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Unsteady Effects on Ram Accelerator Operation
at Elevated Fill Pressures

C. Bundy,∗ C. Knowlen,† and A. P. Bruckner‡
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Experiments show that as the projectile acceleration of the ram accelerator is increased, by increasing the
propellant fill pressure or reducing the projectile mass, its performance begins to deviate significantly from that
predicted by the widely used quasi-steady control volume model. At high fill pressures, experimental velocity–
distance data are overpredicted by the quasi-steady model for thrust determination when using a real-gas equation
of state for the combustion products. The primary reason for this behavior is that the mass of the propellant
accumulating in the control volume at high fill pressure approaches the mass of the projectile itself. A revision to
the control volume model to account for unsteady flow effects indicates that the thrust coefficient vs Mach-number
profile obtained for high-pressure conditions is consistently lower than that obtained with the quasi-steady model.
This deviation correlates with experimental results obtained in a 38-mm-bore ram accelerator at fill pressures in
the range of 15–20 MPa. The best agreement with high-pressure experimental data is obtained using the unsteady
modeling approach in conjunction with the heat release vs Mach-number profile calculated using the Boltzmann
equation of state.

Nomenclature
A = area (cross sectional or surface)
a = acceleration
c = acoustic speed
cp = specific heat capacity at constant pressure
e = specific internal energy
F = net thrust force
h = specific enthalpy
I = thrust coefficient, =F/P1 A
L = length
M = Mach number
m = mass
ṁ = mass flow rate
P = pressure
Q = nondimensional heat-release parameter, =�q/(cpT1)
R = gas constant
s = specific entropy
T = temperature
t = time
u = velocity
V = volume
v = specific volume
x = distance
γ = ratio of specific heat capacities
� = change in parameter
�q = specific heat release
ρ = density
σ = compressibility coefficient
τ = characteristic time

Received 18 December 2002; revision received 23 January 2004; accepted
for publication 8 February 2004. Copyright c© 2004 by the American In-
stitute of Aeronautics and Astronautics, Inc. All rights reserved. Copies of
this paper may be made for personal or internal use, on condition that the
copier pay the $10.00 per-copy fee to the Copyright Clearance Center, Inc.,
222 Rosewood Drive, Danvers, MA 01923; include the code 0748-4658/04
$10.00 in correspondence with the CCC.

∗Graduate Student; currently Technical Services, at Epic Systems Corpo-
ration Madison, Wisconsin 53711. Member AIAA.

†Research Scientist, Department of Aeronautics and Astronautics.
Associate Fellow AIAA.

‡Professor and Department Chair, Department of Aeronautics and
Astronautics. Fellow AIAA.

Subscripts

CJ = Chapman–Jouguet condition
CV = control volume
g = gas
p = projectile
0 = total or stagnation condition
1 = control volume inlet condition
2 = control volume exit condition

Introduction

T HE ram accelerator is a hypervelocity launcher that uses in-tube
ramjet-like propulsive cycles to generate thrust for projectiles.1

A stationary tube, analogous to the outer cowling of a ramjet engine,
is filled with a pressurized, combustible gas mixture that is contained
by thin diaphragms. A subcaliber projectile, similar in shape to the
centerbody of a supersonic ramjet, is injected, with a lightweight
obturator attached to its base, into the ram accelerator by a con-
ventional gun-type launcher. The gasdynamic process that occurs
as the projectile and obturator enter the ram accelerator detaches
the obturator from the projectile, establishes a supersonic flowfield
around the forebody of the projectile, and initiates combustion on
or behind it.2,3 This process generates high projectile base pres-
sure, which results in continuous acceleration at supersonic speed.
Thrust increases with fill pressure and propellant heat release; thus,
the highest possible acceleration performance for a given projectile
mass is obtained by using the maximum fill pressure that the launch
facility can accommodate, along with the most energetic propellant
that will sustain ram accelerator operation at that pressure.

An experimental and theoretical research program has been car-
ried out to determine operating parameters for which continuous
ram accelerator operation is possible at propellant fill pressures up
to 20 MPa and to accurately model the performance obtained under
such conditions. The effects of projectile acceleration and real-gas
behavior need to be taken into account to completely determine the
thrust of the one-dimensional model for the thermally choked ram
accelerator propulsive mode. This research is an essential precur-
sor to the development of ram accelerator launch systems, which
will require fill pressures of 10–50 MPa to generate high thrust for
applications such as direct space launch and military defense.4,5

Theoretical Modeling
The prediction for axial force (thrust) acting on a ram accelerator

projectile is dependent on the propellant composition, fill pressure,
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Fig. 1 Thermally choked ram accelerator propulsive mode.

equations of state for reactants and products, the Mach number of the
projectile relative to the quiescent propellant, and unsteady effects
due to high rates of projectile acceleration. This section presents
the quasi-steady and unsteady one-dimensional theoretical models.
A sensitivity analysis of the unsteady model with respect to heat
release, pressure ratio, and acoustic speed at the thermal choke point
is provided in the Appendix.

Quasi-Steady Real Gas Effects
The theoretical thrust of the thermally choked propulsive mode is

readily determined in the reference frame of the projectile by apply-
ing the steady, one-dimensional gasdynamic conservation equations
to the entrance and exit planes of an appropriately chosen control
volume, as shown in Fig. 1, and assuming that the exit flow is at
sonic speed with respect to the projectile.6,7 If the projectile ge-
ometry and velocity are such that the flow properties at the exit of
the control volume correspond to a thermally choked state, then the
theoretical thrust is independent of projectile geometry.8 Real-gas
effects are incorporated with a compressibility term σ in the ideal-
gas equation of state as follows: P = σρRT (Ref. 9). This modeling
approach enables an analytical expression to be readily determined
for ram accelerator thrust, which incorporates the real-gas correction
term.10

A computer code that can accommodate several different equa-
tions of state to investigate real-gas effects on the temperature, pres-
sure, and chemical equilibria of the products at the thermal choking
point has been developed.11 Fugacity coefficients are used to eval-
uate shifts in chemical equilibria caused by molecular interactions
and finite volumes.12 For the purposes of this paper, real-gas effects
are evaluated with the Boltzmann virial expansion of the equation of
state.9,10 The general effect of modeling with a real-gas equation of
state is that the predicted thrust coefficient is increased as a result
of increases in the calculated heat release, pressure ratio across the
control volume, and acoustic speed at the thermal choking plane.
The calculated variation with Mach number of these parameters as
a result of incorporating real-gas effects is discussed in Ref. 13.

The one-dimensional theoretical model has several limitations,
which must be considered when interpreting the results. First of all,
this model does not account for the presence of an obturator and
thus cannot provide insight on the experimental conditions needed
to initiate ram accelerator operation. Secondly, the model is exact
(in a one-dimensional sense) only when the projectile is not accel-
erating. At high fill pressure, the ratio of propellant density to pro-
jectile density becomes nontrivial,6,14 resulting in a higher fraction
of the chemical energy being used to accelerate the propellant itself
within the control volume. Consequently, the quasi-steady theoret-
ical model overpredicts the thrust, and thus the projectile accelera-
tion, for thermally choked operation at high pressure.13,15 The model
is still useful, however, as a reference for experimental results and
to estimate the effects on acceleration performance anticipated with
changes in propellant composition, fill pressure, and Mach number.

Effects of Unsteady Flow
To obtain a more accurate prediction of the thrust at high pres-

sures, it becomes necessary to account for the unsteady flow ef-
fects that are disregarded in the quasi-steady control volume model.

Thus, to investigate the first-order effects of projectile acceleration
on the net thrust of the thermally choked ram accelerator propul-
sive mode, a one-dimensional unsteady flow model was developed,
which accounts for the finite length of the combustion zone and
the dependency of the amount of heat release on the in-tube Mach
number.16

The control volume considered for the unsteady analysis is the
same as that shown in Fig. 1; however, the exit plane at station 2 is
now considered to be at a pre-determined distance with respect to
station 1 (which is attached to the projectile nose tip). A projectile-
fixed system of coordinates with the positive flow direction to the
right is assumed. In the projectile reference frame, the propellant
moves toward the projectile at velocity u1 while accelerating at the
rate ap . The conservation equations can be expressed as6

∂

∂t

∫
CV

ρ dV + ρ2u2 A − ρ1u1 A = 0 (1)
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CV
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1
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+ Aρ1u1

(
h1 + u2

1

2
+ �q

)
−

∫
CV

uapρ dV = 0 (3)

Previous analytical studies demonstrated that at high velocities
(∼2000 m/s) and modest accelerations (<15,000 g), the unsteady
terms in the conservation equations have magnitudes on the order of
a few percent of the magnitudes of the steady convective terms and
thus can be considered negligible.6,14,17 In this analysis the unsteady
terms are retained based on the assumption that at high fill pressures
the greater accelerations will increase the magnitude of their effect.

The unsteady term in the continuity equation (1) is the rate of
accumulation of mass in the control volume as a result of its ac-
celeration. This term can be estimated by comparing the change in
mass flow rate entering the control volume during the residence time
τ of a fluid particle in the control volume to the instantaneous mass
flow rate at the entrance6 i.e.,

�ṁ/ṁ = �u1/u1 (4)

In this relation, �u1 = apτ is the change in the velocity of the
incoming flow during a time interval τ . An appropriate time interval
to use is the particle residence time, which can be approximated as
τ ≈ LCV/u1, where LCV is the length of the control volume.6,18 It
follows that

�u1/u1 = ap LCV

/
u2

1 (5)

The rate of accumulation of mass in the control volume can then be
represented as

∂

∂t

∫
CV

ρ dV = �ṁ = apρ1 ALCV

u1
(6)

The continuity equation thus becomes

apρ1 ALCV/u1 + Aρ2u2 − Aρ1u1 = 0 (7)

In the momentum equation (2), the first integral term is the rate of
accumulation of momentum in the control volume. Its retention in
this analysis indicates that a fraction of the total available momentum
is being expended accelerating gas within the control volume rather
than accelerating the projectile. The second integral is a body force
resulting from the acceleration of the projectile reference frame
with respect to the inertial reference frame.6,18 The term F is the net
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force exerted on the control volume by the projectile and is equal
in magnitude to the thrust. The first integral term of the momentum
equation can be evaluated as follows:

∂

∂t

∫
CV

ρu dV =
∫

CV

u
∂ρ

∂t
dV +

∫
CV

ρ
∂u

∂t
dV (8)

From the discussion of the continuity equation, it can be shown
that13

∫
CV

u
∂ρ

∂t
dV ≈ u1�ṁ = apρ1 ALCV (9)

The second term of the first integral term can be approximated as
∫

CV

ρ
∂u

∂t
dV ≈ ∂u1

∂t
ρ1 ALCV = apρ1 ALCV (10)

Therefore,

∂

∂t

∫
CV

ρu dV ≈ 2apρ1 ALCV (11)

Assuming the projectile reference frame accelerates uniformly, the
second integral in the momentum equation (2) can be evaluated as

∫
CV

apρ dV = mgap ≈ apρ1 ALCV (12)

When the thrust is expressed in terms of the projectile acceleration
that is, F = m pap , the momentum equation becomes

apρ1 ALCV + A
(

P2 + ρ2u2
2

) − A
(

P1 + ρ1u2
1

) − m pap = 0 (13)

The net unsteady term apρ1 ALCV has the opposite algebraic sense
as the net thrust term m pap; the indication of the opposite signs is
that some of the available momentum in the flow (as indicated by the
convective terms) is being expended in accelerating the gas accu-
mulating in the control volume, rather than being used to accelerate
the projectile.

In the energy equation (3), the first integral term is the accumula-
tion of energy within the control volume, and the second integral is
the work resulting from the acceleration of the projectile-fixed coor-
dinate system. For typical operating conditions, e2 ≈ u2

1, and if this is
taken as a maximum value for the internal energy, the accumulation
term can be evaluated as6

∂
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2
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∫
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3

2
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1ρ dV ≈ 9

2
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(14)

The acceleration work term can be evaluated as∫
CV

uapρ dV ≈ apρ1u1 ALCV (15)

The energy equation therefore becomes

7
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(
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2
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/
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) = 0 (16)

With the conservation equations expressed solely in algebraic
terms, an expression for the acceleration can be determined in terms
of known quantities, given an equation of state and the thermally
choked state at station 2. For this analysis, the ideal-gas equation of
state will be assumed; it will also be assumed, for simplicity, that the
gas is calorically perfect with constant specific heat capacity (i.e.,
h1 = CpT1 and h2 = CpT2). These assumptions allow the expres-
sions M1

√
(γ RT1) and

√
(γ RT2) to be substituted for the velocities

u1 and u2, respectively. Consequently, the conservation equations
are reduced to
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1
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√
γ
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= 0 (17)
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1
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)
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Solving the reduced momentum equation (18) for the unknown P2,

P2 = m pap + AP1

(
1 + γ M2

1

) − P1ap ALCV/RT1

A(γ + 1)
(20)

Substituting into the reduced continuity equation (17),
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Solving the above equation (21) for the unknown T2,
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Substituting the expressions for P2 and T2 into the reduced energy
equation (19),
7
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The result is an algebraically implicit expression for determining
the dependent variable ap as a function of the projectile Mach num-
ber M1. All other parameters in Eq. (23) can be specified a priori
either directly (the undisturbed propellant pressure P1 and tempera-
ture T1, the tube cross-sectional area A, and the projectile mass m p)
or indirectly through the propellant composition (the gas constant
R, the specific heat ratio γ , and the heat-release parameter Q). Pre-
vious experiments have shown that the combustion during thermally
choked ram accelerator operation at Mach 3.7 is completed within
approximately one projectile length behind the projectile base.6 The
length of the combustion zone is expected, however, to decrease with
increasing Mach number because the increasing static temperature
of the flow enhances the chemical kinetic rates. For the purpose
of concisely illustrating the effects of projectile acceleration on the
thrust of the ram accelerator, however, it is assumed in this analysis
that the control volume length is constant and equal to LCV = 2L p:
The influence of Mach number on the length of the combustion zone
length is still under investigation.

To check the validity of Eq. (23), the thrust (F = m pap) is deter-
mined for the limit of small acceleration:

F = AP1

((
M1

√
2(γ + 1)

{
1 + [(γ − 1)/2]M2

1 + Q
}− (

1 + γ M2
1

)))

(24)
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Fig. 2 Thrust coefficient variation with fill pressure for the unsteady
flow model of the thermally choked ram accelerator.

which is the thrust solution for the quasi-steady control volume
model.1 The same result is obtained in the limit of small fill pres-
sure and in the limit of infinite projectile mass. Similarly, if an
acceleration of zero (i.e., zero thrust) is prescribed and the unsteady
thrust equation solved for the projectile Mach number,

M2
1 = [1 + (γ + 1)Q] +

√
[1 + (γ + 1)Q]2 − 1 (25)

which is identical to that of a one-dimensional Chapman–Jouguet
detonation wave propagating through the propellant. This is the
same result obtained by the quasi-steady control volume model.1

Thus, both the unsteady and quasi-steady models predict that the
maximum velocity to which a projectile can be accelerated in the
thermally choked ram accelerator propulsive mode is that of the
CJ detonation wave of the propellant, which is to be expected be-
cause the thrust, and hence acceleration, becomes vanishingly small
as the CJ speed is approached.

As fill pressure increases, the unsteady terms of the thrust equation
become larger and have the effect of reducing the thrust coefficient
obtained from quasi-steady modeling. This effect on projectile ac-
celeration is demonstrated by the plots of thrust coefficient vs Mach
number presented in Fig. 2. These thrust coefficient curves were de-
termined from the unsteady thrust equation using the following pa-
rameters: Q = 8, γ = 1.35, m p = 100 g, T1 = 295 K, R = 330 J/kg-
K, LCV = 22.86 cm, and A = 11.4 cm2, which are values similar
to those that occur in typical high-pressure ram accelerator experi-
ments in the 38-mm-bore facility. All of the thrust coefficient curves
converge to zero at the same Mach number because the zero thrust
condition for thermally choked flow at a given pressure is always
that of a CJ detonation wave in the propellant. The Mach-number
profile of the quasi-steady thrust coefficient (ap = 0) is also shown
in Fig. 2, and the corresponding peak accelerations for each of the
thrust coefficient curves are indicated. Although the acceleration
obtained increases with propellant fill pressure, as expected, the as-
sociated thrust coefficient decreases with increasing fill pressure.
The implication of this decrease is that when including the unsteady
effects of high acceleration on ram accelerator operation the ac-
tual thrust will increase more slowly with pressure than the direct
proportional scaling predicted by the quasi-steady model.

The unsteady one-dimensional modeling indicates that as the
mass of gas within the control volume becomes nonnegligible com-
pared to the mass of the projectile, less of the net momentum is
available to accelerate the projectile because more is absorbed in
accelerating the gas inside the control volume. Thus, it is expected
that as the projectile mass decreases the thrust coefficient should
decrease as well. This effect is shown in Fig. 3. The unsteady thrust
coefficient curves in this figure were determined from Eq. (23) using
the same propellant thermodynamic parameters as in the preceding

Fig. 3 Thrust coefficient variation with projectile mass for the un-
steady flow model of the thermally choked ram accelerator.

example, but with the pressure fixed at 20 MPa and using different
values of projectile mass as a parameter. The quasi-steady thrust
determined for these thermodynamic parameters is also shown for
comparison. As the projectile mass is decreased, the acceleration for
a given Mach number increases, as expected. The associated thrust
coefficient, however, decreases with decreasing mass; thus, the ac-
celeration scales up with decreasing mass at a rate less than that ob-
tained from inverse proportional scaling. When the projectile mass is
lowered to a value similar to that used in high-pressure experiments
(∼100 g), the thrust coefficient is substantially lower than that of
the quasi-steady model.

The discussion of the unsteady model has not included the real-
gas effects on high-pressure reactants and combustion products.
Although it would be highly desirable to generate an equation similar
to Eq. (23), which incorporates a real-gas equation of state, a closed-
form solution for the acceleration under unsteady flow conditions is
not possible; however, real-gas effects on the unsteady thrust can be
accounted for by making appropriate substitutions of real-gas values
of operating parameters in the governing equations. An analysis of
the sensitivity of the unsteady model to heat release, control volume
pressure ratio, and acoustic speed at the thermal choking point is
presented in the Appendix. The result of this theoretical analysis
is that the thrust coefficient is considerably more sensitive to the
influence of increased heat release as a result of real-gas effects
than to the latter two parameters, at all values of the projectile Mach
number.16 Therefore, for purposes of further discussion, real-gas
effects are incorporated into the unsteady model by using the Mach-
number variation of heat-release parameter Q calculated with the
Boltzmann equation of state.

Experimental Facility
The ram accelerator facility at the University of Washington is

capable of being operated with propellant fill pressures up to 20 MPa.
Brief descriptions of the high-pressure portion of the launch tube
and the projectile configuration used in the experiments are provided
in this section. References 13, 15, and 16 provide the details of the
light-gas gun prelauncher, propellant filling system, and other major
system components.

Ram Accelerator Tubes and Instrumentation
The first 4 m of the ram accelerator test section, shown in Fig. 4,

consists of two 1-m-long and one 2-m-long high-pressure tubes,
with an outer diameter of 152 mm and an inner diameter of 38 mm,
connected together using bolted flange joints.16 The high-pressure
tubes are manufactured from AISI 4340 steel and are designed for
a maximum static load of 1000 MPa. The remaining 12 m of the
test section is comprised of six low-pressure tubes manufactured
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Fig. 4 High-pressure test section of the 38-mm bore ram accelerator facility.

from AISI 4140 steel, each 2 m in length, with outer diameters
of 102 mm. These tubes are connected with threaded collars and
are designed to withstand a static load of up to 550 MPa. The two
parts of the test section are connected using a bolted flange joint
containing a transition piece to properly join the two different tube
designs.

Each 1-m-long tube (Fig. 4) has three instrument stations with di-
ametrically opposed ports; the 2-m-long tube has six pairs of ports.
These stations are spaced along the tubes at 333-mm intervals. The
first instrument station in the high-pressure test section is 167 mm
from the entrance diaphragm, and the last station is located 167 mm
from the section’s exit and 396 mm from the first instrument port
in the low-pressure part of the test section. In the latter, the in-
strument stations are spaced 400 mm apart. The instrument ports
accommodate PCB model A119A11 and A119A12 piezoelectric
pressure transducers (550 and 800 MPa maximum pressure range,
respectively) and electromagnetic transducers.

All of the tubes in the high-pressure test section have two gas fill
ports per meter of length, as shown in Fig. 4. These fill ports are
isolated from the fill lines by air-actuated Snotrik valves (300 MPa
rated), which protect the gas handling system from the extreme pres-
sure pulses generated in the experiments. The low-pressure tubes in
the test section have fill ports midway along their lengths. Mylar
diaphragms can be inserted between any pair of adjacent tubes, en-
abling multiple stages of different propellants to be used. Any tubes
not filled with a propellant are evacuated.

Projectile and Obturator
The four-fin configuration of the one-piece projectiles used in

this investigation is shown in Fig. 5a. These projectiles are man-
ufactured from titanium 6Al-6V-2Sn alloy and feature a fin span
of 38 mm, throat diameter of 23 mm (point of maximum projec-
tile cross-sectional area, as indicated in Fig. 1), nose cone angle
of 12.5 deg, and a fin rake angle of 20 deg. They have a 14 mm
diameter cavity that is center-drilled from the rear of the projectile.
A neodymium magnet is inserted into this cavity and held in place
by a threaded magnesium plug. The remainder of the cavity is left
open to reduce the overall mass of the projectile. The fin leading
edges are knife-edged at a 15-deg angle to their centerlines in order
to reduce the strength of the shock waves generated by the fins near
the projectile throat. The afterbody length is either 64 or 76 mm,
which results in projectile masses of 106 or 118 g, respectively. The
use of lower mass projectiles is necessary to increase the entrance
velocity to the test section.

The obturator, shown in Fig. 5b, is placed behind the projectile
base to prevent gas blow-by from the light gas gun and to drive a
normal shock wave onto the projectile afterbody upon entrance to
the test section. The obturator is a single piece manufactured from
polycarbonate plastic and has a mass of 18 g. It is initially attached to
the projectile with cyanoacrylate adhesive to keep it from separating
during the process of loading the light gas gun.

Experimental Results
Various aspects of the experimental data from this high pres-

sure investigation have been presented in Refs. 13, 15, 19, and 20;
whereas a complete compilation of the data is presented in Ref. 16. A
summary of the phenomena observed during the starting process and

Fig. 5a One-piece titanium projectile design.

Fig. 5b Solid polycarbonate obturator.

the results of high pressure experiments pertinent to understanding
the unsteady effects of projectile acceleration are presented in this
section.

Starting Process of the Thermally Chocked Ram Accelerator
The starting process in the ram accelerator encompasses the phe-

nomena associated with launching the subcaliber projectile and
tube-occluding obturator by means of a light-gas gun to the en-
trance of the ram accelerator test section, and the establishment of
the thermally choked ram accelerator flowfield.2,3 Propellant igni-
tion occurs as a result of the complex interactions of the launch-
generated shock waves in the residual air in the launch tube with the
projectile, the obturator, and the diaphragm at the entrance to the
test section.21−23 After driving a normal shock wave onto the rear
body of the projectile, the obturator then quickly recedes and ceases
to influence the flowfield after the projectile has traveled for about
1 m beyond the test-section entrance.24−26 The ram accelerator is
successfully started once supersonic flow is established behind the
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projectile throat and the normal shock wave is stabilized on the rear
body by thermal choking of the flow behind the projectile, as shown
in Fig. 1.

Under certain conditions a prolonged delay in the combustion
stabilization process occurs, whereby the flow remains supersonic
relative to the projectile throat and the projectile is weakly acceler-
ated. Ultimately, the flow becomes thermally choked, and the accel-
eration increases dramatically. This weak acceleration phase of the
starting process is referred to as a “delayed start.” In experiments
using short test sections, for example, 1 m, there might not be suffi-
cient travel distance for the projectile to establish thermal choking
and achieve a successful start; however, the delayed start does indi-
cate that the conditions necessary for a successful start, other than
thermal choking, are satisfied.15

When the necessary conditions for ram accelerator starting
(prompt or delayed) are not met, the projectile decelerates. If ei-
ther the entrance velocity to the test section is too low or there
is substantial heat release ahead of the projectile throat, then the
flow chokes at the throat, and a strong normal shock wave is driven
ahead of the projectile. This result, when caused by these phenom-
ena, is referred to as a sonic diffuser unstart. If the normal shock
wave is pushed ahead of the projectile at some time after supersonic
flow is established behind its throat, thrust ceases, and the resulting
failure is referred to as a wave unstart. Some factors that produce
wave unstarts include too much heat release from the propellant,
too much flow occlusion by the obturator, and/or excessive obtura-
tor mass. The outcome of a ram accelerator start attempt is readily
determined from tube wall pressure data and the velocity–distance
profile of the projectile.23

Starting Process of the Ram Accelerator at Elevated Pressure
High-pressure experiments previously conducted with the

38-mm-bore facility in 15-MPa propellants showed that titanium
projectiles with a throat diameter of 25 mm (flow throat to tube
diameter area ratio of 0.57), afterbody length of 51 mm, and mass
of 108 g could be ram accelerated in propellants with a wide range
of methane/oxygen/nitrogen compositions for distances up to 3 m
before a wave unstart caused acceleration to cease.13,15,19 Invariably,
the projectiles experienced a delayed start in the first meter of the
test section and accelerated at rates much lower than expected for
quasi-steady thermally choked operation. After the first meter, the
acceleration increased substantially, but it was still overpredicted
by the quasi-steady thrust model using the Boltzmann equation of
state.13

Additional experiments conducted in 20-MPa propellants demon-
strated that a reduction of throat diameter was necessary in order for
the ram accelerator process to be initiated at entrance velocities as
low as 1220 m/s (Refs. 15 and 20). This result led to a new projec-
tile design for 20-MPa operation in which the throat diameter was
reduced to 23 mm and the afterbody length increased to 76 mm,
as shown in Fig. 5a. The results of 15–20-MPa experiments using
these projectiles are compared with theory in what follows.

Four-Meter-Long 15-MPa Experiment
The velocity–distance data from an experiment using 2.6CH4 +

2O2 + 9.2N2 propellant at a fill pressure of 15 MPa are shown in
Fig. 6. The titanium projectile had an afterbody length of 76 mm
and overall mass of 118 g (Fig. 5a). The uncertainty in determin-
ing the velocity from time-distance data is approximately 2.5%,
as indicated by the vertical error bars. Ram accelerator operation
was initiated at an entrance velocity of 1190 m/s, and the projectile
was accelerated continuously throughout the 4-m-long test section.
The experimental data show that the projectile experienced rela-
tively weak acceleration over the first meter of the stage, averaging
∼9000 g over this distance, indicating a delayed starting process.
Subsequently, the projectile velocity–distance curve significantly
steepened as the acceleration increased by a factor of ∼3. The aver-
age acceleration over the last 3 m of the test section was 31,300 g,
and the exit velocity of the projectile was 1860 m/s.

The velocity–distance profiles predicted by the quasi-steady and
unsteady models are also shown in Fig. 6 for comparison. These

Fig. 6 Velocity–distance data from 15-MPa experiment in a 4-m-long
test section.

were determined by integrating the equation of motion, using the
theoretical results for the net thrust. The unsteady velocity–distance
curve was determined at increments of distance evenly spaced on
a logarithmic scale, so as to minimize computational error at low
velocities where the acceleration rates are theoretically greatest, and
to reduce the number of computational iterations required at high
velocities where the acceleration rates are relatively small. Because
the primary interest is to compare the experimental and theoretical
thrust at a given velocity, the theoretical velocity–distance curves
are positioned so that they pass through the experimental velocity
datum point located 1 m after the entrance to the test section, at
which point thermal choking is presumed to be fully established.

The relatively low acceleration at the entrance to the test section,
evident in Fig. 6, suggests that the ram accelerator is not thermally
choked over the first meter; however, the experimental data suggest
that thermal choking likely occurs farther down the tube as indicated
by the better theoretical and experimental agreement observed over
the final 3 m of the test section. The delayed-start effect has been
observed in prior 15-MPa experiments13,15,19 and at other ram ac-
celerator facilities using fill pressures of 3–4.5 MPa (Refs. 27–29).
This effect is magnified by increased propellant fill pressure. It has
not yet been determined whether the weak acceleration during a
delayed start is caused by the effects of the unsteady flowfield, rapid
deceleration of the obturator, an increase in the induction time of the
propellant at high pressure, or a combination of these and/or other
causes. The phenomenon is still under investigation.

It is also apparent from the curves in Fig. 6 that the quasi-steady
control volume model consistently overpredicts the experimental
velocity–distance data in the thermally choked operating mode,
whereas the unsteady velocity–distance calculation provides sig-
nificantly improved agreement with experiment. Consequently, the
more appropriate theory for predicting ram accelerator thrust per-
formance at high pressures is the unsteady model, and thus only its
results are presented with the experimental data discussed next.

Two-Stage Experiments
Initial attempts to start the 118-g projectile directly in 20-MPa

propellants were not successful at entrance velocities of ∼1200 m/s
(Ref. 20); thus, a two-stage configuration was used in which the
projectile was first started in 15-MPa propellant before it entered
a second stage containing propellant at 20 MPa. This procedure
was successful in decoupling the effects of the starting process
from the ram accelerator operating process at 20 MPa. In these
starting- decoupled experiments, the test section consisted of a
1-m-long stage of 2.6CH4 + 2O2 + 9.2N2 propellant at 15 MPa, fol-
lowed by a 3-m-long stage of the same propellant at 20 MPa. The
velocity–distance data from two of these experiments, having a
20 m/s difference in entrance velocity, are shown in Fig. 7. Because
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Fig. 7 Velocity–distance data for 20-MPa two-stage experiments using
titanium projectiles.

the variation between the corresponding unsteady theory curves is
minor, only the theoretical results for experiment 2 are plotted for
comparison.

The projectiles entered the 15-MPa stage at a velocity of
∼1200 m/s, successfully initiated ram accelerator operation,
reached a velocity of 1260–1310 m/s at the entrance to the 20-MPa
stage, and then continuously accelerated through the last 3 m of
the test section (Fig. 7) to reach peak velocities of 2070–2100 m/s.
Both projectiles experienced weak acceleration (8000–12,000 g) in
the starting stage, indicative of a delayed start. At the entrance to
the second stage, the projectile thrust increased by a factor of ∼4,
which is in good agreement with the unsteady theoretical predic-
tion for these conditions. After accelerating a distance of ∼1.5 m
in the second stage, the projectile thrust begins to significantly ex-
ceed that of theory. This enhanced thrust at the end of the second
stage indicates that the has ceased to be thermally choked behind
the projectile. The average acceleration over the last 3 m of these
experiments of 46,000 g, whereas the theory predicts an average of
28,000 g.

Four-Meter Long 20-MPa Experiment
Because operation at 20 MPa was successfully achieved once

the 15-MPa propellant had accelerated the projectile to a velocity
greater than 1250 m/s, an experiment was conducted to attempt start-
ing directly in 20 MPa at a comparable entrance velocity. A titanium
projectile with its afterbody length shortened to 64 mm (which re-
duced its mass to 106 g to permit a higher entrance velocity) was
launched into a 4-m-long test section of 2.6CH4 + 2O2 + 9.2N2 pro-
pellant at 20-MPa fill pressure. The velocity–distance data from this
experiment are shown in Fig. 8. The projectile entered the test sec-
tion at ∼1250 m/s and accelerated continuously through the test
section to a peak velocity of 2060 m/s. Just like in the prior experi-
ments, the projectile experienced a delayed start over the first meter
of the test section, but the lower acceleration (average of 22,000 g
over the first meter) was not as pronounced as before.

The velocity–distance profile predicted for the unsteady ram ac-
celerator thermally choked propulsive mode is also shown in Fig. 8,
where again the theoretical curve is positioned so that it passes
through the experimental velocity datum point located 1 m from the
entrance to the test section, where thermally choking is presumed
to be fully established. The velocity–distance profiles of the un-
steady model and experiment are in good agreement for the 1- to
2.5-m portion of the test section; afterwards, the projectile thrust
is substantially higher than theory. The average acceleration of the
projectile in this region of operation is ∼48,000 g. The projectile
acceleration is again greater than that predicted by the unsteady the-
oretical model in the last meter or so of the test section; however,
the thrust tapers off before the projectile exits. The average acceler-

Fig. 8 Velocity–distance data from 20-MPa experiment in a 4-m-long
test section.

Fig. 9 Velocity–distance profiles for unsteady and quasi-steady thrust
models.

ation of the projectile is ∼38,000 g over the last 3 meters of the test
section, which is ∼20% lower than that observed in prior two-stage
experiments, even the projectile mass was reduced 10%.

Discussion of Results
The velocity–distance curves for thermally choked ram acceler-

ator operation predicted by the quasi-steady and unsteady thrust
models for the last 3 m of the 15-MPa experiment (Fig. 6) are
shown in Fig. 9. The corresponding experimental velocity–distance
data are also plotted. The quasi-steady curves were calculated using
both the ideal-gas and Boltzmann equations of state. The two un-
steady curves were determined by using two different heat-release
vs Mach-number (Q − M) variation profiles; one used the Q − M
profile indicated by the ideal-gas equation of state and the other used
that which resulted from applying the Boltzmann equation of state.
Based on the sensitivity analysis presented in the Appendix, this ap-
proach enables real-gas effects to be incorporated with reasonable
accuracy into the unsteady model.

It is evident that the thrust coefficient of the unsteady model is
significantly reduced because of the much smaller velocity gain it
predicts over a given distance compared to the quasi-steady model.
The experimental data, however, indicate greater velocity gain with
distance than either of the models using the ideal-gas Q − M vari-
ation profile. On the other hand, the quasi-steady model using the
heat release predicted with the Boltzmann equation of state predicts
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Fig. 10 Thrust coefficient Mach-number profiles for unsteady and
quasi-steady thrust models.

a much greater velocity gain with distance than is obtained in the
experiment. The unsteady model using the real-gas Q − M variation
profile gives the best agreement with experimental results.

The magnitude of the differences between steady and unsteady
modeling of thermally choked ram accelerator performance is more
apparent when comparing the thrust coefficient vs Mach-number
profiles for the aforementioned experiment, as shown in Fig. 10.
In this figure, the net effect of unsteady and real-gas effects upon
the thrust coefficient is compared with the experiment at 15 MPa.
The projectile acceleration is determined by double-differentiating
time–distance data from instrumentation stations that are separated
by 1.0–1.7 m, which results in maximum experimental thrust coeffi-
cient uncertainties of ∼70%, as indicated by the vertical error bars.
This data-reduction procedure has been found to adequately high-
light the general trends in ram accelerator thrust vs Mach-number
behavior in lieu of averaging the results of multiple experiments
to reduce experimental uncertainty. (Experimental results are very
repeatable as indicated by data in Fig. 7; thus, the influence of small
changes in control variables is typically investigated more often
than the repeatability of performance under a specific set of condi-
tions.) Ultimately, onboard acceleration measurements and/or direct
in-bore velocity tracking will enable a more accurate measurement
of the experimental thrust coefficient.

When the Q − M variation determined with the Boltzmann equa-
tion of state is utilized, the unsteady thrust model prediction of the
thrust coefficient vs Mach-number behavior is in very good agree-
ment with the experimental conditions modeled, whereas the quasi-
steady calculation that incorporates these real-gas effects predicts
a much greater thrust coefficient than observed in the experiment.
Consequently, the velocity–distance profiles determined by inte-
grating the unsteady thrust coefficient model, which incorporates
the real-gas Q − M variation, are in very good agreement with ex-
periment at velocities below 75% CJ detonation speed, as shown in
Figs. 6–9.

The thrust coefficient data for the 4-m-long experiments at 15 and
20 MPa are presented in Fig. 11, along with the corresponding un-
steady theoretical modeling results using the Q − M variations pre-
dicted with the Boltzmann equation of state. Over the Mach-number
range shown, the theoretical thrust coefficient at 20 MPa exceeds
that at 15 MPa primarily because the heat release is greater at the
higher fill pressure; however, this difference in thrust also depends
to some degree on the length of control volume assumed in the un-
steady modeling. The significance of the length of control volume
on this model of ram accelerator performance is being investigated.

The amplitude and trend with increasing Mach number of the
thrust coefficient data from the 20-MPa experiment are practically
the same as those of the 15-MPa experiment up to Mach 4.5, after
which the experimental thrust levels remain much higher than those

Fig. 11 Thrust coefficient Mach-number profiles for 15- and 20-MPa
experiments, compared with the unsteady flow model.

predicted by the unsteady model (Fig. 11). The deviation of the ex-
perimental data from the trend of decreasing thrust at higher Mach
numbers is consistent with results at lower pressures (2.5–5.0 MPa)
in a wide range of propellants.30−32 Numerical modeling has shown
that this behavior might be caused, in part, by the combustion pro-
cess moving up onto the projectile afterbody as the induction time
decreases with increasing temperature.7 Alternatively, the aerother-
mal heating of the projectile can be intense enough for the titanium
alloy to begin to react with the propellant oxidizer, a phenomenon
that has been previously observed and exploited with aluminum
and magnesium projectiles.33,34 Even though this anomalous thrust
behavior, in the context of the model for thermally choked ram ac-
celerator operation, is not yet well understood, it is repeatable and
has been observed in all experimental facilities.24,27−34

Previous experiments have shown that the afterbody length of the
projectile is a key factor in determining how far it will accelerate in
the high-pressure test section.15,20 Thus it seems likely that the lower
average acceleration in the last 3 meters of the test section observed
with the lower mass projectile in 20-MPa propellant is due to the
shortened body. The impact of projectile geometry on high-pressure
operation is still under investigation.

Conclusions
Experiments in the 38-mm-bore ram accelerator facility have

shown the feasibility of continuously accelerating titanium projec-
tiles in propellants at fill pressures up to 20 MPa, the highest pressure
at which ram accelerator operation has been demonstrated to date.
Smaller projectile throat diameter (23 mm) and higher entrance ve-
locity (1250 m/s) were required to initiate ram accelerator operation
at this propellant fill pressure than at lower pressures. After a delayed
start in the first meter of the test section, thermal choking seems to
be established as evidenced by a sudden increase in acceleration by
a factor of 3 or more. The projectile acceleration then steadily de-
creases as it gains velocity until its Mach number approaches ∼4.5,
after which the acceleration significantly exceeds that predicted for
thermally choked ram accelerator operation. Total velocity gains of
900 m/s and average accelerations of 42,000–46,000 g have been
demonstrated with 106–118 g projectiles in 20-MPa propellant in a
4-m-long test section.

Because the quasi-steady one-dimensional model overpredicts
the experimental acceleration, a revision was made to the model to
include the unsteady terms in the conservation equations. The new
unsteady ram accelerator thrust model indicates that the mass of
propellant in the control volume has a significant effect on the body
forces experienced by the system when the propellant mass is of the
same order as the projectile mass. The Mach-number dependence
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predicted by the unsteady model of the thrust coefficient deviates
considerably from that predicted by the quasi-steady model when
the fill pressure is increased, a result consistent with experimental
observations. When the unsteady control volume model is applied
with the heat-release behavior obtained from the Boltzmann real-gas
equation of state, the theoretical velocity–distance profile has signif-
icantly better agreement with experimental results during thermally
choked operation.

Appendix: Sensitivity of Unsteady Thrust
Model to Real-Gas Effects

Bundy et al.13 have shown that the thrust coefficient is augmented
by increases in propellant heat release Q, in the pressure ratio,
P2/P1, between the thermal choking plane and freestream condi-
tions and in the acoustic speed at the thermal choking plane c2. Each
of these parameters has a dependency on in-tube Mach-number,
which varies when a real-gas is used rather than the ideal-gas equa-
tion of state. Further, each of these parameters is interdependent on
each of the others. If the real-gas Mach-number profile of the pa-
rameter that most influences the thrust coefficient is used in Eq. (23)
real-gas effects can be incorporated into the unsteady thrust model
while retaining a closed-form solution.

To determine which parameter has the greatest influence on the
thrust coefficient when a real-gas equation of state is used, Eqs. (20),
(22), and (23) are arranged to express the acceleration in terms of
P2/P1, c2, and Q:
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Defining Prat = P2/P1, Eq. (A3) is then differentiated with respect
to Q:
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where dPrat/dQ and dc2/dQ are determined as implicit functions
of dap/dQ from Eqs. (A1) and (A2), respectively. Equation (A4) is
then solved for dap/dQ. In similar fashion, Eq. (A3) is differentiated
with respect to Prat and c2:

7
2 ALCV M1√

γ RT1

(
dap

dPrat

)
+ γ + 1

2(γ − 1)
A

[
Prat

(
dc2

dPrat

)
+ c2

]

− AM1

√
γ RT1

γ − 1

(
dQ

dPrat

)
= 0 (A5)

7
2 ALCV M1√

γ RT1

(
dap

dc2

)
+ γ + 1

2(γ − 1)
A

[
Prat + c2

(
dPrat

dc2

)]

− AM1

√
γ RT1

γ − 1

(
dQ

dc2

)
= 0 (A6)

where dQ/dPrat and dc2/dPrat in Eq. (A5) are determined as implicit
functions of dap/dPrat from Eqs. (A1) and (A2), respectively, and
dPrat/dc2 and dQ/dc2 in Eq. (A6) are also determined in a similar
manner as functions of dap/dc2 from Eqs. (A1) and (A2).

Fig. A1 Relative change in thrust coefficient as a result of real-gas
effects on heat release, operating pressure ratio, and thermal choking
acoustic speed.

The real-gas augmentation of the thrust coefficient is measured
here by influence coefficients,35 which indicate the relative change in
thrust coefficient dI/I resulting from the relative changes in the heat
release dQ/Q, control volume pressure ratio dPrat/Prat, or thermal
choking point acoustic speed dc2/c2, when using the Boltzmann
equation of state rather than the ideal gas equation of state. From
the definition of the thrust coefficient,

dI = (m p/P1 A) dap

Therefore, the relative change in the thrust coefficient as a result of
heat release, pressure ratio, and acoustic speed are, respectively,
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The influence coefficient of a given parameter x is therefore of the
form:
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)

Because the derivatives of the acceleration are total derivatives,
the interdependency of each of the thrust-affecting parameters is
accounted for in each of the influence coefficients.35 The influence
coefficients for heat release, pressure ratio, and thermal choking
acoustic speed are shown as functions of Mach number in Fig. A1,
using the experimental conditions for 2.6CH4 + 2O2 + 9.2N2 pro-
pellant at 20 MPa, a projectile mass of 100 g, and a 38-mm ram
accelerator tube bore.

The relative change in thrust coefficient as a result of real-gas
effects on each of the parameters increases with Mach number for
each of the thrust-affecting parameters. The values of the influence
coefficients approach infinity as the Mach number approaches that
of the CJ detonation wave, at which point the thrust coefficient is
zero. From Fig. A1, it is apparent that a change in heat release causes
the greatest relative change in the thrust coefficient (e.g., at M = 3,
a 10% increase in the heat-release parameter causes a 14% increase
in the thrust coefficient, a 10% increase in the pressure ratio causes
a 4% increase in the thrust coefficient, and a 10% increase in the
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thermal choking acoustic speed causes a 1.4% increase in the thrust
coefficient). The thrust coefficient is considerably more sensitive to
changes in heat release than pressure ratio or acoustic speed at all
values of the Mach number in the range shown. Therefore, real-
gas effects can be adequately incorporated into the unsteady thrust
model by using the dependence of the heat-release parameter Q on
Mach number that results from applying the Boltzmann equation of
state. The other two influencing parameters are ignored at this time;
however, means to include their effects in the one-dimensional thrust
model under unsteady conditions are currently being developed.
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