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Computational Investigation of Oblique Detonation
Ramjet-in-Tube Concepts

D. C. Brackett* and D. W. BogdanofFf
University of Washington, Seattle, Washington

Ramjet-in-tube techniques have been proposed to accelerate masses up to thousands of kilograms to velocities of
0.7-12.0 km/s by chemical means. CFD calculations for three oblique detonation ramjet-in-tube drive modes are
presented; the operational velocities for the present results range from 3.5 to 10.0 km/s. The first drive mode
achieves ignition on the reflection of the nose cone bow shock. The second drive mode relies on a sudden, steep, but
small increase in projectile radius to initiate a detonation wave, following a deliberately gentle, gradual compression
process. The third drive mode is similar to the second mode except that the projectile is thermally protected by
flying it through a core of pure hydrogen gas surrounded by a detonable mixture. At optimum operating conditions,
the thrust pressure ratios (defined as the effective thrust pressure divided by the maximum cycle pressure) for the
three modes range from 0.12 to 0.30, and the efficiencies (defined as the thrust times the velocity divided by the rate
of chemical energy release) range from 0.09 to 0.26. Tables of thrust pressure ratios and efficiency data and
representative plots of the pressure fields around the projectiles are presented.

I. Introduction

STUDIES carried out at the University of Washington
since mid-1983 have led to a promising new technique

called the "ram accelerator," by which relatively large masses
(up to thousands of kilograms) can in principle be efficiently
accelerated to velocities up to 12 km/s by utilizing chemical
energy in a new manner.1 5 While the gasdynamic principles
of the ram accelerator are similar in many respects to those of
the conventional airbreathing ramjet, the device is operated in
a different manner. A conventional ramjet consists of an outer
cowling and an internal body comprising a forward super-
sonic diffuser, a combustion section, and a convergent-diver-
gent nozzle. In the ram accelerator concept, the internal body
is a projectile fired into a tube and the cowling is now the wall
of the tube. This affords the ability to control the pressure,
composition, chemical energy density, and speed of sound
(and hence Mach number) of the gas entering the ramjet
engine. The gaseous propellant, consisting of premixed fuel
and oxidizer such as methane and oxygen or hydrogen and
oxygen, fills the tube so that no fuel or oxidizer need be
carried by the projectile. Since the fuel and oxidizer are
premixed, the difficulties in obtaining rapid and complete
mixing encountered in conventional subsonic combustion and
supersonic combustion ramjets are circumvented.

A number of modes of ram accelerator operation, which in
principle span the velocity range of 0.7-12 km/s, have been
developed and studied. These include two subsonic combus-
tion modes (one of which involves thermally choked combus-
tion), a normal overdriven detonation mode, and several
oblique detonation modes. The oblique detonation type 1
mode achieves ignition on the reflection of the projectile nose
cone shock (Fig. 1). The oblique detonation type 2 mode
relies on a sudden, steep, but small increase in projectile
radius to initiate a detonation wave (Fig. 2). In this case, the
compression process upstream of the steep radius increase is
made gradual enough not to initiate combustion. The remain-
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der of this paper deals with computational studies of the
oblique detonation modes. Details of the other modes are
presented elsewhere.1'3-5 In Sec. II, the computational method
used in the investigation of the oblique detonation modes is
described briefly. Section III presents a detailed discussion of
the computational results.

II. Computational Method
The computational method is described briefly herein. Ad-

ditional details are given in Ref. 6. The code is two-dimen-
sional and axisymmetric and can be divided in the radial
direction into multiple zones containing different media. The
gridding can slide in the radial direction to preserve the
integrity of the media of the zones. The governing equations
are the two-dimensional Euler equations, written in conserva-
tion form.

A gas equation of state is used that is perfect volumetrically
and takes e = JCr dT from the JANNAF tables,7 where e is

CENTERLINE

Fig. 1 Oblique detonation type 1 mode. 5 denotes nose cone shock
wave and /), oblique detonation wave.

/, PROJECTILE

Fig. 2 Oblique detonation type 2 mode. 5 denotes shock waves and Z),
oblique detonation wave. Inset: Magnified view of ramp with length and
height indicated. The ramp size is exaggerated compared to the projec-
tile to tube wall spacing.



MAY-JUNE 1989 OBLIQUE DETONATION RAMJET-IN-TUBE CONCEPTS 277

internal energy, Cv is specific heat at constant volume, and T
is temperature. Combustion is modeled with a single global
Arrhenius expression for reactants -> products. The products
include all major mass fraction species with fixed mass frac-
tions determined from separate equilibrium combustion calcu-
lations.

All results presented in the following section are obtained
from converged steady-state solutions. These solutions con-
verge faster than the time required for an appreciable increase
in projectile velocity, and hence, the steady-state solutions
should be close approximations to flows over a real accelerat-
ing projectile.

Rough estimates of viscous and high-temperature effects
were made to check the validity of neglecting them in the
flowfield calculations. These estimates were based on a carbon
projectile traveling at 9.0 km/s in a mixture of 8H2 + O2 at
1.0 x 108 dyne/cm2 and 300 K, which is typical of the follow-
ing cases presented. The Reynolds number based on projectile
length is on the order of 1.0 x 109; therefore, the boundary
layer is assumed to be turbulent and has an estimated momen-
tum thickness at the end of the projectile of about 1 % of the
maximum projectile radius. Hence, the external flowfield is
little influenced by the boundary layer. As for radiational
effects, the estimated black-body heat flux at the projectile
surface is only about 7% of the convective heat flux. Since
this represents the maximum possible radiative heat flux,
neglecting radiation is reasonable for these calculations.

Rough estimates of skin friction and ablation were made
using the skin-friction calculation techniques of van Driest8

modified using the data and correlations of Jeromin9 and
Knuth and Dershin10 to allow for ablation effects. Friction
was found to reduce thrust and efficiency by 20-50%, depend-
ing on velocity and whether or not ablation occurred. Also,
the estimated retreat of the projectile surface was only about
1 % of the maximum projectile radius for acceleration up to
6 km/s, and then became large very rapidly. One method for
reducing ablation is the use of the stratified charge mode
discussed in the next section.

III. Discussion of Results
A. Type 1 Oblique Detonation Mode

In the type 1 detonation mode, the projectile is injected into
a tube section at a speed higher than the detonation speed of
the surrounding gas mixture. Flow parameters are chosen so
that the first or second reflection of the conical nose shock
initiates combustion (Fig. 1). A detonation wave develops at
the reflected shock front, where combustion occurs in a thin
layer. The heated gas expands through the nozzle formed by
the projectile rear and tube wall, producing thrust.

We investigated the following gas mixtures at an initial
temperature of 300 K and pressure of 1.0 x 108 dyne/cm2:

1) 8H, + O2
2) 2H7 + O2 + 3.48CO2
3) 2H~ + 02 + 2N2
4) 2H2 + O2 + 6N2
5) 2H2 + O2

The projectile shape studied consisted of a conical nose
section, a cylindrical center section, and a conical tail section
(Fig. 1). The transitions from nose to center section and from
center section to tail were faired with parabolic curves. Perfor-
mance surveys were conducted to optimize the projectile-to-
tube wall radius ratio, using a fixed tube radius of 1.5 cm and
nose and tail half-angles of 14deg. The tube radius was
somewhat arbitrarily chosen but is reasonable for a labora-
tory device. In the surveys, the projectile length was held
constant at 14.7cm; as the maximum projectile radius was
varied, the length of the center section also varied, since the
nose and tail angles were kept constant. These surveys were
done at a projectile velocity of 7.0 km/s in mixture 1, based on
previous one-dimensional calculations of oblique detonation
mode performance.1 The optimal projectile radius was deter-
mined to be 1.29 cm. This optimum was selected to maximize

the thrust pressure ratio, which is defined as the thrust divided
by the projectile cross-sectional area divided by the maximum
pressure occurring anywhere on the projectile or tube wall.
This ratio is an important performance parameter as it pro-
vides a measure of the device's launch capability vs the
maximum pressure that the projectile and barrel must survive.
Another important parameter is the ballistic efficiency, defined
as thrust times projectile velocity divided by the rate of
chemical energy release in the combusting flow.

The velocity operating envelope was then determined by
varying the velocity of the 1.29-cm-radius projectile. Each
case required about 30 h CPU time on a DEC Micro VAX II
computer. The projectile velocity was reduced until no com-
bustion occurred due to insufficient heating of the mixture
through the shock waves. The lower operating limit for
mixture 1 was 6.25 km/s. A case at 5.5 km/s resulted in no
combustion and negative thrust. At 6.25 km/s, combustion
stabilized at the second reflection of the initial conical shock
wave, degrading performance. The upper velocity limit for
mixture 1 was 9.0 km/s. At 10.0 km/s, the leading shock wave
strength was sufficient to initiate combustion prematurely,
subjecting the projectile nose to high pressure and resulting in
negative thrust.

Similar surveys were done for the other four gas mixtures.
Figure 3 shows curves of thrust pressure ratio vs projectile
velocity for all five gas mixtures. Figure 4 shows the corre-
sponding efficiency curves. For mixture 1, it is evident that the
optimal operating velocity is near 7.0 km/s, having a thrust
pressure ratio of 0.12 and an efficiency of 0.26. This thrust
pressure ratio corresponds to a thrust of 3.13 x 109 dynes.
Three important results can be obtained from Figs. 3 and 4.
First, the velocity range of operation of a projectile can be
extended by changing the molecular weight of the diluent gas.
The operating range of the projectile can be increased from
6.25-9.0 to 3.5-9.0 km/s by using nitrogen as a diluent at the
lower velocities. Second, if there is too much diluent (e.g.,
mixture 4), the mixture becomes very weak, and low thrust
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Fig. 3 Oblique detonation type 1 thrust pressure ratio vs projectile
velocity.
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Fig. 4 Oblique detonation type 1 ballistic efficiency vs projectile
velocity. Gas mixtures are the same as in Fig. 3.
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pressure ratios and efficiencies are obtained. The minimum
amount of diluent should therefore be used, consistent with
the desired velocity range. Third, lower specific heat ratio
diluents (e.g., mixture 2) produce lower or negative thrust
pressure ratios and efficiencies. The present CFD results bear
out earlier one-dimensional computational studies in this
respect.}

We produced graphical code results using a standard con-
tour plotting package. Figure 5 illustrates the pressure con-
tours around the projectile moving at 7.0 km/s in mixture 1.
Note that only the outer third of the flowfield is shown for
clarity. The nose of the projectile is, therefore, well to the left
of the x = 0 point. Going from left to right in the flowfield, we
see the nose cone shock, the reflected oblique detonation wave
impinging on the projectile at the forward projectile shoulder,
a series of reflections of shocks and expansion waves of
decreasing strength over the center section of the projectile,
and finally, the expansion wave system over the tail of the
projectile.

B. Type 2 Oblique Detonation Mode
In the type 2 oblique detonation mode, combustion is

initiated in a different manner. Whereas careful flow parame-
ter "tuning" is necessary for successful ignition in the type 1
mode, the onset of combustion is "forced" in the type 2 mode
by the insertion of a steeply sloped ramp in the projectile
profile at the location where ignition is desired (Fig. 2). The
resulting sharp compression of the combustible gas produces
a detonation wave that is stationary with respect to the
projectile. The ramp may be split into discrete bumps spaced
azimuthally around the projectile body to reduce the drag
penalty on the forward slopes of the bumps. Since our code is
axisymmetric, the ramp has to be axisymmetric, extending
completely around the projectile. The drag on the forward-
facing surfaces of the ramp will degrade the performance
more than if discrete bumps were used. Therefore, we calcu-
lated two sets of thrust pressure ratio and cycle efficiency
values for each case studied. One set includes the effect of the
additional drag on the initiation ramp, while the other ignores
it. Thus, the values for the corresponding discrete bump
configuration are bracketed. Also, for the type 2 oblique
detonation mode calculations, thrust pressure ratios were
calculated based on the maximum pressure exerted on the
projectile, excluding tube wall pressures. Maintaining projec-
tile integrity under sustained high-pressure loading is neces-
sary, of course. Although the tube wall may experience higher
pressures, even in excess of its yield stress, the duration of the
loading can be made short enough that the material does not
deform sufficiently to yield. Using the barrel in this mode
permits higher operating pressures, proportionately reducing
the barrel length required to achieve a given velocity.

As in the type 1 oblique detonation studies, we ran type 2
projectile geometry optimization tests at 7.0 km/s in mixture
1. About 75 h CPU time on a DEC Micro VAX II computer
were required to complete each of these cases. Because nose
shock strength was no longer critical in the ignition process, a
more slender nose cone half-angle of 7 deg was chosen to
extend the high-speed predetonation velocity limit beyond
that of the type 1 mode. A rear cone angle of 10 deg was
chosen to limit the flow expansion rate. If the rear cone angle
is too large, the expansion wave system on the rear of the
projectile can cause the pressures on the rear cone to drop so
low that the thrust is severely degraded. Also, if the angles are
larger still, code failure can occur when densities and internal
energies attempt to go to zero in the expansion wave system.

We found that with a ramp length of 0.135cm, a ramp
height of 0.04cm (see Fig. 2) was the minimum necessary to
initiate combustion reliably at this velocity. The maximum
radius for the optimized projectile (with respect to thrust
pressure ratio and efficiency) was 1.0 cm for the type 2 mode
vs 1.29 cm for the type 1 mode (for a 1.5-cm-radius tube). The
smaller value was chosen because higher thrust pressure ratios

were obtained while maintaining satisfactory cycle efficiency.
Performance parameters proved to be very sensitive to projec-
tile length and ramp placement. If the ramp is considerably
upstream of the point where the reflection of the nose cone
shock intersects the projectile surface, the gas impinging on
the ramp is relatively expanded and cool and ignition is very
difficult. On the other hand, by placing the ramp somewhat
downstream of the point where the reflection of the nose
shock intersects the projectile surface, the gas impinging on
the ramp is relatively compressed and hot, making ignition
much easier.

In the region downstream of the detonation wave, the
location of the reflected wave pattern relative to the projectile
surface proved to be very important. Thrust is only developed
when high pressures occur on the tail of the projectile. Highest
thrusts are obtained when a reflection of the oblique detona-
tion wave impinges on the projectile in the neighborhood, but
somewhat downstream of, the rear shoulder of the projectile.
Large differential thrust elements are then produced on the
upstream part of the tail, which, of course, carries the major-
ity of the possible thrust-producing area. If the wave system is
disposed with respect to the projectile so that this critical part
of the projectile tail is in a relatively low-pressure expansion
region, the projectile performance is much poorer. The exact

Fig. 5 Pressure contours surrounding oblique detonation type 1 projec-
tile moving at 7.0 km/s in mixture 1 (8H2 + O2), The pressure values
shown are scaled by 1.0 x 10 ~8 dyne/cm2. The vertical scale is exagger-
ated 3.51 times.

Fig. 6 Pressure contours surrounding oblique detonation type 2 projec-
tile with a 0.04-cm-high ramp moving at 8.0 km/s in mixture 1
(8H2 -|- O2). The pressure values shown are scaled by 1.0 x 10~8 dyne/
cm2. The vertical scale is exaggerated 2.57 times.
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disposition of the wave system varies, of course, with projec-
tile velocity, but, as will be shown, a properly designed
projectile does have a substantial range of operating velocities
in a given gas mixture.

Figure 6 illustrates the pressure wave pattern surrounding a
22.5-cm projectile traveling at 8.0 km/s in mixture 1. In Fig. 6,
we can see the nose cone shock, followed by the expansion
wave emanating from the front shoulder of the projectile. The
nose cone shock reflects from the tube wall and impinges on
the projectile somewhat upstream of the ramp. The ramp
initiates the oblique detonation wave, which then reflects as a
shock from the tube wall and impinges on the projectile near
the rear shoulder. The expansion flow over the projectile tail
is complicated by two further reflections of the oblique deto-
nation wave shocks and the expansion wave system emanating
from the rear shoulder. There is some recompression near the
rear tip of the projectile due to flow turning.

Projectile lengths of 20.0, 22.0, and 22.5 cm were studied.
The only difference between these three projectiles was the
length of the cylindrical section downstream of the ramp.
Type 2 oblique detonation thrust pressure ratio and efficiency
results are shown in Figs. 7 and 8, respectively. At 7.0 km/s in
mixture 1, the 20.0-cm projectile exhibited the highest thrust
pressure ratio of 0.301, corresponding to a thrust of
2.28 x 109 dynes. The 22.5-cm projectile achieved a maximum
thrust pressure ratio of 0.279 at 9.0 km/s in mixture 1, corre-
sponding to a thrust of 2.15 x 109 dynes. These values do not
include the drag produced by the ramp, and the thrust
pressure ratios are based on the maximum pressure experi-
enced by the projectile itself. Table 1 compares these results
with those from the type 1 oblique detonation study using
mixture 1. Thrust pressure ratio Rp and cycle efficiency q
values are also given, calculated using 25% of the ramp drag
to simulate a projectile with discrete bumps occupying 25% of
the 2n azimuthal ramp angle.

Using the values from Table 1, including 25% ramp drag,
we see that Rp values for the type 2 mode (0.26-0.28) are
much greater than those for the type 1 mode (0.05-0.12) for
the velocity range studied here. The efficiency of the type 1
mode is greater than that of the type 2 mode at 7 km/s but less
at 9 km/s. Our opinion is that, overall, the type 2 mode is
superior, Rp being greater for this mode by a factor of
~2.3-5.0, while r\ is comparable or, at worst, less by a factor
of -1.5.

A velocity survey revealed that the longer projectile oper-
ated over a wider velocity range in the same mixture. The
highest successful velocity was 7.5 km/s for the 20.0-cm pro-
jectile and 9.0 km/s for both the 22.0- and 22.5-cm projectiles.
For the type 2 mode, high velocity failure occurs when the
detonation and its reflected wave system become stretched out
toward the projectile rear to the point that the critical thrust-
producing area of the upstream part of the projectile tail is
mainly subject to relatively low pressures. The net thrust then
becomes negative. The high-velocity failure mechanism for the
type 2 mode is thus quite different than that for the type 1
mode, where the high-velocity failure mechanism is predeto-
nation on the initial nose shock. The combustible gas mixture
can be varied as necessary along the tube length to control the
flight Mach number and retain a near optimal thrust-produc-
ing flow pattern.

C. Stratified Charge Mode
At velocities above about 6.0 km/s, ablation problems must

be addressed. One proposed method to reduce the stagnation
temperatures experienced by the projectile body is to fly it
through a pure hydrogen gas core surrounded by a com-
bustible gas mixture. The resulting increase in the speed of
sound of the core flow reduces the Mach number and, there-
fore, lessens the severity of projectile nose heating and mass
loss due to ablation. Also, the relatively cool hydrogen would
provide an effective thermal shield between the hot combus-
tion products and the projectile surface. This technique would
also greatly reduce the frictional drag on the projectile.

The multiple material zone capability of the code can be
used to model such a scenario. Case studies of a type 2
oblique detonation projectile flying through such a stratified
gas have been made. The gas was stratified as follows. A
1.5-cm-radius tube contained pure hydrogen gas from the
center to half-tube radius; the remainder of the tube was filled
with a stoichiometric hydrogen-oxygen mixture. The compu-
tational model contained six cells in the radial direction in
each of the two gas zones. The interzone boundary was
assumed impermeable but movable.
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Fig. 7 Oblique detonation type 2 thrust pressure ratios vs projectile
velocity for projectile lengths and gas mixtures indicated.
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Fig. 8 Oblique detonation cycle efficiency vs projectile velocity for
projectile lengths and gas mixtures indicated in Fig. 7.

Table 1 Comparison of type 1 and type 2 oblique detonation modes performances

Mode

Type 2
Type 2
Type 1
Type 1

Velocity,
km/s

7.0
9.0
7.0
9.0

Length,
cm

20.0
22.5
14.7
14.7

Ramp drag

*,

0.301
0.279
0.123
0.048

ignored

n
0.192
0.181
0.264
0.134

25%

RP

0.281
0.259

ramp drag

17

0.180
0.168
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A projectile having a 7-deg nose cone half-angle and a
1.0-cm radius upstream of the ramp moving at 10.0 km/s
through a 1.0 x 108-dyne/cm2 stratified mixture was taken as
a benchmark case. As for the type 2 oblique detonation mode,
the initiation ramp was located somewhat downstream of the
location where the .reflection of the nose cone shock intersects
the projectile surface. For a ramp length of 0.135 cm, as was
used for the type 2 oblique detonation case, a survey was
conducted to determine the minimum ramp height necessary
to initiate combustion in the outer gas zone. The maximum
height investigated was 0.050 cm. A ramp height of 0.035 cm
was found to be the smallest necessary to promptly initiate
combustion throughout the outer combustible gas zone at
10.0 km/s, corresponding to an angle of 14.5 deg. A 0.030-cm
ramp height also propagated a shock wave of sufficient
strength to ignite the outer mixture. However, the point of
complete combustion was downstream of the ramp location
by about 3.0 cm, requiring a longer projectile for only a
moderate decrease in ramp drag. (The ramp drag for ramp
heights of 0.030 and 0.035 cm were 0.320 and 0.444 times that
for a 0.050-cm ramp height, respectively.) Therefore, the
0.035-cm ramp height was chosen for further study. The ramp
drag for the 0.035-cm ramp height case was 0.235 times the
projectile thrust obtained ignoring ramp drag.

Since ignition does not occur on the ramp itself in the
stratified charge mode, but rather in the outer gas zone, the
shock wave produced by the ramp (or bumps in the three-di-
mensional case) must retain sufficient strength through the
core gas zone. Therefore, discrete bumps would likely have to
cover more projectile circumference than in the single-gas
zone oblique detonation type 2 mode. A figure of 50%
circumferential coverage was arbitrarily chosen for the
stratified charge mode performance parameter calculations. A
25% circumferential (azimuthal) coverage had been used for
the single-gas oblique detonation type 2 mode calculations.
Tail cone half-angles of 10 and 5 deg were investigated. Both
produced positive thrust, but the more gradual expansion of
the 5-deg case resulted in a higher efficiency and thrust
pressure ratio than was achieved by the 10-deg tail, as shown
in Table 2. For tail angles of 10 and 5 deg, the projectile
lengths were 28.5 and 33.6 cm, respectively. It is possible that
the previously discussed oblique detonation modes would also
benefit from a more gradual expansion, but the high velocity
limitations of the type 1 mode and the severity of the projec-
tile heating of the type 2 mode would not be affected.

Figure 9 illustrates the pressure field produced by a projec-
tile with a 0.035-cm ramp height and a 5-deg tail half-angle
operating at 10.0 km/s in the stratified charge mode. In Fig. 9,
one can see the nose cone shock, followed by the expansion
wave emanating from the front shoulder of the projectile. The
nose cone shock reflects from the tube wall and intersects the
projectile surface somewhat upstream of the initiation ramp.
The initiation ramp propagates a shock wave out toward the
detonable gas mixture, which detonates, propagating detona-

tion/shock waves both outward toward the tube wall and
inward toward the projectile. The reflection of the detonation
wave from the tube wall then impinges on the projectile in the
neighborhood of the rear shoulder, essentially canceling the
expansion wave system that normally would emanate from
this shoulder. Thus, the pressure is kept reasonably high on
the critical thrust-producing area of the forward part of the
projectile tail, and good performance is obtained. Note that
the hydrogen core, indicated by the dotted line, is very much
volumetrically compressed following the initiation of the deto-
nation wave.

Since the computational model is inviscid and has a zone
boundary at the gas interface, turbulent mixing at the inter-
face shear layer is not modeled. A large amount of turbulent
mixing could cause the protection of the projectile by the
hydrogen core to be compromised. Rough estimates of the
shear-layer spreading rate have been made; these suggest that
thermal protection of the projectile using a hydrogen core, as

qxiol distance

Fig. 9 Pressure contours surrounding a projectile with a 0.035-cm-high
ramp height moving at 10.0 km/s in a stratified charge with an H2 core
surrounded by a 2H2 + O2 mixture. The pressure values shown are
scaled by 1.0 x 10 ~8 dyne/cm2. The vertical scale is exaggerated 3.93
times. The gas interface is shown dashed.

Table 2 Performance of stratified charge mode

Ramp Tail Ramp drag ignored 50% ramp drag
height, half-angle, ———————————— ————————————
cm deg R Y] R rj

0.050
0.050
0.035

10
5
5

0.134
0.191
0.283

0.076
0.108
0.100

0.088
0.145
0.250

0.050
0.082
0.088

Table 3 Comparison of type 1 and type 2 oblique detonation and stratified charge modes

Ramp Ramp drag ignored Partial ramp drag

Mode

Type 1
oblique
detonation

Type 2
oblique
detonation

Stratified
charge

Stratified
charge

km/s

9.0

9.0

9.0

10.0

cm Rp

(No ramp) 0.048

0.040 0.279

0.040 0.269

0.035 0.283

Y\

0.134

0.181

0.104

0.100

RP

—

(25%
0.259

(50%
0.214

0.250

n

—

ramp drag)
0.168

ramp drag)
0.082

0.088
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proposed in the stratified charge mode, may well be feasible,
even allowing for shear-layer spreading.

Substantial reduction of stagnation temperature at the pro-
jectile surface is afforded by the stratified charge mode. At
lO.Okm/s, the peak stagnation temperature at the surface of
a projectile having a 0.035-cm ramp is 3310 K, compared to
~8000K estimated for the same projectile at the same vel-
ocity in a uniform 8H2 + O2 mixture. (The latter temperature
was estimated from code output parameters and assumes an
average specific heat value estimated from the JANNAF
tables.7) The problem of projectile ablation is, therefore, greatly
reduced by employing the stratified charge configuration.

Table 3 compares the highest operating velocity cases for
the type 1 and type 2 oblique detonation modes and the
stratified charge mode. Only the stratified charge mode oper-
ated successfully at 10.0 km/s, producing a thrust of 2.04 x
109 dynes, including ramp drag. For direct comparison with
the other two modes, a stratified charge test case was run at
9.0 km/s with a ramp height of 0.04 cm and a 5-deg tail. The
Rp for the stratified charge mode at 9.0 km/s was 17% less
than the Rp for the type 2 oblique detonation mode at
9.0 km/s, but more than four times the Rp for the type 1
oblique detonation mode at 9.0 km/s. There is a penalty for
the use of the stratified charge with respect to efficiency,
however. Referring to Table 3, the stratified charge case has
an efficiency of 0.082 at 9.0 km/s vs efficiencies of 0.134 and
0.168 at 9.0 km/s for the type 1 and type 2 oblique detonation
modes, respectively.

At 10.0 km/s with a ramp height of 0.035 cm, the stratified
charge mode produced higher values of Rp and efficiency,
0.250 and 0.088, respectively. Referring to Table 3, this value
of Rp compares favorably with the type 2 oblique detonation
mode at 9.0 km/s and is more than five times the Rp for the
type 1 oblique detonation mode at 9.0 km/s. Again, there is a
penalty for the use of the stratified charge with respect to
efficiency. The stratified charge case has an efficiency of 0.088
at 10.0 km/s vs efficiencies of 0.134 and 0.168 at 9.0 km/s for
the type 1 and type 2 oblique detonation modes, respectively.
It may be possible to raise the efficiency of the stratified
charge mode somewhat by increasing the maximum radius of
the projectile. This increase in rj would probably be accompa-
nied by a decrease in Rp.

IV. Conclusions
Ramjet-in-tube techniques can, in principle, be used to

accelerate masses up to thousands of kilograms to velocities
up to 10.0 km/s by chemical means. CFD calculations of three
oblique detonation ramjet-in-tube drive modes have been
presented; the widest operating velocity range demonstrated
here is 3.5-10.0 km/s. At optimum operating conditions, the

thrust pressure ratios (defined as the effective thrust pressure
divided by maximum cycle pressure) for the three modes
range from 0.12 to 0.30, and the efficiencies (defined as the
rate of change of kinetic energy divided by the rate of
chemical energy release) range from 0.09 to 0.26.

Experimental verification of these computational studies
will be conducted at the University of Washington at veloc-
ities in the 2-3 km/s range. Higher velocity verification will be
pursued in other facilities at later dates.
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