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Performance Limits for Projectile Flight in the Ram
and External Propulsion Accelerators

J. Rom*
Technion— Israel Institute of Technology, Haifa 32000, Israel

There is a great advantage in developing accelerators of projectiles using chemical propellants because the
chemical propellants are about three orders of magnitude more compact in weight and size than electromag-
netic energy storage systems. The in-tube chemical accelerator methods are the experimentally proven ram
accelerator (RA) and the proposed external propulsion accelerator (EPA). The total thrust generated on the
projectiles in these chemical accelerators is obtained from the energy released in the chemical reactions. The
net thrust for accelerating the projectile is obtained from the difference between the total thrust and the total
drag of the � ying projectile. The experiments in the RA, where the titanium-nosed projectile exited the tube
intact, are used to validate this energy balance method. In these tests the instantaneous acceleration as well
as the maximum terminal velocity of the projectile in the RA are measured. These measurements are used to
evaluate the drag coef� cient of the � ying projectile and the propulsive ef� ciency. The experimental data of
tests in the RA at the University of Washington show that as the projectile approaches its maximum terminal
velocity, the evaluated drag coef� cient reaches values of about 1.5, while the evaluated propulsive ef� ciency is
about 0.8. Then, the maximum projectile terminal velocity in the RA calculated by the energy balance method
is about 1.2 times the detonation velocity. Then, the maximum projectile velocity in the RA (which is up to
1.2 times the detonation velocity), for mixtures of detonation velocity up to 2.5 km/s, will be about 3 km/s.
The energy balance analysis shows that the corresponding maximum terminal velocity of a free-� ying aero-
dynamically stabilized projectile in the EPA can reach up to about six times the Chapman– Jouguet detonation
velocity. The energy balance analysis indicates that the EPA can be used to accelerate a free-� ight projectile
to velocities of well beyond escape velocity. This EPA system has the potential to be considered for the devel-
opment of a one-stage-to-orbit launcher.

Nomenclature
a = acceleration
CD = drag coef� cient
D = drag
DCJ = Chapman – Jouguet detonation velocity
d = body diameter
H = step height
h = altitude
M = Mach number
p = pressure
Q = chemical energy per unit mass
S = projectile reference area
T = thrust
T` = undisturbed � ow temperature
V = projectile velocity
W = weight
b = ratio of combustion region diameter to projectile

diameter
g = speci� c heats ratio
hp = propulsive ef� ciency
l = detonation cell size
r = density

Introduction

T HE development of in-tube chemical accelerators is mo-
tivated by the fact that the chemical propellants are about

three orders of magnitude more compact in weight and size
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than electromagnetic energy production and storage systems
(Table 1). Therefore, there is a great advantage in developing
accelerators of projectiles using chemical propellants. There
are two methods for in-tube chemical accelerators utilizing
premixed gaseous detonative mixtures: 1) the experimentally
proven ram accelerator (RA) and 2) the proposed external pro-
pulsion accelerator (EPA). These in-tube chemical launchers
for accelerating projectiles to hypervelocity utilize, in the su-
perdetonative mode of operation, the possibilities of generating
continuous thrust by initiating combustion – detonation in the
premixed fuel/oxidizer mixture by shock-wave interactions.
Recent developments in the research on the EPA are presented
in Refs. 1 and 2.

The � rst method proposed for an in-tube chemical launcher
was the RA (developed by Hertzberg et al.).3 The concept of
the RA, operating in the superdetonative mode, is based on
utilization of the scramjet cycle, where the projectile acts as a
free centerbody and the tube as an extended cowling (Fig. 1).
The sharp-nosed projectile diameter is slightly less than the
tube diameter (typically 70 – 80%). Therefore, the nose shock
wave is re� ected from the tube wall into the projectile center-
body. Under proper conditions this re� ected shock wave ini-
tiates a combustion – detonation process so that when the prod-
ucts of the chemical reactions are expanded on the rear part
of the projectile, thrust is generated. The projectile is centered
in the launching tube by four, � ve, or six � ns attached to the
projectile. These � ns span the short distance from the projectile
body to the tube wall.

It is important to note that in the RA the shock-wave re-
� ections from the tube wall are the mechanisms for inducing
the combustion – detonation on the projectile in the superdet-
onative mode of operation. There is a strong interaction be-
tween the supersonic � ow in the narrow passage (between the
projectile and the tube wall) with the re� ected shock– deto-
nation waves inducing the heat release by the chemical reac-
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Table 1 Comparison of energy storage volume and weight for chemical
and electromagnetic systems

Materials
Mass, 1 MJ

(discharge time)
Energy density,

MJ/m3

Detonative gases 0.1 kg (ms) 0.1 – 2.6 3 103 @ 100 atm
Explosives 0.2 kg (ms) 8.0 3 103

Propellants 0.35 (ms) 4.6 3 103

Battery 5.0 kg (h) ——
5.0 ton (ms) 0.55

Flywheel 100 kg @ 104 rpm (ms) ——
Capacitors 6.0 ton (ms) 0.06 – 0.6
Inductors 0.2 ton (ms) 45

Fig. 1 RA projectile in superdetonative mode.

Fig. 2 EPA projectile with a forward-facing step.

tions. The deposition of the large heating rates into the super-
sonic � ow in the narrow passage may lead, under certain
conditions, to thermal choking. This may be one of the mech-
anisms causing the unstart in the RA operations.

Another method for operating the chemical in-tube accel-
erator is based on the utilization of the external propulsion
cycle.4 In the EPA it is proposed to � re the projectile into the
launcher tube that is � lled with the premixed fuel/oxidizer
mixture. However, here the projectile diameter is only about
25 – 40% of the tube diameter. For this subcaliber projectile
there is no interaction with the tube wall over the complete
length of the projectile (Fig. 2). The combustion – detonation
is initiated and con� ned to the rear part of the projectile only
by aerodynamic means. A forward-facing step or ramp on the
projectile shoulder or a blunt leading edge of a ring wing po-
sitioned on the center/rear part of the projectile are used for
initiating combustion – detonation. By the interactions of the
detonation wave with the nose shock wave an external com-
bustion chamber is produced. This external combustion region
is con� ned by the contact layer generated at the intersection
point between the nose shock wave and the detached detona-
tion wave ahead of the step. The contact layer separates the
high-temperature reaction products from the outer layer of
nonreacting � ow. The pressure imposed on the contact region
is determined by the pressure jump behind the transmitted
oblique shock – detonation wave. This pressure is higher than
the freestream pressure and is increased as the � ow Mach num-
ber increases. Thus, the aerodynamically con� ned combustion
region is � lled with the hot chemical reaction products com-
pressed to higher pressure by the transmitted shock wave. The
hot compressed combustion products are then expanded on the
rear part and into the base region of the projectile, producing
thrust on the projectile. The projectile � ies freely (including
the possibility of rolling rotation) in the launch tube and is
stabilized aerodynamically by � ns to maintain its trajectory
about the tube centerline. Some analytical and numerical cal-
culations of the characteristics of the EPA and various appli-

cations are discussed in Refs. 5 – 9. The computational � uid
dynamics (CFD) calculations indicate that it is possible to es-
tablish and stabilize a combustion – detonation front on projec-
tiles � ying at hypersonic speeds in detonable gas mixtures. The
establishment of a combustion front ahead of the forward-fac-
ing step and on spherical-nosed blunt bodies in hypersonic
� ows of detonable mixtures were analyzed.10– 12 The � ow es-
tablished on a 15-deg half-angle cone with a 45-deg ramp � red
at Mach 5 into a hydrogen – air mixture was photographed by
Lehr.13 The interaction between the nose shock wave and the
detonation – combustion front established ahead of the blunt
ramp is clearly seen, including the generation of the contact
layer from the intersection point. This � ow structure validates
the � ow model used in the EPA analysis and calculations.

There are expected dif� culties in obtaining suf� cient aero-
dynamic stability and clean sabot separation to ensure the free-
� ight trajectory of the projectile in the EPA. Therefore, the
present study includes the possibility of using � n-guided pro-
jectiles in the EPA. It may be advantageous to begin EPA op-
erations by incorporating mechanical guides for centering the
projectile in the launching tube of the EPA. The projectile can
be centered by wide-span � ns attached to the subcaliber pro-
jectile body extending to the tube wall (� n guided). Instead of
the wide � ns, the projectile can be centered by rails built into
the tube walls (rail guided). This arrangement is similar to the
rail guides in the RA discussed in Ref. 14, except that in the
EPA application the span of the rails must be much wider. The
versions of the � n-guided and rail-guided projectiles in the
EPA are new applications for the in-tube chemical accelerators.
The body diameter of the subcaliber projectile, for this appli-
cation, can be in the range of 25 – 45% of the launcher tube
diameter (different from the 70% in the RA case). In this case
the � n-guided EPA projectile is centered in the launching tube
similarly to the � n guiding in the RA. However, it should be
noted that in the EPA case, the combustion is induced by a
small step or ramp on the subcaliber projectile body. Using
the subcaliber projectile in the � n-guided EPA eliminates the
interaction with the tube wall and the large drag rise experi-
enced at high Mach numbers in the RA.

This paper presents the analysis of the projectile � ight per-
formance using the energy method. This energy method is de-
rived from the energy-state method used in aircraft perfor-
mance. Relevant experimental results of tests in the RA are
reviewed and their results are used to validate the analysis.
The analysis can be applied to the evaluation of limits of the
performance of projectile � ight in the RA, in the free-� ight
EPA, and for the � n-guided projectiles in the EPA. The appli-
cation of the energy balance analysis to evaluate the maximum
velocity of projectiles that can be achieved in the RA was
discussed by Lee.15 This analysis was applied to the evaluation
of the velocity of projectiles in the RA and EPA.16,17

Energy Method for Analysis of Projectile Flight
Performance in the In-Tube Chemical Accelerator
For modern aircraft, having high-thrust and high-accelera-

tion capabilities, it is advantageous to use the energy-state
analysis for performance calculations. This energy-state
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method is based on the de� nition of the total energy that is
the sum of the potential energy and the kinetic energy of the
accelerating aircraft. Then, using the force balance on the ac-
celerating aircraft, it is shown that the performance equation
(e.g., Ref. 18), is as follows:

dh V(T 2 D) V dV
= 2 (1)S Ddt W g dt

In level � ight, dh/dt = 0, corresponding to the � ight of the
projectile in the launching tube of the chemical accelerator,
therefore, the equation for the acceleration of the projectile is

dV a T 2 D
g = = (2)S DYdt g W

The projectile reaches its maximum velocity when a/g = 0,
when thrust = drag. T is obtained from the conversion of the
energy released in the chemical reaction in the hypersonic � ow
over the projectile to forward axial force. D is the total aero-
dynamic drag including the effects of combustion on the drag
of the projectile. In addition, the drag caused by friction, in
the cases of � n or rail-guided projectiles, should be included.

Evaluation of the Thrust Acting on the Projectile
in the In-Tube Chemical Accelerators

The thrust force acting on the projectile can be evaluated by
integrating the pressure distribution acting on its surfaces. It
can also be evaluated by the momentum balance across a con-
trol surface surrounding the projectile. Both of these methods
require the calculation of the � ow characteristics over the pro-
jectile. Another method for evaluation of the thrust is by es-
timating the part of the total energy released by the chemical
reactions that is converted to thrust force by de� ning hp. The
chemical kinetics and thermodynamics of the propulsion are
incorporated into the integrated de� nition of hp. The mass � ow
rate of the combustible mixture into the reaction region on the
projectile is the following:

2p(bd )
r V` `F G4

This mass � ow rate is then multiplied by the heat energy re-
leased per kilogram of mixture gives the rate of total energy
released. When the mass � ow rate is multiplied by hp, it gives
the rate of thrust energy, which is equal to TV`:

2p(bd )
r QV h = TV (3)` ` p `F G4

The propulsive ef� ciency must be evaluated by theoretical
or empirical considerations. It will be shown that the propul-
sive ef� ciency for the projectile in the RA can be evaluated
by utilizing the measurements of projectile acceleration in the
RA. The propulsive ef� ciency can be expressed by the relation,
using Eq. (3):

4TV`
h = (4)p 2 2Qr V b pd0 `

Thus, the propulsive ef� ciency represents the ratio of the rates
of the thrust energy to the total available chemical reaction
energy. The relation for the propulsive ef� ciency [Eq. (4)], can
be expressed in terms of the thrust parameter T/p` S and the
heat addition parameter Q/cpT`:

g 2 1 (T/p S )`
h = (5)p 2g (Q/c T )bp `

Performance estimates of the RA and EPA (Refs. 1 – 3) in-
dicate that thrust parameter values T/p` S of about 2 – 6 can be
achieved. The heat addition parameter Q/cpT` in the mixtures
proposed for the chemical accelerators have values of about
2.5 – 8 and g values of about 1.3 – 1.4. In the RA the b =
d tube/dprojectile value is about 1.3, whereas for the EPA operation
b values of about 1.2 – 4 are anticipated. In these cases the
values of the propulsive ef� ciency, evaluated by Eq. (5), ex-
tend to between 0.1 – 0.8. This large range of values indicates
that careful evaluation of each of the parameters is required to
obtain reasonable estimates for the performance of the projec-
tile in the in-tube chemical accelerators.

Evaluation of the Drag Acting on the Projectile
in the In-Tube Chemical Accelerators

Drag on the Projectile in the Ram Accelerator

The total drag acting on the projectile � ying in the RA in-
cludes 1) the aerodynamic drag of the free-� ying projectile, 2)
the drag caused by the friction of the � ns sliding on the tube
wall, and 3) the drag caused by the stagnation pressure loss in
the supersonic � ow with heat addition in the narrow passage
between the shoulder of the projectile and the tube wall. The
total pressure loss is because of the heat added to the super-
sonic � ow by the chemical reactions induced by the re� ected
oblique shock waves. These re� ected shock waves, from the
tube wall into the projectile body, initiate the exothermic
chemical reactions in this zone. The characteristics of the su-
personic � ow in a channel with a variable cross-sectional area
and with heat addition are discussed in Ref. 19. These effects
of heat addition and area change on the � ow characteristics
are presented as follows:

du 1 dQ 1 d A
= 22 2u 1 2 M c T 1 2 M Ap

2dr 1 dQ M d A
= 2 12 2r 1 2 M c T 1 2 M Ap

2 2dp gM dQ gM d A
= 2 12 2p 1 2 M c T 1 2 M Ap

2 2dT 1 2 gM dQ (g 2 1)M d A
= 12 2T 1 2 M c T 1 2 M Ap

2 2dM 1 1 gM dQ 2 1 (g 2 1)M d A
= 22 2M 2(1 2 M ) c T 2(1 2 M ) Ap

2dP gM dQt
= 2P 2 1 (g 2 1)M c Tt p

The condition for choking is

2 2Q (1 2 M )
=S D 2c T 2(g 1 1)Mp max

The total pressure loss is increased with higher heat addition
and with increasing Mach number. High heat addition, above
the value allowed for the � ight Mach number, may cause chok-
ing of the supersonic � ow. The condition for choking is also
indicated earlier. The normal shock wave established in the
case of choking of the � ow results in a very large drag. This
high drag slows down the projectile so that the combustion
may jump upstream of the nose of the projectile, leading to
the unstart. Thus, the total drag must include the drag caused
by the total pressure loss because of heat addition in the su-
personic � ow in the narrow passage. This total drag can be
evaluated using the present energy balance analysis from some
of the experimental results obtained in the RA. The method of
evaluation of the total drag coef� cient of the projectile using
the data obtained in RA tests is discussed later in this paper.
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Fig. 4 Variation of the drag coef� cient of the projectiles with
and without the step measured in the supersonic wind tunnel as
a function of the Mach number.

Fig. 3 EPA projectile model with a step used for wind-tunnel
tests.

Drag on the Projectile in the External Propulsion Accelerator

The � ow over the projectile in the EPA is independent from
interactions with the tube wall. The subcaliber projectile is
assumed to � y freely in an atmosphere of the combustible
mixture inside the tube. Therefore, the aerodynamic character-
istics of the projectile can be estimated and/or measured by
well-known aerodynamic methods. The drag coef� cient of a
representative projectile geometry, shown in Fig. 3, is mea-
sured in the supersonic wind tunnel in the Aerodynamic Lab-
oratory at Technion. The forward part of the projectile has a
10-deg half-angle conical nose and a 1-mm blunt step followed
by a 32-mm cylindrical section. The back part is composed of
a shallow boattail aftbody with � ns and a blunt base (Fig. 3).
For reference a model with a similar conical nose but without
a step is also tested. The drag coef� cient’s variation as a func-
tion of angle of attack, for both the clean cone and the cone
and step models, is measured at Mach numbers 2.5 and 3.4.
ReD in these wind-tunnel tests is about 1.4 3 106. This Reyn-
olds number is much lower than the expected Reynolds num-
ber in the EPA, which is in the order of 108. Therefore, the
drag caused by the step in the wind-tunnel test is probably
reduced because of the boundary-layer separation ahead of the
forward-facing step. At the lower Reynolds number a shallow
ramp-type separation is established ahead of the forward-fac-
ing step. At the high Reynolds number, expected in the EPA,
the boundary layer is much thinner and the ramp separated
zone ahead of the step is expected to be much more blunt.
Therefore, a reasonable conservative estimate of the drag
caused by the step on the projectile in the EPA is to equate it
to that of a blunt body with CD = 1. The contribution of the
drag of the step to the total drag of the projectile is weighted
by the area ratios of the step-forward area to the projectile
cross-sectional reference area. In this case the drag coef� cient
for the projectile with a step in the EPA is evaluated by

C = C 1 C (S /S ) (6)D D D step projectileprojectile step

where Sstep is the frontal area of the step, and Sstep = p d H and
Sprojectile is the maximum cross-sectional area of the projectile
Sprojectile = pd 2/4. The drag coef� cient of the projectile CDprojectile

is equal to the drag coef� cient of the clean conical projectile
without the step. The relation for the total drag of the projectile
with the step becomes

C = C 1 (4H/d )C (7)D D Dprojectile step

The drag coef� cient of the cone – cylinder– boattail free-
� ight projectile with � ns (without a step) is also measured in
the wind tunnel at Mach numbers 2.5 and 3.4. The drag co-
ef� cient caused by viscous friction is estimated from these
wind-tunnel measurements to be 0.053, assuming that the drag
caused by friction is constant in this Mach number range.
Then, the drag coef� cient for the clean con� guration (without
the step) is evaluated by the similarity rule up to Mach number

10 (Fig. 4). Adding the drag coef� cient of the step, and using
the blunt body value of 1 for the drag coef� cient of the step,
the total projectile drag is estimated by Eq. (7). The estimated
variation of the drag coef� cient for the projectile with the step
is also indicated in Fig. 4. It is seen that the drag of the pro-
jectile with the 90-deg step is about twice the drag of the clean
conical projectile. It is very possible to use a ramp of about
45 deg instead of the blunt step. There are good indications,
both experimental and numerical, that such a ramp will be
suf� cient for initiation of combustion – detonation on the pro-
jectile. Using more optimized shapes, such as three-dimen-
sional obstacles, for the initiation of combustion – detonation
will enable reduction of the drag of the EPA projectile. Fur-
thermore, in the EPA applications the projectile body diameter
may be increased while the step or ramp height can remain
about 1 – 2 mm. In these cases the size of the step related to
the body diameter is decreased. Then the drag coef� cient, in
the case of the larger diameter projectiles with this small ramp,
is decreased, becoming closer to the value of the drag coef� -
cient of the clean projectile.

Calculation of the Maximum Velocity of the
Projectile in the In-Tube Chemical Accelerator

The projectile is accelerated in the launching tube, increas-
ing its velocity as it � ies toward the tube exit. For a long
enough tube, the projectile may reach its maximum terminal
velocity V` max when the thrust is balanced by the drag. In this
case the acceleration is decreased to zero in Eq. (2). Therefore

2 2p(bd ) 1 pd2r Qh = r V C (8)` p ` ` DF G S Dmax4 2 4

The heat released in the chemical reaction of the combus-
tible mixture Q can be related to the thermodynamic and en-
ergy characteristics of this mixture by several theoretical and
empirical methods. A simple theory for the conditions across
a detonation wave is presented by Fickett and Davis.20 This
simple theory is based on the assumption of a steady plane
shock– detonation front in which the chemical reaction is as-
sumed to be completed instantaneously. The reaction products
ensuing behind the reaction front are assumed to be in a ther-
mochemical equilibrium. The gas mixture is assumed to follow
the ideal gas equation of state with constant speci� c heats.
These simplifying assumptions can be acceptable as a � rst ap-
proximation for the conditions across a detonation front in a
gaseous mixture up to moderate hypersonic speeds. The rela-
tion obtained for the heat release per unit mass in terms of the
Chapman – Jouguet detonation velocity, as shown in Ref. 20,
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Fig. 6 Variation of the projectile acceleration as a function of
distance evaluated from the data of the University of Washington
RA runs 1066 and 1093.

Fig. 5 Variation of the projectile velocity as a function of dis-
tance evaluated from the data of the University of Washington RA
runs 1066 and 1093.

is presented in Eq. (9). This relation was used by Lee15 in the
evaluation of the maximum projectile velocity in the RA:

2DCJQ = (9)22(g 2 1)

Substituting this value of Q into Eq. (8), the maximum velocity
for the projectile is

2 2V b h` pmax = (10)2 2D C (g 2 1)CJ D

Evaluation of the Combustion Region Diameter
on the Projectiles in the In-Tube Accelerators

It is reasonable to assume that the thickness of the external
combustion layer established over a step varies as a function
of the step height and the � ow Mach number. The numerical
solutions of the Navier– Stokes equations with chemical re-
actions, which are presented in Refs. 1, 2, and 5, can be used
for the preliminary estimation of the combustion-layer thick-
ness. It was found in these calculations that the combustion-
layer thickness on the 32-mm-diam projectile with a 1-mm
step is estimated to be 3 step heights at Mach number 5. The
combustion-layer thickness is found to increase to 5.5 step
heights at Mach number 6 and to 17 step heights at Mach
number 10. Thus, the combustion-layer diameter increases as
the Mach number increases until combustion � lls the tube.
Then, b will reach its maximum value, bmax = d tube/dprojectile. To
utilize the thrust from this thick combustion layer the projectile
must be suf� ciently long. The length of the projectile must be
such that the pressure � eld generated by the combustion – det-
onation ahead of the step will affect the pressure on the back
of the projectile and contribute to positive thrust.

In the RA the combustion always extends from the projectile
body to the tube wall. Therefore, the value of b is determined
by the ratio of the tube diameter to the projectile body diam-
eter, which is about 1.2 – 1.3.

Evaluation of the Acceleration of the Projectile
in the In-Tube Chemical Accelerators

The acceleration of the projectile can be evaluated from the
performance equation for level � ight presented in Eq. (2). The
thrust term in this equation can be expressed in terms of the
energy of combustion and the propulsive ef� ciency. Equation
(2) is then

2 2p(bd ) pd a2r Qh 2 0.5r V C = T 2 D = W0 p 0 ` DF G S D4 4 g
(11)

Using the equation for the maximum velocity [Eq. (10)], the
projectile acceleration evaluated by Eq. (11) can be expressed
in terms of this maximum velocity by

22a gM C V p S` D max ` projectile
= 2 1 (12)FS D Gg 2 V W`

The projectile acceleration can also be expressed [using Eqs.
(9) and (11)], in terms of the drag coef� cient and the propul-
sive ef� ciency

22 2a M C h b M p S` D p CJ ` projectile
= 2 1 (13)HF G S D J2g 2 (g 2 1)C M WD `

The value of the parameter p` Sprojectile/W for the projectiles used
in the RA tests at the University of Washington and at the U.S.
Army Research Laboratory at Aberdeen, Maryland vary be-
tween 800 – 4000.

This analysis indicates the advantage of reducing the pro-
jectile drag to increase the performance of the projectile in the
in-tube chemical accelerators. A very ef� cient way to reduce
the projectile drag at hypersonic speeds is to utilize wave-rider
con� gurations. A symmetrical star-shaped con� guration that
includes a nose section composed of 4-caret wings followed
by a constant span body can be considered for a � n-stabilized
operation in the RA. A star-shaped wave-rider con� guration
(with or without the constant span section) can be used for
free � ight in the EPA. The star con� guration can be made
aerodynamically stable, provided the c.g. is kept forward by
using a heavy nose section. For the � n-guided projectiles in
the RA and EPA, the edges of the constant span star-shaped
body can be used as the guides, sliding on the launcher tube
wall.

Comparisons Between the Analytical Evaluation
and Experimental Results of Projectile

Acceleration in the RA
Examination of the high-performance test results in the RA

obtained at the University of Washington indicate that most
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Fig. 7 Drag coef� cient of the projectile calculated from the data
of the University of Washington RA runs 1066 and 1093.

Fig. 8 Propulsive ef� ciency calculated from the data of the Uni-
versity of Washington RA runs 1066 and 1093.

test runs ended up in an unstart.21,22 The unstart is de� ned when
the projectile acceleration is terminated and the projectile dis-
integrates before reaching the RA tube exit. There were two
test runs, using titanium-nosed projectiles, where the projectile
reached a peak velocity and then remained at this peak velocity
for the last 4 m of the tube. In these runs the projectile exited
the accelerator tube intact. These are runs 1066 and 1093. The
velocity– distance curves for these runs are presented in Fig.
5. The peak velocity of 2010 m/s for run 1066 and 2300 m/s
for run 1093 is clearly observed. These peak velocities are
practically constant for the last 4 m of the � ight in the tube.
It is therefore reasonable to de� ne these as the maximum ter-
minal velocities reached by the projectiles in these runs. This
is also supported by the acceleration – distance curves for these
runs, showing about zero acceleration at the tube exit for run
1093 (Fig. 6). For this run the initial acceleration is about
30,000 g and is reduced to about zero after 10 – 12 m of � ight.
Therefore, the measurement of the peak velocity at zero ac-
celeration is an experimental determination of the maximum
terminal velocity of the projectile as de� ned in Eq. (10).

Estimation of the Projectile Drag Coef� cient and
Propulsive Ef� ciency Using Experimental

Time-Distance Measurements
The projectile velocity and its instantaneous acceleration

measured along the tube length, shown in Figs. 5 and 6, re-
spectively, enabled the evaluation of maximum velocity for
these runs. Thus, the drag coef� cient can be determined di-
rectly from the experimental data using Eq. (12), so that

2 W 1 a
C = (14)D 2 2gM p S (V /V ) 2 1 g` ` projectile max `

The variation of the drag coef� cient for the projectile for
runs 1066 and 1093 evaluated directly from the experimental
data is presented in Fig. 7. Equation (13) is used to evaluate
the propulsive ef� ciency

22g 2 1 1 W a M`
h = C 1 (15)p DS D S D S D2 2b M p S g M` ` projectile CJ

The evaluated propulsive ef� ciency for runs 1066 and 1093
are shown in Fig. 8. The conditions for run 1066 are as fol-
lows: the mixture is 2.95CH4 1 2O2 1 5.7N2 at an initial
pressure of 717 psig. The projectile is made of titanium and
its weight is 109 g. It is injected at a velocity of 981 m/s,
corresponding to M = 2.7. In the last 4 m of the tube the
velocity is almost constant, slightly rising from the velocity of
2000 – 2010 m/s. For run 1093 the accelerator tube is divided
into two sections. The � rst section is 2 m long and is � lled
with the mixture of 2.8CH4 1 2O2 1 5.7N2 at an initial pres-
sure of 717 psig. The second section is 14 m long. It is � lled
with a mixture of 6CH4 1 2O2 1 2H2 at an initial pressure of
726 psig. The titanium nose projectile weight is 83.6 g. It is
injected into the � rst stage at an initial velocity of 1161 m/s,
corresponding to M = 3.19. The projectile velocity is increased
to 1522 m/s in the � rst stage and at this velocity enters into
the second stage. The initial Mach number at the second stage
entrance is 3.39. In the last 4 m of the tube the measured
projectile velocity reaches a steady maximum value of about
2300 m/s (Fig. 5).

The drag coef� cient values, calculated using Eq. (14), are
shown in Fig. 7. The scatter in the drag is caused by the scatter
in the experimentally evaluated acceleration values obtained
by the double differentiation of the x-t data. The drag coef� -
cient for run 1093 is initially 0.2. It rises in the � rst stage to
about 0.8 and then levels off in the � rst 5 m of the second
stage to a value of 0.6 – 0.7. Then about 7 m from the entrance
(5 m in the second stage) the drag coef� cient starts to rise

almost linearly from 0.6 to about 1.5 at about 10 m from the
entrance.

These drag coef� cient values are used to evaluate the pro-
pulsive ef� ciency using Eq. (15). The variation of the propul-
sive ef� ciency is presented in Fig. 8. The propulsive ef� ciency
for run 1093 rises to about 0.6 in the � rst 2-m section. Then,
in the second section the ef� ciency is lowered to 0.3, rising
again to 0.6 at about the 8-m position and rising to 0.8 at about
the 10-m position.

Thus, in the last 4 – 5 m of the tube in run 1093 the drag
coef� cient is about 1.2 – 1.5 and the propulsive ef� ciency is
about 0.6 – 0.8. Therefore, the maximum velocity expected
with these values of drag and propulsive ef� ciency as evalu-
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ated by Eq. (10) is about 1.15 – 1.2 times the Chapman – Jou-
guet detonation velocity. The detonation velocity for the mix-
ture in run 1066 is 1685 m/s. The maximum velocity is then
1.2 3 1685 = 2022 m/s. For run 1093, the detonation velocity
for the mixture in the second section is 1994 m/s, so that the
calculated maximum velocity for this run is 2293 m/s. These
results are consistent with the analysis. They are also in agree-
ment with the results of measurements of the limits of the
maximum-attained velocity evaluated in the RA tests at the
University of Washington.21 The results of these measurements
indicate that the maximum velocity obtained in all of the tests
did not exceed 1.2 times the Chapman – Jouguet detonation ve-
locity. This value of the maximum velocity is in agreement
with the results presented in Refs. 15 – 17 and with the present
analysis.

Remarks on the Unstart of Projectiles in the RA
The results of the present analysis enable better insight to

the unstart phenomena experienced in many RA experiments.
Unstart is caused by mechanical failure (disintegration) of the
projectile during its � ight in the tube. The � rst mode of failure
may be caused by excessive mechanical and/or thermal
stresses imposed on the projectile structure during the � ight.
This mode of mechanical failure may include also the effects
of canting of the projectile toward the tube wall that may lead
to the breakup of the projectile.22 Thermal failure of the pro-
jectile can be caused by severe heat melting and even burning
of the surfaces of the projectile and � ns, resulting in major
distortion of the projectile shape.23 The � ow over of the dis-
torted projectile may then break it. Proper design of the pro-
jectile structure and selection of the right materials can extend
the operation range of the projectile in the RA. It was found
in the experiments at the University of Washington that tita-
nium-nosed projectiles can survive the � ight in their RA at
least up to velocities of about Mach 6.

Another mode of unstart may be because of the development
of excessive aerodynamic drag that exceeds the available thrust
on the projectile. The additional drag is caused by the in-
creased total pressure loss, for a given heat addition, as the
Mach number of the accelerating projectile in the tube is in-
creased. Because of the excessive drag the projectile deceler-
ates, then choking may occur and the projectile � ight is ter-
minated in the unstart. This mode of unstart can also occur
when the projectile is � red at a relatively low Mach number
into mixtures with high heat addition.21 For this reason the
initial projectile Mach number must be above the minimum
Mach number for choking for the heat addition of the mixture.

Evaluation of the Expected Performance of an
Aerodynamically Stabilized Projectile in the EPA
At present there are no experiments on projectiles � ying in

the EPA. However, an experiment that demonstrates the � ow
structure with combustion on a projectile con� guration similar
to the proposed EPA projectile was done by Lehr.13 This ex-
periment was conducted at the French German Institute of
Saint Louis. In a series of experiments, Lehr13 � red projectiles
of various shapes into hydrogen – air mixtures at hypersonic
speeds. In one of these experiments a conical nose (15-deg
half-angle cone) model with a blunt (45-deg) ramp was � red
at Mach number 5 into the hydrogen – air mixture. The schlie-
ren photograph of this run shows the details of the � ow� eld
established because of the intersection of the detached reaction
front ahead of the ramp with the nose shock wave. It is im-
portant to note that the projectile � ight is straight and stable.
This � ow� eld is in agreement with that used for the � ow over
the projectile in the external propulsion method. Therefore,
parallel to efforts to obtain experimental data, there is justi� -
cation to analyze and compute the � ow over projectiles in the
EPA and to estimate their performance characteristics. The en-
ergy analysis used for the calculation of the performance of

projectiles in the RA is therefore applied to the aerodynami-
cally stabilized free-� ying projectile in the EPA.

In the EPA mode of operation the plan is to � re the properly
shaped projectile from a powder gun or from a light gas gun
into the accelerator tube � lled with the premixed fuel/oxidizer
mixture. The initial projectile velocity, which is higher than
the detonation velocity in the mixture, is high enough to obtain
combustion and generate thrust. The subcaliber projectile must
be supported in the gun by a sabot as it is � red into the large
diameter accelerator tube. After the projectile is separated from
the sabot it � ies freely in the combustible mixture in the ac-
celerator tube, similar to the � ight of a projectile in a ballistic
range. The projectile is stabilized aerodynamically by rela-
tively large � ns and so its trajectory remains inside the tube
and away from the tube walls. A subcaliber projectile design,
which includes a small step, used for tests in the supersonic
wind tunnel is shown in Fig. 3. The projectile nose is a 10-
deg half-angle cone followed by a 1-mm forward-facing step.
The centerbody is a 32-mm-diam short cylindrical section with
a shallow 3.5-deg boattail aft section with a blunt base. This
projectile weight is estimated to be 400 g. Six trapezoidal � ns
are added on the aftbody for aerodynamic stability of the pro-
jectile. The aerodynamic coef� cients of the projectile con� g-
uration are measured in the supersonic wind tunnel. These are
then used to calculate the projectile trajectory by a 6-degrees-
of-freedom computer code. The calculated projectile trajectory
will be used to determine the size of the � ns needed to stabilize
the projectile and the size of the accelerator tube. Such cal-
culations are very important for the design of the EPA system,
but in the present paper only the performance characteristics
of the projectile � ight are discussed.

Using the energy analysis, the acceleration of the projectile
in the EPA can be evaluated by Eq. (11). For the known pro-
jectile geometry and a known mixture, the calculation of the
projectile acceleration in the EPA requires the evaluation of b,
hp, and CD. The mixture composition for EPA operation in this
calculation is chosen to be CH4 1 2O2 1 10CO2. This mixture
represents a good combination of relatively high heat release,
Q/cpT = 5.8, a low speed of sound, a = 284 m/s, and a low
detonation velocity, VCJ = 1201 m/s with g = 1.302. Using
conventional gun propulsion it is possible to achieve an initial
projectile velocity of about 1800 m/s, which corresponds to an
initial projectile Mach number of 6.3 in this mixture.

The establishment of the combustion by the step and the
extent of the combustion zone were studied by a numerical
solution of the Navier– Stokes equations with chemical reac-
tions. The results of the calculations at several hypersonic
Mach numbers are presented in Refs. 1, 2, and 5. These cal-
culations indicate that the combustion zone thickness increases
almost linearly with the increase of the Mach number. It is
estimated that the combustion on the 32-mm projectile will be
effective in producing thrust up to a combustion diameter of
120 mm at about Mach 20. This assumption must be validated
in future experiments. At present, lacking experimental mea-
surements, this assumption seems reasonable for preliminary
estimates of the EPA performance.

The drag coef� cient for the projectile with the step is eval-
uated by Eq. (7), as discussed in a previous section. The var-
iation of the drag coef� cient for Mach number up to 10, eval-
uated using the wind-tunnel data, is presented in Fig. 4. It is
assumed that the drag coef� cient remains constant at the M =
10 value for higher hypersonic Mach numbers. The propulsive
ef� ciency can be estimated from the evaluation of the thrust
obtained in the CFD solutions for the EPA projectile presented
in Refs. 1, 2, and 5 to be about 0.6 – 0.7. However, this eval-
uation of the propulsive ef� ciency is not supported by exper-
iments at this time. Because of this uncertainty, propulsive ef-
� ciency values in the range of 0.3 – 0.67 are used in the
preliminary evaluation of the EPA performance.

The acceleration as a function of the Mach number for initial
pressure of 50 atm, assuming propulsive ef� ciency values of
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Fig. 9 Calculated variation of the projectile acceleration for the aerodynamically stabilized free-� ight projectile as a function of the
projectile � ight Mach number in the EPA for various propulsive ef� ciencies.

0.67, 0.5, and 0.3, is presented in Fig. 9. The maximum ac-
celeration is evaluated to be about 87,000 g for hp = 0.67,
57,000 g for hp = 0.5, and 18,000 g for hp = 0.3, and is
obtained at a � ight Mach number of 20. The acceleration is
then decreased as the Mach number is increasing, reaching
zero at the maximum Mach numbers of 38, 32, and 25 for the
propulsive ef� ciencies of 0.67, 0.5, and 0.3, respectively. The
estimated acceleration values can be used to evaluate the
length of the accelerator tube and the duration of � ight. The
length of the accelerator tube needed to reach Mach 34, as-
suming a propulsive ef� ciency of 0.67, is 155 m and the � ight
duration is about 26 ms. An accelerator length of about 300
m will be required to reach Mach 30 for a propulsive ef� ciency
of 0.5. Considering these preliminary rough estimates, it is
expected that projectile velocity in the range of 4 – 5 km/s can
be obtained with an accelerator length of 30 – 80 m. As the
acceleration varies linearly with the initial pressure of the mix-
ture in the accelerator tube, higher accelerations and shorter
accelerator lengths can be obtained by increasing the initial
pressure of the mixture.

Summary and Conclusions
The energy balance analysis is applied to the two in-tube

chemical accelerator methods: the experimentally proven RA
and the proposed EPA. The acceleration of the projectile is
evaluated by the balance between the chemical reaction energy
and the drag work of the � ying projectile.

The data from various experiments in the RA facilities at
the University of Washington are used to validate the energy
balance analysis. The evaluation of the performance charac-
teristics is performed using the time – distance histories of the
projectiles � ight that exited intact from the RA accelerator
tube. The evaluation of the drag coef� cient indicates that the
projectile drag coef� cient increases to high values as its � ight
Mach number approaches the maximum attainable speed. This
increase of the projectile drag coef� cient is attributed to the
total pressure losses leading to the choking of the supersonic
� ow in the narrow passage between the projectile body and
the tube wall. The experimental data in the RA indicate that
the drag coef� cient value is about twice the propulsive ef� -
ciency value. The energy balance analysis then shows that the
maximum velocity of the projectile in the RA is limited to be
about 1.2 times the detonation velocity of the mixture.

The acceleration of aerodynamically stabilized free-� ying
projectiles in the EPA is evaluated by the energy balance anal-
ysis. At present there are no experimental results on projectile
� ights in the EPA. Parallel to efforts to obtain experimental
data, the present paper includes a preliminary estimate of the
performance characteristics of the projectile � ying in the EPA.
The energy analysis used for the calculation of the perfor-
mance of projectiles in the RA is applied to the aerodynami-
cally stabilized free-� ying projectile in the EPA. This analysis
indicates that projectile velocities of up to six times the deto-
nation velocity can be achieved in the EPA.

The in-tube chemical accelerators, both the RA and EPA,
can be scaled-up to reasonably large projectile dimensions and
weights. In this case the scaling-up rules are reasonably well
known because they are based on chemical combustion tech-
nology. The present analysis indicates that the RA can be used
for the acceleration of projectiles to velocities of up to about
1.2 times the detonation velocity of the mixture. For mixtures
with a detonation velocity up to 2.5 km/s, the corresponding
maximum velocity for the projectile in the RA is about 3 km/s.
It is estimated that the EPA has the potential capability to
accelerate projectiles using chemical energy to hypervelocity
up to six times the detonation velocity. The potential of ac-
celerating scaled-up projectiles up to and beyond the escape
velocity in the EPA suggests many possible applications. The
EPA can be used as a launcher for various ground-test facili-
ties. The capability of launching large projectiles to hyperve-
locity may contribute to research on penetration, impact, and
other material properties. Furthermore, it was previously sug-
gested to use the EPA as a model launcher for hypersonic free-
� ight ranges and for scramjet combustion test facilities. An
exciting possibility is the use of a scaled-up EPA facility as
the launcher of single-stage-to-orbit projectiles carrying sizable
payloads. The main advantage of the proposed EPA propulsion
system is that only the missile payload is � red into space. The
acceleration facility and all of the fuel required for the launch
are left on the ground. In such EPA facilities the launch ve-
locity can be controlled by using various mixtures in stages
along the launch tube.
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