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Titan IVB Linear-Shaped Charge Assembly
Explosive Train Transfer Reliability
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Detonation transfer in the end � tting of the linear-shaped charge assembly for � ight termination destruct
was quantitatively evaluated by using the CTH shock physics computer code pioneered by the Sandia National
Laboratories. This critical transfer interface consists of a conic hexanitrostilbene transition charge used to boost
the output of a reinforced con� ned detonating cord for the initiation of a »1.59-g/cm (»750-grains/ft) cyclotetra-
methylene tetranitramine loaded and aluminumsheathed linear-shaped charge. These two elements are assembled
together through an epoxy bond. As expected, the epoxy causes large shock pressure attenuations.However, for the
worst-case epoxy thickness on the order of 3.81 mm (0.150 in.), adequate margin for reliable detonation transfer
exists. Input geometry, mesh resolution, material properties, and output peak shock pressure/temperature spatial
distributions are reported along with a brief description of the device history and design features. An artifact in
the computation output is discussed for future improvement.

Nomenclature
P = shock pressure as a function of time at a given

location, 10¡1 GPa
P1 = P at the shock front, 10¡1 GPa
R2 = coef� cient of determination in the least-square

straight line � t
T = shock temperature as a function of time

at a given location, K
T1 = T at the shock front, K
t = time from arti� cial detonation of initiation

pentaerythritol tetranitrate (PETN) explosive, ¹s
1T1 = temperature rise from the ambient at the shock front, K
½0 = normal density, g/cm3

½1 = density at the shock front, g/cm3

¿ = shock pulse duration, ¹s

Introduction

T HE design of the destruct charge for � ight termination of the
Titan IVB twin strapon solid rocket motor upgrade (SRMU)

boosters adopts the state-of-the-art linear-shaped charge (LSC)
technology.1 There are a total of seven LSC assemblies (LSCAs)
installed in the SRMU raceway in a linear array con� guration with
adjacentunits interconnectedby a short reinforcedcon� neddetonat-
ing cord (RCDC) explosive transfer system (ETS) to form a single
continuous explosive train.2 The LSCA in the forward SRMU seg-
ment is connected to a safe and arm (S&A) device in the nosecone
sectionbyanRCDC. On initiation,thisLSCA and threeeach LSCAs
on the middleandaft SRMU segments functionto cutopenallmotor
segments, thereby achieving the termination of SRMU propulsive
thrust. The redundancy required for the high reliability is provided
by a return ETS line also in the raceway consisting of three jointed
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long RCDCs routed from the end of the last aft segment LSCA to
the redundant output port in the S&A.

The LSC contains 1.59 g/cm (»750 grains/ft) of »1.77-g/cm3

density cyclotetramethylene tetranitramine (HMX) explosive en-
cased in an aluminum sheath. The 90-deg chevron shape of each
»3.05-m (»120-in.)-long individualLSC is formed through multi-
ple extrudingandswagingprocesses.The lengthof theLSC segment
in each LSCA is »2.08 m (»82 in.). Both segment ends are welded
with a thin aluminum foil closure for a hermetic seal. Because the
cross section of the LSC, »1.57 cm (»0.620 in.) tall and »1.88
cm (»0.740 in.) wide, is much larger than the endtip of RCDC,
»3.81 mm (»0.15 in.) in diameter, a truncatedconic-shapedtransi-
tion charge containingpressedhexanitrostilbene(HNS) explosive is
designedfor bridging these two elements to achieve a more uniform
initiation of the LSC by the RCDC. This short cylindrical-shaped
charge element is also welded with a thin stainless steel closure at
each end. The assembly of the LSC end � tting is achievedby adding
a threaded aluminum initiation block housing for RCDC installa-
tion, elastomer potting, aluminum LSC support/closure bushing,
and epoxy. For the ensurance of intimate contact between the LSC
and the transitioncharge, epoxy is also applied at this interface.The
initiation blocks are in turn integrated with two mounting blocks
to complete the assembly. (One block is for hard mount, and the
other block is designed for sliding to offset motor case expansion
during motor ignition.) Six mounting brackets located between the
blocks provide additional support of LSCA for a designed stand-
off height of 3.18 cm (1.250 in.). The function requirement for the
100% LSC in-process-testing of cutoff end segments [»40.6 cm
(»16 in.) long] is 1.37-cm (0.539-in.) minimum jet penetrationand
for LSCA is 1.27-cm (0.500-in.) average jet penetration,both mea-
sured by steel witness plates. This performance can be correlated to
the total motor case severance with ample margin.

The LSCA was developed in the early 1990s. It was successfully
quali� ed in accordancewith range safety regulation requirements.3

Four LSCA lots for 15 � ight sets were successfully lot acceptance
tested and delivered in support of launch operations. In 1999, the
original HMX supplier, Holston Army Ammunition Plant, was not
available for providing the material to fabricate a follow-on LSCA
lot. HMX from a new supplier,Bofors Explosives in Sweden had to
beused.HMX fromboth suppliersmet theHMX speci� cation,MIL-
H-45444B (Ref. 4). However, substantial allowable differences in
particle size distribution and crystal shape were observed. This ex-
plosive is considered the critical component in the LSCA. Changes
of explosive characteristicsusually require requali� cation. Modi� -
cations in the LSC manufacturing processes using the new HMX
were successfully made to maintain its penetration performance.
This approach was acceptable because the LSC end segments are
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100%functiontestedfor eachLSC, and theLSCA lot acceptancetest
uses the same LSCA quali� cation environments per Ref. 3. How-
ever, the impact on the LSCA end � tting explosive train transfer
reliability was uncertain. The interface between the RCDC endtip
and the transition charge is the same as before. However, the sta-
tistical performance in the interface between the transition charge
and the LSC end loaded with the HMX from the new supplier is
not known with con� dence. It is function tested in the LSCA lot
acceptance tests but only involved a small sample size of 18 out of
89 units in the � rst LSCA lot made from the new HMX.

Traditionally,per Ref. 3, the reliability of explosive train transfer
is demonstratedby � ring tests using a gap that is at least four times
the maximum allowable design gap, that is, drawing tolerances,
which is 0.762mm (0.030in.) for thecaseof transitionchargeto LSC
interface � lled with epoxy or a 3.81-mm (0.15-in.) gap, whichever
is greater. This type of testing is elaborate and expensive but was
successfullyperformedearly on in the LSCA developmentphase. It
was decided to assess this problem analytically because it was gen-
erally recognized by the explosives community that ample margin
may exist that can be quanti� ed by analysis.This paper summarizes
the results of the analysisusing Sandia National Laboratoriesdevel-
oped CTH shock physics computer code,which we previouslyused
successfully in modeling the detonating cord endtip transfer.2;5;6 A
detailed analysis was also performed by The Aerospace Corpora-
tion using an alternate computer code. Both analyses con� rmed the
large margin for transfer reliability.

Background
The single most relevant parameter in the detonation transfer (or

initiation) has been well established to be the pressure at the shock
(or detonation) front. Early work7 indicated that the threshold of
successful transfer/initiation of high explosive also depends on the
shock pulse duration. This knowledge was solidi� ed in the studies
of de� agration to detonation transition in the 1970s as the “P2

1 ¿ cri-
terion” for the onset of successful transition,where P1 is the shock
front pressure and ¿ is the shock pulse duration.8 It is an important
criterion in the detonation initiation by a thin � yer plate mechanism
in which the duration of inertial con� nement is important. How-
ever, for our case of detonation transfer, because the variability in
the pulse width is relatively small, as a � rst approximation, the key
parameter is the peak shock pressure.Ample data in thresholdtrans-
fer/initiation shock pressure exist for varioushigh explosives at dif-
ferent porositiesand particlesizes.9¡11 Unfortunately,very few data
are available for the attenuation in epoxies. It is well known that the
attenuation in hard materials, for example, glass and steel of small
thicknessto diameter ratio is insigni�cant.12 In softmaterials,for ex-
ample, brass, aluminum, and Lucite, signi� cant attenuation occurs.
Ironically, the sensitivitiesestablished in Refs. 9–11 were obtained
byusingthesematerialsof variablethicknessas attenuatorsto obtain
the different input shock pressure into the explosives under study,
that is, the gap test. One report did provide shock attenuation in C-7
epoxy.13 However, the maximum shock pressureused in the test was
only 4.2 GPa, a level much lower than that required in our study. In
addition, the tests there were performed by � yer plates; therefore,
the results are not directly applicable to the current problem.

CTH Model
Backgroundinformationfor theCTH computercodecan be found

in Refs. 2, 5, 6, and 14. The following discussions are focused on
the assumptions, applications, and limitations pertinent to our case
study only.

Cases Under Study
Becauseof the intrinsiccomplex calculationsin CTH and the � ne

resolutionsrequired by our small thicknessgeometry, the computa-
tions were very time consuming. A typical run took approximately
� ve full days of CPU time. (The computer was a Pentium II 450-
MHz, 256-MB RAM, as reported in Ref. 2.) Therefore, besides
the test runs for troubleshooting,only three cases were run for the
evaluation of the detonation transfer ef� ciency:

1) Case 1 is 0.762-mm(0.030-in.)-thick epoxy between the trans-
fer charge and the LCS end. This is the maximum allowed gap
width per the LSCA drawing despite that, in the real implementa-
tion, thegapsare muchsmalleras shown in theneutron-radiographic
inspection.

2) Case2 is 3.05-mm(0.120-in.)-thickepoxybetween the transfer
charge and the LSC end. This is four times the maximum allowable
gap width per the requirement of Ref. 3.

3)Case3 is 3.05-mm(0.120-in.)-thickrubberbetweenthetransfer
charge and the LSC end. This case was chosen as a better worst-
case illustrationover the 3.81-mm (0.150-in.)-thick gap requiredby
Ref. 3 because 3.81-mm (0.150-in.)-thick epoxy results can be ex-
trapolatedfrom the 0.762-mm(0.030 in.)- and 3.05-mm(0.120-in.)-
thickepoxyresults,and it is well knownthat the rubberis more shock
attenuative than the epoxy (as will also be indicated by our results).

Geometrical Input
The two-dimensional CTH code available to us cannot be ap-

plied to the three-dimensional con� gured chevron-shaped LSC. A
circular cylindrical HMX charge has to be assumed. Two worst-
case conditionswere adopted to offset this potentiallyoverly robust
con� guration: 1) the HMX density of 1.88 g/cm3 , the maximum
theoretical density of HMX, is used in the model for HMX in LSC
and 2) only a very thin aluminum wall of »0.1 mm (»0.004 in.)
is used to surround the HMX. This would make the propagation in
HMX more dif� cult due to the high HMX density and the lack of a
rigid con� nement.

Figure 1 is a schematic diagram of the model for the case of
0.762-mm (0.030-in.)-thick epoxy; similarly, Fig. 2 is a schematic
diagram of the model for the case of 3.05-mm (0.120-in.)-thick
epoxy,which is identical to that for the case of 3.05-mm (0.120-in.)-
thick rubber. Figures 3, 4, and 5 are the material legend diagrams
for 0.762-mm (0.030-in.)-thick epoxy, 3.05-mm (0.120-in.)-thick
epoxy, and 3.05-mm (0.120-in.)-thick rubber, respectively.Note, in
Fig. 5, the same type of rubber is modeled for the rubber between
the transitioncharge and the LSC and that which surrounds the LSC

Fig. 1 LSCA end � tting geometry and tracer de� nition for 0.762-mm-
(0.030-in.)-thickepoxy barrier.
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Fig. 2 LSCA end � tting geometry and tracer de� nition for 3.05-mm
(0.120-in.)-thickepoxy barrier.

Fig. 3 Material legend in 0.762-mm(0.030-in.)-thickepoxy case study.

Fig. 4 Material legend in 3.05-mm (0.120-in.)-thick epoxy case study.

Table 1 Dimensions of local rectangular cells used
in the mesh calculation

Location Dimension, ¹m

Initiation PETN and HNS 23 £ 10
Transition charge HNS 23 £ 20
Thin closure disks 20 £ 10
Epoxy or rubber between LSC 23 £ 10

and transition charge
LSC side wall 20 £ 30
Upstream HMX 23 £ 30
Downstream HMX 23 £ 86
Transition charge housing 88 £ 31
Aluminum housing, rubber 88 £ 30–86

and epoxy surrounding the LSC

Fig. 5 Material legend in 3.05-mm(0.120-in.)-thickrubber case study.

and the steel bodyof the transitioncharge. In Figs. 3 and 4, the same
typeof epoxy is modeledfor theepoxybetween the transitioncharge
and the LSC and that which surrounds the LSC.

Following a standardCTH approach,a 0.5-mm-thick1.77-g/cm3

density pentaerythritol tetranitrate (PETN) pellet is arti� cially det-
onated at t D 0 to start the detonation of the explosive train. It in
turn detonates a 1.27-mm.-thick, 1.60-g/cm3-density HNS incre-
ment simulating the RCDC endtip. The shock then passes througha
0.1-mm (0.004 in.)-thick steel closure disk on the transition charge
and enters the 1.60-g/cm3-density HNS loaded conic transition
charge, which is encased in the steel charge holder. It then en-
ters into the epoxy or rubber layer via a 0.1-mm (0.004-in.)-
thick steel closure disk on the output end of the transition charge.
It then enters into the 1.88-g/cm3 HMX in the simulated LSC via
a 0.1-mm (0.004-in.)-thick aluminum closure disk on the LSC in-
put end. This end of the LSC is surrounded by ring-shaped rubber
and epoxy potting compounds, as already described. Finally, the
entire end hardware is encased in the aluminum initiation block and
capped with an aluminum bushing (with a round hole opening to � t
the simulated LSC) and potted with epoxy.

Only one-half of the LSCA end � tting is represented in the dia-
gramsbecauseof symmetry.A rowof equallyspaceddiscretetracers
are installed 3 mm away from the centerline to sample the time his-
tory of local shock parameters. At the resolution of the diagrams,
the 0.1-mm (0.004-in.)-thick closure disks and simulated thin LSC
sidewall are not quite visible, but they were included in the analysis.

Mesh Resolution
To conserve the total time that was required for the computation

run, the mesh resolutions were allocated in accordance with the
criticality of information and the dimension of the structure. The
approximate cell dimensions (X and Y ) were as given in Table 1.

The separation distance between two adjacent tracers was
0.493 mm.
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Table 2 Material properties for CTH input

Material EOS CE

PETN JWLa PETN4 Al, JCb 7
HNS HVRBc HNS-I Al, JC 7
HMX HVRB HMX AI, JC 7
Steel Sesame steel Steel, JC 9
Epoxy Sesame epoxy Al, JOd 7
Aluminum Sesame aluminum Al, JO 7
Rubber Sesame nylon Polyethersulfon, JO 14

aJones–Wilkins–Lee.
bJohnson and Cook.
cHistory variable reactive burn.
dJohnson.

Fig. 6 Selected pressure distribution time frames for all three cases.

Material Properties
The equationof state (EOS) and constitutiveequation(CE), avail-

able from CTH � les for the materialsused in the simulationare sum-
marized in Table 2. (In CTH code, initials of data originators and
acronyms are used as programming identi� cations in the material
property database � les.)

Highlights of Result
General Descriptions

Figures 6 and 7 show the time frames of pressureand temperature
distribution of all three cases at times of interest: just before the
shock front entering the epoxy or rubber, during the shock front
residence in the epoxy or rubber, shock front just exiting the epoxy
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Fig. 7 Selected temperature distribution time frames for all three cases.

or rubber,andshockfrontnearlypassingthroughtheLSC end� tting.
The shock front shape and the distortion of materials surrounding
the explosion were essentially the same for all three cases, except
the different time delays introduced by the different inert material
or thickness, as expected. This indicates that no signi� cant impact
was introduced by interruption of the explosive train. According to
Gibbs and Popolato,11 at the shock initiation threshold of 4.41 GPa
for 1.88-g/cm3-density HMX, slower shock velocities and longer
run distances on the order of 4.12 mm/¹s (about 45.2% of steady
state value) and 7.74 mm would result and should be notable in the
� gures if they existed. Therefore, the absence of these indications
implies that the shock pressures after passing through the epoxy or
rubber barrier were much higher than the 4.41 GPa threshold.

Quantitative Local Shock Front Pressure Data
Figures 8–12 show the pressure–time history pro� les at tracers

30, 31, 35, 37, and 40 for the case study of 3.05-mm (0.120-in.)-
thick epoxy. It can be seen that the shock front pressure decreased
drastically from 29.0 to 15.0 GPa immediately after it entered the
epoxy. Then it further decreased at a slower rate as a function of
the penetration distance into the epoxy. It rapidly recovered to a
higher value of 45.8 GPa, roughly corresponding to the detonation
pressure of the 1.88-g/cm3-density HMX at tracer 40, which was
merely 1.5 mm from the LSC entrance interface. The sharp rise
time of the pressure was maintained in the epoxy, but some pulse
broadening and emergence of multiple peaks after the initial shock
front passing were observed.
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Fig. 8 Shock pressure time pro� le at tracer 30 in 3.05-mm (0.120-in.)-
thick epoxy case study.

Fig. 9 Shock pressure time pro� le at tracer 31 in 3.05-mm (0.120-in.)-
thick epoxy case study.

Fig. 10 Shock pressure time pro� le at tracer 35 in 3.05-mm (0.120-
in.)-thick epoxy case study.

Figures 13–15 show the spatial pro� le of the peak shock pressure
for the three cases. Both decreases in peak shock pressure in the
inert material and a rapid reestablishmentof high-order detonation
in HMX can be seen. As expected, the shock attenuation in the
rubber is stronger than in the epoxy. The margin of the transfer
reliability is indicated by the ratio of shock front pressure input to
HMX in the LSC at the last tracer in the inert layer just in front of
the inert-layer/LSC interface,to theHMX shockinitiationthreshold,
4.41 GPa. The results are summarized in Table 3.

From the results, it can be concluded that adequate margins exist
for all four cases listed. Failure in transfer could be predicted if the

Table 3 Detonation transfer reliability

Shock front pressure Ratio to 4.41-GPa HMX
Case input to LSC, GPa shock initiation threshold

0.762-mm (0.030-in.)- 14.98 (tracer 31) 3.40
thick epoxy

3.05-mm (0.120-in.)- 10.42 (tracer 36) 2.36
thick epoxy

3.05-mm (0.120-in.)- 8.02 (tracer 36) 1.82
thick rubber

3.81-mm (0.150-in.)- 8.50 (extrapolated) 1.93
thick epoxy

Fig. 11 Shock pressure time pro� le at tracer 37 in 3.05-mm (0.120-
in.)-thick epoxy case study.

Fig. 12 Shock pressure time pro� le at tracer 40 in 3.05-mm (0.120-
in.)-thick epoxy case study.

Fig. 13 Detonation transfer in LSCA end � tting via 0.762-mm (0.030-
in.)-thick epoxy, shock front pressure vs location.



1310 YANG AND DO

Fig. 14 Detonation transfer in LSCA end � tting via 3.05-mm (0.120-
in.)-thick epoxy, shock front pressure vs location.

Fig. 15 Detonation transfer in LSCA end � tting via 3.05-mm (0.120-
in.)-thick rubber, shock front pressure vs location.

thickness of the epoxy and/or rubber is further increased beyond
»6.35 mm (»0.250 in.).

Discussion
The large oscillatory variation in the shock front pressure at dif-

ferent tracer locations shown in Figs. 13–15 needs be addressed.
This phenomenon is present in both HNS and HMX. The variation
in HNS appears to be periodic with a spacing of two tracers and
with an average value of »20.0 GPa, the detonation pressure of the
1.6-g/cm3-density HNS according to the CTH database. The varia-
tion in HMX appears to be periodicwith a spacingof six tracers and
with an average value of »35.5 GPa, »10% below 39.5 GPa, the
detonation pressure of the 1.88-g/cm3-density HMX (Ref. 11). The
variation is considered as an artifact generated by the calculation,
because the »50.0 GPa of shock front pressure in HMX is unreal
as it deviates considerablyfrom the database value of 39.5 GPa for
the 1.88-g/cm3-density HMX.

The phenomenonis not introducedby the interruptionby the inert
barriers because the variations observed in HMX were essentially
the same for all threecases,which havedifferentbarriermaterial and
barrier thickness. It does not appear to be affected by the mesh size
selectionbecause the same variation was observed in both upstream
HMX and downstreamHMX, which have approximatelya factorof
three difference in Y -axis mesh width. The oscillatory behavior of
shock front pressure is seen in both explosive materials, HNS and
HMX. However, Figs. 13–15, which plot the shock front pressure
vs tracer locations for three sample cases, do not indicate any os-
cillatory pressure pattern in the inert materials, epoxy and rubber.
This seems to indicate that the cause of this computational artifact
may likely be in the explosive-burn routine. It may be of interest

Fig. 16 Detonation transfer in LSCA end � tting via 0.762-mm (0.030-
in.)-thick epoxy, shock front temperature vs location.

Fig. 17 Detonation transfer in LSCA end � tting via 3.05-mm (0.120-
in.)-thick epoxy, shock front temperature vs location.

Fig. 18 Detonation transfer in LSCA end � tting via 3.05-mm (0.120-
in.)-thick rubber, shock front temperature vs location.

to apply different burn models, such as Arrhenius burn, ignition
and growth reactive burn, and forest � re reactive burn for further
investigations.

Similar variations were also observed in other shock front pa-
rameters, for example, the density and particle velocity at the shock
front. This is an expected result because these two parameters are
closely related to the peak shock pressure. Figures 16–18 show the
temperature at the shock front as a function of tracer location for
the three cases under study. It appears that the temperature at the
shock front does not exhibit any signi� cant variations at different
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Fig. 23 FWHM shock pulse width as an inverse function of shock front
pressure in 3.05-mm (0.120-in.)-thick epoxy case study.

Fig. 24 FWHM shock pulse width as an inverse function of shock front
pressure in 3.05-mm (0.120-in.)-thick rubber case study.

Epoxy:

¿ D 56:214P¡1
1 ¡ 0:0586; R2 D 0:9963 (4)

Rubber:

¿ D 44:370P¡1
1 ¡ 0:0361; R2 D 0:9427 (5)

For the completeness of information, the densities at shock front,
½1, of epoxyand rubberas a functionof shock front pressureare pre-
sented in the following straight-line� t equationswith the intercepts
at P1 D 0 least-square preset at ½0 D 1.38 g/cm3 and 1.14 g/cm3 for
epoxy and rubber, respectively.

Epoxy:

½1 D 0:0052P1 C 1:38; R2 D 0:9831 (6)

Rubber:

½1 D 0:0067P1 C 1:14; R2 D 0:9513 (7)

Reverse Propagation
The transfer reliability in the inverse direction,that is, from HMX

in LSC to HNS in the transitioncharge, is of equal importance.This
case was not simulated due to one quite transparent reason. As-
suming the percentage of attenuations of the peak shock pressure
in the epoxy and rubber are the same in the reverse direction, the
39.50-GPa shock front pressure in HMX would warrant a minimum
of 15.84 GPa of shock front pressure exiting the epoxy for the initi-
ation of the HNS, a level close to the detonation pressure of HNS,
that is, 20.0 GPa. Therefore, successful transfer is a certainty. In
addition, the conic geometry may impose a focusing effect on the
shock, which would further enhance the transfer reliability.

Summary
1) The CTH shock physics computer code successfully char-

acterized two categories of important cases in shock physics ap-
plicable to our case studies: a) shock attenuation in inert plas-
tic/elastomer material, such as epoxy and rubber, and b) initiation
of an insensitive high explosive by the shock exiting from the inert
material. The predictions are consistent with the known database;
therefore, it can serve as a quantitative assessment for transfer re-
liability in lieu of elaborate and expensive testing. This has been
a primary objective of CTH, and in our case, it is indeed well
served.

2) For the speci� c problemof interest,the detonationtransferreli-
abilityin theTitan IVB LSCA end � tting,which consistsofHNS and
HMX bufferedwith a layer of epoxy, has been successfullydemon-
strated. For the worst-case epoxy thickness of 3.81 mm (0.15 in.)
and HMX with theoreticalmaximum density of 1.88 g/cm3 , a mar-
gin factor of 1.93 was obtained, which is consistent with a high
reliability for components in a � ight termination system. The result
is independentof HMX porosity,particle size, and crystallineshape
because the worst-case TMD was used for the evaluation.

3) Temperature rise in inert material under shock loadingas a lin-
ear function of shock pressure has been formulated. A P1¿ D const
relationshipis found,which is consistentwith the P2

1 ¿ shockenergy
dissipation theory and implies a shock pressurepulse broadeningas
a result of shock propagation and energy dissipation in the plas-
tic/elastomer material.

4) A computationrelated artifact, that is, the peak shock pressure
oscillatory variation as a function of location, has been identi� ed,
and possible strategies for further work are discussed.
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