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ETC Researchat SoreqNRC, Israel
S. Wald, R. Alimi, L. Bakshi,J. Falkovitz, A. Pokryvailo, A. Ravid, N. Sha�r, M. ShapiraandD. Zoler

Abstract— An overview of the Electro-Thermal-Chemical
launcher (ETC) research program at the Propulsion Physics
Laboratory, Soreq NRC, Israel is presented.The main avenue
explored is a detailed study of Solid Propellant ETC (SPETC)
performance and optimization. A better knowledge of the phys-
ical phenomena taking place inside the device and in parallel
efforts to tackle the engineering aspectsof speci�c weapon sys-
temsbasedon the SPETC concept.Theoretical and experimental
tools have beendeveloped.Permanent efforts towards developing
optimal and ef�cient componentsfor such systemsare invested.
A secondavenue is the design and the construction of a small
caliber ETC demonstrator, as an answer for present military
demands for urban combat conditions. All system options are
dealt with including a novel inductive pulse power supply.

I . INTRODUCTION

The main objective of the ETC technology research-
programsis to build systemscapableto accelerateprojectiles
to muzzlevelocitieshigher than the onesobtainedwith con-
ventionalchemicalguns,on platformsthat requireonly minor
modi�cations comparedto the existing systems.In Israel, at
SoreqNRC, sucha programhasbeenconductedsince1985.
Until the early ninetiesSoreqcollaboratedwith the USA asa
part of the SDIO, and with Germany. In the last years,most
of the supportcomesfrom the Israeli MOD. Till recentlythe
programwas focusedon 105 and120 mm caliber tank guns.

About a decadeago [1], [2], the Solid PropellantElectro
Thermal Chemical (SPETC) method for projectilesacceler-
ation was proposed.High energy of plasmajets were used
(including the "boost" concept[3], [4]) in order to increase
the classical gun performance.After extensive studies, it
was decidedto abandonthe use of highly energetic plasma
jets for several reasons.The key point being that, due to
the current stageof power supply development,using large
amountof electricalenergy cannotbe a practicalsolutionfor
a large caliber gun mountedon a combatvehicle.Therefore,
in the late nineties,a shift in the ETC researchobjectives
was performed.The basic elementof the new approachis
the use of plasmajets at low to moderateET energies to
improve ballistic performanceeven without any substantial
muzzlevelocity increase.Themain rationalis to permitusing
of energetic, insensitive propellantsat high loading densities
and to substantiallyreduce the performancesensitivity on
the charge initial temperature.In this scenariothe ETC gun,
especiallythe 120 mm caliber [5], is a promisingoption for
the future combatsystems.

The driving lines of the presentSOREQSPETCresearch
programinclude:

� Continuationof the fundamental(theoreticaland exper-
imental) researchprogram for better understandingof
theplasma-propellantinteractionandotheraspectsof the
interior ballistics.

� Design,building, checkingandoptimizationof the ETC
launcher's componentssuchastheenergy sourceandthe
plasmainjector system.

� Optimization studiesfor de�ning the proper plasmajet
energy and power that are required to reach a proper
ignition anda smoothinterior ballistic process.Theneed
for the propellant initial temperaturecompensationis
taken into account.

Several works performedalong the above directionsare pre-
sented.In the last yearsthe world facesnew typesof threats.
Terrorism and the needsto operate in urban environment
lead us to reconsiderthe potential of pure Electro-Thermal
(ET) andElectro-Thermal-Chemical(ETC) options,usinglow
to medium caliber guns for light projectilesacceleration.In
this direction, we launched a program to build a mobile
technology-demonstratorsystem.It will include our state-of-
the-art 1MJ novel inductive storageand other new compo-
nents.

Theseprogramsareopenfor internationalcollaborations.

I I . THEORETICAL AND COMPUTATIONAL CAPABIL ITIES

The ET/ETC/SPETCtechnologiesinvolve several complex
processes,like:

� New modesof ignition andcombustionincludingplasma-
propellantinteraction.

� Multiphase multidimensionalcomplex reactive �o w at
high temperatureandhigh pressure.

� Unique devices like the power supply and the plasma
injector.

During a shot,only the plasmacurrent/voltagein the plasma
discharge, the gasbreechpressureand the projectile muzzle
velocity can be measuredwith an acceptabledegreeof pre-
cision.However, otherphysicalparametersmustbe estimated
in order to understandthe outcomefor further optimization
of the processand of the componentsof the ETC launcher.
Therefore,we have developedconsistenttheoreticalmodels
and numerical codescapableto provide an reliable picture
for thesecomplex processes.Someof the tools arepresented
below.

A. Con�ned ablativedischarge modelsand codes

Steady state and dynamic codes for con�ned ablative
electrical discharges taking place inside the plasmainjector
weredeveloped.The basicphysicalmodelassumingan ideal,
isothermal,steadystateplasma�o w [6] wasfollowedby more
elaboratedschemesbuilt on lessrestrictive assumptions.For
example, non-idealplasmaand time dependency have been
includedin themorerecentmodels[7], [8], [9]. Thesephysical
modelsand numerical codesproved to be extremely useful
in designing the plasma injectors in our interior ballistics
optimizationresearchprograms[10].
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B. Two-dimensionalballistics codes

Physicalmodelsandtwo-dimensionalinteriorballisticsimu-
lation codeswerebuilt [11], [12]. Thephysicalmodelis based
on theusualassumptionof a classicalreactive two phase�o w
wherethe solid phaseis treatedasa porosity �eld [13], [14].
Thecodesarecapableto describethe interior ballistic process
parameters,their spatialdistribution andtime dependency. The
model is used as a tool for ballistic processoptimization.
Theballistic codesallow theconventionalandplasmaignition
optionsaswell.

Fig. 1. 12thEMLpub_sw.lyxExperimentalbreechpressureand theoretical
predicted

Experimental results and theoretical calculations of the
breech pressurefor a 105 mm gun shot are presentedin
�gure1. The comparisonof the modelpredictionwith experi-
mentaldatashows an acceptablegoodagreement.

C. LEGS– Lagrange Euler Granular �ow Simulation

The conventional physical model basedon the pororsity
�eld parameterhas inherentproblemsthat prevail is certain
cases.Oneof themwhich is of greatimportanceis theunder-
standingof high loadingdensitygun.In this casethegranular
characteristicsof solid propellant bed cannot be ignored.
Following theseconsiderations,a completelynew interior bal-
listics simulationalgorithmwasdeveloped.The algorithmhas
beensuccesfullyimplementedin a two-dimensionalcode.A
threedimensionalversionof thecodeis in advancedprogress.
The grains are treated as deformable burning Lagrangian
lumps.The gas�o w is describedin Euleriancoordinates,and
is coupledto the (Lagrangian)grains.Grain-graininteractions
(collisions)arealsoaccountedfor.

The grains and the gas are mechanicallycoupled by a
simpli�ed version of the classicalCoupled Euler Lagrange
schemedue to Noh[15]. The GRP (GeneralizedRiemann
Problem)[16] schemeis used for the gas �o w simulation.
In this schemethe �ux es are evaluatedfrom a second-order
solution to an extended (“generalized”) Riemann problem
at cell-interfaces[17], [18]. Likewise gas-graincoupling and
grain-faceburning arealsotreatedby solving a non-adiabatic
“burn Riemann problem” at gas-grain interfaces[19]. The
burningrateis determinedby thewell-known Vielle's pressure

power law. Additionally, a short-rangerepulsive intergranular
potentialis introduced,enablingmomentumexchangebetween
colliding grains.We reiteratethat the LEGS model doesnot
resortto any of the commonlyemployed two-phaseconcepts,
suchasporosity, dragcoef�cient or “intergranularstress”.

In a typical LEGScomputationa clusterseveralhundredsof
discretegrainsis simulated,togetherwith the gasoccupying
the intergranularspace.Individual grainsareassumedto have
arectangularshapeorientedparallelto theaxes.TheEulergrid
is Cartesian,enablingtheLagrange–Eulercouplingto assume
a particularly simple form. The Euler meshsize is usually a
1/10 fraction of the grain size.The grainsare deformablein
a “split” way, i.e., they deform“one-dimensionally”with the
respective phaseof the split schemefor the integrationof the
2-D hydrodynamicconservation laws for the gas.
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LEGS2D.31 PROJECTILE WITH CHAMBREAGE  1.5:1.  Ignition spreads at 500 [m/s]               
gun/gun.7  MPROJ=Mgrains=30000,  Gamma=1.252, Bo=0.972.  Min Size 2.15*DX       
Grain size 11x10.6, 40x4 GRAINS, STAGGERED.  7-PERF GEOM FACTOR                 
CELLS:  XxY =3000  x  60   GRAINS: XxY = 40  x  4   LAG1 = 8     GODUNOV =   F  
Xmin,max=  0.00E+00  3.00E+03  Ymin,max=  0.00E+00  6.00E+01    B_frac=  36.66 %
T = 7000.       DT =0.936E-01   NCYC = 63223   CFL =0.400        CPU=   3:55:12 

MIN =  0.1074914321          PRESSURE        MAX =  0.1727802679                

MIN=  0.00       VELOCITY     MAX= 0.766      Vgrn_max= 0.400                   

MIN =  0.1074914321          PRESSURE        MAX =  0.1727802679                

MIN=  0.00       VELOCITY     MAX= 0.766      Vgrn_max= 0.400                   

Fig. 2. The �o w at t=7ms.Projectilespeed476[m/s]

As a 2-D “schemedemonstrationexample”we considerthe
following caseof aburningchargethatacceleratesa projectile,
with a chambreageratioof 1.5:1.Thechamberis
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wide (the symmetrichalf); it is initially �lled by
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grains,which occupy
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of the chambervolume.The computationalgrid consists
of 
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squaremesh.Sincethe simulationis plane-
symmetric- grainscannotbe 2-D axisymmetric,we consider
thegrain/projectilemassratio asrepresentativeof thephysical
situation,ratherthanthetruerespectivemasses.Herethis ratio
is about1:1. Thegraindensityis 
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. It is assumedthat the ignition startsat
thebreechandspreadsat a speedof
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I I I . TOWARD THE BUILDING OF AN " IN SITU" IGNITION

TESTER

As previously stated,the currentSPETCstudiesare based
on the use of relatively moderateplasmaenergies.However
the electricalenergy mustsatisfy the demandof a properand
secureignition of thecharge.A novel method,elaboratedon a
new kind of ignition sensors,for an"in situ" evaluationof the
ignition time delayinsidea guncartridge,wasdeveloped.The
methodprinciple and the �rst experimentalfeasibility check
have been previously reportedin [20]. Experimentswith a
systemincluding three sensorshave beenperformed[21] in
orderto de�ne the optimizationparameters.The basicideaof
themethodis themonitoringof thepronouncedchangein the
electrical resistanceof an ignition sensorat the onsetof the
propellantignition.

(a) Systembuilt of 3 Sensors

(b) 4 Systems(12 Sensors)mount in a cartrigde

Fig. 3. ”In situ” Ignition tester

The next step was to extend the number of sensorsup
to twelve, repartedinto four groups of three sensorseach
(See�g.3). A much betterand detailedpicture of the spatial
(radial andaxial) distribution andtemporaldependenceof the
ignition "wave" evolution inside the gun cartridgehas been
obtained.An experimentwasperformedto constructa "map"
of whatwecall the"primary", i.e.direct,ignition process(with
respectto the transientignition of one grain by the others).
The cartridgeregions were the propellantis directly ignited
by the plasmaor other ignition agenthave beenidenti�ed. In
this experimentall the grainspresentin the cartridge,except
thoselocatedin the sensors,were inert woodengrains,with
physicalcharacteristicssimilar to thoseof the propellant.In
the experimentshown below, only threegroupsof sensors(9
sensorsin total) wereused.

Fig. 4. "In situ" ignition testersignals(9 sensors),the increasein thesensor
resistantdueto thetemperaturechangeis displayedaspercentageof theinitial
resistancevalues.

Fig. 5. The ignition point of sensorNo. 3. The point in which the slope
increasesdueto rapidchangeof temperatures,is de�ned asthe ignition point
of the propellantgrain.

In anotherexperimentwe inserted36 propellantgrains(at
speci�c points) inside the inert woodenmedia.The purpose
was to learn about the mechanismsof the direct and the
indirect ignition processes.

In �gure 4 the signals of sensors1 to 9 are given. The
ignition time of each sensorcan be identi�ed as shown in
�gure 5. The point wheretheslopechangesis reportedasthe
ignition time of the propellantgrain. The resultsobtainedin
the �rst experimentindicatethat sensors1 to 6 were ignited
directly with a ignition time of 1.2msto 2.8ms,while sensors
7 to 9 were ignited by a secondaryignition process.Ignition
experimentsin a gun cartridgeinvolving realistic parameters
areunderconstruction.

IV. DESIGN OF OPTIMAL COMPONENTS FOR AN ETC
LAUNCHER

Permanentefforts are investedin improving the designof
the ETC launchercomponents.Two key componentsare the
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pulse power supply and the plasmainjector. Soreqdesigns,
fabricatesand tests a new generationof plasma injector
systems.Thesesystemswill be a part of almost any future
ETC platforms[22].

An optimal plasmageneratorhas to ful�ll a number of
conditions:

� To provide the energies and powers required for im-
proving the muzzlevelocity via the compensationof the
propellant temperature.The energy must of coursebe
suf�cient to ensureasecureignition evenfor high loading
densitycharges.

� To be highly reproducible.
� To withstandthe mechanicalconstraintsof the extreme

conditionsmet in the ballistic process.
� In addition, the plasma injector geometry has to be

designedto imposeminimal changesin a conventional
gun con�guration.

The performanceof SOREQ's plasmainjectors[10] aregiven
hereunder:

(a) capillary diameter:6.2 mm,
useful length:70 mm

(b) capillary diameter:6.6
mm, usefullength:82 mm

Fig. 6. Injectorscapillary

� Our plasma generators[10] are capableof providing
plasmajets with total energies up to 500kJand powers
up to 250MW.

� Highly reproducibleplasmapulseswith durationbetween
2 and4 ms wereobtained.

� The plasma injectors withstand the strong mechanical
stresspresentat high power discharges.

� We designinjectorswith the sameelectricalparameters
but at differentgeometries(�gure6).

� The plasmainjectors exhibit smoothballistic processes
in real gun shots.

� Finally, the injector's geometrywe built indeedinvolve
only minor modi�cations in the con�guration of the 105
mm or 120 mm guns.

V. PURE ELECTRO-THERMAL LUNCHER

The advantagesof ET & ETC, with propellants(working
�uids) different from the conventional nitrocellulose based
propellant, for small and medium caliber gun system are
well known: augmentedmuzzle energy leading to higher
penetrationpower and improved �ring ranges.Even without

providing sustainablevelocity increase,the processis ex-
pectedto be more precise,controllableand repeatablethan
conventional shots.Thesepropertiesare also translatablein
betterexternalandterminalballistics.The combinationof the
augmentationof themuzzlevelocitywith theprecisionandthe
controllability of the ballistic cycle makesthe ET gun system
a uniqueandvery promisingcandidateto be incorporatedinto
futurecombatsystemandmostsuitableto many urbancombat
scenarii.

The ET Demonstratorprogram includes the design and
constructionof the canonand the requiredelectrical energy
storageandtheir associationwith a light combatvehicle.

The system is basedon a unique 1MJ, 1GW inductive
storage.This approachis different from that of the USA
(United Defense)program.It is describedin much detail in
our previous publications[23], [24], [25]. Lately, signi�cant
progresshasbeenmadetowardspractical implementationas
describedbelow.

VI . INDUCTIVE STORAGE SYSTEM (ISS)

A. General

Well-known attractionsof ISS are their simplicity, static
structureandimprovedsafetycomparedto capacitiveandiner-
tial storage.For armoredvehicles,ISS is especiallyattractive
in view of its immediatereadinessfor the �rst round.Alter-
natively formulated,the silent watchcapability is an inherent
featureof ISS. This is a major advantageover capacitive and
inertial storage.For All-Electric Vehicleapplications,the ISS
batterymay serve as a high-power energy source,providing
electricityto high-poweractuators,activearmor, HPM devices,
etc. A battery-basedISS is shown in Figure 7. It comprises
the battery with its charger, the storageinductor, switching
system,the emergency load andthe control system.

Fig. 7. Genericblock diagramof battery-basedISS

Basiccircuit of ISSThebasiccircuit of anISSis illustrated
in Figure8. After the inductorhasbeenchargedto a desired
energy, the OS breaksthe current,transferringthe energy to
the load. If the load malfunctions,the coil energy is dumped
via an additionalCS (not shown) onto the emergency load.

B. Components

Oneof themajorproblemsassociatedwith inductivestorage
systemsis a compactrepetitive OS, which must possesslow
conductionand fast opening.Unfortunately, no existing type
of OS alone provides both thesefeatures.This shortcoming
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Fig. 8. Basiccircuit of ISS

is overcomein hybrid OS (HOS) (see,e.g., [26], [27], [28],
[29]). During the conductionphase,the current�o ws through
a low-resistancestage,e.g.,a mechanicalswitch.At a desired
momentthis stageis actuated,andthe currentis commutated
to a fastopeningsecondstage,e.g.,a fuseor a semiconductor
device.Thecontactdamageis minimizedowing to averyshort
arcing time of fractions of a millisecond. Vacuumswitches
(VS) are preferred in this application owing to their fast
recovery after currentpassage.

Lately, we �nished development of a repetitive hybrid
switch [29] comprisinga commercialSiemensvacuumcircuit
breaker, model3WS12,asthe�rst stage(two polesconnected
in series)and two ABB IGCT 5SHY35L4504connectedin
seriesas the secondstage.The switch is ratedfor a 350MW
switchingcapability. It wasextensively testedbothwith resis-
tive andexploding wire loads[30]. Typical IGCT currentand
voltagewaveformsfor the HOS are shown in Figure 9. The
breakingcurrent is closeto 50kA, which is 11 times greater
than the IGCT controllablecurrent.

Fig. 9. Interruptionperformanceof two IGCTs connectedin seriesin HOS

The switch components�t into a
���"�0�

�

(actualpackaging
wasnot doneyet). In the nearterm, upgradingthe developed
HOSto higherratingswithin theadoptedarchitecture,without
major modi�cations, will includeconnectingup to four poles
of thevacuumswitchandfour IGCTsin series.This extension
will boostthe switchingpower above 1GW.

A bottleneckin developmentof a transportableISS up to
the last time was the batterysize.With commercializationof

high-power Saft Li-Ion batteries[31], this problemseemsto
be overcome.They provide very high energy densityof more
than

������12!#��3

(at the systemlevel; cells possesshigherenergy
density),combinedwith high-power densityof approximately

����1�45��3

A major concernin ISS implementationis EMI caused,
mainly, by thecoil fringe �eld. Papers[25], [?] give theoretical
treatment of the problem that predicts good chancesfor
overcomingthis impediment.Un unresolved issuestill is the
passageof heavy currentsfrom the hull to the turret.The rest
of the ISS componentspresentminor risk.

C. Systemsizing

At present,a formal optimizationanalysisis available for
the optimal choiceof the ratio of the batteryto coil volume
([24] and its references).It also allows an estimationof the
battery-coil systemvolume resting on a numberof assump-
tions.It is dif�cult to formalizetheanalysisof sucha complex
system as ISS that includes other numerouscomponents.
However, we have a good starting point for the assessment
of the OS volumethat makesuseof our experimentalresults.
Similarly, it is possibleto give a good prediction as to the
charger size, dependingon the charge rate. The volume of
othercomponentswe assumeto be essentiallyproportionalto
the storedenergy.

We performedevaluation of the volume of pulsedpower
supplydependingon the load energy in two versions.Oneof
them is a battery-basedISS with a 20kW/l battery, the other
sourceis a capacitor-basedPFN making use of

��67!#�'�%�

,
75%dischargeef�ciency capacitors.Theullageis 0.6 and0.7
for ISS and PFN, respectively. The coil discharge ef�ciency
is conservatively assumedto be 75%. For PFN, the volume
of inductors, dump relay, resistors,output switch, crowbar
diodesand control is assumedto be equal to the capacitors'
volume,the charge time is 10s.The overall systems'volumes
areshown in Fig. 10.

Fig. 10. ISS andPFN volumevs load energy

At the energy level below 0.5MJ , PFN volumeis smaller.
However, this balancetopplesover to the ISS favor if a 2s
chargeor high-rep-rateburst arerequired.At higherenergies,
ISS possessesmuch smaller volume owing to better coil
utilization.
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Our projectionsshow that a 1MJ transportableISS will
occupy 


� �98/�0�:�

and will be able to deliver 20 roundson
a singleLi-Ion batterycharge.

VI I . SUMMARY

During the last two decadesof the ETC research,a real
progressin understandingthe capabilitiesand the limitation
of the technologywasachieved.Componentsandsubsystems
have reacheda stageof maturity. Due to the changesin the
expectationfor the needfor the future combat�eld, we put
moreefforts in thedevelopmentof small-mediumETC caliber
guns. The main R&D effort in the coming years will be
in the constructionof a vehicle mounted�eld demonstrator
of this ETC system.This project is open for international
collaboration.
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