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Small-Bore Ram Accelerator Operation

A. Sasoh,* Y. Hamate," and K. Takayamai
Tohoku University 2-1-1 Katahira, Aoba-ku, Sendai 980-8577, Japan

Experimental study is conducted in a 25-mm-bore ram accelerator at mixture fill pressures of 2.5 and 3.5 MPa.
The obturator motion is analytically modeled to understand the effects of perforation ratio and entrance velocity
on the drag coefficient and the mixture ignition delay time. The ram acceleration is achieved at both pressures.
At 2.5 MPa the starting and operation characteristics are marginal, whereas increasing the pressure to 3.5 MPa
results in better starting reliability and ram acceleration characteristics.

Nomenclature

= cross-sectionalarea

cross-sectionalarea of tube

speed of sound

drag coefficient of obturator

specific heat at constant pressure

drag exerted on obturator

tube diameter

enthalpy

flow Mach number

mass

pressure

mixture fill pressure

= dimensionless heat release (heat release normalized
by C,.1Ty)

= temperature

time

velocity

Chapman-Jouguet detonation velocity

obturator entry velocity

particle velocity

molar number of CH, to two mole of O,

travel from the entrance of ram acceleration section
molar number of N, to two mole of O,

specific heat ratio

difference in arrival time from projectile throat

to obturator

density of gas

ignition delay time

mechanical characteristic time on obturator separation
obturator perforation ratio

quantity on frame of reference attached to shock wave
quantity on frame of reference attached to obturator
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Subscripts

= value at ram accelerator tube entrance
obturator

projectile

= shock wave

w0
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Introduction

HE ram accelerator is a chemically propelled mass launcher
that is characterized by its long effective acceleration period,
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heavy payload capability, and reasonable scalability.! Intensive ex-
perimental studies,>™'3 including that described in a private com-
munication with S. Ohyagi in 1997, have been conducted, and ram
accelerations have been realized in facilities with bore dimensions
from 25 to 120 mm diameter (circular) and 15 x 20 mm (rectan-
gular). Bruckner has reported a ram acceleration of 2.7 km/s in a
38-mm-bore device.? This is currently the highest achievable value.
However, to realize various applicationssuchas a director first-stage
space launcher,'*!3 this value is not sufficient.

It is not always possible to build large facilities capable of in-
vestigating achievable performance of the ram accelerator. On the
other hand, a small device capable of high accelerationis very use-
ful to fundamental studies. In fact, to date, relatively high projectile
velocities are obtained in small-bore facilities, such as 2.7 km/s in a
38-mm bore? and 2.4 km/s in a 30-mm bore,'® whereasin large-bore
facilities achieved projectile velocities are relatively low, 2.2 km/s
in a 90-mm bore'® and 2.0 km/s in a 120-mm bore.!” However, op-
eration characteristicsof even smaller devices have not been exten-
sively studied. The 25-mm-bore ram acceleratorat the Shock Wave
Research Center (SWRC) is by far the smallest ram accelerator in
the world among currently operationalones. (The ram acceleratorof
Hiroshima University of a 15 x 20 mm rectangularbore is smaller.
However, the operation pressure is limited to 0.5 MPa; it is run
mainly for flow visualization, not for investigating the achievable
performance features.)

In the ram accelerator operation, a projectile is accelerated in a
preaccelerator device, which is either a light-gas gun or a powder
gun, up to a velocity high enough to start the ram acceleration. Usu-
ally, during the preacceleration, the projectile is backed by a piston
having surface perforations, which is commonly referred to as an
obturator. The perforations, in turn, are plugged by a backplate dur-
ing the preaccelerationstage. The obturatoracts not only as the plug,
but also assists in the mixture ignition through shock heating.! In
the case of the successful start of the subdetonative mode' opera-
tion, subsonic combustion is established and sustained. Therefore,
the design of the obturator is critical for the success of any ram
accelerator. To improve starting reliability, the obturator-associated
ignition process needs to be investigated further.

The purpose of the present study is to investigate the operational
characteristics of a 25-mm-bore ram accelerator, identifying and
discussing features peculiar to a small-bore device, including the
obturator-associatedram acceleration starting.

Experimental Apparatus

Figure 1 schematically illustrates the ram accelerator, RAMAC
25, at SWRC used in the present study. It has a 25-mm-bore,
6-m-long ram acceleration section. The fill pressuresin the ram ac-
celeration tube, p;, varies from 2.5 to 3.5 MPa. The passage of the
projectilethroat (in this paper, the location where the cross-sectional
area of the flow passage is smallest is referred to as a throat; this
applies both to the projectile and the obturator, see Figs. 2 and 3)
is detected by sensing its magnetic induction generated from a rub-
ber ring magnet embedded in the projectile. Pick-up coils are flush
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Fig. 1 Schematic of the ram accelerator, RAMAC?2S.
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Fig. 2 Projectile, obturator, and backplate.

Tube wall
Obturator
Throat Shock Wave
5 3
\ : 2 Fa
U°_, 93, L, x (on 1aboratory)
x (on shock wave) Us=Us-u wi=Us
e e —
W3=Ug-u3 u'o=Ugy-u
x’ (on obturator) <_° :_o 2

Fig. 3 Model of obturator-associated flow and frames of reference
used in the analysis.

mounted on the inner wall of the ram acceleration tube. The axial
separation distance between adjacentcoils is around 0.4 m. In addi-
tion, piezoelectricpressure transducerswith typicalrise time of 1 us
are flush mounted at an angle of 90 deg from the axis of the coil.

The configurations of the projectile, obturator, and backplate are
shown in Fig. 2. The projectile comprises a hollow conical nose
(half-apex angle of 10 deg) threaded to a body. To reduce the mass,
both the conical nose and the body comprising four fins are fabri-
cated using magnesium alloy [nose, AZ61(f); body, AZ31(F)].

The obturator is fabricated using a newly developed aluminum
alloy, GIGAS24 or GIGAS30 (tensile stress of 700 MPa at room
temperature and density of ~3.0 x 10 kg/m*, YKK Cooperation).
The perforation ratio of the obturator, ¢ =0.54, achieved in the
presentstudy, is mainly attributed to the high specific strength of the
material. Experiments are also carried out using magnesium alloy
AZ31(F) obturators. However, the backplate is made of aluminum
alloy, A7075-T6,in this study. The projectilebacked by the obturator
and backplateis launched using a powder gun charged with an up to

26-grams single-base smokeless powder (NY500, Nippon Oil and
Fats Cooperation).

Methane, oxygen, and nitrogen are individually supplied using
the respective mass flow controllers and are mixed together at the
inlet of a 35-m-long feed tube, which, in turn, connects to the ram
acceleration tube. The pressure difference between the inlet and
outletof each mass flow controlleris regulatedusing a back-pressure
regulator installed on its outlet side.

The measured signals are recorded in a data acquisition system
and are processed using a personal computer. Further details of the
experimental apparatus have been explained elsewhere %'

Obturator Separation Model

In the preaccelerator,a projectile and an obturator are accelerated
together up to an entrance Mach number over 3.0. The function of
the obturator is not only to plug the driver gas, but also to gener-
ate a shock-compressedgas slug after entering the ram acceleration
tube. During ignition of the mixture, the obturator is strongly de-
celerated and eventually does not affect the flowfield around the
projectile. Whether or not the ram acceleration is successfully ac-
complished depends strongly on the obturator-associated mixture
ignition process.

Precursoryshock waves generatedby an obturatorin the preaccel-
erator launch tube have been studied by Burnham,'® Stewart et al.,"”
and Sasoh et al.?® In an earlier study carried out jointly by the Uni-
versity of Washington and the French-German Research Institute at
Saint Louis,?!'?? detonation initiation either by the direct impact of
a piston (solid obturator) or by a transmitting detonation wave gen-
erated by the piston have been investigated. Under low pressures,
the initiated detonationis only marginal. Recently, Schultzet al.2>2*
have systematically determined the ignition conditions of ram ac-
celerator mixtures using a solid/perforated obturator with/without
a projectile. The measured motions of the solid obturator are com-
pared with a numerical computation using the method of charac-
teristics. However, it is very essential to analyze quantitatively the
effects of perforation on the obturator motion and mixture ignition.

Against this backdrop, an analytical model has been developedto
understand the sensitivity of the obturator design to the ram accel-
eration starting precess. Here, the following assumptions have been
made:

1) The process is quasi steady.

2) The effect of projectile on the obturator is neglected (the ob-
turator motion is determined by the mixture interaction with the
movement of obturator).

3) The backplatecomes off from the obturatorand disappearwhen
the obturator enters the ram acceleration tube.

4)The heat release of combustion is neglected.

A normal shock wave driven by a right-running obturator
with passage area contraction for the gas is shown in Fig. 3.
The cross-sectional area ratio of the obturator throat (label 4) to the
tube (label 1) is referred to as a perforationratio ¢, whichis givenby

o= A4 A, (1

A streamline is assumed to go along the smooth inner surface of
the obturator. Here, three frames of reference are defined: An axial
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coordinate on the frame of reference fixed on the laboratory is des-
ignated as x; those on the shock wave and on the obturator are rep-
resented as x and x’, respectively. Under the assumption of a quasi
steady state, Galilean transformation is applicable among motions
expressed in these frames of reference. The origin of the x coordi-
nate is at the entrance of the ram accelerationtube. The velocities of
the shock wave and the obturatormeasured on the frame of reference
attached to the laboratory are designatedby U, and U,, respectively.
The particle velocities on the frames of reference attachedto the lab-
oratory, the shock wave, and the obturator are designated by u,u,
and u’, respectively. The quiescent state in front of the shock wave
is labeled by 1. Label 2 represents the postshock state. Labels 3-5
sequentially represent the states at the inlet, throat, and outlet of
the obturator, respectively. Without chemical reaction, quantities do
not vary between at states 2 and 3. At state 3, the flow is subsonic
with respect to the obturator, at state 5 it is supersonic. A choking
condition is applied to the state 4.

Applying Rankine-Hugoniot relations in the frame of reference
attached to the shock wave between the states 1 and 3, we get

piU1 = p3lUj )
piut + py = psu3 + ps 3)
hy + %Zf =hs+ %E% 4)

where h represents static enthalpy.

Isentropic relations for calorically perfect gas (constant y) are
applied to the flow from state 3 to 5. On the frame of reference
attached to the obturator, the relations can be expressed as

A M [141y = D2gm2 7T )
Al M| L+[(y — D/2IME?
P [l =DM ©
ps | 1+Ly = D/21m”
7 Uo - UJ +y
M= = (1)
as

Then the drag force experienced by the obturator D is given by

5
D:—/ pdA )
3

For evaluating the drag force, the appropriate reference value is
calculated from the mixture fill pressure p;. Therefore, the drag
coefficient Cy is defined as

C,=D/pA )

Figure 4a shows contours of C, for a given mixture used in the
study. C,; sharply decreases as a function of ¢, but slightly increases
with increasing U,. For a constant thickness and material density,
the mass of an obturatoris in proportionto 1 — ¢ (in practicalexper-
iments, an obturator has rim to hold a backplate that causes a small
deviation from this proportionality). In determining the deceleration
of the obturator, these two effects compete with each other. The de-
celeration scales with C;/(1 — ¢). As seen in Fig. 4b, C;/ (1 — ¢)
is still a sharply decreasing function of ¢. The higher ¢, the more
slowly the obturator separates from the projectile.Itis observed that
C,/(1 — ¢) is more sensitive to U, than C,.

With Egs. (2-8) used, the motions of the obturator can be calcu-
lated numerically by integrating its equation of motion with respect
to time. In the calculation, the shock speed, U; =u;, is determined
to match the choking condition at state 4. Typical x-¢ diagrams of
obturator motion are shown in Fig. 5. The operation conditions co-
incide to those of the case C in Fig. 6a. As a reference, the trajectory
of the projectile at the constant velocity is also plotted. If the pas-
sage time is monitored at x = 0.20 m, the delay time of the obturator
passageto the projectilethroat will be 60 pis. As will be shown later,
this value is fairly close to the measured one.
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Fig. 4 Contours of constant value of a) C; and b) C;/(1 — ¢) on ¢-U,
coordinates, 77 = 288.15 K.
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Fig. 5 Example of x-f diagram of obturator trajectory; trajectory of
the projectile at a constant speed is also plotted.

Results and Discussion

Obturator-Associated Ram Acceleration Start

Table 1 shows the typical experimental conditions of the present
study. Here, a quantity at the entrance of the ram accelerationtube is
designated with a subscripte. In the presentstudy, the tube wall pres-
sure historiesat r = 0 correspondto the passagetime of the projectile
throat. Figures 6a and 6b show the pressure histories measured near
the entrance of the ram acceleration section using three different
obturators with different perforation ratios ¢. The obturator arrival
is indicated by a pressure drop; for example, at At =60 us for
the case C. Also, the arrival times of the obturator front calculated
using the analytical model described in the preceding section (see
Fig. 5) are plotted. As seen in Fig. 6a, the calculated arrival times
quantitatively agree with the respective experimental results.

In cases A and B, the obturator material is magnesium alloy,
whereas in case C, GIGAS is used. Although the mass does not vary
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Table1 Conditions of experiment

Pis Uoﬂes my,
Case MPa m/s ¢ grams  Result Comment
A 2.5 1183  0.37 3.3 usS Small perforation
B 2.5 1185 0.46 2.8 RA Medium perforation
C 2.5 1164 0.54 3.8 RA Large perforation
D 2.5 1206  0.46 4.1 RA Heavy obturator
E 2.5 1124 0.46 2.8 WF Low velocity
F 3.5 1182 0.54 3.7 RA High pressure

2.7CH4+202+5.9N2
p1=2.5MPa, x=0.2 m

0 ]
60 o 4~ Case A($=0.37,mo=3.3g) E
4 Case B($=0.46,mo=2.8g) E
s0F _Case C(4=0.54,mo=3.8g) 3
© qf ' [/k\ E
& » i -
= ok ‘*‘ﬂ/\_ pz (Uos=Uoe, Case C)
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Fig. 6 Time variations of tube wall pressure with three different ob-
turators, p; = 2.5 MPa and 2.7CHy + 20; + 5.9N,.

linearly with ¢, the pressure historiesrepresentthe effectof ¢ on the
obturator dynamics: In case A, with the lowest ¢, the obturator ar-
rives at the locationlast because of the highestdeceleration.Because
the obturator-driven shock wave is strongest, the mixture ignition
progressesconsiderably at the location; the peak pressureis highest.
The additional pressure spike of sonic diffuser unstar*23 (US) in
Fig. 6b implies that the shock wave is ahead of the projectile throat.
In cases B and C, ram acceleration (RA) is successfully started.

Figure 7a shows the pressure histories measured with obturators
having different masses. The analytically calculated obturator tra-
jectories are shown in Fig. 7b. In both cases, the measured obturator
arrival time agrees well with the calculated value.

In Figs. 8a and 8b, pressure histories measured at different en-
trance velocities U, . are plotted. In Fig. 8a, At is calculated using
the present model and agrees well with the experimental results. In
case E, U, . is not high enough to generate a strong shock wave to
ignite the mixture during the obturatorseparationprocess. The pres-
sure history at x = 0.6 m (Fig. 8b) exhibits wave fall-off?** (WF),
which means that the projectileis not driven by a combustion-driven
shock wave but supersonically coasts in the tube.

Figure 9 shows a pressure history measured at x = 0.236 m with
a higher fill pressure, p; = 3.5 MPa (case F). The calculated obtu-
rator arrival time agrees well with the measured value. However,
the measured pressure level is lower than p, estimated from U, .

nN—ar——r———+—rrr 7
E At(B)=84us ]
60 - -«—(present model) =
50 £ E
© 4F E
g ¥ Case B (RA) ]
< 0f Al ; (x=0.20m) -
o o nh \ / ]
20F : -
] LAD)=TTs | CaseD (RA) TSR]
E " (present model) (x=0.23m) ]
oMy 0y v e v ey 0 A
-50 0 50 100 150 200

-l ()

Fig. 7a Time variation of tube wall pressure with different obturator
masses, p; = 2.5 MPa, 2.7CHy + 20; + 5.9N;, and ¢ = 0.46.
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Fig. 7b Obturator trajectory x-¢ diagrams under the corresponding
operation conditions.

At higher fill pressures, the obturator decelerates faster, leading to a
substantialpressuredecrease beforesignificant heatrelease. In cases
C and F, only the fill pressures are different. In case C (in Fig. 6a)
(lower fill pressure), the mixture ignition gets progressed even at
x = 0.20 m; the measured pressure exceeds p, estimated from U, .

Starting Characteristics

The results show that the analytical model can be used to ac-
curately calculate the obturator motion, which helps in better
understandingthe experimentalresults. The questionis how to apply
the model to RA starting characteristicsobserved in the facilities of
different dimensions.

A mechanical characteristic time 7,,, during which, with a con-
stant drag D,, the obturator becomes separated from the projectile
base by a distance d, is calculated by

Tn = (deo/De)% = T/n(UoA,e, ¢, Pl, mg, d) (10)
The ignition delay time 7; is a function of the following parameters:
5 = (T, p1) = w(U,es ¢, P1) (11D

In this study, 7; is given from the Petersen et al. formula presented
in Ref. 26.

In Table 2, specifications of obturator design in the 25-mm-
bore (present study), the 38-mm-bore [University of Washington
(UW)*?7], and the 120-mm-bore [Army Research Laboratory
(ARL)*!7:28=30 devices are tabulated. In the present study, poly-
carbonate cannot be used as the obturator material because with
perforation it does not withstand the initial impact of the powder
gun in the preacceleration section. An obturator made of magne-
sium alloy AZ61(F) can be used for ¢ <0.46. An obturator made
of GISAS can attain ¢ =0.54.

Results of a ram accelerator starting obtained in the three fa-
cilities are summarized in Fig. 10. Although this map does not
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Table 2 Obturator specifications under typical operation conditions

Uoi,es my, P1, d,
Organization Material km/s ¢ kg MPa mm Cy X Y
Present study AZ61(F) 1.18  0.46 2.8x 1073 25 25 5.8 2.7 5.9
Present study GIGAS30 1.18  0.54 3.8x 1073 25 25 4.4 2.7 5.9
Present study GIGAS30 1.18  0.54 3.8x 1073 35 25 4.3 2.8 5.7
Uw?? Polycarbonate  1.15 047 1.17x 1072  2.5-5.0 38 56 28 57
ARL* A7075-T6 118 0 511x10°"  51-102 120 20 3 10
»———1T—— Present study
ok 2.7CH+O#5.9N, 10° ¢ (25mm(; P —
F $=0.46 ] ’ 3 /N s ’l:i/‘l:m=1 3
50E Case B m.=2.89 3 F ?: (& - ]
T wof J (U, =1185mfs, x=0.20m) ] e }5/9 - “\\UW(38mm) 1
o E AN 7 107 = 4 " (25MPa) it =107
= N } PV ] : A2 _tm ]
= 0E - = NEOMPE) - T 3
Q o T 1 % - ]
o : . B —_ - 4
BE f cdsee” 3 B gelae-- - ARLO20mM) ]
10E ! (U, =1124mis, x=0.23m) 17T TR0 ] - EH- i T/t =107 73
] A(E present mode)=106us ] < @swPayg -7 "]
o B A RN« P B ’_I—” .
-50 0 50 100 150 200 - -7 . 1
Case B ._ t (us) 10% L~ - sngc UAW ARL—E
Case B-ecilll T " RA @ a "]
a)x=0.20m uUs x + g
70;"‘‘|""|""v""|""E 10710-4 ' ' ' .....10_3
oF x=06m T (s)
50 3 Case B (RA) E Fig. 10 Starting result map in 7, vs 7; coordinates.
T ot :
= E 3 a combustion-driven shock wave to stay along the body becomes
o f ] larger. With a small bore, the allowance becomes smaller, and the
20F . margin for the obturator-associatedstarting reduces appreciably.
10 £ : In the present study, tendencies exist where 7; of WF is larger
£ ] than that of RA and where 7,, of US is smaller than that of RA.
o+ . 1, .0 T b b However, RA, WF, and US regions cannot be clearly separated. For
-0 0 50 100 150 200 the small bore of the present study, a margin for the RA starting
Cases It (iS) is considerably small. In the case of UW, although the number of
Case E =2 i plotted data is limited, a starting regime is better identified.
b) x =0.60 m

Fig. 8 Time variations of tube wall pressure with different U, .; p; =
2.5 MPa and 2.7CH4 + 20, + 5.9N,.

L o R S R R R AR R
p CaseF 2.8CH4+202+5.7N2 ]
gof X=0.236m  4=054 mo=37g .
Fmp=22g p1=3.5MPa, Uoe = 1182 mfs ]
s0F- J
E=-pa(Uoe) -~ =rm=ng==mm=mmmrmsamamm s msmaesa T
- [ pe(Uoe) Obturator front
S (present model)
=
o 30

20F

-100 50 0 50 100 150 200 250 300

Fig. 9 Time variations of tube wall pressure for p; = 3.5 MPa,
2.8CH4 + 20, + 5.7N;, and x = 0.236 m.

provide any criterion for successful RA, some indication is evi-
dent. With an increase in bore diameter, 7;/ 7, tends to decrease. In
the present study, starting conditions are mapped around 7;/ 7, 2~ 1.
In the case of UW (38-mm bore), 0.3 < 7;/1, > <1; in the case
of ARL (120-mm bore), 7;/7,, < 0.1. This tendency implies that
with increasing bore diameter the mixture ignitionis advanced. The
combustion-driven shock wave has a complicated front shape and
fluctuations. If a projectile body is long enough, the allowance for

Advantages and Limitations of the Model

Through the present model, the effect of perforation on the
obturator-associated RA starting can be quantitatively addressed.
The calculated obturator motion agrees well with the experimen-
tal results. In the 7,,-7; plane, the starting conditions obtained in
different facilities are well identified.

However, the present model has some limitations: First, it is ap-
plicable only to the beginning stage of the ram accelerator starting
because the heat release of the combustionis neglected. Second, be-
cause the interaction between the obturator-drivenshock wave and
the projectile is not taken into account, a definite starting criterion
cannot be obtained. Third, because unsteady terms are neglected,
the obturator motion can be calculated only when the shock wave
is close enough for the assumption of uniform pressure distribution
to be applicable for accurate solutions. Further work is mandatory
to further improve the model.

RA Characteristics

In this study, RA operation is achieved using methane-fueled
mixtures at fill pressures both of 2.5 and 3.5 MPa. Detailed mix-
ture calibration shows slightly different molar ratios for the mixture
components in operations at the respective fill pressures. However,
as is seen in Table 3, characteristics of these two mixtures are rea-
sonably close. Hence, the effect of these slight differences in the
molar ratios can be neglected.

In Fig. 11, measured projectile velocity profiles are plotted. At
a fill pressure of 2.5 MPa (closed triangles), the RA is achieved
in four shots out of nine. In the case of successful start (case C)
near the exit of the ram acceleration tube, U, slightly exceeded the
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Table 3 Characteristics of mixtures used in this study,
XCH4 + 20; + YNy, errors are better than 1%

Pt ai, Ucy
MPa X Y m/s 71 m/s Qcy
2.5 2.7 5.9 357 1.37 1694 4.79
35 2.8 5.7 358 1.37 1690 4.73
2.0 e
- Case P, X Y Exp. Theory ]
- (MPa) 1
L C 25 27 59 ke e A
i8 L F 35 28 57 —& —
= TRITRTTITY
@ 1.6 |-
£ Y. S =
x R
o |
2 14
12 b & A
L 'A._/US ]
i a ]
10 b ey N
-1 0 1 2 3 4 5 6
x (m)
Fig. 11 U,-x profiles.
20 . T T Tt e ]
15[ 3
2 qf g
o [ ]
5 L ]
o™ 4y ey

-l t(us)

Fig. 12 Time variations of tube wall pressure normalized by the cor-
responding fill pressure at U, =1660m/s = S m/s.

Chapman-Jouguet detonation velocity Ucy, calculated for an ideal
gas. In other cases, sonic diffuser US occurred.

Closed circles denote U, profiles at higher fill pressure (3.5 MPa,
case F). At this fill pressure, the RA is achievedin all seven shots. In
these cases, U, exceeds Uc; and reaches 1.90 km/s. In both cases,
the velocity profile agrees well with calculationsusing the thermally
choked Hugoniotrelations®'~** up to about 80% of Uc;. Beyond this
value, the measured velocities deviate from the theoretical ones,
eventually exceeding Uc;.

Figures 12 show time variations of tube wall pressures p; nor-
malized with a fill pressure, measured during the RA operation in
cases C and F at a constant U, (= 1660 m/s £ 5 m/s). Upstream
of the throat, the pressure profiles are almost similar to each other.
However, the pressure around the projectile body differs. In case C,
the pressurearoundthe body is relativelylow. A small pressure jump
appears at an axial locationnear the base. In case F, a large pressure
jump appears near the throat (at =12 us), maintaining the pres-
sure around the body at a higher level. These pressure distributions
are well reflected in the projectile accelerations. From Fig. 11, the
corresponding thrust coefficients, C, =m,a,/(p;A;), amount to 1
and 2 in cases C and F, respectively, whereas from the thermally
choked Hugoniot relation a thrust coefficient at U, = 1.66 km/s in

these cases ranges from 0.32 to 0.34. Therefore, in these operations,
the measured thrust coefficients are higher than those calculated
from the thermally choked Hugoniot relation. Such thrust charac-
teristics are also observed in the 38-mm-bore facility at UW.3*33
This can be due to the so-called transdetonative operation**¢ in
which the flow is choked on the body and supersonically expands
downstream, enhancing the thrust coefficient. Another possible rea-
son is the burning of the magnesium alloy body.” However, the
real cause has not been well distinguishedand still remains unclear.
In any case, considerable increase in thrust is achieved during the
operation.

Operational Characteristics

Operation at p; = 2.5 MPa is only marginal; under typical exper-
imental conditions, uncertainty is 5:9. (in Fig. 11, a velocity profile
for p; =2.5 MPa in the case of wave unstar (US) is also plotted).
On the other hand, the operation at p; = 3.5 MPa is reliable; RA is
always realized.

This tendency can be confirmed by observing the measured tube
wall pressures. Figures 13a and 13b show measured tube wall pres-
sure historiesincaseF (p; = 3.5 MPa) andincaseC (p; =2.5 MPa),
respectively. The passage times of the tip, throat, and base of the
projectileare plotted by broken lines. In case F (Fig. 13a), for higher
fill pressure, the pressure variations resemble typical ram acceler-
ator operation.* The pressure spike of the second reflection be-
comes lower than the peak value, which appears behind the throat.
Around the body, a combustion-driven nearly normal shock wave
is attached, thereby generating a positive net force to the projectile,
that is, thrust.

Throat
Second reflection
T T T T

100 & o 100 200 300

Tip Base t(ks)
a) p; = 2.5 MPa (case C)

ol

-100 0 100 200 300
Tip Base 1(M9)

b) p; = 3.5 MPa (case F)

Fig. 13 Time variations of tube wall pressures.
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In case C (Fig. 13b), a large pressure spike often appears even
upstream of the throat. Its peak value fluctuates, being sometimes
reasonably low. However, it often exceeds the value correspond-
ing to the combustion-driven shock wave behind the throat. Such
a pressure spike can appear due to orientation of the projectile; if
a projectile fin is close to the pressure transducer head, profiles of
a normal shock wave in front of the fin appear in the measured
pressure history.?3> However, in the present experiment this does not
seem to be the case. With p; =2.5 MPa this pressure spike always
appeared,evenin such successfulRA operationexperimentsas those
of Fig. 13b. With p; =3.5 MPa, such a large pressure spike never
appeared. If such a peak pressure spike is uniformly distributed all
around, then a normal shock wave should propagate upstream, re-
sulting in the wave unstart?* However, in these cases, once RA
starts, the projectile is accelerated up to the exit of the 6-m-long
RA tube. The reasons for such a large pressure spike need to be
investigated further.

Conclusions

RA operations have been achievedin the small-boreram acceler-
ator at fill pressures of 2.5 and 3.5 MPa. The observed RA starting
process is analyzed using the present obturator-associatedignition
model. The mixture ignition performanceis sensitive to the obtura-
tor perforation ratio and the obturator velocity. In the experiments,
the perforationratio is increased up to 0.54, resulting in better start-
ing reliability. Through the present work, the scalability of the ram
acceleratordown to a 25-mm bore has been experimentally verified.
However, operation with p; = 2.5 MPa is only marginal, even after
RA starts, whereas it is satisfactory at p; = 3.5 MPa.
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