in the molar
ratios was kept to better than 2%, which is small enough to satisfy
the mentioned error margin.

Ram acceleratoroperationexperimentscannotbe conductedvery
frequently. At our normal staf� ng level, one shot per day was close
to the practical limit. For an important operation condition, the re-
liability of the experimental results was validated by repeating the
experiments under the same conditions.However, with so many in-
dependent parameters to examine, the same conditions could not
always be replicated. Even in such a case, after examining several
operation conditions that were slightly different from each other,
the consistency of the measured results could be examined.

Reliable Starting Condition
There exists a difference in ram accelerationstarting characteris-

tics between the conventional projectile and the open-base projec-
tile.Entrancevelocitiesthat are suf� cient to initiateram acceleration
with a conventionalprojectile may be inadequate for the open-base
projectile; the ram accelerationmay be delayed or may fail entirely.
Figure 3 shows projectile velocity histories, with the same mixture
and an equal entrance velocity, using either a conventional or an
open-baseprojectile.Here, U designates the projectilevelocity and
x the travel distance from the entrance of the ram accelerator sec-
tion.The projectilewas injectedinto the reliablestartingmixture for
the conventionalprojectile,2.8CH4 C 2O2 C 5.7N2 (Refs. 8,12, and
24). The initial � ll pressure was 3.5 MPa. The experiments were
conducted in the ram acceleration section A. When the conven-
tional projectile C-M-18 was used, ram acceleration began imme-
diately after the projectile entered the ram acceleration section; the
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Fig. 3 Projectile velocity variations with different projectiles.

Fig. 4 Velocity variations with different entrance velocities, using
open-base projectiles: TC stands for thermally choked pro� le. UCJ is
calculated for equilibrium � ow.

projectile velocity continuously increased. In the case of the open-
base projectile OS-M-10, immediately after entering the ram ac-
celeration section the projectile acceleratedslightly and then decel-
erated. Even without igniting the mixture, when entering the ram
acceleration section the obturator drove a shock wave, thereby ex-
erting a thrust onto the projectile.However, without the ignition this
positive thrust was only applied near the entrance. Even at 0.6 m
from the entrance, the obturator-drivenshock wave does not in� u-
ence the pressure � eld around the projectile.8 In other words, the
shock wave falls off from the aftbody of the projectile (wave fall-
off 24¡26). The mixture is ignited far behind the projectile.After the
projectile travels more than 1 m in the ram accelerationsection, the
combustion-driven shock wave catches up with the projectile and
� nally overtakes it (wave unstart24¡26). Before the wave unstart, a
positivethrust is producedonly in the short zone of 1.2 < x < 2.5 m.

In Fig. 4, projectile velocity histories of open-base projectiles
at different entrance velocities are plotted. The delay for ram
acceleration was reproduced with an entrance velocity level of
1.2 km/s. However, when the velocity was increased to 1.3 km/s,
ram acceleration started right after the entry; the velocity varia-
tion became consistentwith the thermally chokedperformance.17;18

These results are consistent with the pressure histories shown in
Fig. 5, where U1 is the entrance velocity to the single-stage ram
acceleration-section (at ® D 0) and t D 0 corresponds to the pas-
sage of the projectile throat, the location of the longest diame-
ter in the centerbody. In Fig. 5, the projectile location given for
U1 D 1:3 km/s is shown with the black centerbody shape. In the
present experiment, it was not possible to fabricate a magnet that

Fig. 5 P histories measured at x = 0.6 m for open-base projectiles, us-
ing 2.8CH4 + 2O2 + 5.7N2; projectile shape corresponds to passage at
location of pressure measurement with U1 = 1.3 km/s.

Fig. 6 Velocity variations with and without base perforation for pro-
jectile C-M-18.

could be placed onboard the projectile to detect its passage. The
location of the � rst re� ection of a conical shock emanating from
the apex of the projectile nose was assumed to be equal to that cal-
culated by solving the differential equation derived by Taylor and
Maccoll.27In the case of the high-velocity entry, high pressure was
maintained around the projectile aftbody, corresponding to ther-
mally choked operation.7 However, for the low-velocity entry, the
pressurewas substantiallydecreased.A dip in the pressureappeared
directly behind the projectile base. The high-pressure region was
separated from and somewhat behind the projectile. This is a typi-
cal pressure variation of the wave fall-off operation.

A question arises as to the cause of the delay in ram accel-
eration with the open-base projectiles: Is this the effect of the
base perforation, mass reduction, or something else? The effect of
the perforation cannot be directly examined with the present open-
base con� guration because a projectile of the same shape with its
base pluggedcannot be manufactured.Figure 6 shows projectileve-
locity histories measured with the conventional projectilesC-M-18
either with or without perforatingthe projectile base with an 8-mm-
diam hole on the center axis. In this case, signi� cant starting delay
due to the base perforation was not observed. With these limited
data, it is supposed that the base perforation itself does not signi� -
cantly affect the delay in the start of ram acceleration.

Here, the mechanical characteristic time of the obturator sepa-
ration is estimated as the period during which the obturator be-
comes separated from the projectile by one bore diameter. This pe-
riod is regarded as a characteristicduration time for holding a high
temperature/pressure slug behind the projectile. This characteristic
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time is inversely proportional to the sum of the obturator decelera-
tion and the projectileacceleration.In Ref. 8, the characteristictime
was estimated neglecting the projectile acceleration and was des-
ignated as ¿m . From the analysis of obturator separation dynamics
presented in Ref. 8, the deceleration of an obturator (mass of 4.1 g
and ratio of perforatedto total cross-sectionalarea 0.46) at the entry
was calculatedto be 4.5 £ 105 g for an entrancevelocityof 1.3 km/s
and 3.9 £ 105 g for 1.2 km/s. The measured projectile acceleration
was an order of magnitude smaller; ¿m decreasedonly by about 5%
due to the projectile acceleration.The difference in ¿m between for
the two entrance velocities was even smaller. It follows from these
results that it is not likely that this delayin ram accelerationis mainly
caused by the decrease in ¿m .

A similar delay in ram acceleration was also observed by Bundy
et al.15 In their experiments, the � ll pressure was increased beyond
10 MPa. The achieved acceleration level almost equaled that of the
present study. The reason for this delay remains an open question,
warranting further investigations.

Multistage Operation
Three-stage operationusing an open-baseprojectilewas realized

in the ram acceleration section B. The open-base projectile OL-A-
12 was used because, with its longer and thicker � ns, it has better
in-tube stability than OS-A-9. In all of the stages, the mixture � ll
pressurewas 3.5 MPa.The � rst stage(0.6m in length)was � lledwith
the standard starting mixture, 2.8CH4 C 2O2 C 5.7N2. In determin-
ing the second and the third-stage mixture conditions, the Higgins
et al.24 and the Schultz et al.26 Q–M scheme was employed. In this
scheme, a ram acceleration operational regime is identi� ed in the
Q–M plane, where Q is the dimensionless heat release in equi-
librium, or the second Damköhler number, and M is the projectile
Mach number. Values of Q and M in the operational regime were
obtained from an experimental database. The parameters to be de-
termined are the species of diluent and the relative mole numbers of
the fuel (methane), X , and the diluent, Y , to 2O2. Once the species
of the diluent is given, Q and M at the entrance are calculated from
X and Y for a given entrance velocity. Because operational Q–M
conditions are not uniquely determined, the actual mixture func-
tion must be determined by trial-and-errorexperiments. In this way,
4.6CH4 C 2O2 C 2He was selected as the second-stagemixture.

Figure 7 shows projectilevelocity variationsmeasured using � ve
different fuel mixtures in the third stage (4.8 m long). The charac-
teristics of the mixtures are listed in Table 1. The entrance Mach
number in the third stage, M3, was about 3.5. For Q D 3.4, wave
fall-off occurs right after entering the third stage.With Q D 4.2, ram

Fig. 7 Velocity pro� les for three-stage operation, using projectile
OL-A-12 and a � ll pressure of 3.5 MPa.

Table 1 Third-stage mixture characteristics in the
experiments shown in Fig. 7

X Y a, km/s ° UCJ , km/s QCJ M3

3.2 4.2 0.50 1.43 2.4 5.0 3.5
3.3 4.3 0.50 1.43 2.4 4.8 3.5
3.5 4.4 0.50 1.43 2.3 4.6 3.5
4.4 4.6 0.50 1.42 2.2 4.2 3.4
8.0 6.0 0.50 1.40 1.8 3.4 3.4

a) Projectile Mach number variations

b) Projectile velocity variations

Fig. 8 Mach number and velocity variations in three-stage, operation
for two entrance Mach numbers, M3, with projectile OL-A-12.

acceleration lasted for the longest distance. However, the average
acceleration was lower than that with Q D 4.6. With Q larger than
this value, wave unstart24;26 occurs before reaching the achievable
velocity.

However, when M3 was decreased from 3.5 to 3.2, as is seen
in Fig. 8a, the effective acceleration length increased, and a higher
velocity was achieved (see Fig. 8b). With this decreased value of
M3 , not only the maximum velocity but also the maximum Mach
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Fig. 9 U vs x displaying the signi� cance of projectile mass reduction
and mixture pressure increase.

number (Fig. 8a) became higher. Between these cases, the lower M3

operation was superior to that in the earlier mentioned acceleration
performance.However, note that usually starting reliabilitywas im-
proved with increasing the entrance Mach number. The value of 3.2
for the entrance Mach number was close to this critical condition.
Hence, case-by-case propellant tuning is still necessary for other
conditions.

Operation of the system at M3 D 3.2 in Fig. 8 yielded the highest
performance:Through the 4.1-m-long,three-stageram acceleration
section, a velocity increment from 1.3 to 2.3 km/s and an aver-
age acceleration of 4:4 £ 104 g was achieved. The broken line in
Fig. 8b represents the velocity pro� le that was calculated assuming
thermally choked operation17 throughout the section. Note that the
thermallychokedperformanceis calculatedirrespectiveof the shape
of a projectile.As is seen in Fig. 8, even with the open-baseprojec-
tile, the measured velocity pro� le agrees well with this thermally
choked performance.

Figure 9 summarizes the signi� cance of the performance im-
provement due to the reduction of the projectile mass. For refer-
ence, the performance data of conventional projectiles that have
beenmeasured in the same facilityare also plotted.With the conven-
tional projectiles, the projectile acceleration has been improved by
increasing the � ll pressure, decreasing the projectile mass, and em-
ploying multistage operation. Further reducing the projectile mass
by employing the open-base projectile resulted in an increment in
the average projectile acceleration by 50% from that best obtained
using the C-M-18 projectile in the three-stage operation (average
acceleration, 2:9 £ 104 g). This increment in the average acceler-
ation is consistent with the decrease in the projectile mass from
18 to 12 g.

In Fig. 10 (black symbols), single-, two- and three-stage oper-
ations using a projectile of OL-A-12 are plotted in another way.
For the OL-A-12 projectile, the length and mixture for the � rst
stage was 0.6 m and 2.8CH4 C 2O2 C 5.7N2; for the second stage,
1.2 m and 4.6CH4 C 2O2 C 2.0He; and for the third stage, 4.8 m
and 2.9CH4 C 2O2 C 6.3He. Here, a local ballistic ef� ciency ´ is
de� ned by21

´ D
1
2
m p[U .x/2 ¡ U .0/2]R x

0
½.h C q/A dx C 1

2
moU .0/2

(1)

In this expression,h, q, and ½ designate the static enthalpy, speci� c
heat release, and density of the mixture under the � ll condition,
respectively. U .x/ is the projectile velocity at a distance x , which
is measured from the entrance of the ram acceleration section. The

Fig. 10 Variations of ballistic ef� ciency in one- to three-stage opera-
tions using a � ll pressure of 3.5 MPa: —— and – – – plot thermally-
choked pro� les.

Fig. 11 Acceleration variation in the same three-stage operation using
the open-base projectile as shown in Fig. 10. TC stands for thermally
choked pro� le.

� rst term in the denominator is the integrated energy available from
the mixture; the second term is the kinetic energy of the obturatorat
its entry.The latter is particularlyimportant in estimating the energy
balance immediately after the entry. As x increases, its contribution
becomeslessand less important.In eachstage,´ maintainsan almost
constant value and then starts to decrease. However, through the
successful stage transitions, it can be kept at a high level as the � nal
velocity is achieved. As seen in Fig. 10, ´ variation exhibits a small
scatter in comparison with its acceleration pro� le (Fig. 11). This is
mainly because the calculationof ´ does not involve differentiation
using a limited number of x–t data, unlike the calculation for the
acceleration.

Also in Fig. 10 is plotted the variation of another three-
stage operation using the heavier, conventional projectile C-M-18.
For the C-M-18 projectilelengthsand mixtureswere as follows:� rst
stage,0.6 m, 2.8CH4 C 2O2 C 5.7N2; secondstage,2.0 m, 4.2CH4 C
2O2 C 3.4He; and third stage, 4.0 m, 4.0CH4 C 2O2 C 9.3He. In this
case, ´ became higher. When the wall friction is neglected, the nu-
merator of Eq. (1) equals

Z x

0

F.U / dx

Because in the thermally choked operation F is a decreasing func-
tion ofU (Ref. 17), the lower the acceleration,the higher´ becomes.
This characteristic becomes important for practical applications of
the ram accelerator as a heavy-mass launcher. On the other hand,
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in principle the high-acceleration operation sacri� ces ballistic ef-
� ciency. However, the high-acceleration capability that has been
demonstrated in the present study would become useful in a facility
of limited dimensions. In general, dependingon the purpose of ram
acceleratoroperation,the operationconditionshould be determined
from the tradeoff between these aspects.

Conclusions
In the present study, it has been demonstrated that high ram ac-

celeration can be realized by signi� cantly reducing the projectile
mass using open-base projectiles. When the open-base projectile
was used, the average acceleration was increased by 50% of
the best value obtained using the conventional projectile. Through
the 4.1-m-long, three-stageram accelerationsection, an averageac-
celeration of 4:4 £ 104 g and a maximum velocity of 2.3 km/s was
achieved. Even at this high-acceleration level, an overall ballistic
ef� ciency of 0.15 was attained. With this light projectile, the pro-
jectile entrance velocity needs to be increased to at least 1.3 km/s
to avoid the delay for the ram acceleration. Through the presented
results, the functional � exibility of the ram accelerator has been
demonstratedto be high. To explore the possibilityof increasingthe
muzzle velocity, increasing the length of the ram acceleration tube
is not the only solution. Such high-accelerationoperation using the
ultralight projectiles is useful, in particular, in a facility of modest
dimensions.
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