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Nonelectrical Tube Explosive Transfer System

Lien C. Yang* and Ian H. P. Do’
TRW Systems and Information Technology Group, San Bernardino, California 92408

Analyses of internal ballistics and criteria for reaction propagation in nonelectrical tube explosive lines were
performed based on explosive loading density, average particle size, and typical geometry using an approach based
on heat transfer and decomposition kinetics in the explosive particles in quasi steady state. The results indicate
the existence of a critical or maximum average explosive particle size for a given explosive loading density beyond
which sustained propagation may cease. Large variations usually exist in the explosive loading density, so that fine
particle sizes below 20 0 m are preferable. Fine particle size also may increase the adhesion to the inner tube wall
for mitigation of powder migration problems. Computer simulations of detonating end tip to nondetonating end
tip transfer were performed using the CTH hydrodynamic code developed by the Sandia National Laboratories.
Preliminary results indicate that the hot gas from the detonating end tip is more effective for initiating pyrotechnics
in the nondetonating end tip and that a larger gap between the end tips is essential for the success of hot gas

initiation.
Nomenclature

A = preexponentialfactor, s ™!

a = initial radius of HMX particle, um

a. = critical average HMX particle radius, um

B = activationenergy, K

c, = specific heat, cal/g-°C

D, = critical average HMX particle diameter, um

(dE/dt); = rate of energy loss per unit length in the reaction
zone in the nonelectrical NONEL) tube, cal/m-s

(dE/dt), = rate of energy per unit length created by HMX
decompositionin the reaction zone in the NONEL
tube, cal/m-s

E = energy per unit length in the reaction zone, cal/m

e = specific heat of explosion, cal/g

e = specific energy, cal/g

K = thermal conductivity, cal/s-cm-°C

£ = average HMX layer thickness, ym

N = number of HMX particles with uniform radius a per
unit length, m™!

P = peak pressure in NONEL tube, MPa

P, = impact pressure, GPa

P = vapor pressure of liquid HMX, mm Hg

)2 = vapor pressure of solid HMX, mm Hg

r = radius of interior of HMX particles that have not
decomposed, um

o = rate of HMX regression, um/us

T = temperature [Egs. (1-3)], °C or K

T; = impact temperature, K

Turface = surface temperature of HMX particles, °C

Ty = background temperature, °C

t = time of heating, s

| = impact velocity, km/s

Vo = volume per unit length in the NONEL tube, cm*/m

w = weight of HMX at given ¢

Wo = initial weight of HMX

X = normalized value of r, equal to r/a

At = heating time of HMX at a given T for Aw/w,
equals 0.99
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Aw/w, = fractional weight loss of HMX

K = thermal diffusivity,cm*/s

A = linear explosive loading density, mg/m

Ao = critical linear explosive loading density, 5 mg/m
p = density, g-cm™?

T = normalized time, xt/a>

T = thermal time constant of 1-mm i.d. HALAR

tube, us

Introduction

TYPICAL nonelectrical(NONEL) tube explosivetransfersys-

tem (ETS) consists of a plastic tube of approximately 1 mm
i.d. and 3 mm o.d. with a thin layer of explosive material coating
depositedon its inner wall during the tube extrusionprocess (Fig. 1).
When properly initiated, a shock wave is established in the tube and
propagatesat a supersonic speed of from ~ 1.4 to ~ 1.9 km/s (~4600
to ~6200 ft/s). The NONEL tube was invented in the late 1960s by
Nitro Nobel AB in Sweden.! Subsequently, it was licensed in the
United States by several explosive companies under different trade
names, for example, Primadet nonelectric delay detonators, shock
tube assembly (STA), and thin-layer explosive (TLX).

The NONEL tube is an ingenious device because it has a high-
propagationspeed and a minute amount of explosives,usually on the
orderof 1072 g/m. This makes it a very safe and lightweight device.
Demonstrationshave shown that it is survivablein many adverseen-
vironments. For a better handling resistance, steel overbraids were
added on the exterior of the line in TLX. Since the 1970s, it has
gradually been adopted in a variety of ordnance systems in which
ETS is required, for example, blasting in mining, quarrying, and
constructior?; crew escape systems in military aircrafts; ordnance
systems in launch vehicles and missiles; and launch vehicle flight
terminationsystems, whichrequirethe highest functionalreliability.
To date, several hundred thousand devices have been manufactured
and used in the United States. It is considered a well-established
technology.

Several TLX failures, however, were encountered recently in one
major launch vehicle program (Delta III). These failures impacted
all flight terminationsystems using this design, including the Multi-
Service Launch Program and Taurus Vehicle Program. There were
propagationfailuresin the lines and failures in the detonating [high-
energy explosive (HE)] end-tip-to-deflagrating [low-energy explo-
sive (LE)] end-tip transfer? Much of the design information that
affects performance of the device is proprietary to the manufactur-
ers. This limitation impedes the understanding of the device, which
limits opportunities to avoid failure modes and to improve process
controls to prevent failures. Also, there are no analyses or technical
papers in the public domain regarding how this device works and
the effects of various design parameters. It is the intent of this paper
to present analyses using nonproprietary information, that is, in the



YANG AND DO 2261

STEEL

WIRE
OVERBRAID
PLASTIC

TUBING
(HALAR)

REACTIVE
MATERIAL

Fig.1 NONEL tube concept.

public domain, to advanceunderstandingof NONEL tube operation,
and based on the results, to recommend possible processing control
and reliability improvements.

Information in Public Domain

The information available in the public domain is as follows:

1) Nitro Nobel AB’s U.S. patent1 on the NONEL tube;

2) Ensign Bickford Company, Simsbury, Connecticut, sales cat-
alog for Primadet products family;

3) OEA Aerospace, Inc., Fairfield, California, sales brochure for
TLX; and

4) TLX application on military aircraft papers*>

A variety of explosives can be used for the NONEL tube: PETN,
RDX, HMX, tetryl, TNT, etc. (for formal and alternative names see
Refs.6and 7). The tube can have differentinner diameters and be ini-
tiated by a detonator or spark, and the tube output can initiate primer
or delay pyrotechnicbased detonatingexplosive train. Items 3 and 4
from preceding list provide the following information: tube dimen-
sion, 1 mm i.d. and 3 mm o.d.; propagation speed, 1.4-1.75 km/s
(4600-5700 ft/s); peak pressure, 27.58 MPa (4000 psi); pressure
pulse duration, ~25 us; HE end-tip composition, lead-azide/HNS-I
(see Refs. 6 and 7); LE end-tip composition, ignition strand, a py-
rotechnic composition; tube material, HALAR, trade name of an
extrudable fluorapolymer manaufactured by Ausimont USA, Inc.,
Thorofare, New Jersey; tube explosives, mixture of aluminum and
HMX; explosive loading density, 20 & 10 mg/m; braids material,
corrosive resistant steel; propagationlength in absence of explosive
coating and under ideal conditions of straight length geometry, all-
fire gap of 19.1 cm (7.5 in.), 50%-fire gap 0f 29.2 cm (11.5in.), and
no-fire gap of 47.7 cm (18.0 in.).

In addition, Ref. 3 provides the following information regarding
Delta III TLX failures:

1) Leak testing of sealed but leaking TLX caused the explosive
powder on the inner wall of TLX to be scrubbed off and to leave
portions of the cord bare; therefore, explosive propagation failed in
the bare portion of the tube. Corrective action is do not rework a
leaking TLX; throw the line away.

2) HE end-tip shrapnel damaged LE end tip; therefore, the latter
failed to initiate. Corrective action is to add an adapter between the
two end tips to filter out the shrapnel.

A preliminary survey was conductedto determine what analytical
approaches exist and what approach might be useful to generate an
analytical model. There is no previous work that can be directly
applied to mode]l NONEL tube operation. Close resemblance exists
in the coal dust explosionand silo grain dust explosion. However, in
these cases, the reactions depend on oxygen content in the air, that
is, oxygen diffusion is a limiting factor. The attainable pressures
in these types of phenomena are considerably lower than that in
a NONEL tube. Conversely, to treat the problem as a two-phase

Table 1 Extrapolated py, Aw/wy, and At as a function of T

T, °C p1, mm Hg (psi) Aw/wg At

275 0.30 1.26 X 107° 91.1s
350 4.72 425 %107 0.27 s
400 21.0 9.96 X 1073 0.012s
450 79.3 0.141 7.57 X107* s
500 233.1 0.800 7.07 X107 s
609.7 1,753 1.00 1 us
683.1 5,181 N/A 0.1 us(?)
800 21,590 (418) N/A 4ns(?)
950 92,327 (1,747) N/A N/A
1,000 135,038 (2,312) N/A N/A
1,050 195,838(3,788) N/A N/A

detonation propagation appears unrealistic because the pressure in
aNONEL tubeis low as compared to that observedin the detonation
of a high explosive.

There will be a serious shortcoming in treating the problem as
a gas-phase shock wave propagation enhanced by the release of
energy from explosivereaction. The burningrate of a high explosive
at a pressure of 34.47 MPa (5000 psi) is known to be too slow to
support an assumption of instantaneousreaction. In addition in this
approach, the effects of particle size are not addressed. This is an
old problem encountered in the intensive study of deflagration to
detonationtransitionof solid propellantsin the 1970s. Experimental
results clearly indicated that the highest burning rate of propellants
of high HMX concentrations at 34.47 MPa (5000 psi) is on the
orderof 2.79 cm/s (1.1 in./s) (Ref. 8), too slow to support an abrupt
rate growth into the km/s region corresponding to a detonation.
For a pulse duration of 25 us existing in a NONEL tube, this rate
corresponds to a total erosion thickness of only 0.7 um, which is
significantly smaller as compared to a typical HMX particlesize, for
example, 50 pm in diameter. Thus, a burning rate analysis cannot
support the propagationin a NONEL tube.

The point of departure for a new approach resides in setting up
a physical model of the dynamic reaction in an explosive particle,
for example, HMX. The features of the conventional model are as
follows:

1) Under heating by surrounding high-temperature gases at low
pressure, the surface of HMX reaches 275°C, the melting tempera-
ture of the HMX. A layer of liquid HMX is formed within microsec-
onds that insulates the interior of the HMX particle from further
temperature increase beyond 275°C.

2) At 275°C, the decomposition fraction of HMX is very small
(Table 1). Therefore, a slow reactionrate would result, which cannot
support the fast reaction in the NONEL tube (~25 us), as observed
earlier.

Assumptions

Our proposed analysis is based on the assumptionsin the follow-
ing subsections.

Operating Temperature

The key concept for attaining fast HMX decomposition is the
realization of temperatures much higher than 275°C exist in the
liquid state of HMX. By extrapolationof datain literature  the vapor
pressure p; of liquid HMX as a function of temperature (Kelvin) is

log,, p1 (mm Hg) = 9.4027 — 24.89 X 10°/4.576T (1)

where the numerical factor 24.89 in units of kcal/mole is the la-
tent heat of vaporization of liquid HMX (Ref. 6). The numerical
factor 9.4027 is calculated by matching p; = p, =0.30 mm/Hg at
T =275°Cor 548.15K, where p; is the extrapolated vapor pressure
of solid HMX (Ref. 6):

log,, p» (mm Hg) = 16.18 — 41.89 X 10°/4.576T 2)

where the numerical factor of 41.89 in units of kcal/moleis the latent
heat of vaporization of solid HMX (Ref. 6).
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Table2 Quasi-steady-state
behaviors of NONEL tube

A, mg/m £, um P, MPa (psi)
5 0.85 8.67(1257)
7 1.20 12.13 (1760)
10 1.70 17.33(2514)
15 2.55 26.00(3771)
20 3.40 34.66 (5028)
25 425 43.33(6285)
30 5.10 52.00 (7542)

Heating Conditions

Underhigh pressuresina NONEL tube, combinednormal heating
and possible superheating’ in melted HMX will occur; that s, in the
liquid surface layer, temperature rise continues beyond 275°C, to
approximately 800°C.

HMX Decomposition

The decompositionof HMX is a progressivelyincreasingfunction
of temperature above the melting temperature. The fractional weight
loss as a function of temperature and heating time is

Aw/wy =1—w/w,

=1—exp[-Aexp(—-B/T)]t 3)

Table 1 summarizes p; and Aw/w, for a fixed heating time of
25 ps, simulating the pulse durationin a NONEL tube, and At, the
heatingtime for Aw/w, =0.99, forseveral temperaturesof interest.
Here, Aw/w, and AT are calculated by using numerical values of
5 X 10" s7! and 2.65 X 10* K for A and B, respectively?®

Critical Temperature

It can be seen that 800°C resembles the critical temperature of
HMX because the vapor pressure of 28.4 bar (418 psi) is close to
typical critical pressures of organic substances !’ [Note that the crit-
ical pressures for heavy organic molecules reported range from 12
to 44 bars. The critical temperature of HMX is not a very sensitive
function of choice of the critical pressure. According to Eq. (1),
16.4 and 48.7 bars of critical pressure correspondto critical temper-
atures of 750 and 850°C, respectively]. Temperatures above 800°C
are in the supercritical regime. The extrapolated pressures corre-
spondingto these temperaturescoincide with the operating pressure
in a NONEL tube (Table 2). These temperatures also coincide with
the temperatures obtained in the hot spot or air bubble initiation of
HMX under shock loading.!!

Kinetic Calculation

It appears to be reasonable to extrapolate the kinetic calculation
down to 1.0 us of decomposition time because the operation of a
NONEL tube is in the microseconds regime. Further extrapolation
into a shorter time regimes of 0.1 us and 4 ns may be questionable.
There are indications that when the thickness of explosive is re-
duced to micrometers, both ignition temperature and ignition delay
increase drastically in a number of explosives,'? that is, deviating
from the kinetic characteristicsin the bulk (a phenomenon that may
be related to the efficient disposition of heat of decompositionin a
thin-layer geometry).

Analytical Model

The physical picture of decomposition of an HMX particle in
a NONEL tube is nevertheless simple. Under the transient heating
durationof ~25 us, alayer of the surface will be decomposed much
faster than that usually predicted by burning-rate data. However,
after the reaction zone in the tube has passed down the tube and
the temperature has been rapidly reduced, the inner portion of the
particles is left undecomposed, especially when the NONEL tube
is operated near the condition of a propagation failure (minimum
decomposition).

Steady-State Estimation

The predicted results of ballisticsin a NONEL tube are summa-
rized in Table 2.

The average HMX layer thickness £ is calculated from the load-
ing density A, HMX density of 1.84 g/cm®, and the assumption that
it is uniformly coated on the tube inner wall. The significance of
the results is as follows: Knowing that the actual HMX particle size
used in the tube is on the order of tens of micrometers in diame-
ter leads to the conclusion that the majority of the tube wall is not
covered by HMX. The uncovered wall forms a large heat leak sur-
face; therefore, the peak temperature in the tube is lower than the
theoretically estimated value without including heat losses.

The steady-state peak pressure P is calculated from P =e¢;A/vy,
where e; is the specific energy of HMX (Ref. 7) of 1387 J/g and
v is the tube volume per meter and assuming HMX is completely
decomposed. The calculated 34.66 MPa (5028 psi) for A =20 mg/m
is higher than the 27.58 MPa (4000 psi) reported (in a very loose
sense because the actual value of A corresponding to this pressure
is not known). This also could be a result of the transient expansion
of the tube during propagation! or the heat loss to the tube wall and
heat loss due to the heating of aluminum powder and incomplete
decomposition of HMX.

Heat Transfer Properties

Thermal properties of HMX as a function of temperature are not
all available for the range of temperature of interest, especially for
the liquid state or supercritical state. Solid HMX properties® are
thermal conductivity, K =9.7 X107 cal/s-cm-°C (160°C); spe-
cific heat, C, =0.323 cal/g-°C (167°C); and thermal diffusivity,
k =1.632 X 1072 cm?/s.

The average diffusivity of liquid would be much smaller than the
value for its solid counterpart. A conservative value of 1/3 X
1.632 X 107% =5.44 X 10™* cm?/s is used because a 1.5 times de-
crease in K and a twofold increase in C,, are common for organic
substances when they are transformed from solid state into liquid
state.!® Diffusivity of fluids in the supercritical state will be at least
oneorderin magnitude smaller than that of the same materialin solid
state. The results reported in the next section are not very sensitive
to the diffusivity value chosen.

Critical Linear Explosive Loading Density \g

This is the minimum loading density below which the NONEL
tube will fail to sustain the propagation.It correspondsto the energy
thatis necessary to offset the energy loss to the tube wall in the reac-
tion zone for maintaining the reaction propagation. It is dependent
on the tube inner diameter and the HMX particle size. For TLX,
a value of 5 mg/m was commonly quoted. A quoted much lower
value of 2.7 mg/m is considered unreliable because it was likely
obtained from a tube of inner diameter smaller than 1.0 mm. The
control and verification of such a minute amount of HMX has been
very difficult as reflected by the loosely specified loading density of
20 £ 10 mg/m and because loose powder exists in the tube. Assum-
ing the low limit of 10 mg/m is true and a factor of two of safety
margin is provided in this parameter, 5 mg/m can be chosen as the
critical loading density for the 1-mm-i.d. TLX. Its corresponding
8.67 MPa (1257 psi) peak pressure (Table 2) is consistent with an
often-quoted TLX ignition pressure threshold.

The approximate 25-us reaction duration is consistent with the
heat loss calculation and with assumption of loading densities. It is
the characteristic heat transfer time constant of the HALAR tube
with 1 mm i.d. By the use of known thermal properties of HALAR,
thatis, p =1.68 g/cm®, C, =0.37 cal/g-°C, K =3.75 X 107* cal/s-
cm-°C, k =6.03 X 10™* cm?/s, and approximateheat transferanaly-
sis, with a 2500°C temperaturerise in 25 ps, approximately 6 cal/m
of heat would be lost from the gas to the HALAR wall. [Note
that the thermal penetration depth into the HALAR interior wall
(25 us Xx)"? is 1.23 um, which corresponds to 6.5 mg/m of
HALAR. A temperaturerise of 2500°C in the layer would provide a
heatloss of ~6.0 cal/m.] This is comparable to the total heat energy
(using 1.48 kcal/g of explosion energy from Ref. 7) available in a
NONEL tube with 5-mg/m HMX loading density, 7.4 cal/m. This
logic further substantiates the assumption that a 5-mg/m loading
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density as the threshold of propagation in a 1-mm i.d. NONEL
tube.

Propagationin a Bare Segment

The quantitative aspect of propagation in a bare segment in a
NONEL tube, that is, without explosive impregnation, can be mis-
leading. First, the length of the gap in which propagationcould sus-
tain depends on the loading density. Second, it is not a steady-state
phenomenon. In steady state, once the reaction front has passed
a location in the tube, the decomposition rate of remnant HMX
particles will drastically slow down. It can only contribute to the
residual temperature and pressure in the reacted part of the tube
[for A =20 mg/m, roughly estimated values are P =3.45-6.89 MPa
(500-1000 psi), and T =400-1000°C]. The length of the propagat-
ing reactionzoneis only 25 us X 1.9 km/s =4.75 cm. Itis estimated
that the energy content of a fully reacted 20 mg/m reaction zone can
sustain accumulative heat loss in four times of zone lengths before
it reaches a level correspondingto a fully reacted 5-mg/m reaction
zone, that is, the maximum gap lengthis 4 X4.75 cm =19 cm. This
estimated result is consistent with statements made in the earlier
section Information in Public Domain. The length will be reduced
at low loading densities, approximately 4.75 cm for A =5 mg/m.

Average Temperature in the Reaction Zone

By the use of the peak pressure values calculatedin Table 2 based
on HMX specific energy and the handbook-listed STP specific gas
volume of 927 cm?*/g for HMX (Ref. 7), a peak temperature of
3680°C is obtained. This temperature is independentof the loading
densityin this estimate and is higher than the approximately 3000°C
of steady-state temperature in a rocket motor loaded with HMX-
based propellant. Heat losses through the tube wall, resulted in a
lower temperature. The boiling temperature of aluminum, 2500°C,
is close to the average temperature in the reaction zone because
it is believed that the tube operates in an aluminum vapor-phase
reaction mode. This temperature corresponds to a gas velocity of
approximately 1.45 km/s, close to the reported reaction propagation
velocity in TLX.

Other Assumptions

The exact amount of aluminum used in some NONEL tubes
is manufacturer’s proprietary information, but it is usually small.
Therefore, its effects are not analyzed. From solid propellant ex-
perience, the presence of up to 10% aluminum has a small impact
on propellant burn temperature and pressure. Because the thermal
diffusivity of aluminum s high (~0.85 cm?/s), the aluminum parti-
cles in the NONEL tube will be completely melted and vaporizedin
25 ps. The particle size distribution of HMX is not known with ac-
curacy; therefore, in this first-cut analysis, uniform spherical HMX
particles are assumed for simplicity of the analysis. Also, during
the reaction, the particles are likely to be airborne due to the high-
pressure gas flow in the tube reaction zone. Therefore, an isotropic
heating of the particles is assumed.

Formulation of Analysis
With the foregoinggroundwork, the followinganalysisis straight-
forward for an HMX particle. The first governingequationis derived
as follows. The minimum HMX mass per unitlengthdecomposedin
the reaction zone for sustained propagationis the number of HMX
particles times volume decomposed and density of HMX, that is,

Ao = N(4n/3)(a® — r3)p
(5 mg/m). Because N =1/ [(4n/3)a’p],
ML= (rla)’] =2 4)

(5 mg/m). This equation states that, at the threshold of sustained
propagation, the total mass of HMX particles decomposed in the
NONEL tube reaction zone shall equal 5 mg/m, the critical loading
density. This establishes that there is a relationship between A and
r/a as shown in Fig. 2.

The analytical solution of heating a sphere at temperature 7
by a constant surrounding temperature Ty, can be found in the

0.8

0.6

r/a

A [1-(r/a)3} = 5 mg/m

0.4}

0.2

1 1 1 1 1 | 1
5 8 11 14 17 20 23 26 29 32 35
A, mg/m

Fig.2 Normalized decomposition radius vs linear loading density.

conductio

Teurtace = CONStant

(T- To) / (Tsurface = To)

0
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X=t/a

Fig. 3 Heat transfer in a spherical HMX particle under a constant
surface temperature.

literature."* The normalized temperature (T — Ty)/ ( Tyugace — Tp) @S
a function of normalized radial position x =r/a is described in the
following equation obtained by solving the heat transfer differential
equation in spherical coordinates and boundary conditions:

T —T 1 < 2n+1) —
e N Gn+D)—x
Tsurfacc - TO X 2 K'[/a2

n=1

2n+1) +
—erfc(w)] x=rla %)
2./ kt/a?

A plot of this equation is shown in Fig. 3 using normalized time
T as a parameter. The steps for calculating of the regression of an
HMX particle due to surface heating resulted decomposition are as
follows:

1) For the high ambient temperature, a liquid layer will form on
the surface.

2) The propogationrate of this liquification front is not as high as
indicatedby theleadingedge of the heat penetrationin Fig. 3 because
the HMX latent heat of liquification of 57.4 cal/g is comparable to
the energy for heating of HMX from the ambient of 20-275°C,
76.8 cal/g.

3) The decomposition of liquid HMX at 275°C in 25 us is negli-
gible for the interpretationof ballistics in a NONEL tube (Table 1).

Under the operating pressure in a NONEL tube, 6.90-
27.58 MPa (1000-4000 psi), the highest attainable T, is about
1000°C £ 50°C (Table 1). Therefore, evaporation of HMX will oc-
cur. The evaporated HMX does not participate in the ballistics of
NONEL tube directly because the millisecondsregime® gaseous re-
action time is much longer than 25 us. The evaporationrate is small
due to the low thermal conductivity and low density of the super-
critical HMX that buffers the high-temperature gas from the HMX
particle. Therefore, it is overriden by the liquid decompositionrate
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Fig.5 Normalized decompositionradius for¢ =25 6sasa function ofa.

described in the next paragraph. It is suspected that this low evapo-
rationrate, which is often described for the diffusion zone or mixing
zone of vapors of fuel and oxidizer in the analysis of solid propel-
lant combustion, might have contributed to the low regression rate
reported in Ref. 8. In our scenario, a minimum temperature on the
orderof 1200°Cisrequiredin the gaseous phasein the NONEL tube
reaction zone to sustain the efficient heat transfer from the gases to
the HMX surface.

The most significant HMX decomposition occurs in the liquid
layer with temperature between 609.7 and ~800°C. The exact de-
compositiontime is notknown for certain in this temperature range,
that is, the HMX is in a quasi-gaseous state. However, as stated
earlier, it is reasonable to expect that in 1.0 us time it will be com-
pletely decomposed. Therefore, the regression is calculated in con-
secutive 1.0-us increments, using 7 =609.7°C as the criterion for
decompositionradius r and assuming the liquid density is the same
as the solid density: k =5.44 X 10™* cm?/s, Tyypace =800°C, and
Ty =275°C (the melting temperature is essentially constant for the
pressures range in the tube).

Figure 4 shows the results for several particulate radii of interest,
presented as r/a vs t with a as the control parameter. The normal-
ized decompositionradiusr/a att =25 usis plottedas a functionof
a in Fig. 5. Regressionrates iy of 0.160-0.172 pm/us are obtained
(a decreasing function of a). Because of the HMX decomposition
in the gaseous phase is not considered as important in supporting
the reaction propagation in the NONEL tube, 7y is not a sensitive
function of pressure in the tube as in the case of combustion of
solid propellants. However 7 is implicitly dependent on the pres-
sure because the pressure controls the heating of HMX via vapor
pressure-temperature relationship [Eq. (1) and Table 1].

By the combining of the results from Figs. 2 and 5, a relationship
between the loading density A and the maximum allowable average
HMX particle diameter or critical diameter, D, or 2a,, can be ob-
tained as shown in Fig. 6. Numerical critical average diameters of
interest are given in Table 3. A further detailed discussion of the
physical meaning of D, based on the energy balance equation is
included in the Appendix.

These resultsindicate that D, is a sensitive function of 1. Because
alarge tolerance exists in the control of A in NONEL tube manufac-
turing, a good strategy is to use fine particle diameter below 20 um
toenhance propagationreliabilityin the low Aregime of 5-10 mg/m.
However, from a practical perspective, the finestready-to-use HMX

Table 3 Critical average HMX
diameters for typical HMX loading
densities of interest

A, mg/m D., um
5 8.8
7 25.0
10 40.8
15 65.6
20 89.8
25 113.7
30 137.5
200
160+
£ 1201
j‘ -
O L
fa) 80_
401
0 1 1 I 1 1 1
0 5 10 15 20 25 30 35 40
A, mg/m

Fig.6 Critical average HMX diameter vs linear loading density.

per MIL-H-45444 (Ref. 15) class 5 does not meet the criterion of
this approach. The requirement for class 5 is that a minimum of
98% of HMX shall pass standard sieve number 325; that is, particle
diameter as large as 57 um is allowed. It is apparent that using finer
sieves, or milling class 5 HMX, or a combination of both will be
needed for finer HMX particle size control suitable for NONEL tube
fabrication. As an aside, in high-energy propellant manufacturing,
HMX particle size on the order of 5 um is routinely controlled.

Another benefit of using finer HMX is that it may improve the
adhesion of particles on the tube’s inner wall. The lower profile
of the particles can minimize the impact of a flow-induced pow-
der migration failure mode and offers additional resistance to flow
when the particlesare trapped in the voids existing on the inner tube
wall surface due to roughness. Fine particles offer better results
because good adhesion can also improve powder loading control
and reduce the powder distribution variation. Furthermore, in this
regard, one explosive powder mechanical stabilizationtechnique is
worth consideration.Reprecipitated fine needle-shaped PETN crys-
tals (micrometers in diameter and tens of micrometersin length) are
commonly used in an exploding bridgewire detonator for main-
taining a stable low PETN density (1.0 g/cm?®). In addition to the
enhancing mechanical stability, the large surface area provided by
small diameter particles should also enhance the reaction efficiency
in a NONEL tube.

End-Tip Transfer Failure Analysis

HE end-tip to LE end-tip transfer failure is the second important
NONEL tube assembly failure mode investigated. Other credible
failure modes, for example, moisture contamination, cut tube, and
severely pinched tube, are not addressed here.

The detonating end-tip design is widely in use in conjunction
with confined detonating cords (CDCs). Although a small core load
on the order of 0.53 g/m (2.5 grains/ft) of PETN, RDX, and HNS
can be reliably propagated, it does not have sufficient output energy
for detonation transfer between the cords or between the cords and
other explosive trains. An end tip containing approximately 64.7-
129.0 mg (1-2 grains) of high explosive (same as that used in the
CDC) in an end cup is used. The transfer function between two
detonatingexplosive-basedend tips is well understood.'® The shock
and fragments generatedby the donorend tip setoff the acceptorend
tip. The phenomenon is quantified by measurement of the velocity
of the flyer plate formed by the closure disk and side wall of the
donor end tip.
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The HE end tip for NONEL ETS is basically similar to the deto-
nating end tip in CDCs, excepta lead azide incrementis used in the
explosivetrain as an intermediatedeflagrationate-detonaton charge
between the NONEL tube and the detonating output charge. Prop-
agation transfer from a detonating source to NONEL tube is fairly
easy. In the Primadet applications, multiple NONEL tubes, for ex-
ample, six tubes, can be initiated simultaneously by one detonating
cord or adetonatingend tip in a side-to-sideconfiguration. No inter-
mediate pyrotechnicignitionchargeis necessary. The adoptionofan
LE end tip, including an ignition pyrotechnic charge in front of the
TLX (ignition strand), originates from the F-16 aircraft application
in which TLX lines are used in multiple interconnected configura-
tions through a manifold or union.* The LE end tip was designed
mainly for the TLX outputenhancementfor LE-to-LE end-tip trans-
fer in the manifold or union. The use of an LE end tip as an acceptor
for an HE end tip was presumably the result of standardization of
hardware rather than a mandated need. The introduction of an ig-
nition pyrotechnic charge adds an additional element that must be
made reliable for a NONEL ETS. The transfer from HE end tip to
LE end tip in a NONEL ETS is unique; criteria for its functional
reliability are not well reported. The fundamentalquestion concerns
which mechanism is more efficient in this transfer mode; either the
flyer plate or the hot gas, although both are accompanying an HE
end-tip output. Our approach to the question is to use the CTH hy-
drodynamic code formulated by the Sandia National Laboratories!’
to analyze the typical HE-to-LE end-tip transfer configuration.

Because the equation of state (EOS) and constitutive equation
(CE) used in CTH are not available for lead azide, silicon seal, and
deflagrationpyrotechnicsin the CTH database, EOS and CE of other
similar material were used: EOS for PETN was used for lead azide,
and the EOS fornylon and CE for polyethersulfonwere used for the
rubberseal and the HALAR plastic. Aluminum was used to simulate
pyrotechnics in the LE acceptor end tip because it has well-known
properties. Our objective was to use the analysis as a gauge for the
temperature and pressure responses at the input to the pyrotechnic
interface only. Predicting of fracture in CTH is being intensively
improved. Success is on a case-by-case basis. To simulate flyer
plate and blasting plume formation, various artificially prefractured
structures, for example, holes, isolated closure disk, and gaps, were
included in the input. This approach turned out to work well for our
intended purpose.

Figure 7 shows the model simulating an HE end tip coupled to an
LE end tip in a cylindrical coupler configuration. The dimensions
and materialsare close to those used in typicalhardware *> Densities

MODEL DIMENSIONS
FOR HE DONOR

Elr:)i:llrpe Steel end-tip cover,
Disc 0.013cm thick
Steel end
0.013 cm 0.21cm tip housing
thick
| Halar Plastic
ZrKClO4
T ‘ acceptor
explosive
0-43‘”“‘ Steel closure
% disc
IS Base charge,
‘v HNS-1
| Transition
1 charge,
0.85em Lead - Azide
Rubber seal

Fig.7 Model of detonating (HE) end tip coupled with a nondetonating
(LE) end tip.

of 1.77 g/cm® for PETN and 1.69 g/cm® for HNS-I were used for
the simulation. A nominal gap of 0.127 cm (0.050 in.) between the
HE and LE end tips was set. An additional 0.127 cm (0.050 in.)
recess, which exists in the face of the LE end tip, was also included.
This recess provides handling protectionfor the pyrotechniccharge.
The ZrKCIO, pyrotechnicin the LE was designatedbecause the real
compositionof the ignitionstrandis proprietary. The backside of the
acceptorend tip was closed by nylon plastic rather than representing
a NONEL tube in the real hardware. The NONEL tube was not
simulated because CTH cannot model the propagation mechanism,
due to the small amount of HMX. Therefore, no meaningful result
couldbe obtainedin thisexplosivetrain interface. Two rows of tracer
points were incorporated near the critical region between the two
end tips and in the upstream part of the LE end tip for monitoring
time profiles of pressure and temperature at these locations.

The results of six cases, including the most probable HE end-tip
fragmentation modes, are presented in Table 4 and Figs. 8a-8f. In

(b)

Annular
gup

Annular
gap

Fig.8 CTH simulationresults, material-time history: a) run 1 baseline
configuration, b) run 2 central hole (radius = 0.05 cm) in closure disk, ¢)
run 3 large annular gap (width = 0.078 cm) in the rim edge of the closure
disk, d) run 4 small annular gap (width=0.01 cm) in the rim edge of
the closure disk, e) run 5 annular gap (width =0.088 cm) in the lateral
wall of the end cap at the joint to the closure disk, and f) run 6 annular
gaps (widths = 0.04 cm) in both closure disk rim edge and lateral end
cap wall.
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Table 4 Results summary for CTH simulation of detonating (HE) end-tip to nondetonating (LE)
end-tip transfer

Run number Configuration First impact t, us V;, km/s P;, GPa T;, K
1 Fully covered Disk 2.7 1.4 22.5 2000, 2800
2 Central hole on Gas 2.25 2 16.0 5000, 2000
closure disk
3 Big top annular gap Gas 2.7 1.05 23.0 8000
4 Small top annular gap Disk 265,40 14,16 22.0,2.0 2000,3000
5 RHS annular gap Disk 265,40 14,13 26.0,25 2000,3300
6 Top and RHS Gas 2.4 0.75 12.0 4500
annular gaps
each case, the PETN in the donor HE end tip is artificially detonated Conclusions

at the rear end at time zero and reached steady-state propagation
quickly to initiate the HNS output charge. The approximate 1.7
length-to-diameterratio of the HNS column allows a steady-state
detonation to be achieved in the HNS halfway through the column.
Material profiles as a function of time are presentedin these Figs. 8.
Figure 8ais the baseline case in which no artificial prefracturein the
end tip was introduced. As expected, the closure cup of the HE end
tip exhibited nearly uniform balloon expansion. When prefractures
are included, gas plumes are observed,due to their higher velocities.
The inertial confinement effect of the 0.0127-cm- (0.005-in.-) thick
steel end cup dramatically affected the dynamic behavior of the
gases.

The following provides a brief description of the contents of
Table 4: The configuration column describes the prefracture con-
dition. The numerical conditions are included in the corresponding
titles of Figs. 8a-8f. (RHS refers to the right-hand side in Fig. 8
but actually is in cylindrical symmetry.) The first impact column
defines either hot gas or the closure disk flyer plate. Time of impact
of either gas or disk on the LE explosive (initial impact and second
impact) is under the ¢ heading. Velocity at impact (initial impact
and the second impact) is listed under V;. Pressure at impact (initial
value and the second peak) is listed under P;. Temperature at impact
(initial value and the second peak) is listed under 7;.

The following observations can be made. In runs 2, 3, and 6, the
gas impacts the LE pyrotechnic interface first, which generates an
impact temperature much higher than in those cases in which the
closure disk flyer plate impacts first. Therefore, the gas would be
more effectivein initiating the pyrotechnicin an LE end tip. Because
of the short duration of the impact-generatedheat pulse (~ 1 us) and
because the actual temperature induced in a pyrotechnic was lower
than our case with aluminum, failure to initiate could result if the
disk impacted first. This would be especially true at low test temper-
atures, for example, —53.9°C. Furthermore, the disk has the effect
of isolating the LE explosive from direct contact with the plume,
thereby reducing initiation effectiveness. These assessments sup-
port a potential HE-to-LE end-tip failure mode described in Ref. 3
but with a differentinterpretation. Failure can occur that is not nec-
essarily caused by HE end-tip generated fragments damage to the
LE end tip as stated in Ref. 3.

A variety of concepts can be used to achieve transfer reliability,
including the use of adapters described in Ref. 3 for filtering out
the closure disk. Simpler techniques to facilitate the donor closure
disk fragmentationinclude using an etched asterisk or cross pattern
on the disk for petaling and increasing the gap width between end
tips because this allows more time for the gas plume to bypass the
closure disk fragments and arrive at the LE end tip first.

As expected, in all three cases in which the disk impacts the LE
explosive interface first, higher impact pressures were generated.
The pressures induced by the gases in the cases where gaseous
plume impacted first were lower, but still may have been effective
in initiating an HE end tip, that is, successful HE-to-HE end-tip
transfer. Run 3 produced both high pressure and high temperature
at the LE explosive interface. This was different from the frag-
mentation scenariodescribedin Ref. 16,in which initiationby frag-
ments was across very large gaps. The fragmentsin that case quickly
moved out of the gas plume in the explosive transfer across gaps
because the gas plume tends to cool down rapidly in large adiabatic
expansion.

As in all well-designed explosive devices/systems, the functional
reliability of the NONEL tube ETS can be achieved through proper
control of key parameters in design and manufacturing.

The key parameters analyzed in this study were tube explosive
loadingdensity and particle size in the NONEL tube and the ignition
of LE explosiveend tip by HE end tips. The currentexplosiveloading
density tolerance of 20+ 10 mg/m, that is, £50%, for explosive
loading density is inconsistent with a high reliability. Tolerances
smaller than +25% should be the goal for controlling this critical
parameter.

A critical maximum average explosive particle diameter exists
in a NONEL tube that is an increasing function of the explosive
loading density. Marginal loading density, in conjunction with the
large variabilityin loading density and coarse particle sizes thatexist
in current manufacturing,can cause propagationfailuresin NONEL
tubes. For the usual explosiveloading density of 10-30 mg/m, using
fine particle size, forexample, less than 20 um in diameter for HMX,
can increase the propagation reliability. A standard test should be
included in the tube acceptancetest to verify the powder adhesion.

For HE-to-LE end-tip ignition, the hot gas produced by the donor
end tip is more effective than the closure disk flyer plate mechanism.
A variety of concepts can be used to enhance transfer reliability.

The foregoingdiscussionsshouldbe helpfulfor understandingthe
operationin the NONEL tube. The suggested fine-particle approach
is practically implementable and test verifiable. Our understanding
is thatdetailed analyses, includingparticle size distributions,are not
being performed at this time.

Appendix: Energy Balance in Reaction Zone

The following formulationis based on the quasi-steady-stateen-
ergy balance in the NONEL tube reaction zone. It is an approxima-
tion with emphasis on the heat energy, which is mainly temperature
dependent.The energy due to pressureis not explicit.Itis envisioned
that the afterburn of aluminum behind the reaction zone may sup-
port a slower pressure decay in milliseconds, causing a very small
change to occur during the reaction in the reaction zone. Thus,

dE dE E
—=(=) +(= (A1)
i =(7) (%),

dE E
(&) - o

4nr?rgpNe,

where

dE
dr

|
\—/
0

Il

34k (a — i'gt)zg for a—rygt >0 (A3)

0 for a—ryt <0 (A4)

Theseequationscanbe solvedin closed form underthe initial con-
dition £ =0,t =0. Forthe benefits of correlationwith the earlierdis-
cussions,a typical solutionis presentedin Fig. Al for A =10 mg/m,
7 =25 us, ey =1.48 kcal/g, 7y =0.164 um/us, and HMX particle
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E, cal/m

t,us

Fig. A1 Energy per unit length in the reaction zone as a function of
time for A =10 mg/m.

radius a as a parameter. As expected, E exhibits a peak value in-
dicating that, for the range of a used in the caluclation, the total
surface area of HMX has been reduced to a level below that for
effective off setting the heat loss to the tube wall. Points marked
with A correspondto (a — #ot) =0.

The peak values of E are considerably smaller than the value
Aey =14.8 cal/m, which corresponds to a theoretical temperature
of ~3300°C in the reaction zone. The peak value of 11.2 cal/m for
a =5 pum corresponds to ~2500°C as assessed earlier. The critical
averageradiusfor A = 10 mg/m,a, =20.4 pm (Table 3) corresponds
to a peak E=5.5 cal/m or T =1226°C. For NONEL tube propa-
gation, 1226°C can be viewed as a critic temperature. It is seen that
the results for @ =25 and 30 um were invalid because they corre-
spond to temperatures much lower than this critical temperature for
propagation. Under this circumstance, the regressionrate would be
drasticallyreduced fromthatindicatedin Fig. 4. Failureto propagate
results.

Because E is linearly dependenton A, Fig. Al can be used to as-
sess cases for different A by scaling. It is seen that, for A =5 mg/m,
the peak value of E fora =5 umis 1/2 X 11.2 cal/m =5.6 cal/m,
very close to the nonpropagation energy density (energy per unit
length). Referring to the 5.5 cal/m, a minimum energy density crite-
rion, all curvesin Fig. A1l have a full-width half-maximum duration
of approximately 25 us, an indication that the duration of reaction
is not a sensitive functionof A and a.
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