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The detonation of an explosive layer surrounding a pressurized thin-walled tube causes the formation

of a virtual piston that drives a precursor shock wave ahead of the detonation, generating very high

temperatures and pressures in the gas contained within the tube. Such a device can be used as the

driver for a high energy density shock tube or hypervelocity gas gun. The dynamics of the precursor

shock wave were investigated for different tube sizes and initial fill pressures. Shock velocity and

standoff distance were found to decrease with increasing fill pressure, mainly due to radial expansion

of the tube. Adding a tamper can reduce this effect, but may increase jetting. A simple analytical

model based on acoustic wave interactions was developed to calculate pump tube expansion and the

resulting effect on the shock velocity and standoff distance. Results from this model agree quite well

with experimental data. VC 2011 American Institute of Physics. [doi:10.1063/1.3567919]

I. INTRODUCTION

The high energy and power densities of high explosives

make them desirable drivers for hypervelocity launchers and

shock tubes capable of achieving extremely high tempera-

tures and pressures. The ability of the energy release of

explosives to be focused inward (i.e., implosion) permits that

energy to be concentrated to an almost arbitrarily high

degree. A well-known example is the shaped charge effect,

in which a metal-lined conical cavity is imploded by the det-

onation of explosive surrounding the cavity, resulting in

some of the metal liner being ejected forward in a thin jet

which travels faster than the velocity of detonation (VOD) of

the explosive used. Specially designed shaped charges with

cylindrical cavities have demonstrated incoherent jets at

velocities as great as 70 km/s or faster.1

In order to retain the integrity of a solid projectile

launched using an explosive-driven hypervelocity launcher,

or to design a shock tube with a uniform, well-quantified

post-shock state, it is desirable to have a continuously driven

linear implosion. For example, while a hypervelocity

launcher in which a spherically imploding wave is focused

onto a projectile can, in theory, generate projectile velocities

in excess of 10 km/s, in practice, the projectile is unable to

survive the intense loading at the focus point of the implo-

sion.2 Alternatively, if the implosion process is distributed

continuously along the launch tube, the projectile loading

can be maintained at a nearly constant moderate level for the

entire launch cycle (note that “moderate” may still mean

accelerations as great as 108 m/s2).

A hypervelocity launcher using a linear implosion along

the length of the launcher was developed in the 1960s by

Physics International (PI) under funding from National Aero-

nautics and Space Administration (NASA) for the purpose of

simulating micrometeoroid impacts in the laboratory.3–7 In

this device, the linearly imploded tube served the same role

as a pump tube in a conventional two-stage light gas gun,

with the explosive pinch of a helium-pressurized tube acting

as a mechanical piston to dynamically compress the helium,

which was used as the driver gas in a conventional gas gun

cycle. See Fig. 1 for a sketch demonstrating the operation of

the linearly imploded pump tube, or driver, section of the

launcher. The virtual piston formed by the explosive pinch

travels down the tube at the VOD of the explosive and drives

a strong precursor shock wave (PSW) in the driver gas in

front of it. Menikoff et al.8 demonstrated both analytically

and experimentally with smear photography and flash x-ray

that the shock reaches planarity very early on; Crosby and

Gill4 also obtained photographic evidence of the planarity of

the shock using a framing camera. Advanced implementa-

tions of the PI launcher concept had the explosive continue

onto the reservoir section of the launcher and along the

launch tube, where the explosive pinch maintained high pres-

sure helium on the base of the projectile. The use of an ex-

plosive lens surrounding the barrel, consisting of a

combination of fast and slow explosives, permitted the

launch tube to be imploded with a prescribed phase velocity

in excess of the VOD of the explosives used. Using this

approach, PI launched an intact 2 g projectile to a velocity of

12.2 km/s,6 which remains a world-record velocity for pro-

jectile masses greater than 1 g.

While the velocities demonstrated by the PI implosion-

driven hypervelocity launcher are impressive, the detailed

design process and a thorough characterization of the dy-

namics of the launcher pump tube were not reported. This

study was undertaken to examine the dynamics of imploded

tubes with systematic parametric investigations to identify

the governing physical principles, the ultimate goal being

optimization of a device to be used as the pump tube for

hypervelocity launchers or a shock tube capable of generat-

ing extremely high temperature (>20,000 K) and pressure

(>1000 atm) shock waves in gases. The current paper

describes an experimental investigation in which the tube
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untamped) were systematically varied in order to identify

and, where possible, quantify limiting effects. The paper also

presents an analytical model based on acoustic wave interac-

tions that was developed to calculate the effects of pump

tube expansion on the PSW velocity and standoff distance.

II. EXPLOSIVELY DRIVEN SHOCK TUBES

A. Ideal theory

Ideally, the implosion pinch is impermeable and acts as

a piston traveling down the pump tube at the VOD of the ex-

plosive. This results in the formation of a PSW traveling

ahead of the piston. For a perfect gas, the Mach number Ms

of a shock wave propagating into an initially quiescent gas

can be obtained through the following relation:

Up

c0

¼ 2

cþ 1

M2
s � 1

Ms

� �
;

where UP is the velocity of the piston, c0 is the initial sound

speed in the gas, and c is the ratio of the specific heats of the

gas. For example, if nitromethane is used as the explosive

(VOD � 6 km/s) and helium as the driver gas (c¼ 1.667), one

would expect an 8.1 km/s PSW. Since the PSW travels faster

than the piston, as it moves further down the tube the separa-

tion between the piston and the shock (called standoff dis-

tance) increases and ideally is only limited by the length of

the tube. Ideally, the walls of the pump tube are considered

rigid and the PSW velocity and the standoff distance are inde-

pendent of pressure. The ideal standoff distance xst is given by:

xst ¼ xs � xp;

where xs is the position of the PSW and xp is the position of

the virtual piston. In the experiments presented in this study,

the standoff was measured when the PSW reached a defined

position down the pump tube, so xs is known. The position of

the virtual piston at this time is given by:

xp ¼ Upts ¼ Up
xs

Us
;

where ts is the time at which the PSW reaches xs and Us is

the PSW velocity. Then the ideal standoff becomes:

xst ¼ xs � Up
xs

Us
¼ xs 1� Up

Us

� �
:

This means that, in the ideal case, the standoff distance measured

at a certain position down the pump tube is only dependent on

the ratio of PSW velocity to the virtual piston velocity, which,

for strong shocks, depends on the type of driver gas used.

The pressure and temperature behind the shock can be

easily obtained through normal shock relations:

ps

p0

¼ 2cM2
s � c� 1ð Þ
cþ 1

;

Ts

T0

¼
2cM2

s � c� 1ð Þ
� �

2þ c� 1ð ÞM2
s

� �
cþ 1ð Þ2M2

s

;

where the subscripts 0 and s denote the initial and shocked

states, respectively. The speed of sound behind the shock, cs,

can be obtained through the following relation:

FIG. 1. Explosively driven imploding pump tube showing (a) pump tube

before detonation, (b) ideal pump tube operation, (c) initial stages of opera-

tion, (d) nonideal operation, and (e) tamped operation.
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cs ¼
ffiffiffiffiffiffiffiffiffiffi
cRTs

p
;

where R is the specific gas constant. For the example given

above, the Mach number of the shock is approximately 8.0.

This gives a pressure ratio across the shock of 80 and a tem-

perature ratio of 21. For a driver filled with helium at 20 atm

and 300 K, this means the pressure, temperature, and speed

of sound behind the shock are approximately 1600 atm,

6300 K, and 4.6 km/s.

B. Nonideal effects

Previous work on tube implosion has showed that there

are a number of nonideal effects which may affect the behav-

ior of the pump tube. Moore5 hypothesized that there are

three main nonideal phenomena: radial expansion of the

pump tube behind the PSW, the development of a boundary

layer behind the PSW, and the formation of a diffuse metal

jet by the collapsing pump tube. These are depicted in

Figs. 1(c) and 1(d).

The shocked driver gas pressure usually exceeds the

yield strength of the pump tube, causing the tube to expand

radially and generate rarefaction waves which attenuate the

PSW. The importance of this effect increases as the PSW

gets further ahead of the virtual piston, until the tube expands

to the point of rupture. Experiments by Moore5 showed that

as the initial fill pressure of the driver gas increases, the ve-

locity of the PSW decreases and leads to shorter standoff dis-

tances. Although this can be prevented by increasing the

wall thickness of the pump tube, a more effective method is

to surround the explosive layer by a thick-walled tube called

a tamper, as shown in Fig. 1(e). The tamper prevents pump

tube expansion and focuses the effect of the explosives to-

ward the axis such that a given tube may be collapsed by

thinner explosive layers.3,5

As with shock tubes, the relative motion of the shocked

gas against the pump tube wall causes a boundary layer to

develop behind the PSW. The gas inside the boundary layer

receives little forward acceleration and leaks past the pinch

of the collapsing tube, resulting in a loss of shocked driver

gas, which attenuates the PSW until the mass of gas entering

the shock equals the mass of gas lost to the collapsing pump

tube.3,5 At this point, a steady state is reached where the

shock travels at the VOD of the explosive and the length of

shocked gas attains a maximum value. A very similar phe-

nomenon called the “channel effect” was observed in chan-

nels lined with high explosive in which there was no metal

tube wall between the explosive and the gas.9–11 Mirels12

performed an analysis to estimate both the final separation

distance between the shock and the contact surface in a

shock tube experiment and the variation of this separation

distance with respect to the distance traveled by the shock.

This analysis, however, neglects the communication time

between the piston and the shock front. Waldron et al.3 and

Watson6 found that incorporating this communication time

yields much better results when compared to experiments

with explosive-wrapped tubes.

Implosively collapsing tubes is a known way of obtain-

ing high-velocity metal jets; Moore5 obtained photographic

evidence of the presence of such a jet when collapsing pump

tubes with an initial fill pressure below 15 atm. Unusually

high PSW velocities, up to twice the ideal value, were

recorded in such experiments and the photographs showed

that the jet material was well-mixed with the driver gas; such

a jet is depicted in Fig. 1(c). When the collapsing pump tube

wall reaches the central axis, a shock wave forms in the tube

wall material which turns the material flow behind the pinch

along the axis of the tube. This shock has a maximum turn-

ing angle beyond which it cannot turn the whole flow into

the axial direction, resulting in some of the tube material

being jetted ahead of the pinch. If the inner collapse angle

(the angle between the collapsing wall of the tube and the

axial direction) of the pump tube is less than this maximum

turning angle, no jet is formed. Waldron et al.3 performed

qualitative numerical simulations to approximate collapse

profiles for different conditions and showed that a higher

driver gas pressure inside the pump tube and a thicker tube

wall would diminish the collapse angle. However, since the

mass of the jet is a fraction of the tube mass, using a thinner

tube wall would also minimize the mass of the jet. A tamper,

by delaying the expansion of the detonation products, main-

tains a higher pressure on the pump tube for a longer period

of time, leading to larger inner collapse angles and a larger

mass of jetted material. The maximum turning angle can be

made greater by increasing the Mach number of the pump

tube wall material flow by using an explosive with a higher

VOD and a tube material having a lower sound speed. Note

that the jetting and boundary layer effects are closely related:

the initial jet is entirely composed of pump tube wall mate-

rial, but as the boundary layer thickness increases, the jet will

become more and more composed of boundary layer gases;

ultimately some boundary layer gas may be swallowed by the

collapsing pump tube and the entire jet will be composed of

the remaining boundary layer,3,5 as shown in Fig. 1(d).

It is also possible to use the jet as the piston itself, result-

ing in higher piston velocities. Gill and Goettelman13 and

Gill14 used glass pump tubes to generate a diffuse glass parti-

cle jet initially traveling at twice the VOD in order to drive a

PSW. They reported that there was no mixing of glass par-

ticles with the shocked gas. However, the initial fill pressure

of the gas into which the piston travels needs to be low (on

the order of 1 atm). Higher pressures will also cause the glass

tube to break after being exposed to PSW pressure.

Besides these three main mechanisms, other nonideal

effects were noticed in previous investigations and should be

taken into consideration. Typically, extremely high pressures

and temperatures are achieved during driver operation, of the

order that may influence the driver gas properties by causing

ionization or dissociation. Using the Saha equation of state,

Watson6 showed that helium behaves as an ideal gas for very

high pressures and temperatures, making helium a good

choice of driver gas. Glenn and Crowley15 reported that heat

transfer and friction can be responsible for slowing down

the PSW. This effect was observed after 6 m of travel in a

7.8 cm ID tube, or 77 diameters. Results from Matyushkin

and Trishin16 indicate that the inner layers of collapsed shells

were vaporized by the conversion of kinetic energy into heat,

resulting in an inner channel within the collapsed shell.
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Schreffler and Christian17 observed a disturbance along

the inner tube wall surface ahead of the shock caused by

radiation from the shock front and Savrov and Ageev18

found that it is possible for the tube walls to be evaporated

due to precursor radiation. Further investigation by Jones

and Davis19 showed that the expansion of radiatively heated

gas along the tube wall can generate a precompressed gas

layer ahead of the shock. Although Schreffler and Christian

did not observe this phenomenon when using helium as a

driver gas and Jones and Davis did not use helium because it

yields little light emission, it is possible that this effect was

present in the current study.

III. EXPERIMENTAL DETAILS

Experiments were performed to ascertain the dynamics

of the precursor shock as a function of the initial fill pressure

of the pump tube. Different sizes of pump tubes were investi-

gated and the effect of adding a tamper was examined.

A. Charge design

Experiments were carried out using two different pump

tube sizes: 0.64 cm outer diameter (OD) by 0.46 cm inner di-

ameter (ID) and 1.27 cm OD by 1.09 cm ID. The tubes were

made of 304 stainless steel. The 0.64 cm OD tubes were sur-

rounded by a 4.8 mm thickness of explosive which was con-

tained in a thin-walled outer tube made of glycol-modified

polyethylene terephthalate (PETG). Two different configura-

tions were used with the 1.27 cm OD tube in order to exam-

ine the effect of a tamper: a 3.2 mm thickness of explosives

with a 1.27 cm thick steel outer tube and a 6.4 mm thickness

of explosives with a thin PETG outer tube. The details of

each series are given in Table I; a schematic of the apparatus

is shown in Fig. 2(a) and typical cross sections of tamped

and untamped pump tubes are shown in Fig. 2(b). The

explosive used was nitromethane sensitized with 10% dieth-

ylenetriamine (DETA), a liquid explosive having a VOD of

6 km/s and a detonation pressure of 11 GPa.20 The failure

thickness for this explosive confined in polyvinylchloride is

2 mm.21 When confined in steel, the failure thickness is fur-

ther reduced;22 therefore detonation failure due to an insuffi-

cient thickness is not a concern. The downstream end of the

pump tube was capped; the tube was pressurized with helium

via a fill line connected to the upstream end to initial pres-

sures from 10 atm to 100 atm.

B. Diagnostics

The outer tube was instrumented with self-shorting

twisted wire pair (SSTWP) gauges. These gauges consist of

two wires forming an open circuit which are twisted together

and inserted directly into the explosive; as soon as the deto-

nation reaches them, the detonation pressure causes the wires

to short, discharging a capacitive circuit. An oscilloscope

records the time of arrival of the detonation at the gauge

location. It is assumed that the axial location of the virtual

piston (the pinch or implosion point) was coincident with the

detonation front. The pump tube was instrumented with pie-

zoelectric sensors (shock pins, Dynasen CA-1135). These

are uncalibrated sensors which convert any applied pressure

into a signal which is recorded by an oscilloscope. The

TABLE I. Experimental details for all shot series.

Shot series Pump tube dimensions Outer tube dimensions Explosive layer thickness Position of measurements

0.64 cm OD untamped 0.64 cm OD, 0.46 cm ID 2.22 cm OD, 1.59 cm ID PETG plastic 0.48 cm 52 cm

1.27 cm OD tamped 1.27 cm OD, 1.09 cm ID 4.45 cm OD, 1.91 cm ID steel 0.32 cm 125 cm

1.27 cm OD untamped 1.27 cm OD, 1.09 cm ID 3.18 cm OD, 2.54 cm ID PETG plastic 0.64 cm 125 cm

FIG. 2. Experimental set-up for investigation of the precursor shock wave

in an imploding tube. (a) Driver experimental setup with instrumentation

and (b) typical driver cross-sections.
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arrival of the PSW is indicated by a large and rapid rise in

the signal; slopes of 400 V/ms are typical. In some cases, the

entire length of the pump tube was instrumented with shock

pins and SSTWP gauges, while others only had SSTWPs at

the extremities of the outer tube and shock pins on a section

of the pump tube extending beyond the explosive [see

Fig. 2(a)]. Data obtained from both versions was compared

and found to be identical within experimental error.

Detonation and precursor shock velocities as well as

standoff distance were determined from the position-time

data obtained from the SSTWPs and the shock pins. The det-

onation and shock velocities were taken as the slope of a lin-

ear fit to the SSTWP and shock pin signals, respectively, in

the region of interest. The standoff distance and shock veloc-

ity were obtained after the shock had traveled 115 internal

pump tube diameters beyond the initial collapse point, which

is the point where the detonation entered the outer tube.

IV. RESULTS

A. Visual examination

For the 0.64 cm OD series, recovered collapsed pump

tubes were sectioned approximately 15 cm from the initial

collapse point to verify whether they had been completely

collapsed or not. Figure 3(a) shows that a small hole

remained at the center of the tube. This hole was larger for

higher initial fill pressures. The recovered tubes for trials

under 25 atm initial fill pressure were relatively straight and

intact. However, as the initial fill pressure was raised beyond

that point, recovered tubes showed signs of axial rupture, as

shown in Fig. 3(b), particularly further downstream. Because

of this, the entire length of the pump tube could not be recov-

ered, shorter lengths being recovered for higher fill pressures,

as shown in Fig. 3(c). This was also the case for 1.27 cm OD

tubes, both tamped and untamped, although the recovered

pump tube sections for the tamped series were always longer

than the corresponding untamped tubes. This suggests

that tamped pump tubes are better able to contain the high-

pressure driver gas, resulting in a greater length of shocked gas.

B. Shock velocity and standoff measurement

Figure 4 shows the data obtained for a typical experi-

ment in the 1.27 cm OD tamped series. The fill pressure for

this tube was 20.4 atm, and the length of the tube was 1.5 m.

The SSTPW gauges measured a VOD of approximately

6.6 km/s, which is faster than the expected VOD of nitrome-

thane; this effect will be discussed in Sec. IV.C. A piston

traveling at that speed would generate an 8.9 km/s shock in

helium. Shown in Fig. 4(a) are the measured shock and deto-

nation waves, as well as the ideal shock trajectories for

6.0 km/s and 6.6 km/s pistons. The measured shock trajec-

tory falls between the two curves.

The shock pin data indicates that the PSW was initially

traveling at a speed of approximately 10 km/s, which is

faster than the 8.1 km/s predicted by theory; at the end of the

tube, the velocity had decayed to approximately 7 km/s [see

Fig. 4(b)] and does not appear to have reached a steady

value. The standoff distance was approximately 30 cm by

the end of the pump tube [see Fig. 4(c)].

The PSW required some time to emerge ahead of the

detonation front. Although the PSW velocity decayed as it

traveled further down the pump tube, by taking the PSW ve-

locity recorded from the two first shock pin signals and

extrapolating the trajectory back to where it intersects the

detonation trajectory, a conservative estimate on the distance

traveled by the PSW before it emerged ahead of the detona-

tion front can be obtained. This distance was 12.2 cm for this

experiment, or approximately 10 inner pump tube diameters.

A distance of 10 diameters was typical of most experiments

in each shot series.

The calculated curves in Figs. 4(b) and 4(c) are obtained

from the analytical model presented in Sec. V. This model

calculates the standoff and PSW velocity while taking pump

tube expansion into account. Model calculations are also

given where the PSW velocity is initialized at twice the

FIG. 3. (Color online) Photographs of recovered 0.64 cm OD pump tubes.

(a) Pump tube cross sections taken 15 cm from the initial collapse point, (b)

recovered pump tubes showing rupturing along the length, and (c) recovered

length of the pump tube tends to decrease with increasing initial fill

pressure.
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virtual piston velocity (Us initial¼ 2UP) to account for the ini-

tial presence of jetting. In practice it takes approximately 10

diameters for the shock to form, but the model assumes that

the shock forms immediately; thus, the experimental shock

data was spatially offset to the origin for Figs. 4(b) and 4(c).

In model calculations the standoff distance and PSW veloc-

ity are therefore measured after 105 internal pump tube

diameters of travel instead of 115.

Figure 5 shows the standoff and shock velocity data

measured at 115 diameters of PSW travel versus initial fill

pressure for the 0.64 cm untamped pump tube series. The

standoff and PSW velocity decrease with fill pressure. This

is primarily due to the radial expansion of the pump tube

caused by the high shocked pressure of the driver gas

between the PSW and the virtual piston. At low (10–15 atm)

initial fill pressures, the standoff is higher than the ideal

FIG. 4. Typical results for a 1.27 cm OD tamped pump tube with 20 atm

initial fill pressure. (a) Detonation and PSW trajectories, (b) PSW velocity

versus PSW position, and (c) standoff versus PSW position.

FIG. 5. Summary of results with a 0.64 cm OD pump tube and correspond-

ing model results, showing (a) the PSW standoff from the detonation front

and (b) the PSW velocity, both measured 115 diameters after the initial col-

lapse point.
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value, yet the shock velocity is less than the ideal value. This

is attributed to jetting of tube material and a possible radia-

tion precursor. This effect is not seen at higher pressures

(above 20 atm).

The results from the 1.27 cm pump tube series, both

tamped and untamped, are shown in Fig. 6. Figures 6(a) and

6(b) show the standoff and PSW velocity data, respectively,

for the tamped case, and Figs. 6(c) and 6(d) show the data for

the untamped case. The 1.27 cm untamped standoff falls

below that of the 1.27 cm tamped series, suggesting that pump

tube expansion has a substantial impact on standoff and that

adding a tamper is an effective way to limit this expansion.

For the 1.27 cm tamped series, the PSW velocity ini-

tially decreases with fill pressure but increases for pressures

exceeding 50 atm [see Fig. 6(b)]; standoff distance also

increases slightly at the highest pressure. This may be due to

precompression of the nitromethane, leading to an increased

VOD which would drive a faster PSW, as explained in the

next section. This may also be due to rupturing of the pump

tube caused by the high shocked driver gas pressure. The

resulting loss of driver gas would relieve the pressure inside

the pump tube, allowing the virtual piston to re-form further

on, restarting the whole process. This would result in cyclical

breaking up and reforming of the virtual piston and thus

oscillations in the PSW. On reforming, the resulting restarted

PSW is expected to travel faster than the ideal velocity due

to initial jetting. The recorded PSW data in the region of in-

terest would then be a snapshot of this transient process. The

data obtained for a 1.27 cm OD tamped pump tube with an

initial fill pressure of 70 atm showed the PSW velocity oscil-

lating between 7 and 9 km/s, which supports the rupturing

theory above. The SSTWPs are believed to have been trig-

gered by the PSW in this experiment, recording velocities

oscillating between 7 and 8.4 km/s very near the shock pin

signals; therefore, no reliable VOD or standoff distance mea-

surement could be made.

There is no discernable pattern for shock velocity for the

1.27 cm OD untamped series [see Fig. 6(d)]. This may be

caused by pump tube bursting, resulting in a transient regime

as explained above; for untamped pump tubes, it is very

unlikely the pressure in the nitromethane ever reaches a point

where it could significantly influence the detonation.

Results of model calculations are also shown on Figs. 5

and 6; these are discussed in Sec. V.B.2.

C. High velocity of detonation due to precompression

For the tamped 1.27 cm OD series, the VOD increased

with increasing initial fill pressure and the cause was

assumed to be the precompression of the nitromethane as it

gets squeezed between the tamper and the expanding pump

tube. Since the VOD increases with explosive density, the

compression of the explosives under the action of the

expanding tube results in an increase of the VOD. A similar

phenomenon was also observed to occur with the channel

effect.10

Experiments were performed to rule out the possibility

that the PSW was prematurely shorting the SSTWP gauges

by positioning the SSTWPs in regions of the explosive that

FIG. 6. Summary of results with a 1.27 cm OD pump tube and correspond-

ing model results, showing (a) the PSW standoff for the tamped series, (b)

the PSW velocity for the tamped series, (c) the PSW standoff for the

untamped series, and (d) the PSW velocity for the untamped series, all meas-

ured 115 diameters after the initial collapse point.
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were unaffected by the PSW. Results from these experiments

demonstrate that the SSTWP gauges were indeed recording

the detonation wave and that the increase in VOD is a real

phenomenon.

Assuming the tamper did not yield from internal pres-

sures, a static analysis on the system shows that the pressure

in the explosive was equal to the shocked driver gas pres-

sure. This assumption has been verified with the analytical

model presented in Sec. V; results from the model indicate

that the explosive layer pressure eventually oscillates near

the driver gas pressure. It is then possible to calculate the

density of the compressed nitromethane using the Winey-

Gupta equation of state for nitromethane.23 Subsequently,

the VOD can be calculated using Cheetah.20 In Fig. 7, the

recorded VODs for the 1.27 cm tamped series are plotted

against the results obtained from Cheetah using the newc1

product library, which is a renormalized Becker-Kistiakow-

sky-Wilson (BKW) library with a three-phase carbon equa-

tion of state. The results from Cheetah fall beneath the

measured data. This indicates that the pressure reached by

the nitromethane may be underestimated in calculations, but

it seems clear that the increased velocity of detonation

recorded is due to a precompression of the nitromethane

caused by the swelling of the pump tube.

A slight rise in VOD was also observed in the 1.27 cm

untamped series; however, without a tamper, the compres-

sion of the nitromethane layer is limited and as a result the

VOD is not increased significantly.

The consequences of this effect are to increase the PSW

velocity and thus the shocked driver gas pressure, which

leads to a faster rate of expansion of the pump tube and a

slightly lower standoff. However, the change in PSW veloc-

ity and VOD themselves should have no effect on the stand-

off since the ratio between these values remains the same.

V. ANALYTICAL MODEL OF NONIDEAL OPERATION

Experimental results and previous work6 suggest that

expansion and rupture of the pump tube may be the main

nonideal phenomenon affecting the performance of the

pump tube. It is therefore important to understand the dy-

namics of pump tube expansion through a simple analytical

model. In so doing, it will be possible to gauge the effects of

the various parameters influencing the system. These include

the initial driver gas fill pressure, the pump tube radius and

wall thickness, the thickness of the explosive layer, and the

material properties of the tube and the explosive. The model

should also quantify the effect of adding a tamper surround-

ing the explosive. Because of the dynamic nature of pump

tube operation, the tube may not reach a static equilibrium

state. The tube may be expanding until it is collapsed by the

detonation wave. The role of the tamper in this regard is a

dynamic one: an adequate pressure has to buildup in the

intervening explosive layer before the tamper can noticeably

confine the pump tube. The static equations are therefore not

enough to model these effects and a dynamic model is

needed.

A. Tube expansion dynamics

1. Pump tube motion

Consider a cross section of the pump tube, located some

distance x0 down the tube. The tube will be subjected to an

instantaneous change in internal pressure once the shock

wave passes x0. The problem is axisymmetric, which means

that the tube will expand uniformly and remain circular. It

will also be assumed that the inclination of the tube wall

with respect to the central axis is negligible. This is analo-

gous to a cylindrical piston which is driven outward via a

constant internal pressure. Newton’s second law can be

applied to a one-dimensional segment of the cross section.

See Fig. 8 for a sketch of the tube segment and forces acting

on it.

Consider an elementary segment, such that the angle dh
is small. The pump tube has radius r and thickness s. Pump

tubes are typically thin-walled tubes, which means that only

hoop stress (rh) needs to be considered (hoop stress can also

be assumed to be constant throughout the thickness). The

tube experiences both internal pressure, pinternal, from the

shocked driver gas contained within, and external pressure,

pexternal, from the liquid explosive surrounding it which is

being compressed by the expanding tube. As will be shown

later, pexternal depends on the radius and wall speed of both

FIG. 7. Experimental measurement of the VOD of liquid nitromethane in

tamped pump tube experiments. FIG. 8. Force balance on a pump tube segment.
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the pump tube and the outer tube. Applying Newton’s second

law in the radial direction and using the small angle approxi-

mation one obtains the following differential equation:

€r ¼
pinternal � pexternal rpt; _rpt; rot; _rot

� �� �
sqtube

� rh

rqtube

; (1)

where qtube is the density of the tube material and the sub-

scripts pt and ot stand for “pump tube” and “outer tube,”

respectively. From conservation of mass, assuming the tube

material is incompressible, the tube thickness decreases as it

expands according to the following equation:

s ¼ r0s0

r
; (2)

where r0 is the initial pump tube outer radius and s0 the

initial pump tube thickness. Combining Eqs. (1) and (2),

gives:

€rpt ¼
pinternal � pexternal rpt; _rpt; rot; _rot

� �� �
r

r0s0q
� rh

rq

	 

pt

: (3)

Typically, the pump tube experiences very high strain rates

during expansion since it is being instantaneously loaded

with a very high internal pressure. Calculated maximum

strain rates for the pump tube vary between the order of

103 s�1 and 104 s�1, depending on fill pressure. Static values

for stress and strain do not apply, therefore a model depend-

ent upon strain rate (a function of both r and _r) is needed.

Johnson and Cook24 developed a constitutive model for met-

als subjected to large strains, high strain rates and high tem-

peratures. This model is widely used in similar problems,

such as high-velocity impacts, collapsing liners in shaped

charges and explosively formed penetrator devices.

Although the range of strain rates over which the Johnson-

Cook (JC) model is valid is not explicitly discussed, it uses

test data obtained from, among others, torsion tests done

over a range of strains rates from quasistatic up to 400 s�1.

The Johnson-Cook strength model defines the von Mises

stress r as the following:

r ¼ Aþ Beg½ � 1þ C ln _e�½ � 1� T�m½ �;

where e is the plastic strain, A is the yield stress, B and g are

constants which account for strain hardening, the terms in the

second bracket account for the effect of strain rate, and the

terms in the last bracket account for the effect of temperature.

_e� is the dimensionless plastic strain rate and is given by:

_e� ¼ _e= _e0;

where

_e0 ¼ 1:0s�1:

T* is the homologous temperature and is given by:

T� ¼ T � Troom

Tmelt � Troom
;

where Troom is the initial temperature of the material and

Tmelt is the melting temperature of the material. All constants

— (A, B, g, C, and m) — are determined from tension and

torsion tests at different strain rates and temperatures. Note

that these values are not readily available for any material,

but the accepted values for several materials are given with

the JC model.24 The pump tubes used in experiments

reported in this paper were made of 304 stainless steel, but

since values for this material are not available, values for

1006 steel were used.

The JC model considers plastic values of stress only. It

assumes that the elastic region is negligible, which is valid

for high strain rates and large plastic deformations. The lin-

ear section of the stress-strain curve is then suppressed and

the value of stress at zero strain is the yield stress of the ma-

terial. The engineering strain is defined as the stretch of the

material over its initial length:

e ¼ ‘� ‘0

‘0

:

For a tube, the length of the material is equal to the circum-

ference of the tube: ‘¼ 2pr. The expression for strain then

becomes:

e ¼ 2pr � 2pr0

2pr0

¼ r � r0

r0

¼ r

r0

� 1:

Although the tube is initially at room temperature, it will

heat up due to plastic work of deformation; the temperature

change can be expressed as:

DT ¼ b
qCp

W;

where b is the work rate to heat rate conversion factor and is

empirically determined to be approximately equal to 0.9 for

most cases, q is the density of the material, Cp is the heat

capacity of the material, and W is the plastic work of defor-

mation. One can obtain W by integrating the stress-strain

curve:

W ¼
ðef

0

rde;

where ef is the final strain reached. In the plastic regime, the

stress in the tube will always oppose the motion and any de-

formation of the tube, even compression following expan-

sion, will generate heat; ef is therefore path dependent.

2. Explosive layer pressure

The pressure in the explosive layer is not constant and

will fluctuate depending on the movement of its boundaries.

When the pump tube expands into the explosive, it will send

pressure waves through it. These pressure waves are fairly

weak since the fluid speed is small compared to its sound

speed. In the case of a liquid explosive, the change in density

and sound speed of the explosive will be small enough for

the pressure in the explosive layer to be modeled using

acoustic waves. Solving for pressure then consists of keeping
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track of all the pressure waves transmitted back and forth in

the explosive layer. The use of acoustics simplifies the prob-

lem since they propagate at the speed of sound in the mate-

rial, which is assumed constant. Therefore, they are

represented as straight lines in a position versus time dia-

gram. This makes it computationally easier to keep track of

them, as compared to the more general method of character-

istics. Because the acoustic equations are linear, the solution

is simply the superposition of the effect of each individual

wave.

Even though the geometry is cylindrical, the radius of

curvature of the waves generated into the explosive by the

expanding piston (the pump tube) is very large compared to

the thickness of the wave; the waves can therefore be consid-

ered planar. Since the fluid next to the piston has to be travel-

ing at the same velocity as the piston, a change in piston

velocity Du generates an acoustic wave in the fluid, propa-

gating at c0 (the acoustic speed of the fluid), that changes its

velocity by the same amount. The pressure change across

this wave is given by conservation of mass and momentum:

Dp ¼ q0c0Du:

If the explosive layer is infinitely thick, these waves propa-

gate outward forever, and the pressure on the tube surface

will simply be the sum of each Dp across all the acoustic

waves generated up to that point.

If the explosive layer cannot be considered infinitely

thick (as is usually the case), the generated acoustic waves

will reflect off the outer boundary of the explosive layer. Af-

ter reflection off the outer boundary, the acoustic waves

propagate back and reflect off the pump tube, and thus rever-

berate back and forth between both boundaries, as shown in

Fig. 9(a). For clarity, only one acoustic wave is shown in the

figure; in the model, new acoustic waves are generated at

each time step, resulting in a net of waves similar to that

obtained in the method of characteristics.

Every time a wave goes through a fluid element, the

pressure of that fluid element increases by a Dp associated

with that wave. Referring to Fig. 9(a) and considering the

effect of that single wave, region 1 is at a pressure p0þDp,

region 2 is at a pressure p0þ 2Dp, and region 3 is at a pres-

sure p0þ 3Dp. The pump tube never actually experiences

region 2; it goes directly from region 1 to region 3. Likewise,

the outer boundary is never exposed to region 1. Therefore,

when a wave reflects off a boundary, the pressure acting on

it increases by an amount equal to twice the Dp associated

with that wave, so for the pump tube: p3¼ p1þ 2Dp,
p5¼ p3þ 2Dp, and so on.

The case described above is for a single acoustic wave.

More generally, there will be a continuum of acoustic waves

sent out along the entire surface of the pump tube. For this

simplified model, the problem is discretized in time and an

acoustic wave is generated every time-step (the time-step

size is on the order of 1 to 10 ns). Displaying all the acous-

tics present in Fig. 9(a) would result in an overly cluttered

graph. Instead, zooming-in Fig. 9(a) gives Fig. 9(b), where

the acoustic waves sent out at arbitrary times t and t-Dt are

shown as well as some acoustic waves generated at earlier

times that reflect off the pump tube during that time interval;

only two reflected waves are represented in Fig. 9(b), but in

practice there may be any number of them. At time t-Dt, the

pressure is p(t-Dt), the tube radius is r(t-Dt) and the wall

speed is _r(t-Dt). Based on the difference in internal and

external pressures at time t-Dt, the new radius and wall speed

at time t, rðtÞ and _rðtÞ, can be calculated by solving Eq. (3).

The change in wall speed will generate an acoustic wave at

time t with a Dp given by:

Dp tð Þ ¼ q0c0Du tð Þ ¼ q0c0 _r tð Þ � _r t� Dtð Þ½ �:

Considering the pressure increase due to the reflected waves,

the pressure at time t is given by:

p tð Þ ¼ p t� Dtð Þ þ Dp tð Þ þ 2 Dpreflected1
þ Dpreflected2

þ :::
� �

¼ p t� Dtð Þ þ Dp tð Þ þ 2
P

Dpreflected;

where the term
P

Dpreflected is the cumulative pressure con-

tribution from all the waves which were reflected off the

tube during the time-step Dt.
Since the effects of the acoustic waves add up linearly,

it is not necessary to keep track of every individual wave

generated since the beginning of the calculation. Once these

waves interact with a boundary, their effect can be superim-

posed on the next wave sent out from that boundary; it is

therefore assumed that the reflected waves in the above

example all interact with the pump tube at time t. The acous-

tic sent out from the pump tube at time t will include the

effects of all the reflected waves as well as the change in

FIG. 9. (a) Position-time graph showing the expanding pump tube and

acoustic reverberations. (b) Zoom of the position-time graph of the expand-

ing tube showing one time-step.
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wall speed. This method reduces the number of waves that

must be tracked and simplifies the calculation. The error

incorporated by using this technique is negligible due to the

very small step size and the approximate and discrete nature

of the model. The wave sent out from the tube at time t has a

total Dp given by:

Dp tð Þ½ �tot ¼ Dp tð Þ þ Dpreflected1
þ Dpreflected2

þ…

¼ Dp tð Þ þ
P

Dpreflected:

The Dpreflected terms were generated at an earlier point in

time, so the pressure at a certain point in time is a function

of the pressure at an earlier point in time. The differential

equations then become what are known as delay differential

equations (DDE). The delay caused by an acoustic wave hav-

ing to travel back and forth between both tubes is called the

communication time (tc) and is equal to the time it takes for

an acoustic wave to travel between both tubes. This time is

not constant and is a function of the radii of the pump tube

and the outer tube, which are functions of time. A wave

reaching the outer tube at some time t was generated at the

pump tube at some time t-tc earlier; the radius of the pump

tube at time t-tc must therefore be known. In this case, tc is

given by:

tc ¼
rot tð Þ � rpt t� tcð Þ

c
:

A wave reaching the pump tube at some time t was generated

at the outer tube at some time t-tc earlier, so when consider-

ing a wave traveling from the outer tube to the pump tube, tc
is given by:

tc ¼
rot t� tcð Þ � rpt tð Þ

c
:

The pressure in the explosive layer therefore depends on

both r and _r of the pump tube and the outer tube. The func-

tions for tc are implicit. In the numerical solver, it is neces-

sary to iterate to find tc for each wave traveling between the

pump tube and the outer tube.

3. Outer tube motion

The motion of the outer tube surface in reaction to the

pressure acting on it will generate rarefaction waves. Once

these waves reach the pump tube, they will lower the pres-

sure on its surface and allow it to expand faster. In order to

help prevent pump tube expansion, it is best to limit the

expansion of the outer tube, ideally with a rigid outer tube,

as in Fig. 9(a). A heavy-walled tube made of a strong and

dense material, such as steel, will better contain the pressure

within it, thus reducing and delaying pump tube expansion.

The effect of the tamper will be felt by the pump tube more

quickly if the communication time is small, which means a

thin layer of explosive is best when using a tamper. The dif-

ferential equation governing the outer tube motion is very

similar to that governing the pump tube motion, except it

will only be subjected to the internal pressure from the liquid

explosive it contains:

€rot ¼
pinternal rpt; _rpt; rot; _rot

� �
r

r0s0q
� rh rð Þ

rq

� �
ot

:

Analytical expressions for the behavior of a thick-walled

tube which is subjected to high strain rates and large plas-

tic deformations are not available; typically, finite element

methods are used in these cases. For simplicity, the thin

shell approximation was used to find the hoop stress. Since

pressures experienced by the tamper and the pump tube

will eventually oscillate near the driver gas pressure, it is

recommended to make the tamper thick enough to contain

pressures slightly above the PSW pressure. In the

untamped case a thin plastic tube is typically used to con-

tain the explosive and its strength can be neglected

(rh¼ 0).

4. Calculated expansion histories

The differential equations governing the pump tube and

outer tube motions were integrated using a fourth-order

Runge-Kutta method. The stresses and pressures were

obtained using a forward difference method within the main

loop of the calculation. In all cases, convergence was verified

by altering the time-step size until the results were found to

converge; time-steps in the range of 1 to 10 ns were typical.

The model outputs the pump tube radius and the outer

tube inner radius as a function of time. Various parameters

can easily be varied, such as pump tube diameter or initial

fill pressure, to investigate their effects on the expansion of

the pump tube.

A design requirement is that the pump tube does not

burst before the detonation can reach and implode it. Since

the shock is traveling faster than the detonation, the longer

the pump tube is, the farther ahead of the detonation the

shock will get, and the longer it will have to contain the pres-

sure without bursting. However, it is difficult to predict when

the pump tube will burst under conditions of high strain rate

and large plastic deformations. For this study, it was consid-

ered that the tube failed once it reached 30% elongation, the

same criterion used by Watson.6

Figure 10 shows expansion histories for a 1 m long,

1.27 cm OD, 1.09 cm ID tube. The explosive layer thick-

ness is 3.2 mm. Assuming ideal PSW conditions, the tube

has to hold pressure without bursting for approximately

45 ms; this is the time it takes for the detonation to reach

the end of the pump tube after the PSW has passed.

Figure 10(a) shows the results for an untamped driver, and

Fig. 10(b) shows results for a driver with a 1.91 cm ID,

4.45 cm OD tamper. The bursting pressure for such a tam-

per is approximately 45 atm. For the untamped case, the

pump tube reaches 30% elongation before 45 ms for all

pressures shown here. However, for the tamped case, the

tamper is capable of dynamically containing the pump tube,

which does not reach 30% elongation until beyond 45 ms

for all cases. This clearly shows that a tamper can make a

substantial difference in preventing or delaying pump tube

bursting.
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B. Shock Dynamics

1. Shock velocity and standoff distance

In order to validate the model predictions against experi-

mental data, the model developed above needs to predict

PSW velocity and the standoff distance based on tube

expansion.

Consider a length of pump tube as shown in Fig. 11(a).

The tube is filled with driver gas at an initial pressure, den-

sity, and temperature p0, q0, and T0. Once the piston starts

moving at a constant velocity UP equal to the VOD of the ex-

plosive used, it will push a PSW in front of it with speed Us

which will bring the driver gas to the shocked state ps, qs,

and Ts. Initially, Us can be calculated from unsteady shock

relations; from there the shocked state can be calculated

from normal shock relations.

The flow behind the PSW is subsonic relative to the

PSW, which means that changes in pressure and velocity can

be communicated through the flow and to the PSW. Thus, it

is assumed that the shocked driver gas pressure is uniform.

The fact that the tube is expanding will be communicated to

the PSW through rarefaction waves, which will slow it

down; therefore, Us becomes a function of time. A lower

PSW velocity means a lower pressure ratio across the PSW,

and therefore a decrease in pressure of the shocked driver

gas.

After some time Dt, the PSW and the piston will be sep-

arated by some standoff distance Ls(t), as shown in

Fig. 11(a). From the piston-fixed reference frame, the PSW

moves away from the piston at a velocity of _Ls tð Þ. The veloc-

ity of the PSW in the laboratory reference frame is then

given by Us ¼ _Ls tð Þ þ UP.

The mass of driver gas swallowed by the shock at this

time is given by:

mswallowed ¼ UPtþ Lsð Þqopr2
0;

FIG. 10. Expansion histories for (a) untamped and (b) tamped pump tubes.

FIG. 11. (a) Dividing the length of tube exposed to PSW pressure into dis-

crete slices, (b) exposed slices expand due to internal pressure, and (c)

advancing Dt and re-dividing the length of tube exposed to PSW pressure

into slices.
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and the mass of shocked driver gas between the piston and

the PSW is given by:

mshocked ¼
ðLsðtÞ

0

qspr2dx;

where r is the pump tube radius and x is in the axial direction

of the pump tube. These two masses are identical. Equating

and differentiating both sides, the following expression can

be obtained, after an application of the Leibniz rule:

UP þ _Ls

� �
qopr2

0 ¼
ðLsðtÞ

0

_qspr2 þ 2qspr _r
� �

dxþ qspr2
0

_Ls tð Þ:

The shocked density can be considered constant and in the

hypersonic limit is given by:

qs ¼ q0

cþ 1

c� 1
:

In this case, _qs becomes 0.

Simplifying and solving the above equation for _Ls tð Þ the

following expression is obtained:

_Ls tð Þ ¼
UP � 2 qs=q0ð Þ 1=r2

0

� � Ð LsðtÞ
0

r _rdx

qs=q0ð Þ � 1
: (4)

With this expression, it is possible to solve for the rate of

change of the standoff distance _Ls tð Þ at a certain point in

time if the pump tube radius r and wall speed _r along the

tube between the piston and the PSW are known at that point

in time. These values can be obtained from the expanding

tube model described above.

The calculation is initialized with an ideal shock which

is allowed to travel down the pump tube for a time Dt, over

which shock properties are assumed to remain constant. The

standoff distance at this time is:

Ls tð Þ ¼ Dtð ÞðUs � UPÞ:

Over this distance, the expanding tube model is used to eval-

uate the values of r and _r at several points, or slices, along

the pump tube length, each slice having been exposed to

PSW pressure for a time varying between 0 ms (for the slice

at the PSW) up to Dt (for the slice at the piston). See

Fig. 11(b). Using the obtained discretized radius and tube

wall velocity profiles, it is possible to evaluate the integral in

Eq. (4), obtain a new value for _Ls tð Þ and update the PSW ve-

locity and PSW pressure.

The solution is then advanced by Dt. The new value of

standoff is calculated according to:

Ls tþ Dtð Þ ¼ Ls tð Þ þ Dt _Ls tð Þ:

The piston moves forward by a distance UPDt. From the pis-

ton-fixed reference frame, the pump tube wall is translated

backward by the same amount. Points on the tube profile

which are translated behind the piston are discarded, but the

points which remain in front of the piston are retained and

subjected to the new PSW pressure. The remainder of the

length of the pump tube between the piston and the PSW is

divided into equally spaced slices. Refer to Fig. 11(c). The

process is then repeated, updating the shock properties at

each Dt.
For the first few iterations, all slices will be discarded.

However, once the standoff distance has grown beyond

UPDt, some slices will be retained, and the total number of

slices will grow with each iteration. For the pump tube con-

figurations examined, the solution converged when using a

Dt of 0.1 ms. With this Dt, initializing the calculation with

only 2 slices is enough for the solution to converge.

2. Calculated standoffs and shock velocities

As explained in Sec. IV.B, while in experiments the

measurements were made 115 inner tube diameters after the

initial collapse point, the calculated values were taken after

the PSW had traveled 105 diameters to compensate for the

shock formation distance. However, taking the values at ei-

ther 105 diameters or 115 diameters does not significantly

change the results.

Jetting may be responsible for an initial increase in PSW

velocity and standoff distance. Such a jet can travel up to

twice the VOD of the explosive.25,26 Therefore, in an attempt

to set bounds for the problem, calculations were also done

where the PSW velocity was initialized at twice the VOD of

the explosive (Us initial¼ 2UP).

For the tamped pump tube series, the recorded VOD

was observed to increase with fill pressure due to precom-

pression of the explosive by the expanding pump tube; there-

fore the VODs used in this case were the ones calculated by

Cheetah. The recorded VODs could also have been used; the

difference between the results using either value is small.

The calculated standoff distance and PSW velocity ver-

sus fill pressure for all three experiment series are shown in

Figs. 5 and 6. The calculated standoff curves for each experi-

ment series follow the trends of the measured standoffs quite

well and the experimental data for each series lies between

both calculated curves for all pressures except the very high-

est fill pressure used, 100 atm. Since the model uses a con-

stant virtual piston velocity, it cannot be used to reliably

predict pump tube behavior at high initial pressures (above

50 atm), where it is suspected that the virtual piston trajec-

tory is discontinuous due to bursting. Nonetheless, agree-

ment is good below 70 atm initial pressure. These results

clearly show that the main mechanism for loss of PSW ve-

locity and standoff distance is the radial expansion of the

pump tube from the high shocked driver gas pressure. Meas-

ured standoff and PSW velocities for the tamped series lie

closer to the calculated curves using Us initial¼ 2UP, whereas

those for the untamped series lie closer to the curves using

Us initial¼ ideal curves, suggesting that jetting is more impor-

tant in tamped pump tubes. This is reasonable since the inner

collapse angle is larger for tamped pump tubes. For both

untamped series, the Us initial¼ 2UP and Us initial¼ ideal

curves quickly converge to the same value, which shows that

the rapid expansion of untamped pump tubes quickly attenu-

ates the PSW to a point where the effects of initial jetting are

no longer visible from the velocity data. However, these
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effects are discernible in the standoff data: the increase in

PSW velocity imparted by the jet at early times results in an

initial rapid increase in standoff, which is why the measured

standoff is above the Us initial¼ ideal standoff curve whereas

the measured PSW velocity is close to or below the corre-

sponding calculated velocity curve.

It is interesting to note that pump tubes rarely burst

according to these model predictions. The faster expansion

of the pump tube at higher pressures is compensated by a

faster drop in PSW velocity, leading to standoff distances

short enough for the pump tube radius to remain below 30%

elongation before it is collapsed by the detonation.

C. Failure to pinch

The virtual piston is subjected to shocked driver gas

pressure. It is possible for this pressure to be high enough to

prevent the pump tube from collapsing onto its axis and

forming a complete seal. This would lead to loss of driver

gas from the central hole in the virtual piston. Menikoff

et al.8 showed that this leaky virtual piston behaves as a noz-

zle and that the resulting flow can be described by the one-

dimensional duct flow equations. This scenario can still drive

a PSW, although at a velocity less than the ideal shock

driven by a perfect piston, provided the flow is choked at the

throat of the imploded region. Eventually, due to loss of

driver gas and expansion of the tube walls, the system may

reach equilibrium where the PSW travels at the same veloc-

ity as the detonation, either ahead of the detonation or within

the imploding region.

Several studies have been made on the collapse of cylin-

drical steel shells. Kinelovskii developed an analytical model

to describe the motion of the inner and outer wall surfaces of

a tube being collapsed by both infinite27 and thin28 layers of

explosive, valid up until the point where the inner radius of

the tube reaches 20–30% of its initial value. Ivanov et al.29

observed that perturbations in the detonation front cause ini-

tial prescribed perturbations on the inner surface of the pump

tube. Perturbations on the outer tube wall grow without

bound during collapse while waves of finite amplitude de-

velop on the inner wall. Such perturbations were modeled

with relative success by Serikov.30 Ivanov et al.31 noted that

the shear strength of the shell material has a substantial stabi-

lizing effect on the development of the perturbations and that

there is a minimum tube thickness d*¼ s/r required for sta-

ble collapse, where s is the thickness of the tube and r is the

outer radius of the tube. For steel, d* has to be larger than

10% for stable implosion.

For the present study, the goal is to completely collapse

the pump tube so as to generate long columns of high-

pressure gas. The findings above were taken into account

when designing the pump tube, mainly for material selection

and tube wall thickness, however in the present study a sim-

pler method is sufficient to describe the virtual piston.

Consider a cross-sectional slice of the pump tube which

has just been overtaken by the detonation wave. On the out-

side it is exposed to the detonation pressure of the explosive,

on the inside it is exposed to shocked driver gas pressure.

Here material strength and the effect of cylindrical geometry

are neglected. The tube wall is imparted a kinetic energy per

unit area of 1=2ð ÞqtubesU2
tube, where Utube is the velocity

imparted to the tube wall by the detonation products. As the

tube is collapsing, the driver gas inside does work per unit

area; if the tube is completely collapsed, this term is equal to

pinternalr0. As the PSW gets further ahead of the virtual pis-

ton, pump tube expansion will gradually decrease the

shocked gas pressure, increase the radius of the pump tube,

and impart an initial outward velocity to the tube wall; how-

ever for a first order approximation these effects can be

ignored. For the pump tube wall to just reach the central

axis, conservation of energy gives 1
2
qtubesU2

tube ¼ pinternalr0.

Solving for Utube the following is obtained:

Utube ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pinternalr0

qtubes

s
:

This is the minimum velocity which the explosive needs to

impart the pump tube wall so that it just reaches the central

axis. However, the time it takes the tube wall to reach the

center and the resulting aspect ratio (AR) of the virtual pis-

ton, defined as the virtual piston length on the initial pump

tube diameter, need to be considered. Since the acceleration

of the tube wall due to internal pressure, a, is constant, the

time needed to reach the center is given by:

tpinch ¼
Utube

a
¼ Utube

pinternal=ðqtubesÞ
;

and the AR is given by:

AR ¼ UPtpinch

r0

:

The values of AR obtained by simply imposing a velocity

large enough so that the pump tube wall just reaches the cen-

tral axis are not realistic. From a design point of view, it is

better to impose a certain AR and then work out the pump

tube wall velocity needed.

The Gurney velocity approximation25 was used to deter-

mine the inward velocity imparted to the pump tube wall by

the detonating layer of explosive surrounding it. The open-

faced sandwich equation was used for untamped pump tubes:

Utube ¼
ffiffiffiffiffiffi
2E
p 1þ 2 M

C

� �3þ1

6 1þ M
C

� � þM

C

" #�1
2

;

and the asymmetric sandwich formula was used for tamped

pump tubes:

Utube ¼
ffiffiffiffiffiffi
2E
p 1þ A3

3 1þ Að Þ þ
N

C
A2 þM

C

� ��1
2

;

where

A ¼ 1þ 2 M=Cð Þ
1þ 2 N=Cð Þ :

Here,
ffiffiffiffiffiffi
2E
p

is called the Gurney characteristic velocity and is

specific to the explosive used, M/C is the metal-charge mass
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ratio for the pump tube and N/C is the metal-charge mass ra-

tio for the tamper. The initial tube wall velocities were calcu-

lated to be 1.11 km/s for the 0.64 cm untamped series,

1.53 km/s for the 1.27 cm tamped series, and 1.35 km/s for

the 1.27 cm untamped series.

Improvements on the Gurney formula have been made

to account for cylindrical geometries. Models from Henne-

quin32 and Chou et al.33 give an expression similar to Gur-

ney which includes an extra integral. Hirsh34 simplified the

Chou formula but the results include a scaling parameter

which is not defined and needs to be guessed or experimen-

tally calibrated. The Chanteret35 formula can be used in a

straightforward manner, but it does not appreciably deviate

from the original Gurney formula except for extremes

of M/C. Carleone and Stefan36 also developed an analytical

model for thin collapsing shells including the effects of spin-

ning and material strength. They concluded that spin and,

more importantly for the present case, material strength were

significant and may greatly reduce the final collapse velocity.

Nonetheless, the method described here is only meant as a

simple first order approximation and the extra complications

associated with these modified formulas were found to not

affect the qualitative nature of the results.

The results of this model predict that complete pinch of

the pump tubes should have occurred with an AR below 6

for all tests described in Sec. II. A precursor was observed in

all experiments, thus results are consistent with predictions.

However, in some experiments not reported here, a virtual

piston calculated to have an AR above 7 was not able to drive

a PSW. Thus it is recommended to have an AR as small as

possible, preferably below 6.

D. Parameter maps

Pump tube operation is influenced by a large number of

different parameters; as a result there are many reasons

the tube may fail to operate as intended. The expanding

tube model presented above is a useful tool to predict pump

tube behavior for any given configuration. By fixing some

parameters and allowing others to vary, it is possible to

generate conceptual parametric “maps” and define regions of

expected behavior.

Figure 12 shows the effect of varying initial fill pressure

for different explosive layer thicknesses for given pump tube

dimensions. In regions 1 and 2 of this figure, a precursor can

be driven without bursting the tube either without a tamper

(region 1) or at even higher initial pressure (region 2) with a

tamper. In regions 3 and 4, the tube bursts before the arrival

of the detonation due to the tamper failing mechanically

(region 3) or the tamper not being able to communicate with

the pump tube due to the explosive layer being too thick

(region 4). In regions 5 and 6, the tube is not imploded with a

sufficiently small aspect ratio to drive a precursor effectively

either without tamper (region 5) or with a tamper (region 6).

Thus, the high-pressure operation (80 atm) that permits a pre-

cursor occurs with a thin layer of explosive (2 mm) using a

heavy tamper. This figure thus identifies the parameters that

influence design. Increasing the explosive layer thickness is

beneficial in the absence of a tamper; a thinner layer is better

when using a tamper since the effect of the outer boundary

will be felt at an earlier time. When using a tamper, it is also

possible to use much higher initial fill pressures, and it is eas-

ier to completely collapse the pump tube.

VI. CONCLUSIONS

The simple, analytical model developed in this study is

able to reproduce the observed shock dynamics of an explo-

sively driven imploding pump tube. This model permits the

construction of a parameter map which identifies the set of

parameters for which a long-duration, high-velocity precur-

sor shock wave can be generated. The use of this model has

contributed to the optimization of the pump tube design for

use in a hypervelocity launcher that has demonstrated a muz-

zle velocity of 7.3 km/s with a 10 g projectile, which is com-

parable to the best performance of conventional light gas

guns.37 This model can also be extended to investigate an

advanced hypervelocity launcher concept where explosives

are continued along the launch tube to maintain a high driv-

ing pressure on the projectile.

In addition to the nonideal effects investigated in this

study (expansion of the pump tube, failure of the explosive

to pinch), other effects are present in the operation of an im-

plosion driven pump tube. The high shock temperatures gen-

erated (6200 K incident shock, 14,500 K reflected shock)

will result in melting and vaporization (ablation) of the

pump tube wall due to both convective and radiative heat

transfer.15–19 The entrainment of tube wall material (iron,

etc.) into the gas will result in an increase in the effective

molecular weight, which is expected to have a significant

deleterious impact on performance of the shock-heated gas

as a gas-gun propellant. The stability of the explosive pinch

and the possibility of gas leaking past the pinch due to

FIG. 12. Parameter map showing regions of expected behavior when vary-

ing the initial fill pressure and explosive layer thickness for a 1 m long, 1.27

cm OD, 1.09 cm ID pump tube. In the untamped case, the outer tube is a

3.18 cm thick PETG tube, for the tamped case it is a 1.27 cm thick steel

tube. (1) Untamped pump tube does not fail, (2) Tamped pump tube does

not fail, (3) tamper ineffective (tamper fails), (4) tamper ineffective (tamper

too far from pump tube), (5) untamped pump tube does not collapse com-

pletely, and (6) tamped pump tube does not collapse completely.
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instability or boundary layer effects may also be a phenom-

enon limiting how fast the precursor shock may be driven.

These effects should be considered in future studies.
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