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Abstract 

This report describes the components and operation of an experimental setup for the 
visualization of liquid propellant (LP) jet combustion at pressures above 100 MPa. The 
apparatus consists of an in-line ballistic compressor and LP injector. The ballistic compressor, 
based on a modified 76-mm gun, provides high-pressure (55 MPa) clear hot gas for the jet 
ignition. A piston (projectile) is fired toward a test chamber beyond the barrel's end, and its 
rebound is arrested in a transition section between the test chamber and the barrel. The LP jet 
is injected once the piston is restrained, and combustion of the jet further elevates the pressure. 
At a preset pressure, a disk in the piston ruptures, and the combustion gas vents sonically into 
the barrel. If a monopropellant is used, the jet injection-combustion process then resembles 
liquid rocket combustion, but at very high pressures (140 MPa). This report discusses the 
ballistics of the compression and compares experimental results to those predicted by a 
numerical model of the apparatus. Experimentally, a pressure of 70 MPa was achieved upon a 
12.5 volumetric compression factor by firing a 10-kg piston into 1.04-MPa argon, using a charge 
of 75 g of small-grain Ml propellant. 
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1. Introduction 

1.1 Background. A regenerative injection of liquid propellant (LP) has been the primary design 

approach for liquid gun propulsion [1] in the last 20 yr. This approach involves the high-pressure 

combustion of high-velocity-thick LP jets—a poorly understood process. To date, interior ballistic 

modeling has successfully simulated only mean pressures in gun fixtures, but not the high-frequency 

pressure fluctuations that plague the guns at pressures above 70 MPa. Gun developmental efforts 

culminated when an advanced 155-mm howitzer (Crusader) was constructed and extensively tested. 

Unfortunately, these efforts terminated by the end of FY96 because of persistent technical problems. 

Prominent among them were spiked ignition and pressure fluctuations during combustion. Despite 

the demise of the LP howitzer, the regenerative injection concept is now being considered for a gun 

in a future combat vehicle. An important item within the framework of a 'Tech Base" program is 

the combustion research of LP jets at pressures above 70 MPa. The present research involves the 

visualization of LP jet combustion at high pressure, and it requires a novel experimental approach 

that is discussed herein. The hope is that the visualization data will provide flame stand-off 

distances for formulating realistic LP jet breakup and combustion algorithms applicable to the 

high-pressure regime where pressure fluctuations persist. We do not discuss, here, IP injection and 

combustion visualization data; rather we concentrate on the innovative aspects of the ballistic control 

of the experiment. In essence, we devised a method to generate a trapped volume of high- 

temperature and high-pressure nonvitiated test gas that can be used for LP ignition (as we do) or 

conceivably for other experiments involving fluids. 

1.2 The Experimental Challenge. The construction of a test apparatus that provides adequate 

optical access to jet combustion at gun pressures is highly challenging. Baier [2] attempted to 

visualize jet combustion in an actual gun fixture, but the phenomena of interest were largely 

obscured by the optically thick and luminous igniter products. To overcome these obstacles, early 

laboratory-scale experiments with LP sprays in a windowed test chamber were conducted by Birk 

and Reeves [3] and later by Lee, Tseng, and Faeth [4]. In both efforts, LP was injected at velocities 

of 50 to 100 m/s into an environment conditioned by the combustion of a stoichiometric gas mixture. 



The ambient gas temperature achieved in these experiments was close to the adiabatic flame 

temperature of the propellant. However, observations were limited to pressures below 9 MPa 

because, at higher pressures, radiation from the ambient gas obscured spray details. Birk et al. [5] 

ignited the jet in 33-MPa, 500-C nitrogen from a particle bed heater and thus avoided the obscuration 

of the spray details by the ambient gas. They obtained excellent visual records of both the liquid jet 

and the flame structures, but practical considerations limited the maximum test pressure to 40-MPa 

maximum and the LP jets to 2-mm-diameter thickness. The present experimental approach is based 

on ballistic compression that provides 50 to 60 MPa of 850- to 1,000-C argon for ignition of 

5-mm-thick LP jets. We concentrate here on the ballistic control of the experiment. 

2. The Experimental Setup 

2.1 Assembly of Major Components. The schematics of the setup and a sequence of its 

operation are depicted in Figure 1. A picture of the experimental facility is shown in Figure 2. The 

setup is comprised of a ballistic compressor interconnected in line with a liquid injector. The 

ballistic compressor consists of a gun and a test chamber that are interconnected via a piston- 

catching section (Figures 3 and 4). The gun is a modified 76-mm tank gun, M32, with a shortened 

barrel and bore machined smooth and chrome-plated, such that the inner diameter of both the barrel 

and the test section are 7.92 cm. The propelling charge is a small-grain Ml propellant (see Table 1) 

packed cylindrically around an M68 percussion primer in an M88B1 case (Figure 5). The firing pin 

activates pneumatically (Allenair electric-pneumatic solenoid Model V3MPA150). The barrel- 

breech assembly is anchored to a fixed stand, while the injector is fixed in multiple brackets that can 

slide (using Super Pillow Block Model SPB-16-OPN linear bearings) on two rod-like rails attached 

to the top of a wheeled screw-lift table (Lee Engineering Model P3060, 2,000-lb capacity). A 

hydraulic piston (Enerpac P-80, 50-ton capacity), placed between the injector and a fixed barrier 

(Figure 2), restrains the recoil of the ballistic compressor-injector. This arrangement allows for easy 

assembly and disassembly of the injector, test chamber, and piston-catching section. By wheeling 

the screw-lift table aside, the test chamber can be hoisted away, and access is provided to the muzzle 

of the gun for cleaning. 
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Figure 3. Side-View Picture of the Test Chamber and Piston-Catching-Section 
Connection to the Barrel. 

2.2 The Piston. We denote the projectile a piston (see Figures 1,2,5 and 6). It comprises three 

main sections: sabot (rear), main body (center), and forward end. The sabot is made of phenolic, 

and, before the firing, it occupies the volume in the M88B1 case beyond the propellant charge and 

the primer. This effectively increases the loading density of the propellant so that it ignites promptly 

and burns efficiently. (Typically, the amount of propellant used is a small fraction of that used in 

the actual tank gun.) The main piston body contains the seals to the barrel's bore, and a rupture disk 

for pressure relief.  The forward end of the piston is conically tapered with an angle of 3.14° 
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Figure 4. Side-View Picture of the Test Chamber Optics and Connections to the 
Piston-Catching Section and to the Injector. 

(cc=0.059) and fitted with a disposable collet made of 7075 T6 aluminum; it threads into the main 

body of the piston. The collet is 10.2 cm long and has four 0.32-cm-wide, 8.9-cm-long slots on each 

side. Its outer diameter is 7.29 cm and its inner diameters are 6.46 cm and 5.75 cm (a=0.059). The 

collet is machined to slide-fit into the catching section. The propelling charge and test gas pressure 

are chosen so that the front face of the piston enters 2 to 4 cm into the test chamber before attempting 

to rebound. The collet then locks between the catching section bore and the conical surface of the 

piston's forward end. This design is based on a wedge friction principle (see Figure 6). The post-test 

removal of the piston is shown in Figure 6. 



Table 1. Input for the Simulations 

Gun Chamber Volume (with projectile/sabot 
at initial position) = 1994 cm3 

Initial Gas Fill 
(90% argon, 10% air) 

Projectile initial pressure 
molecular weight 

ratio of specific heats 
covolume 

1.034 MPa (150 psi) 
38.6 
1.61 

0.688 cm3/g 
projectile weight 
projectile length 
sabot length 

10.092 kg 
26.2 cm 
30.34 cm 

Gun barrel length 
Length of piston-catching 

section 
Test chamber length 
Total possible travel 

223.2 cm 

6.78 cm 
22.07 cm 
252.05 cm 

Propellant 

Primer (black powder) 
Solid propellant (Ml) 
burning rate (cm/s) 

22 g 
75 g 
0.1937[P(MPa)f7221 

Propellant Geometry = single-perf. cylinder Propellant Density = 1.569 g/cm3 

grain length 
grain diameter 
perforation diameter 

0.5385 cm 
0.1196 cm 
0.039878 cm 

flame temperature 
impetus 
ratio of specific heats 
covolume 

2417 Kelvin 
923.6 J/g 
1.2593 
1.104 cm3/g 

2.3 The Test Chamber. The test chamber (Figure 3 and 4) is equipped with 12 modular 

window plugs that incorporate pressure transducers (Kistlers 607L and 607C2), sapphire-window 

inserts, and a gas port. The plugs are conical and sealed against the inner chamber wall by the 

chamber pressure. The sapphire windows are inserted in the plugs and sealed with epoxy. The 

windows are 13-mm thick and shaped as truncated cones with base diameters of 9.5 mm and 25 mm. 

The windows are rated for 250 MPa. Special optics were developed (under contract) for wide-angle 

viewing through the small-aperture (9.5-mm diameter) sapphire inserts. (See Figure 7 for details.) 

Figures 3 and 4 depict side views of the test chamber showing a Photec 16-mm high-speed framing 

camera trained through the wide-angle optics in position to photograph side-illuminated (via the 45 ° 

mirror) liquid jets inside the test chamber. (The mirror arrangement shown in Figure 7 is omitted 

in Figures 3 and 4.) 

2.4  The Injector.  The injector (Figures 1, 2, and 4) was built by the Sandia Combustion 

Research Facility (Livermore, CA) for earlier LP combustion experiments, and its adaptation to the 
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Figure 5. Rear-View Picture of the Open Breech, the Piston, and the Charge Case. 
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I    compressed 

front of 
piston catching 

section 

Frictions: 
The friction coefficient on surface Kl is fl.   Klf=Kin * fl 
The friction coefficient on surface K2 is £2.    K2f = K2n * f2 

collet 

piston body 

sabot 

THE PISTON 

FORCE POLYGON 

K2n 

Klf 

K2f! 
>'K2 

The collet locks if tan"1 f2 > a + tan"1 fl; 
therefore, fl is made to be «12 
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section 

muzzle 
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REMOVED FROM MUZZLE 

FRONT OF PISTON CAUGHT 

IN CATCHING SECTION 

Figure 6. The Piston-Arrest Mechanism. 
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present setup required only slight modifications. It operates autonomously by means of a differential 

area piston (i.e., the rear-facing surface is larger than the frontal surface). It features a sub-20-ms 

trigger time and typically injects 100-cm3 LP in a circular 5-mm jet at over 300 m/s. The operation 

of the injector is as follows. The piston is pulled tight against the trigger section by the break-bolt 

assembly, such that an inner circle on the rear surface of the piston seals the gas chamber. The 

injector's orifice is sealed with an ejectable plastic plug to prevent liquid leakage. The injector's 

liquid chamber is filled with LP and water with a floating, collapsible plastic separator between the 

liquids. The LP is filled using a syringe, while the water is pressure-filled from a nitrogen- 

pressurized (3 MPa) accumulator. Ullage is bled through the filling ports on top of the injector. The 

gas chamber is pressurized with helium or nitrogen using a Haskel AGD62 air-driven gas booster 

compressor. The injector injects once the break-bolt breaks. This occurs when the trigger solenoids 

(Future Craft 203 A8 A-A-10) are activated and deliver the gas on the entire rear suface area of the 

piston. The liquid pressure in the injector is measured by two Kistler 607C2 pressure transducers. 

An example of liquid pressure in the injector is given in Figure 8. (The liquids on both sides of the 

separator were water, and the injector used 13.8-MPa nitrogen.) The upstream pressure transducer 

(P2) indicates when the front seals of the injection piston reach its location by a steep drop of its 

signal. The signal drop (to the test chamber pressure) from the downstream transducer (PI) indicates 

the end of the injection. Based on the injection pressures profiles and the positions of the front seal 

of the piston at the start and end of the piston's stroke, the average injection velocity can be easily 

calculated as shown in Figure 8. 

2.5 Control of the Experiment and Data Acquisition. Handling of the test gas and the 

exhaust gas is done remotely using pneumatically operated stem valves (Autoclave 60VM4071-G4). 

The pneumatics are controlled using stacked solenoids (Humphrey S42E2). The test gas is filled 

through a gas port in a bottom window plug in the test chamber. The pressure is controlled using 

a high-resolution, 500-psi pressure gage (Heise C-62932). The combustion gas is vented from the 

breech section through a hole at the top of the case (Figure 5). The experiment is controlled via a 

timer sequencer (Special System 10-Stage programmer Model SSC-002-010). Two digital wave 

recorders (Nicolet Pro 20) are used for data acquisition. 

11 
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2.6 Considerations in the Design of the Piston-Arrest Mechanism. The design of the 

piston-arrest mechanism is somewhat of an art. This is because the coefficients of friction (Figure 6) 

are not precisely known. Accordingly, the actual stresses in the collet can not be calculated. The 

collet holds against the test chamber pressure P by virtue of its shear stress with the catching-section 

wall. Because the ratio of the catching-section diameter to its length is approximately 1.1, the shear 

stress has to be at least 1.1 P/4 = 35 MPa for P = 140 MPa. This dictated the use of a metal-based 

collet rather than a plastic-based collet. Aluminum 7075 -T6 was chosen because its ultimate yield 

strength is about 500 MPa, and, therefore, its shear strength is well over 100 MPa. The 7075-T6 

tends to gall a steel surface— a phenomenon that results in a friction coefficient f2 well above 0.5. 

We achieve the locking condition specified in Figure 2 by greasing (with molybdenum-based grease) 

the surface between the collet and the front of the piston (i.e., f l«f2), while keeping the surface 

between the collet and the catching section dry. To increase f2 we slightly knurled the locking 

surface of the catching section. The galling of the aluminum does not damage the underlying metal 

surfaces because the 7075-T6 aluminum alloy (150 Brinel hardness) is far softer than the 4043 steel 

alloy (45 Rockwell hardness) from which the front of the piston and the catching section are made. 

Because the outer diameter of the collet is smaller than the barrel diameter, a volume of highly 

compressed gas is trapped momentarily around the collet between the front seal of the piston and the 

inlet to the piston-catching section when the collet enters the catching section. The pressure of this 

gas momentarily overshoots the test chamber pressure, but rapidly relaxes to the test chamber 

pressure via the slots in the collet. A stepped undercut on the back of the collet (Figure 1) provides 

area for the pressure overshoot to push the collet forward on the front of the piston, thus expanding 

the collet diameter and engaging it firmly onto the catching section. 

Early versions of the piston-arrest mechanism did not include a special catching section. These 

designs experimented with collets made from phenolic and brass, which would lock the piston 

directly to the barrel without galling the chrome plating; however, the phenolic collet disengaged 

from the barrel wall when the differential pressure on the piston exceeded 5 MPa, and the brass 

collet disengaged above 10 MPa. Concern about potential damage to the chrome layer prompted the 

addition of the catching section, which allows use of aluminum collets and also facilitates dislodging 

the piston on completion of the test. 

13 



3. Numerical Simulation of the Ballistic Compressor 

3.1 Model of Ballistic Compressor. A numerical model was constructed to simulate the 

transient flow field generated by the action of the ballistic compressor. The model consists of two 

separate elements linked by a shared boundary condition across the piston/projectile (see Figure 9). 

The lumped-parameter gun code 'TBHVG2" [6] is used to describe the combustion of solid 

propellant in the chamber as well as flow in the gun tube up to the base of the piston. The initial 

condition assumes that the igniter material has been consumed and all propellant is ignited. The flow 

between the breech and the piston base is assumed quasi-steady with pressures dictated by the 

Lagrange gradient, which follows from a uniform density and a linear velocity profile. 

Region A 

Governing equations for transient, isentropic 
flow of Noble-Abel gas (y, b, M are constant) 

Solution by method-of-characteristics (MOC) 
boundary values also obtained with MOC 

Region B 

Solution by lumped-parameter 
IB code *TBHVG2" 

• igniter material consumed @ t=0 
• all solid ignited @ t=0 

(no flame spreading) 
• Lagrange pressure gradient 

pressure on front face of piston  H  piston ~]<  pressure on base of piston 

Figure 9. Synopsis of the Numerical Model. 
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The second element in the model is a description of the transient flow field between the forward 

end of the piston and the stationary, downstream wall of the test section. The time-dependent 

governing equations in this region assume isentropic flow of an Noble-Abel gas with constant 

molecular weight, covolume, and ratio of specific heats. With pressure P, density p, velocity u, and 

sound speed a, these equations can be written in characteristic form as 

dP ,     du    A -±pa- = 0, (!) 

which are integrated, respectively, along the right (+) and left (-) running directions, 

£-»±.. (2) 

and the energy equation 

dP      2 dp    n ira* °' (3) 

which is integrated along the streamline 

dz 
dt=u. (4) 

When the coordinate system is in motion, the characteristic directions must be calculated with 

the velocity relative to the moving coordinate. With the temperature T, covolume b, ratio of specific 

heats y, and gas constant 91 (= universal gas constant/molecular weight), the Noble-Abel equation 

of state is simply 

Z = JE_ (5) 
P   i-pb ' (5) 

which dictates the sound speed 

15 



2    dP 

dp entropy       *     P13 

Numerical solution of equations (1) and (3) is determined with the method-of-characteristics (MOC), 

which, to a great extent, will faithfully reproduce local wave motion and even propagate shock waves 

as discontinuities without spurious numerical oscillations. The MOC routines employed here were 

taken from Kooker [7], where all interpolation is done with Akima splines [8]. Boundary values are 

also obtained with special routines based on MOC. This solution procedure provides the value of 

pressure ahead of the projectile/piston, and D3HVG2 provides the value at the base. The net sum of 

these pressures, of course, controls the motion of the frictionless piston. 

3.2 Sensitivity Analysis of Performance. The numerical simulation of the ballistic compressor 

was indispensable for determining operating conditions. The specifications and input values are 

summarized in Table 1. The parameters that influence performance are (1) test gas composition, 

(2) piston weight, (3) the propellant composition and geometry, (4) the initial test gas pressure, and 

(5) the mass of the propellant. The test gas composition was not varied in the simulation. Argon 

was chosen for the test gas because its high specific heat ratio yields a higher pressure ratio for the 

same volumetric compression ratio, and its high molecular weight leads to lower amplitude pressure 

waves upon compression. (The high-density argon is expected to aid in atomization and ignition of 

the LP jet. Practically, the argon is added to the atmospheric air in the compressor.) The piston 

weight was fixed in the simulation because the weight is practically imposed from structural and 

fabrication considerations; performance is more efficient with a heavier piston. The propellant 

composition was also fixed in the simulation. A fine grain Ml propellant was chosen because of its 

availability and efficient propulsion. The geometry of the fine grains provided the large surface area 

necessary for fast consumption of the propellant while the piston is still accelerating. The initial 

pressure of the test gas and the weight of the propellant can be easily controlled to affect 

performance. A baseline of 150 psi (1.034 MPa) of 10% air, 90 % argon, and 75-g Ml, was found 

numerically and experimentally to provide the desired test chamber pressure and piston travel. The 

sensitivities of the pressure and travel to 20% variation in either initial gas pressure or propellant 

weight are shown in Figures 10 and 11. As expected, the test chamber pressure rises exponentially 

16 
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Figure 10. The Ballistic Compressor: Influence of Initial Pressure on Simulated Pressure- 
Time History at the Test Section End Wall. Initial Pressures are P0 = 0.827 MPa, 
1.034 MPa, and 1241 Mpa; Piston Glides to Stop at Locations 239.1 cm, 234.9 cm, 
and 230.6 cm, Respectively. Charge Weight is 75 g of Ml. 

with time (i.e., piston travel), and larger amplitude pressure waves develop when the pressure rises 

are steeper. (In all the simulations, piston rebound is arrested.) Note that the maximum travel of the 

piston varies only 5 cm from the baseline value. The length of the catching section limits the 

experimental tolerance for successful catching of the piston to about 3% from baseline values of 

either the initial gas pressure or propellant weight. 
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Figure 11. The Ballistic Compressor: Influence of Ml Charge Weight on Simulated Pressure- 
Time History at the Test Section End Wall. Charge Weighs are 60 g, 75 g, and 
90 g; Piston Glides to a Stop at Locations 229.4 cm, 234.9 cm, and 238.4 cm, 
Respectively. P0 = 1.034 MPa (150 psi), 

33 Experimental vs. Baseline Simulation. Figure 12 compares the simulated pressure-time 

histories at the test section end wall and gun breech with the experimental data. Figure 13 shows 

simulated time histories of piston velocity and location. The simulations assume the piston is 

arrested at the 234-cm distance because, in the experiment, the forward face of the piston traveled 

234 cm from the entrance to the barrel (i.e., to 4 cm inside the test chamber) before rebound. In the 
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Figure 12. The Ballistic Compressor: Ml Charge Weight = 75 g, P0 = 1.034 MPa. 
Comparison of Simulated Pressure-Time History at Breech and Test Section End 
Wall With Data from Run no. 12 (Breech and PI Transducers). Simulation 
Assumes Piston is Caught at 234 cm. 

experiment, the piston rebound was arrested at the 233-cm distance. Two experiments were 

conducted, and their data vary less than 2% with respect to peak pressures and times. Comparison 

indicates the simulation is quite adequate, although the experimental breech and test chamber 

pressures, as well as the amplitude of the test chamber pressure waves, are lower than predicted. The 

shortfall in pressures is attributed to lower-than-expected actual propellant burn rate at the 
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Figure 13. The Ballistic Compressor: Simulated Piston Velocity and Location as a Function 
of Time for Conditions of Run no. 12. Ml Charge Weight of 75 g, P0 = 1.034 MPa 
(150 psi). Simulation Assumes Piston is Caught at 234 cm. 

sub-20-MPa breech pressure level. Additionally, the simulation does not account for heat losses 

ahead of the piston, nor does it account for viscous dissipation and deviation of the chamber walls 

from pure cylindrical (because of the window plugs). The heat losses cause the test chamber 

pressure to decrease gradually after the piston is caught, but there is a sufficiently long time interval 

of about 30 ms to effect LP jet ignition. 
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3.4 Test Chamber Temperature. The experimental test chamber temperature can be calculated 

by two independent methods, from the gas equation of state and from the sound speed. The gas 

density in the test chamber follows from the observed volumetric compression ratio (11.84) at the 

location where the piston was caught. Then from the gas equation of state (equation [5]) with a 

constant covolume of 0.688 cm3/g, a chamber pressure of 55 MPa implies a temperature of 1,148 K. 

The basis for the second method is contained in the experimental pressure-time histories displayed 

in Figure 14, which give clear evidence for a standing wave in the test chamber once the piston is 

caught. The first longitudinal-mode wave pattern must be supported by a sound speed of 730 m/s. 

Substituting this value into the relationship for sound speed in equation (6) produces a temperature 

of 1,155 K (for pressure = 55 MPa). The two estimates of chamber temperatures agree well. 

Figure 15 is a plot of chamber temperature predicted by the numerical model as a function of 

pressure, with the average of the two experimental values at 55 MPa shown for comparison. As 

expected, the model that ignores heat losses ahead of the piston predicts a chamber temperature 

(1,350 K) that is a comfortable upper bound to the experimental value. 

4. Summary 

We constructed a novel ballistic compression facility for the visualization of the combustion of 

LP jets. The conditions for jet ignition are created by firing a piston toward a test chamber attached 

to the muzzle of a gun. Three system constraints were fixed at the outset: (1) the experiment is a 

failure unless the piston is caught, (2) the pressure level in the test section must be a minimum of 

50 MPa when the piston motion is arrested, and (3) the weight (10 kg) of the piston is dictated by 

the requirements for mechanical/structural integrity in the ballistic environment. Under these 

conditions, the range of operating conditions is narrow. The ultimately successful mechanism that 

arrests the piston motion is a precision design with close tolerances. Model predictions were an 

invaluable guide in making decisions about allowable initial conditions; a successful catch required 

accurate predictions of piston location and velocity at the end of the cycle. We have achieved 

excellent ballistic control of the experiment. 
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