L] .
United States Patent 9 (11] Patent Number: 4,938,112
Hertzberg et al. (451 Date of Patent: Jul. 3, 1990
[S4] APPARATUS AND METHOD FOR THE

ACCELERATION OF PROJECTILES TO OTHER PUBLICATIONS

HYPERVELOCITIES Letter dated 2/15/85 by Alan Glasser to Dr. William

, ) Gerberding, 2 pages.
[75] Inventors: Abraham Hertzberg, Bellevue; Adam “The Electrothermal Ramjet” Wilbur, Mitchell, and
P. Bruckner, Seattle; David W. Shaw, J. Spacecraft, vol. 20, No. 6, Nov.-Dec. 1983, pp.
Bogdanoff, Bellevue, all of Wash. 603-610.
“Exhibit A-Glasser Disclosure”, Tube-Accelerated
[73] Assignee: Washington Research Foundation, Hypervelocity Projectile, a New Approach the High
Seattle, Wash. Muzzle Velocity Guns.
“Exhibit B-Meyerand Disclosure”, Technology Dem-
[21] Appl No.: 946,439 onstration of a Tube-Accelerated Hypervelocity Pro-
jectile, Aug. 24, 1982.
[22] Filed: Dec. 23, 1986 Primary Examiner—Stephen C. Bentley
Attorney, Agent, or Firm—Christensen, O’Connor,
Related U.S. Application Data . Johnson & Kindness .
[63] Continuation of Ser. No. 623,829, Jun. 22, 1984, aban- [571 ABSTRACT
doned. A projectile is initially accelerated to a supersonic ve-
locity and then injected into a launch tube filled with a
[g;] {Jn.ts CIC.IS 89 /7F23f2%010 gaseous propellant. The projectile outer surface and
152] o ’ 89./22 launch tube inner surface form a ramjet having a dif-
" fuser, a combustion chamber and a nozzle. A catalytic
[58] Field of Search ..................... 60/723, 270.1; 8899/78, coated flame holder pro_]ecting from the projectile ig‘
/ nites the gaseous propellant in the combustion chamber
. thereby accelerating the projectile in a subsonic com-
[56] References Cited bustion mode zone. The projectile then enters an over-
U.S. PATENT DOCUMENTS driven detonation wave launch tube zone wherein fur-
2,552,497 5/1951 Roach et al. . ther projectile aqceleranon i§ achieved by a fox:mefl,
3,126,789 3/1964 Meyer . controlled overdriven detonation wave capable of ignit-
3,148,587 9/1964 Melhart . ing the gaseous propellant in the combustion chamber.
3,213,802 10/1965 Fod .ourmersrmmmssssssmssessenseseen 104/138.1  Ultrahigh velocity projectile accelerations are achieved
- 3,253,511 5/1966 Zwicky 89/8 in a launch tube layered detonation zone having an
3,357,306 12/1967 Boyd et al. . inner sleeve filled with hydrogen gas. An explosive,
3,388,633 6/1968 Kirshner . which is disposed in the annular zone between the inner
3,411,403 11/1968 Rodenberger . sleeve and the launch tube, explodes responsive to an
3,418,878 12/1968 Stricklin . impinging shock wave emanating from the diffuser of
g’gg’g %iggg I;:g;a;clilet al. . £9/16 the accelerating projectile thereby forcing the inner

Py P T sleeve inward and imparting an acceleration to the pro-

4,003,313 1/1977 Puchalski . s . P . L o .

4098 194 7/1978 Miller et al. . jectile. For applications wherein solid or liquid high
4170875 1071979 Edwards . explosives are employed, the explosion thereof forces
4244293 1/1981 Grosswendt et al. . the inner sleeve inward, forming-a throat behind the
4,686,826 8/1987 Koshoffer et al. .oeecererecnens 60/261 projectile. This throat chokes flow behind, thereby

FOREIGN PATENT DOCUMENTS
19654 5/1915 France .

MITIAL 22 22
ACCE, FRA7OR

imparting an acceleration to the projectile.

14 Claims, 11 Drawing Sheets

-2




4938112

Jul. 3, 1990 Sheet 1 of 11

U.S. Patent

&7 o7
orZ o9 £2 Q_.\ (V75 %% )a 7565
1 “ " f ,
| |
' “ !
00/ . ._ 1
INOZ MIpKT | INOE NOUYNALIL)  TNOE _
FASOTNT " NINMIEING  \WOUTIEHO? DINCSENIS | you 87170
96 " £6 " 7% Ve
06~
T 7
L R
SHOLVETTIION ALI2OTIA HIIH LY T TTIOY
% 474 o7 TVLIYY

b4

e

2/

7 XX T Z T I T I TV TIIZIIIZEII T

T LI I T T TE TP TE T IE L I IS T LT L LT 4T I 2T IS IT II LT T IL I I T 1) g o7 47 o7 47 77 IF

IO I IV I I IF




Jul. 3, 1990 Sheet20f11 4,938,112

US. Patent |

I

S v ST ww o

ve

I
|

_uH x 1A

L AT N S T S W Gt e A v o Y A AP S At ar G A A vy i o

LANNNY_A

D
H

V4

i

74

43

S S W N A ST HA N T T S S

Il | wm 1%
7 AR
V4

7€

A A N HE T ST DA e T e v .



Jul. 3, 1990 Sheet3of11 4,938,112

U.S. Patent

SUALY 990 6t  bLE/ZS/ 080Kk 005U ops MY 22 O
G2/t £97 99 sl OZEXS 005V opfE S S/ 574
eIl 99 b0/ SIE/F92 Os8BE  00ST  ops SWHIY 297 OO/
025958 625 B4l EEELLSS OLEDZ 0051 OpE SWMTY vt ogF

2L/ /@ OV 61725/ OO/EE OLO¥ 0§/ 773s 22 o/
&2/ oz 6%/ E/5507 O6EFZ OLON% 0§/ TIUS & k74
2/1°41 /8 LEZ SI8/92 O9£%/ olok os/  7IUS  ZZ oo/
095/9 58 #0+ S0 EBELNS 0868 L0 0§/ T7US 8¢ 005

(Sy)  (myomm) (W) () ($6)  (qm (W) (4 \m&
eo SSKlY =~ HENTT qoral NOYYITIVY Iy TSI THYSIY S
OSSKW  THEVE TS TINNVE v SKOWW S¥oTVUM TINvE wumw%\w@ wk&@&.

7/ oo0 my\ Y AT BREC.SSTHUS T75568 W) 78105575 SK9 oW/
A ooo 77748 FW2BLE ALISNTA TN T L7005
WMWM“\.WW .MMMMW\«Q\\%S\ q-cl TSy §C IALWOTIN TN TTL,
78 y z ; TENLA FTUIO8
SSTUYILCOHS I TN T75YYS 27Uy Q) - ALIPOTTA TONVEUNT TTUITOS S
&7



US. Patent  Ju. 3, 199 Shetdof1 4,938,112

2 B0 3| g

LN A A e aar A wa AT e e e s




4,938,112

Sheet 5 of 11

Jul. 3,1990

U.S. Patent

2t 8L & Se - IEETLS 08692 22/ oy o<
BOL2ZZ 6/ 09 EBEEZ 0886/ sy 74 o
Yo 2% oL 96 96 4E W OB 29z cor 237
&80z 65t o6¢ t  EQSIEET OZE Y Lt oos 0§
Of/2€ SE 774 I5P/24/ o8 97 74 174 ot
U 8 LG Lz EQsEEZ 0996/ sy §74 ot
£05/28 SE £t PTE/LE  CZF2/ 29z oo/ o#
L1 65/ } 744 ¥74 EL5EES OZEL grt o0s o¢
Gy mosiw) (%) (W) (56) (%) (4
s ke S R N Sty b Ty
) . gwibLz  SALNTA FIRETNY TTUIT O
gt/ o00% MMy PELO . SSTYS TIYHVE W TS0 SV Xy W
(eMyb) (w2z) : Exmwwwm“ .w&%@&ﬂw\%«w&&
ALSKIT  SETHUSKEYY  THIETLoW (VLY LNTHOD TI8HIEN)Z0/ T | LN T 17O
SSTUHIIORT THISUCH 1788YS a5/ My 52 SALIIOTTN FONVHINT T U700

YA 2



U.S. Patent

~
Q
|

RELATIVE PRESSURE
o
o
1

Jul. 3,1990 Sheet6of11 4,938,112
Fig. ba.
34 00 30 5 /4

(OO PO IL T I I I

=

0.2,




US. Patent  Ju.3,199%  Sheet7ofit 4,938,112
Fig 10. | |

e,
AN

&8

NN
IT




Jul. 3,1990 Sheet 8 of 11 4,938,112

U.S. Patent

THI5578a NVOLLWNOLTT FANTIN/ LON 5700

%\ow.. oUE” or99 or FH 4
414 $96° /%74 L/ FH e/
SE0°0 V3327 097 005 Coreyy e
-— -—= w2y w2y ——— 075/ My
G 755784 Sv0 WIHIYw) *THT5578d  TUEERL AL12079A |

ANINITT  [TNSSTH AT ITIAT) VD i TMSOTaNT 708

STIE DT Of THV ST7NE-TTHY TV Y78 ANy CHIM0T 7 7UIT 05

HoOOE LY ATTVIUING NTIOKAAK N/ S7AIY 7TUI7 0N

STIWUD X OLVE 777200 WY Novwvaelsd
A7EH 7 S0 SNOUE 7170780 A0 SLUZY AXVNIKI 2785

‘27 Hrg




4,938,112

Sheet 9 of 11

Jul. 3, 1990

U.S. Patent

_ — . ) —/
<7 Bz, | |
S O7: ! N/ 2/ 7/ |
zZir- 4 N
7= W
(Y LTH DN OE/ (YY) &op/ (YUK Yo/
25 i - ww_\u\\ 9F=H, TEHW  9IW
- L) .\IQN\ )NN \
F7 A7, %L 0| wsvo o2 Z SKo I SKo
— 1 — oz
oy A WO . mw.m\ VOE/ p”
Y4



U.S. Patent
g 17.

L15 Km/5ec

TIME

Jul. 3,1990

Sheet 10of 11 4,938,112

PROTECTLE P//}‘<\ 2 hin 60

puiannt—

L GAS HRTICLE
s ;;147 HS

4 V= 0339
qas Am/so¢

CENTERED
EXUANSION AN

DISTANCE

/50a—_ ¥ /50

e

(70 ,

/(o

' L/ez

]
A /508
/! éj 0 L‘ Kl;;ﬂo

Fiiy. 16.



US. Patent  Jui 3,1990 Sheet 11 of 11 4,938;112 _
.ﬁlyzi.o |

/82

P = INTIAL TUBE PRESSURE
F = AMBIENT ARESSURE AT DIFFUSER IMLET

R Pt SCOMBUSTION CHAMBER FRESSURE -
P pay = AXIMUN PRESSURE 1N BARREL
o) | | ] 1 1
.6 g 10
0 2 4
- Guigna9.

V= PROJECTILE VELOLITY

Yisax =AHX. ROJECTILE VELOCITY
2 @ = ACCELERATION .
@y, MAX. ACCELERATION

o i . 1 | 1
17 2 4 3 &S /.0



4,938,112

1

APPARATUS AND METHOD FOR THE
ACCELERATION OF PROJECTILES TO
HYPERVELOCITIES

The invention described and claimed herein was
made with U.S. government support, and it is hereby
acknowledged that the government has certain rights in
the invention.

This is a continuation of the prior application Ser.
No. 623,829, filed June 22, 1984, now abandoned, the
benefit of the filing dates of which are hereby claimed

_under 35 USC 120.

BACKGROUND OF THE INVENTION

The present invention pertains to apparatus for, and a
method of accelerating objects to high velocities and,
more particularly, to an improved apparatus and
method for accelerating projectiles to extremely high
launch velocities. . :

Numerous approaches to launching projectiles are
known to the prior art. For example, in light gas guns
and powder guns a projectile is accelerated by means of
a high-pressure gas released behind the projectile within
a barrel. A principal limitation with light gas guns and
powder guns is that the maximum velocity of the pro-
jectile is limited to 1.5-2.0 times the initial acoustic
velocity of the driving gas. That is, eventually the pro-
jectile is accelerated to a velocity that exceeds the speed
of sound in the driving gas, at which point the driving
pressure falls off rapidly. -

Another known technique for launching a projectile
is by means of a rocket propelled vehicle. Rockets are,
however, expensive launch systems due to the need to
carry substantial amounts of fuel and oxidizer. In addi-
tion, the additional mass of the fuel, oxidizer, tanks, and

" associated structure detracts from the payload of the
projectile, thereby substantially adding to the cost per
payload delivery.

Other projectile launching systems have been pro-
posed. For example, launching systems employing elec-
tric rail guns are presently under development, but
problems associated with the storage and switching of
the electrical energy levels involved have limited the
applications for this technique.

SUMMARY OF THE INVENTION

The present invention, therefore, is directed to im-
proved apparatus for, and a method of accelerating
projectiles to high launch velocities.

More specifically, this invention is directed to the
aforedescribed improved apparatus and method which
incorporates proven scientific principles to accelerate
projectiles to hypervelocities.

Briefly, projectile acceleration is accomplished in one
or more of three modes, namely, a subsonic combustion
mode, an overdriven detonation wave mode, and an
ultrahigh velocity mode.

In the subsonic combustion and overdriven detona-
tion wave modes, both a launch tube and a projectile are
provided, with the launch tube and projectile being
configured such that the projectile flies through the
launch tube with the projectile and launch tube forming
a ramjet having a diffuser, combustion chamber, and a
nozzle. The launch tube is filled with a gaseous propel-
lant, i.e., fuel-oxidizer mixture. An initial accelerator
injects the projectile into the launch tube at a predeter-
mined supersonic velocity relative to the gaseous pro-
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pellant. The gaseous propellant is then ignited by suit-
able means in the combustion chamber to thereby accel-
erate the projectile. .

In the subsonic combustion mode, ignition of the
gaseous propellant is, preferably, produced by a flame
holder that projects from the projectile such that the
gaseous propellant is ignited by the flame holder in the
combustion chamber. The flame holder is, preferably,
catalytic coated to promote combustion.

In the overdriven detonation wave mode, the projec-
tile diffuser preferably includes a predeterminedly
formed diffuser divergent region extending into the
combustion chamber such that upon the projectile
being accelerated to a predetermined velocity an over-
driven detonation wave capable of igniting the gaseous
propellant is produced in the diffuser divergent region.
Also, the projectile nozzle preferably is formed such
that the overdriven detonation wave is maintained in

. the diffuser divergent region.
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Preferably, the gaseous propellant is a predetermined
mixture of hydrogen gas and oxygen gas, although
other combustible gases including, but not limited to,
methane, ethane, or propane may be used as the fuel gas.
Also, to reduce pressure loading on the launch tube, the
projectile may include a shroud for containing the high
pressure portion of the projectile thermodynamic cycle.

In the ultrahigh velocity mode, provided is a launch
tube, a thin inner sleeve disposed within the launch tube
defining an annular zone between the inner sleeve and
the inner surface of the launch tube and a projectile that
is adapted to fly through the launch tube and inner
sleeve. The projectile has a provided nose configuration
for producing, at a predetermined projectile velocity, a
shock wave that extends to the annular zone. An explo-
sive material, which is disposed within the annular zone,
responds to the impinging shock wave from the projec-
tile to explode, thereby forcing the inner sleeve inward
and forming a throat behind the projectile. This throad
chokes the flow behind, thereby imparting an accelera-
tion to the projectile.

Preferably, the inner sleeve may be formed of metal,
plastic, carbon composite or other suitable material and
is filled with hydrogen gas.

In alternative aspects of the invention, the explosive
material in the annular zone is either a mixture of gases
such as hydrogen gas and oxygen gas, or a liquid or
solid high explosive.

In any of the three accelerating modes, the pressure
or composition of the gaseous medium within the
launch tube (or inner sleeve) is preferably predeter-
minedly varied, to thereby control the peak pressure on
the accelerating projectile. In one aspect of the inven-
tion, the launch tube is divided into predetermined seg-
ments, with each segment adapted to be filled with a
gaseous medium at a predetermined pressure and exhib-
iting a predetermined speed of sound such that as the
projectile accelerates through successive segments, the
peak pressure on the projectile is maintained within a
predetermined range by limiting the Mach number
range. The segments are defined by thin diaphragms
mounted within the launch tube, thereby isolating the
gaseous medium in one segment from the gaseous me-
dium in adjoining segments while being penetrable by
the accelerating projectile. Alternatively, the launch
tube can be filled with a gas which exhibits a smooth
variation of composition along the barrel such that the
speed of sound increases from the breech to the muzzle
in'a predetermined manner.
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In an alternative aspect of the invention, a rarefaction
wave is produced in the gaseous medium, which rar-
efaction wave is synchronized with the travel of the
projectile through the launch tube such that the pres-
sure on the accelerating projectile is maintained within
a predetermined range. This rarefaction wave may be
produced by venting the gaseous medium to ambient at
the muzzle end of the launch tube.

In a further aspect of the invention, the gaseous me-
dium in the launch tube may be preheated at predeter-
mined locations to thereby control the pressure on the
accelerating projectile. Both RF arc, and laser heaters
are suitable for this controlled heating.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a cross-sectional view illustrating a projec-
tile accelerating down a launch tube having both initial
and high-velocity accelerator portions;

FIG. 2 is a cross-sectional view of the projectile
within the launch tube and illustrates projectile acceler-
ation in the subsonic combustion mode;

FIG. 3 is a table setting forth various operating pa-
rameters for the subsonic mode projectile acceleration
as depicted in FIG. 2;

FIG. 4 is a cross-sectional view illustrating the pro-
jectile in the launch tube and depicts the use of catalytic
coated flame holders to sustain combustion chamber
ignition of the fuel;

FIG. 5 is a cross-sectional view depicting the projec-
tile in the launch tube and illustrates the use of aft-
mounted catalytic coated flame holders to produce
combustion behind the accelerating projectile;

FIG. 6 is a cross-sectional view depicting the projec-
tile in the launch tube and illustrates the overdriven
detonation wave mode of projectile acceleration;

FIG. 7 is a table setting forth various operating pa-
rameters for the overdriven detonation wave mode of
projectile acceleration as depicted in FIG. 6;

FIGS. 8A and 8B depict relative pressure on the
projectile as it accelerates in either the subsonic com-
bustion mode or the overdriven detonation wave mode;

FIG. 9 is a cross-sectional view illustrating a projec-
tile accelerating down a launch tube and depicts the use
of a shroud to contain high-combustion pressures;

FIGS. 10 and 11 are cross-sectional views illustrating
acceleration of a projectile down a launch tube in the
ultrahigh velocity acceleration mode;

FIG. 12 is a table depicting various operating param-
eters for a projectile accelerating in the ultrahigh veloc-
ity acceleration mode as depicted in FIGS. 10 and 11;

FIG. 13 is a cross-sectional view of a launch tube
having successive acceleration modes and illustrates
projectile speeds achieved by accelerating through the
various acceleration zones;

FIG. 14 is a cross-sectional view of a launch tube
divided into different gas-filled segments by means of
diaphragms;

FIG. 15 is a cross-sectional view of a launch tube
illustrating the use of predeterminedly located heaters
to vary the temperature of the gas medium down the
launch tube;

FIG. 16 is a cross-sectional view of a launch tube
illustrating the use of an exhaust system at the muzzle
end to produce a rarefaction wave;

FIG. 17 is a graph depicting both flow of the gas
medium due to the rarefaction wave and the path of the
projectile through the launch tube;
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FIG. 18 is a graph depicting the various pressure
ratios existing in the launch tube during the occurrence
of a rarefaction wave; and

FIG. 19 is a graph depicting velocity and accelera-
tion ratios of the projectile in the launch tube in the
presence of a rarefaction wave.

DETAILED DESCRIPTION

FIG. 1 is a cross-sectional view illustrating the accel-
eration of a projectile 12 down a launch tube 14.
Launch tube 14 is divided into two sections, an initial
accelerator section 16 and a high-velocity accelerator
section 18. The purpose of initial accelerator 16 is to
accelerate the projectile 12 to a velocity suitable for
continued acceleration in the high-velocity accelerator
18. Each of the various projectile acceleration modes
according to this invention requires an initial accelera-
tion of the projectile to an initial velocity. Once this
initial velocity is reached, the projectile is launched into
the inlet, or breech 22 of the high-velocity accelerator
18 for subsequent acceleration through the length
thereof, with the projectile emerging from the muzzle
24 of the launch tube. The various projectile accelera-
tion modes and the considerations for initial accelerator
velocities are described in detail herein below.

FIG. 2 is a cross-sectional view illustrating flight of
the projectile 12 in the high-velocity accelerator por-
tion 18 of launch tube 14 and depicts acceleration of the
projectile 12 in the subsonic combustion mode. As
shown, the projectile 12 is formed with a diffuser nose
30, which tapers over a shoulder 32 to a reduced diame-
ter, cylindrical midsection 34. Following the midsection
34 is a plug-type nozzle 36 formed as a cone, pointing
opposite the direction of flight, which increases to a
diameter larger than the diameter of the midsection 34.
The launch tube 14 is preferably formed of a high
strength, lightweight material, such as KEYLAR (a
polyamide material) composite. A shoulder 38 joins the
nozzle 36 to the midsection 34.

The configuration of the projectile 12 and the inside
surface of the cylindrical launch tube 14 forms a ramjet.
In the subsonic combustion mode of acceleration, the
launch tube 14 is filled with a gaseous propellant, i.e.,
fuel-oxidizer mixture (not shown). This gaseous propel-
lant is, preferably, hydrogen and oxygen, although
other combustible gases including, but not limited to,
methane, ethane, propane and similar hydrocarbons
may be used as the fuel gas.

To initiate ramjet operation, the projectile 12 is ini-
tially accelerated by the initial accelerator (16 of FIG.
1) to a local supersonic velocity of approximately Mach
2.6. At this velocity, the flow of hydrogen fuel and
oxygen oxidizer around the diffuser 12 produces a weak
shock wave (not shown) centered at the nose tip and a
normal shock wave 40 at diffuser shoulder 32. The
hydrogen and oxygen decelerate to a subsonic speed
upon traversing the normal shock wave 40. The fuel-
/oxidizer mixture is then ignited forming the shaded
combustion chamber 42. The preferred ignition means
for the mixture is described with respect to FIG. 4. The
heated gases then flow around shoulder 38 and are
accelerated to supersonic velocities past nozzle 36. Due
to the heat addition provided by burning of the propel-
lant in the combustion chamber 42, the pressure and
momentum flux of the flow past the nozzle 36 exceeds
the pressure and momentum flux of the flow ahead of
the diffuser 30, thereby imparting an acceleration to
projectile 12.
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FIG. 3 is a Table of calculated values illustrating
various operating parameters for the subsonic combus-
tion mode of projectile acceleration as depicted in FIG.
2. These calculations were carried out using standard
one-dimensional gas dynamic techniques. The flow field
around the projectile was divided into seven stations
I-VI], as shown in FIG. 2. Station I is at the tip of the
diffuser 30, with station II being at the divergent shoul-
der 32 of diffuser 30, just prior to the shock wave 40.
Station III is on the diffuser shoulder 32 just aft of shock
wave 40. Stations IV and V represent the beginning,
and end, respectively, of the combustion chamber 42.
Station V1 is at the shoulder 38 of the nozzle 36, with
station VII being at the tip of nozzle 36. The working
gases were assumed to follow the ideal gas law and to
have an initial ratio of specific heats, y=1.4. The initial
temperature of the gas in the launch tube 14 was as-
sumed to be 300° K. In addition, diffuser 30 was. as-
sumed to produce isentropic compression up to shoul-

der 32, followed by a normal shock 40 at the location of 20

the diffuser shoulder 32.

Following the normal shock 40, the gas flow is decel-
erated to further reduce the Mach number at the en-
trance to the combustion zone 42. The diameter of the
projectile at the combustion chamber 42 was assumed to
be half the diameter at the diffuser shoulder 32. The
heat addition was modeled as a change in the stagnation
temperature between stations IV and V, accounting for
the change in specific heat ratio, y, and molecular
weight that results from combustion. Constant-pressure
. adiabatic flame temperature calculations were carried
out for various hydrogen-oxygen and hydrogen-air
mixtures at the conditions present at station IV to deter-
mine the change in stagnation temperature between
stations IV and V and the resulting gas properties at
station V. The combustion calculations were decoupled
from the gas dynamics, an approximation which is valid
because the static pressure in the combustion zones does
not vary significantly and the flame temperature is only
weakly dependent on pressure.

The region between stations V and VII was assumed
to flow in accordance with a standard convergent-
divergent supersonic plug nozzle, with the flow being
isentropic and frozen. This is a conservative assumption
since the exhaust flow is actually expected to be close to
equilibrium. It was determined that the frictional drag
on the projectile was very small (less than 1.5% of the
thrust) and could be neglected in comparison with the
thrust. The equation of motion of the projectile down
the launch tube was integrated while simuitaneously
solving the entire set of gas dynamic equations dealing
with the ramjet cycle. The values in the Table shown in
FIG. 3 are for a condition of premixed hydrogen and
oxygen in the launch tube, with the relative hydrogen-
oxygen concentration varying in a stepwise manner
from breech to muzzle. It was assumed for these calcu-
lations that the combustion zone does not coalesce with
the normal shock in the diffuser to form a detonation
wave.
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The Table of FIG. 3 gives data for the acceleration of 60

projectiles to a final velocity of 2.5 kilometers per sec-
ond. The data assume that the projectile was initially
accelerated to a velocity of 1.0 kilometers per second.
Four projectile masses are shown, i.e., 500, 100, 25 and
10 kilograms. The corresponding diameters for these
three masses are 44.8, 26.2, 16.5 and 12.2 centimeters,
respectively. Data are tabulated for both steel and Kev-
lar composite launch tube (barrel) materials. Shown are

65
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the initial gas pressures, maximum gas pressures, peak
accelerations, ratio of barrel inner diameter to outer
diameter, barrel length, barrel mass, and the masses of
hydrogen fuel and oxygen oxidizer.

As the data of the Table in FIG. 3 establish, the sub-
sonic combustion mode, as described with respect to
FIG. 2, is capable of accelerating projectiles having a
mass as high as 500 kilograms up to velocities of 2.5
kilometers per second, making use of reasonably sized
launch tubes. :

FIG. 4 is an additional cross-sectional view illustrat-
ing a projectile 12 flying through the high velocity
accelerator portion 18 of a launch tube 14 in the sub-
sonic combustion mode. As before, the projectile 12 and
launch tube 14 form a ramjet, with a diffuser 30, a dif-
fuser shoulder 32, a combustion chamber 42, a nozzle
36, and a nozzle shoulder 38. As mentioned with respect
to FIG. 2, in the subsonic combustion mode the fuel and
oxidizer (preferably hydrogen and oxygen) produce a
weak conical shock 39 which reflects from the launch
tube 14 wall, followed by a normal shock 40 at the
diffuser shoulder 32. The gas decelerates to subsonic
flow upon traversing normal shock 40 and decelerates
further prior to reaching the combustion chamber 42.
To ignite this fuel, flame holding fins 50 are mounted to
the projectile midsection 34, just aft of the diffuser
shoulder 32. The flame holding fins 50 are preferably
coated with a catalytic agent to promote combustion.
The combustion initiated by the flame holders 50
spreads through the combustion chamber 42 and, if
necessary, may be aided with swirl vanes (not shown).

Numerous other techniques for igniting the fuel-oxi-
dizer mixture within the combustion zone 42 are con-
templated. Such techniques include: RF arc heating,
laser heating, and spark discharge ignition.

FIG. 5is a cross-sectional view illustrating an alterna-
tive projectile configuration for subsonic combustion
acceleration. Here, a projectile 12a is shown accelerat-
ing down a cylindrical launch tube 14. As with the
embodiment of FIG. 4, projectile 122 includes a conical
diffuser 30, a diffuser shoulder 32, and a reduced-diame-
ter midsection 34. Here, however, the catalytic coated
flame holders 50 are mounted on the aft portion of
midsection 34, there being no discrete nozzle 36.

The gas flow over the projectile 12a produces a weak
shock wave 39 at the diffuser 30 and a normal shock
wave 40 extending from shoulder 32. Relative gas flow
prior to normal shock wave 40 is supersonic with the
gas slowing to a relative subsonic speed immediately
after normal shock wave 40.

The fuel and oxidizer in the gas are ignited by the
catalytic coated flame holders 50 producing combustion
behind the projectile 124, in the combustion zone 42.
The flow of the gas thermally chokes (i.e., the gas
reaches Mach 1.0) at a thermal choking zone 54.

Whereas the velocity range that can be achieved by
the acceleration technique illustrated in FIG. 5 (approx-
imately 0.8-1.6 kilometers per second) is lower than
that of the subsonic combustion mode described with
respect to FIG. 4, the thermally choked mode as de-
picted in FIG. 5 could sérve as an initial accelerator for
a higher speed device. - ,

FIG. 6 is a cross-sectional view of a projectile 12
within a cylindrical launch tube 14 and illustrates pro-
jectile acceleration in the overdriven detonation wave
mode. A feature of the present invention is that a fixed
geometry projectile may be used in both the subsonic
combustion mode as shown in FIG. 2, and the over-
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driven detonation wave mode illustrated in FIG. 6.
Thus, for the same projectile geometry, the subsonic
combustion mode may be used as an initial accelerator
for the overdriven detonation wave mode.

Projectile 12 includes a conical diffuser 30 having a
shoulder 32 joined to a cylindrical midsection 34. A
plug-type nozzle 36 is conical, having its point at the aft
end of the projectile 12. The conical plug nozzle 36 has
a shoulder 38 joined to the midsection 34.

Before entering the overdriven detonation wave
mode, the projectile 12 is initially accelerated to ap-
proximately 2.0-2.5 kilometers per second. The launch
tube 14 is filled, as in the subsonic combustion mode of
FIG. 2, with a detonable mixture of fuel (preferably
hydrogen) and an oxygen oxidizer. The mixture in-
cludes excess oxygen in the initial portion of the launch
tube 14. In this mode, however, the projectile moves
faster than the Chapman-Jouguet detonation speed of
the detonable mixture. As a result, an overdriven deto-
nation wave 60 stands in the divergent region (i.e.,
shoulder 32) of the diffuser 30. In this overdriven deto-
nation wave 60, combustion occurs in the immediate
vicinity of the shock front. The plug-type nozzle 36
keeps the detonation wave 60 overdriven, maintaining
detonation wave 60 in place on shoulder 32.

A dynamic and thermodynamic analysis of the over-
driven detonation wave cycle was performed, with the
results being given in the Table of FIG. 7. For this
analysis, six thermodynamic stations, identified as I-VI,
are positioned as shown in FIG. 6. Station I is at the
point of the diffuser cone 30. Stations II-IV are at posi-
tions immediately before, within, and subsequent to the
overdriven detonation wave 60, respectively. Station V
is at the nozzle shoulder 38, with station VI being at the
point of the nozzle cone 36.

The calculations tabulated in FIG. 7 were for projec-
tiles having masses of 500, 100, 25 and 10 kilograms
injected into the overdriven detonation wave mode at a
velocity of 2.5 kilometers per second. Configurations
capable of achieving final velocities of both 4 and 5
kilometers per second were computed. Calculations
were made for both projectiles with combustion-con-
taining shrouds (see the discussion with respect to FIG.
9) and for nonshroud projectiles. A launch tube (i.e.,
barrel) material of KEVLAR (a polyamide material)
composite was considered. Maximum gas pressures,
peak projectile accelerations, barrel lengths, barrel
mass, and fuel and oxidizer gas masses are all tabulated.

In the analysis of the overdriven detonation wave
mode, the detonation wave (60 in FIG. 6) was split into
a shock wave immediately followed by a thin heat re-
lease zone. Station III is positioned after the shock wave
and prior to this heat release zone. The calculations
were carried out using a method similar to that used for
the lower speed subsonic combustion device previously
described. The initial temperature in the tube was taken
to be 300° K. The working gases were assumed to fol-
low the ideal gas law, with an initial ratio of specific
heats, v, of 1.4. The total temperature rises for which
the calculations were done were based on the results of
separate adiabatic flame temperature calculations for
the specific fuel-oxidizer mixtures of interest. Changes
in specific heat ratio, v, gas composition and molecular
weight were included.

No heat release due to recombination in the nozzle
expansion process was considered, i.e., the nozzle flow
was considered to be frozen. Some recombination in the
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nozzle may, however, occur thereby increasing the
acceleration performance of the projectile.

The cycle calculations show that the overdriven
detonation ramjet mode works well at relative gas ve-
Iocities at station I of Mach 5.0-7.0. The cycle efficien-
cies are on the order of 0.25-0.30 and the effective
thrust pressures divided by the maximum detonation
pressure are typically 0.10-0.20.

Calculations were done for diffuser 30 total pressure
ratios (upstream of the detonation wave 60) of 1.0,
~0.7, and ~0.5. These diffuser stagnation pressure
losses were found to have essentially negligible effect
on the acceleration of the projectile. This is because the
reduction in stagnation pressure across the overdriven
detonation wave is typically by a factor of 20 to 100,
and estimated reductions in the diffuser by factors of 1.5
or 2.0 are relatively insignificant.

The above-described thermodynamic cycles were
calculated ignoring friction. For these cycles, the main
loss mechanism is not friction but, rather, the losses in
stagnation pressure due to the oblique shocks in the
diffuser and particularly those occurring in the over-
driven detonation wave. However, a conservative esti-
mate of 0.003 was taken for the projectile skin friction
coefficient. With this assumed value for the skin friction
cocefficient, the thrust on the projectile will be reduced
by up to ~7 percent. Thus, the skin friction penalty is
relatively small.

Further, calculations were made for projectile abla-
tion at the nozzle 36 throat. For these calculations, an
estimated friction factor of 0.003 was used. Further, a
projectile diameter of 44.8 cm was assumed, and the
projectile was assumed to be accelerated from 2.5 kilo-
meters per second to 5.0 kilometers per second in the
overdriven detonation wave mode. The initial gas mix-
ture in the tube was taken to be 2H7+4-2.650; at the
low-speed end of the tube with progressively less dense
H>-O; mixtures in the higher speed sections of the tube.
The maximum cycle pressure was taken to be 11,450
atmospheres. From the relevant cycle calculations, the
temperature, T, at the throat was taken to be 4500° K.
and the wall temperature of the projectile 12 was as-
sumed to be 4000° K. The material of the nozzle throat
of projectile 12 was assumed to be graphite and to re-
quire the heat of evaporation of graphite to be ablated.
With these assumptions, the projectile surface retreat at
the nozzle throat was calculated to be ~0.4 cm. This is
only about one percent of the projectile diameter.

The high temperature, high pressure region associ-
ated with the projectile travels with the projectile, dis-
tributing the heat over the entire length of the launch
tube (barrel) 14. Thus, the average temperature rise of
the launch tube 14 resulting from this heat load is rela-
tively small.

FIGS. 8A and 8B depict the pressure profile appear-
ing on the projectile in the subsonic combustion and the
overdriven detonation modes. More specifically, FIG.
8A is a cross-sectional view of a projectile 12 being
accelerated in a launch tube 14. The overdriven detona-
tion wave 60 is shown formed on the diffuser shoulder
(divergent region) 32.

FIG. 8B is a plot of relative pressure versus position
on the projectile. In the overdriven detonation wave
mode, graph labelled “O.D.”, it is noted that the pres-
sure rises sharply at the overdriven detonation wave 60,
and maintains at a maximum level throughout the pro-
jectile midsection 34, thereafter tapering across the
nozzle 36. Shown in dotted line, and labelled “S.C.,” is
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a corresponding pressure plot across the projectile for
the subsonic comibustion mode.

While the projectile.12 can be made aerodynamically
stable, tending to seek the center of the launch tube 14,
active stabilization techniques may be employed, such
as guide rails, means for imparting a stabilizing projec-
tile spin, or other suitable stabilization approaches, for
controlling the flight of projectile 12 down the launch
tube 14. :

It is noted from FIGS. 3 and 7 that peak gas pressures
within the launch tube 14 can be quite high for both the
subsonic combustion and the overdriven detonation
wave modes of acceleration. The launch tube 14 must
be designed for full static pressure loading, even
through the duration of the pressure pulse induced at
any point in the launch tube 14 is very short. To circum-
vent this problem, a shrouded projectile configuration
was developed as shown in FIG. 9.

FIG. 9 is a cross-sectional view of a modified projec-
tile 12a accelerating within a cylindrical launch tube 14.
The projectile 124, as before, is provided with a conical
diffuser 30 in its forward portion. Diffuser 30 terminates
at a shoulder 32 which, in this embodimnent, continues as
a constant diameter section 66, tapering to form an aft
cone 68. A series of struts 70 extend from diffuser 30
back to a cylindrical shroud 72. The outer surface of
shroud 72 is cylindrical, being slightly smaller than the
inner surface of launch tube 14. The forward inner
surface of shroud 72 is hollowed to form the combus-
tion chamber 42. Combustion chamber 42, which forms
the heat addition zone for the ramjet cycle, is contained
within shroud 72, thereby avoiding high-pressure load-
ing on the launch tube 14. By use of the shroud 72 the
launch tube may be made considerably lighter than if
the shroud 72 were not used.

_ At the aft end of the inner portion of shroud 72, a
constriction 74 formed by an annular shoulder 75 con-
stitutes the throat of the nozzle 76.

Friction between the inner surface of the launch tube
14 and the outer surface of shroud 72 is a potential
source of drag on the projectile 12. However, an exami-
nation of the literature indicates that the low friction
experienced by electric rail gun devices operating in
this velocity range is due to the generation of an ex-
tremely high temperature plasma which allows nearly
frictionless rubbing in the high velocity section of the
rail gun. Current experiments with rail guns verify that
only a few percent of the kinetic energy of the projectile
is lost to friction. In addition, the aforementioned heat
transfer calculations indicate that ablation rates are
sufficiently low, such that operation rates for the pres-
ent accelerator are not seriously compromised. The use
of the shroud 72 has particular import for applications
of the present invention in which mobility is desirable.

The overdriven detonation wave mode of accelera-
tion illustrated in FIG. 6 can be used to accelerate the
projectile up to at least the 4-6 kilometers per second

- range and possibly higher. At higher speeds, the limited
heat release capability of the drive gas is no longer
capable of generating the desired large thrusts required
for continued projectile acceleration. Yet higher pro-
jectile velocities are achievable using layered detona-
tion as shown in FIGS. 10 and 11.

FIGS. 10 and 11 are both cross-sectional views illus-
trating projectile 12¢ and 124 respectively flying down
a launch tube 14 in the ultrahigh velocity acceleration
mode. Each of projectiles 12¢ and 12d has a conical
diffuser in its forward section, with a conically tapered
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10
aft section 80. To illustrate alternative configurations of
the projectile, the FIG. 10 embodiment 12¢ is shown
with an extended cylindrical midsection 81, the projec-
tile 12d of FIG. 11 lacking such a midsection.

Disposed within the launch tube 14 is a cylindrical
liner 82 formed of thin metal, plastic or carbon compos-
ite which is supported by suitable supports (not shown).
The diameter of the liner 82 is selected to be larger than
the outside - diameters of projectiles 12c¢ and 124
whereby projectiles 122 and 124 freely fly inside of liner
82. The liner 82 is filled with a gaseous medium of low
molecular weight, preferably hydrogen gas.

In the embodiment of FIG. 10, the annular zone be-
tween the liner 82 and the inside surface of the launch
tube 14 is filled with a detonable gas 86, which is prefer-
ably a stoichiometric mixture of hydrogen gas (Hz) and
oxygen gas (O;). Other detonable gas mixtures may also
be used such as mixtures of oxygen gas with methane,
ethane or propane. For the embodiment of FIG. 11, this

.annular zone is filled with a solid or liquid high explo-

sive 88, such as, but not limited to, PETN or nitrometh-
ane.

Each of the projectiles 12c and 124 is initially acceler-
ated to a velocity which exceeds the detonation speed
of either the detonable gas 86 of FIG. 10 or the liquid or
high explosive 88 of FIG. 11. The use of hydrogen gas
within the sleeve 82 keeps the projectiles 12¢ and 124 .
Mach numbers, and hence the temperature and pressure
on the projectiles 12c and 12d within acceptable limits.

The diffuser nose 30 of projectiles 12¢ and 124 is
designed to exhibit low efficiency thereby producing a
strong oblique bow shock wave 90 which extends into
the annular zone. This oblique bow shock 90 is suffi-
cient to initiate detonation of either the detonable gas 86
or the explosive 88. As a result of this detonation, the

explosive products expand, forcing the inner sleeve 82

inward and compressing the hydrogen gas behind the
projectiles 12¢ and 124. The use of the inner sleeve 82
prevents shear layer mixing between the explosive
products and the hydrogen atmosphere in the inner
sleeve 82, thereby avoiding a significant source of drag
on-projectiles 12¢ and 124.

For the high energy embodiment of FIG. 11, as the
liner 82 closes behind the projectile 124, a choke throat
is formed which imparts an acceleration to the projec-
tile 124, )

Calculations were performed on the ultrahigh veloc-
ity acceleration modes depicted in FIGS. 10 and 11. For
the example shown in FIG. 10, wherein detonable hy-
drogen and oxygen gas was used, it was assumed that
the flow of hydrogen around the projectile 12c¢ is every-
where supersonic. An ideal hydrogen gas having a con-
stant specific heat ratio, y of 1.4 was assumed. Also
assumed was an ideal stoichiometric mixture of hydro-
gen and oxygen gas, with an initial specific heat ratio,
y=1.4. The detonation wave was modeled using Chap-
man-Jouguet theory, including changes in specific heat
ratio, gas composition and molecular weight. The shock
waves, detonation wave and expansion fans were
treated two-dimensionally, although the actual projec-
tile is axisymmetric. This greatly simplified the calcula-
tions without significantly affecting the nature of the
results obtained.

Various stations I-X were used to calculate the ther-
modynamic cycle of the FIG. 10 detonable gas embodi-
ment. An oblique shock separates stations II and III,
and an oblique Chapman-Jouguet detonation followed
by an expansion fan separates zones VI and VIII. Under
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certain conditions, the detonation wave could be an
overdriven detonation wave, in which case an expan-
sion fan would not be present. The conditions of sta-
tions III and VIII were determined by matching pres-
sure and flow angle. The details of the equilibration of
the flows between stations III and IV (inner stream) and
stations VIII and IX (outer stream) were ignored. The
flow as, to a first approximation, considered to be isen-
tropic between stations III and IV and between stations
VIII and IX. The conditions at stations IV and IX were
determined by matching pressures with the flow paral-
lel to the launch tube 14 axis. The two streams were
assumed to expand isentropically and in pressure equi-
librium with each other from stations IV and IX to
stations V and X. Given the rear cone angle of the
projectile 12¢, the lateral velocity of the dividing
streamline in the nozzle was calculated. This velocity
was sufficiently low with respect to the sonic velocities
of the streams, such that the assumption of pressure
equilibrium between the two streams during the nozzle
expansion is valid. The entire cycle calculation was
done initially without consideration of the effects of
friction. The thrust on the projectile 12¢ was then calcu-
lated from the pressures and momentum fluxes in zones
I, V, VI and X. A separate calculation was then made of
the frictional drag on the projectile 12¢, using the dy-
namic pressures of the hydrogen stream and a conserva-
tive value of 0.003 for the skin friction coefficient. A
calculation of the cycle net thrust and efficiency was
then made.

The calculation techniques for the liquid or solid high
explosive embodiment depicted in FIG. 11 were very
similar to those described with respect to the detonable
gas example of FIG. 10. Ideal H; was assumed for the
inner stream gas, as before. However, the outer stream
was modeled using equation-of-state data for actual
high-explosive product gases. Conditions at stations III
and VIII were matched assuming that a strong oblique
wave shock solution occurs between stations II and III.
This produces subsonic flow in region III. The strong
shock solution turns out to be very nearly a normal
shock. The two streams are then assumed to expand
isentropically from station III to V (inner stream) and
from station VIII to X (outer stream). The inner stream
was taken to be choked at station V. This determined
the pressure at station V and, hence, the amount of high
explosive necessary to choke the inner Hj stream. The
thrust on the projectile 124 was determined, in this case,
from the pressures on the fore 30 and aft 80 parts of the
projectile 124, A separate calculation was made of the
frictional drag on the projectile 124 and this was sub-
tracted from the inviscid thrust to yield the net thrust. If
friction between the two streams is disregarded, it does
not matter how slowly the dividing streamlines close in
behind the projectile 12d. Since the hydrogen medium
is subsonic behind the projectile, the choking effect of
the formed throat always imparts an acceleration to the
projectile 124.

The two streams were assumed to be separated by a
thin metallic sleeve 82. The detailed motion of the me-
tallic sleeve 82 can only be obtained after very laborious
calculations. Instead, it was assumed that the axial ve-
locity of the sleeve 82 remained unchanged as it flowed
past the projectile (in a coordinate system with the
projectile at rest). From data found in references on
explosives, it was assumed that the inner sleeve 82
moves inwardly at a 1.5 kilometer per second rate after
detonation of the explosive 88. With this description for
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the motion of the inner sleeve 82, and taking an appro-
priate value for the skin friction coefficient, it was deter-
mined that the friction between the hydrogen gas and
the inner sleeve 82 creates changes in the condition at
the throat (station V) of only 10-20 percent for speeds
up to 24 kilometers per second. This causes only minor
reductions in thrust and efficiency for this mode of
acceleration up to speeds of 24 kilometers per second.

The Table of FIG. 12 sets forth the operating parame-
ters for acceleration of the projectile in the ultrahigh
velocity accelerating mode as depicted in FIGS. 10 and
11. It was assumed that the hydrogen gas was initially at
300° K. and that the projectile forward and rear cones
30, 80, respectively, had 10° taper half-angles. Shown
are initial gas pressure, maximum gas pressure, ratio of
effective thrust pressure to maximum gas pressure, and
efficiency for a projectile final velocity of 8 kilometers
per second using the detonable stoichiometric hydrogen
and oxygen gas example of FIG. 10, and final velocities
of 12 and 24 kilometers per second for the high energy
explosive example of FIG. 11.

The various aforedescribed acceleration modes may
be used in one overall accelerator to achieve projectile
hypervelocities. FIG. 13 is a cross-sectional view of a
launch tube illustrating the successive projectile accel-
eration mode zones. The projectile (not shown) is ini-
tially accelerated by an initial accelerator 90 to a speed
of approximately 1.0 kilometers per second. Initial ac-
celerator 90 may be comprised of a conventional pow-
der gum, light gas gum, or other suitable device.

Once accelerated to approximately 1.0 kilometers per
second, the projectile is injected into the subsonic com-
bustion zone 92, wherein the projectile acceleration in
accordance with the subsonic combustion mode de-
scribed with respect to FIG. 2 is achieved.

The projectile speed in the subsonic combustion zone
reaches a velocity of approximately 2.5 kilometers per
second, at which point the overdriven detonation wave
zone 94 is entered. Overdriven detonation wave accel-
eration is accomplished as is described with respect to
FIG. 6. The overdriven detonation wave zone 94 raises
the projectile velocity to approximately 5-6 kilometers
per second, or greater. The projectile then enters the
ultrahigh acceleration explosive layer zone 96. Veloci-
ties as high as 24 kilometers per second are achieved in
the explosive layer zone 96 in accordance with the
discussion given with respect to FIGS. 10 and 11. Fol-
lowing acceleration through the explosive layer zone
96, the projectile leaves the launch tube at its muzzle
100

The use of successive mode projectile acceleration as
illustrated in FIG. 13 is capable of accelerating rela-
tively large projectiles to intercontinental, earth orbit,
or earth escape velocities, suggesting numerous applica-
tions.

For those acceleration modes wherein the propuisive
energy is provided by a gaseous combustible mixture,
the projectile should be operated within a narrow Mach
number to thereby maximize efficiencies. For an accel-
erating projectile, this implies an increasing speed of
sound, i.e., a decreasing gas density at constant tempera-
ture. More importantly, however, it was found that
unless the density of the gas in the launch tube de-
creased with increasing projectile velocity, pressures on
the projectile and launch tube became excessive. There-
fore, the various approaches set forth in FIGS. 14-16
were developed for reducing gas densities in accor-
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dance with increased projectile velocity during its
travel down the launch tube.

FIG. 14 is a cross-sectional view of a cylindrical
launch tube 14 having an inlet, or breech end 110 and a
muzzle end 112. Here, the launch tube is broken down
into a series of N segments. The boundaries of the vari-
ous segments are defined by a plurality of diaphragms
120. Each diaphragm 120 is circular having a diameter
equal to the inner diameter of the launch tube 14. The
diaphragms 120 are secured within the launch tube 14
such that the face of each diaphragm 120 is perpendicu-
lar to the longitudinal axis of the launch tube 14. The
positioning of each diaphragm 120 defines a series of
segments 1304, 1305-130,. Each segment is filled with
a different combustible gas mixture, here identified
GAS 1-GAS N. The diaphragms 120 are such that a gas
in a segment is isolated from the gases in adjoining
segments. However, each diaphragm 120 is easily pene-
trable by the projectile (not shown) as it accelerates
down launch tube 14. : : )

For the subsonic combustion mode of acceleration, a
design goal in the segmented launch tube of FIG. 14
was to maintain the projectile local Mach number be-
tween approximately 2.65 and approximately 3.3. As
the projectile enters the breech 110 it is at its lowest
relative velocity in launch tube 14, thereby requiring
the densest gas mixture with the lowest speed of sound,
but still within the combustion limits. Thus, the first
segment 1304 GAS 1 could be comprised of 2H3+ 60,.
The speed of sound of GAS 1 s such that the projectile,
after being initially accelerated, will enter the first seg-
ment 1304 at Mach 2.65. The length of the first segment
1304 and the acceleration of the projectile define the
positioning of the righthand diaphragm 120 in the first
segment 1304. Here, this right-hand diaphragm 120 is
positioned at the point at which the projectile reaches
Mach 3.3. The projectile then penetrates the diaphragm
120 between segments 1304 and 1303 entering the GAS
2 environment. GAS 2 is selected of higher speed of
sound, whereby the projectile enters at a local Mach
2.71 and exits at a local Mach 3.26. This process contin-
ues until the projectile enters the final segment 130y.
The final segment 130y contains the highest speed of
sound gas, as, for example, 7Hz+O5. Again, the speed
of sound of the gas and positioning of the diaphragms
120 are such that the projectile enters the final segment
130,y at a local Mach 2.74 and exits at a local Mach 3.2.

The following table sets forth sample values for a five
segment (i.e., N=>5) launch tube 14.

Sound Speed
Segment No. L/L;  Gas Mixture (300" K., m/sec)
1 1.0 2Hz + 602 378
2 0.9 2H; + 1.850 461
3 1.0 2H; + 02 540
4 2.0 4H; + Oy 661
5 3.0 TH; + O2 7719

Where L/L1 is the ratio of segment length to the length
of the first segment. The Mach number remains be-
tween 2.65 and 3.3 at all times, resulting in modest peak
pressure ratios.

Thus, by implementation of the segmented launch
tube as illustrated in FIG. 4, the projectile is maintained
within a narrow Mach number range, thereby maximiz-
ing its efficiency and maintaining pressure on the pro-
jectile within acceptable limits.
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FIG. 15 illustrates an alternative method for main-
taining the pressure on the projectile and launch tube
within acceptable limits by varying the speed of sound
of gas down the launch tube. Here, shown in cross
section is a launch tube 14 having a breech 110 and a
muzzle 112. Positioned down the length of launch tube
14, around the circumference thereof, are predeter-
minedly located heaters 1404-140y. Launch tube 14 is
filled with a single gas mixture, preferably a combina-
tion of hydrogen and oxygen. The speed of sound of the
gas is varied by varying its temperature, as controlled
by the heaters 140,4-140y. Thus, in the vicinity of the
first heater 1404, a first temperature T is produced.
This temperature T is selected to produce a desired
local speed of sound and, thus, a given Mach for the
projectile as it enters the breech 110. As the projectile
accelerates down launch tube 14, subsequent heaters
1405-140y produce higher temperature local gases
T2-Th, respectively. The temperatures are selected to
maintain the projectile at a relatively constant Mach
number as it accelerates down launch tube 14."

While numerous conventional types of heaters
140 4-140y may be employed for this application, either
RF arc or laser heaters are ideally suited to this applica-
tion.

FIG. 16 illustrates a third alternative for maintaining
the peak pressure on the projectile and the launch tube
within acceptable limits. Shown in cross section is a
launch tube 14 having a breech 110 and a muzzle 112.
Affixed to the muzzle end 112 of the launch tube 14 is an

" exhaust system, indicated generally at 150. The exhaust

system 150 has various vents to ambient, or a reduced
pressure sink, indicated at 150a-150c. Positioned within
launch tube 14, just prior to the exhaust system 150, is a
diaphragm 160 which seals gases on one side of the
diaphragm from those gases on the opposite side. In
addition, a second diaphragm 162 is placed in the muz-
zle 112.

Just prior to the projectile 170 being injected into the
breech 110, the first diaphragm 160 is ruptured, thereby
producing a nonsteady rarefaction wave down launch
tube 14. This rarefaction wave accelerates the gas in
launch tube 14 towards the muzzle 112 and drops the
pressure ahead of the projectile 170.

FIG. 17 is a graph, plotting time versus distance
down the launch tube 14 of FIG. 16 for the particular
case of a premixed hydrogen-air propeilant. Shown is
the projectile path, as it enters the launch tube 14 at a
velocity of 1.15 kilometers per second, exiting, through
the second diaphragm 162, at 2 kilometers per second.
Also depicted on graph 17 is the gas flow within launch
tube 14 produced by the rarefaction wave. The speed of
sound in the gas is 0.407 kilometers per second, at a
temperature of 300° K. The centered expansion fan
produced at the exhaust system 150 upon rupturing of
first diaphragm 160 results in the various gas velocities
in the launch tube 14 at the relative positions as shown.

FIGS. 18 and 19 show the nondimensional, self-simi-
lar, pressure, velocity and acceleration profiles of the
FIG. 16 system. More specifically, FIG. 18 includes a
graph 180 which depicts the ratio of ambient pressure at
the diffuser inlet of the projectile to initial launch tube
pressure. Graph 182 depicts the ratio of combustion
chamber pressure to maximum combustion chamber
pressure in the launch tube (barrel).

Here, the horizontal axis is a normalized launch tube
of length 1.0, with the vertical axis being similarly nor-
malized to maximum pressure.
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The first graph 184 of FIG. 19 depicts the ratio of
acceleration of the projectile to maximum acceleration
over the length of the launch tube, here normalized to
1.0. The second graph 186 depicts the ratio of projectile
velocity to its maximum velocity. From the graphs of
FIGS. 18 and 19, it is seen that as the projectile velocity
increases down the launch tube, gas pressure within the
launch tube decreases at a corresponding rate, thereby
tending to limit the peak pressures to acceptable levels.

In summary, apparatus and a method for the accelera-
tion of a projectile to hypervelocities have been de-
scribed in detail. Acceleration can be accomplished in
one of three different modes: subsonic combustion,
overdriven detonation wave, or high energy explosive.
In addition, a single projectile can be sequentially accel-
erated through each of these modes, such that hyperve-
locities are achievable. Further, several techniques for
maintaining the projectile at a relatively constant Mach
number and thus limiting peak pressures to acceptable
levels as it accelerates down the launch tube have been
described. These techniques include a segmented
launch tube, a launch tube filled with a gas which exhib-
its a smooth variation of composition down the tube, a
launch tube having provided heaters for varying gas
temperature and the production of a launch tube rar-
efaction wave synchronized to the acceleration of the
projectile.

A particular feature of the present invention is that a
projectile is fired into a launch tube containing a com-
bustible mixture without creating a combustion wave
that precedes the projectile.

The various acceleration modes described employ
relatively well known and understood scientific princi-
ples, rendering this projectile acceleration apparatus
and method imminently adaptable for numerous appli-
cations including: the intercontinental delivery of pay-
loads, the firing of projectiles into earth orbit or. earth
escape velocities, the production of megajoules of X-
rays by accelerating a projectile to a hypervelocity and
then directing the projectile to impact a suitable target,
controlled thermonuclear fushion, and applications for
supplementing or replacing conventional launchers.

While preferred embodinients of the invention have
been described in detail, it should be apparent that many
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which fall within the true spirit and scope of the inven-
tion.

The embodiments of the invention in which an exclu-
sive property or privilege is claimed are defined as
follows:

1. Apparatus for accelerating a projectile comprising:

a launch tube having an inlet end and a muzzle end;

a projectile disposed within said launch tube for ac-

celeration from said inlet end to said muzzie end,
said projectile and launch tube forming a ramjet;

a combustible gaseous mixture contained within said

launch tube;

means for varying the density of said combustible

gaseous mixture in a predetermined manner from
the inlet end to the muzzle end of said launch tube
to increase the speed of sound in a predetermined
manner from the inlet end to the outlet end so that,
as said projectile accelerates through said launch
tube, the Mach number of said projectile is main-
tained within a predetermined range; and

means for igniting said combustible gaseous mixture.

2. The apparatus of claim 1, wherein said meas for
varying the density of said combustible gaseous mixture
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decreases the density of said combustible gaseous mix-
ture from said inlet end to said muzzie end.

3. The apparatus of claim 1, wherein said means for
varying the density of said combustible gaseous mixture
decreases the density of said combustible gaseous mix-
ture at predetermined positions between the inlet end
and the muzzle end of said launch tube.

4. Apparatus for accelerating a projectile comprising:

a launch tube having an inlet end and a muzzle end,
said launch tube being divided into a plurality of
segments, each of said segments being filled with a
combustible gaseous mixture having a predeter-
mined density, said combustible gaseous mixtures
being arranged in said segments in order of de-
creasing density from said inlet end to said muzzle
end;

a projectile disposed within said launch tube for ac-
celeration from said inlet end to said muzzle end,
said projectile and launch tube forming a ramjet;
and

means for igniting said combustible gaseous mixtures.

5. The apparatus of claim 4, wherein the segments of
said launch tube are defined by diaphragms mounted
within said launch tube, said diaphragms isolating the
combustible gaseous mixture in one segment from the
combustible gaseous mixture in adjoining segments
while being penetrable by said projectile.

6. The apparatus of claim 4, wherein each of said
segments is filled with a different combustible gaseous
mixture.

7. The apparatus of claim 6, wherein said combustible
gaseous mixtures comprise mixtures having different
ratios of the same constituent gases.

8. The apparatus of claim 7, wherein said constituent
gases are hydrogen and oxygen.

9. Apparatus for accelerating a projectile comprising:

a launch tube having an inlet end and a muzzle end,
said launch tube being divided into a plurality of
segments;

a projectile disposed within said launch tube for ac-
celeration through said segments from the inlet end
to the muzzle end, said projectile and launch tube
forming a ramjet; and

a plurality of combustible gaseous mixtures, one of
said combustible gaseous mixtures being contained
within each of the segments of said launch tube,
each of said combustible gaseous mixtures having a
predetermined composition and density such that
as said projectile accelerates through successive
segments, the Mach number of said projectile is
maintained within a predetermined range; and

means for igniting said combustible gaseous mixtures.

10. The apparatus of claim 9, wherein the segments of
said launch tube are defined by diaphragms mounted
within said launch tube, said diaphragms isolating the
combustible gaseous mixture in one segment from the
combustible gaseous mixture in adjoining segments
while being penetrable by said projectile.

11. The apparatus of claim 9, wherein each of said
segments is filled with a different combustible gaseous

. mixture,
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12. The apparatus of claim 11, wherein said combusti-
ble gaseous mixture comprise mixtures having different
ratios of the same constituent gases.

13. The apparatus of claim 12, wherein said constitu-
ent gases are hydrogen and oxygen.

14. Apparatus for accelerating a projectile compris-
ing:
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a launch tube having an inlet end and a muzzle end;

a projectile disposed within said launch tube, said
projectile and launch tube forming a ramjet;

a combustible gaseous mixture contained within said
launch tube, said combustible gaseous mixture
varying in composition and density in a predeter-
mined manner from the inlet end to the muzzle end
of said launch tube to increase the speed of sound in

10

15

20

25

30

35

45

50

55

65

18

a predetermined manner from the inlet end to the
muzzle end so that, as said projectile accelerates
through said launch tube, the Mach number of said -
projectile is maintained within a predetermined
range; and

means for igniting said combustible gaseous mixture.

* % x x %
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