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Re-visiting the mass-flux model for explosive reactive armor 
and the effect of plate thickness 

 

ABSTRACT 
 
Explosive Reactive Armor was originally modeled under the assumption that the 
plates in the cassettes were very thin. Hence their thickness could be ignored, 
and the thicknesses of the plates were considered only based on their areal mass 
density. In particular, it was assumed that the jet-plate interaction was controlled 
by the plates to jet-mass-flux ratio criteria for a specific jet velocity and 
diameter. In the present study, we extended this analysis, examining the effect of 
the variation of the mass-flux along the jet on the disruption effect by the two 
plates. In addition, we examined the thickness effect of the plates on the plate’s 
effectiveness, replacing the steel plates by low-density materials like aluminum 
and polycarbonate. The mass-flux model was adjusted to account for the plate-
thickness effect. It was found that increasing the thickness of the plate, keeping 
the areal weight unchanged, slightly increases the overall effectiveness of the 
cassette, in particular by the forward moving plate interacting with the center 
and the slow parts of the jet. 

Keywords: explosive reactive armor, armor, shaped-charges, jet disruption 

 

1. Introduction 

 
Explosive Reactive Armor (ERA) is usually composed of an explosive layer 

in between two metal plates, generally made of steel. A schematic configuration 
of an explosive reactive cassette is presented in Fig. 1. The cassette is usually 
positioned at an oblique angle to the jet path. The plate that is being hit first 
moves towards the jet and its velocity vector opposes that of the jet, which is 
called the Backward Moving Plate (BMP). The second plate moves in the jet 
direction and is therefore named the Forward Moving Plate (FMP). These names 
are given to discriminate between the two plates: Which is the first plate 
between the one that is being hit first and the one that is placed first in the 
cassette. Since we have a natural positive direction that is presented by the 
incoming jet, we chose to use this direction also for the plate names. 

In 1984, 35 years ago, the first theoretical paper explaining the mechanisms 
by which ERA defeats shaped-charge jets was presented [1]. Several physical 
mechanisms were revealed in that paper for the first time, including the 
hydrodynamic mass-flux model and the different rules for the two metallic 
plates, the FMP and BMP.  

Each plate has a different relative velocity to the incoming jet. Hence the 
interaction velocity, as well as the interaction time interval between each jet 
element and the plate, is different. The blast mechanism that usually deflects the 
fast parts of the emerging jet was explained and proved experimentally in this 
first paper as well [1]. Another pertinent observation in the study was the so-
called “Pebble-Stone Model,” proposed to explain the emerging jet tip and the 
periodic nature of the jet–plate interaction. Lastly, the deflection nature of the 
BMP that causes the jet to deviate from its original velocity direction once the 
jet-plate’s relative velocity is high was presented. 
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The large hole created by the head-on interaction of the jet tip, while 
penetrating the cassette before the plates start to move, and the plates’ strips that 
interacts sideways with the rest of the jet are presented in references [2-5]. 

The jet is typically composed of several parts, including the tip, which moves 
ahead of the main jet at a speed of 7~10 km/s, and for a point intiated charge is 
wider than the slower parts of the jet that follows, as seen, for example, in Fig.2 
[6,7]. The jets usually move straight with a velocity gradient that causes them to 
stretch between the tip and the tail, which moves at a typical velocity of 2 km/s 
to 3 km/s. The slowest part of the jet is the massive slug, which moves far 
behind the jet at a typical velocity of about 0.5 km/s. Between the slug and the 
tail, we always find the Appendix, a disturbed part that contributes to penetration 
only in special cases [7]. 

As soon as the tip of the jet hits the cassette, the explosive is detonated, 
causing the metallic plate to move aside. The parts of the jet that interact with 
the moving plates are deflected and perturbed, as shown schematically in Fig. 3 
and in an X-ray test in Fig. 4. The front part of the jet that interacts first with the 
BMP and later with the FMP is severely perturbed and undulated downwards (in 
our presentation), while the slower part of the jet, which in this schematic 
illustration and test, interacting only with the BMP, is mainly deviated upwards. 
The rear parts of the jet, the Appendix, and the slug do not interact with the ERA 
in the test presented in Fig. 4. The illustration of the upwards movement of the 
part of the jet that interacts only with the BMP is somewhat exaggerated in Fig. 
3, as seen in Fig. 4, to indicate the main effect of the BMP. 

 

 

Fig. 1. Schematic view of a reactive cassette just before being hit by a jet. 
 

The plates' velocity is usually one order of magnitude lower than that of the 
tip of the jet, and since the jet is usually thin, the craters created in the plates 
during the sideways interaction are also small. Therefore, the final hole shapes in 
the plates have a "key" hole shape, as illustrated in Fig. 3 and were found 
experimentally [3]. The mass that was in the thin and long parts of the craters in 
the plates were named the strips.  The strip mass directly interacts with the jet. 
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Fig. 2. Two radiographs of a  massive jet tip of a 60º point initiated charge, 
nicely showing the tip of the jet emerging soon after the liner collapse process 
ended. 

 
It was therefore hypothesized that the interaction between the main part of 

the jet and the plates could be regarded as an interaction between two streams: 
the jet and the strip. The mass-flux ratio of the two will determine the 
effectiveness of the ERA. Detailed consideration of the mass-flux distribution of 
the jet throughout the entire interaction process was missing. That information 
will be presented in the following sections, and the benefits that are formed by 
the plate thickness will also be addressed. 

 
Fig. 3. Schematic view of an ERA cassette interacting with a shaped charge 
jet, and a plate that was found in one of the tests (left-bottom corner).  

 

 
Fig. 4. X-Ray picture of a point-initiated shaped-charge jet interacting with a 

symmetric 1.6 mm/3 mm/1.6 mm [30º] steel cassette, representing the various 
interaction zones. 

 
2. JET MASS-FLUX  

 
Moving from tip to tail (excluding the massive tip, the Appendix, and the 

slug), the velocity of the jet decreases while its diameter increases. Freezing the 
jet at a given moment (Fig. 5 for example), the change in the mass-flux of the jet 
emerging from a 60º point initiation charge [6] computed by the M-SCAN code 
[8] is presented in Fig. 6. This is the mass-flux (or momentum) distribution for a 
fixed time as a function of the jet velocity, normalized by the mass flux of the 
first jet particle behind the massive tip. The MKS units of the mass flux are 

kg·m/s. 
 

 
 
 

Fig. 5. X-ray picture of a point initiated shaped-charge jet [3]. 
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Fig. 6. Normalized mass-flux distribution of a continuous jet emanating from 

a point-initiated charge at 120µs.  
 
As shown, moving from tip to tail, the mass-flux increases first, up to the jet 

velocity of about 4.2 km/s, and then decreases. The mass-flux at the tail is 
smaller by about 15% compared to that at the maximum point, and it is about 
30% greater than that close to the tip. The massive tip is not taken into account 
at this point since it erodes during the penetration through the plates and the 
detonation processes at the initial impact before the actual jet interaction with the 
moving plates.  

Hence, according to the mass-flux considerations, the zone in the jet that is 
the hardest to be disrupted (lowest cassette efficiency) is its center one. The next 
hardest zone for disruption (modest cassette efficiency) is the slow part of the 
jet, while the easiest part to disrupt (highest cassette efficiency) is the fast part of 
the jet. This mass-flux consideration overlooks two main problems, which are 
solved differently. The main problem to disrupt the fast part of the jet is the 
acceleration time of the plates (an effect that is being compensated by the 
expanding detonation products) and the main problem to disrupt the tail of the 
jet are the edge effects. 

Assuming that the thickness of the plates can be overlooked and that the 
plates are long enough, the interacting length rate of the strip, ��� , and the length 

rate of the jet, ��� , which interact at a given time interval, are  
 

��� = ��/tg�     ��� = �� ± ��/ sin �                            (1) 
     

where the (+) sign is for the BMP and the (-) sign is for the FMP. jV  and pV  

are the jet and plate velocities respectively, and α  is the orientation of the plates 
relative to the jet's original path. To calculate the mass-flux, one needs to 
multiply each of these terms by the mass per unit length at the interaction zone, 
taking into account the change in the dimensions of the interacting parts. The 
mass per unit length of the plate can be considered constant (see also Eq. (6)), 
but the mass per unit length of the jet changes with time and point of interaction, 
as is shown below.  

Since the jet is moving, the mass-flux of the jet arriving at a given target 
(distance is fixed) is somewhat different than that presented in Fig. 6, and it is 
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presented in Fig. 7. It takes about 100 µs for the jet to pass through the plate 
located at 3CD, with a large variation in disruption in the jet mass-flux. 

 
 

 
Fig. 7. Normalized mass-flux of a point-initiated jet at 3CD stand-off, as a 

function of time measured from initiation. 
 

If the target is moving, as in the case of an ERA, the radius of the jet that 
interacts with the moving plates is different for each one of the plates, as 
presented in Fig. 8, for a cassette where each plate is moving at a speed of 800 
m/s in 30º obliquity. The M-SCAN calculations are for a continuous jet and an 
infinitely long cassette. For each of the plates, there are red dots that mark the 
last jet element that interacts with the plate, depending on its dimensions.  

The whole jet interacts with the BMP, as long as the interacting length 
permits a 99 mm strip, so the entire jet and part of the Appendix are expected to 
be interfered with. The jet velocity at the end of this interaction is the tail 
velocity, hence, 2130 m/s. The diameter of the jet at this point is about 4.25 mm.  

The interaction with the FMP stops according to the allowed strip length. If 
the strip is 200 mm long, the last jet element that interacts with the FMP has a 
velocity of 3050 m/s and a diameter of 2.3 mm. If the strip length is 100mm 
long, the last jet element that interacts with the FMP has a velocity of 4080 m/s, 
and the diameter of the jet at this point is 2.47 mm. The slower parts of the jet 
will interact only with the BMP in this case.  

 
Fig. 8. The jet radius of a point-initiated charge interacting with an FMP 

(green crosses), a BMP (red dots) moving at a speed of 800 m/s, and a stationary 
plate (blue dots) as a function of the jet velocity. The initial stand-off is 3CD. 
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The two red dots on the FMP curve represent the points where the 200 mm and 
100 mm strip end their interaction. 

 
 
If the jet breaks before interacting with the plates, the radius of the drops 

remain constant, and the decrease in the radius of the jet interacting with the 
FMP differs from the one presented in Fig. 8, especially for the slow part of the 
jet.  

Based on the radiuses that are presented in Fig. 8, the jet mass-fluxes 
interacting with the BMP and the FMP are calculated, taking into account the 
radiuses of the jet at the moment of interaction with the plates. The mass-flux of 
the plates entering the interaction zone is constant. Hence, we should expect 
variations in the jet disruption efficiency by the plates, as was presented in Ref. 
[1]. The calculations in Ref. [1] were for a momentary event. Taking the mass-
flux changes along the jet, the jet radiuses and velocities, we can calculate the 
plates ideal disruption efficiency for each part of the jet, as shown in Fig. 9, for 
an ideal case in which the plates move at a constant velocity. 

Taking the plate’s acceleration time into account (not shown here, but 
presented later in this article), the efficiency of the plate changes close to the 
jet’s fast parts, starting with a very low efficiency because of the acceleration 
period, which increases and meets the ideal efficiency curve, as will be 
explained below. 

 
 

Fig. 9. The plates efficiency (plate to jet mass flux, Eqs. 4-5) as a function of 
jet velocity assuming the plates are moving at a velocity of 800 m/s. 

 
The BMP efficiency is almost constant. It decreases by about 25% at the 

center of the jet compared to the tip at a jet velocity of about 4.5 km/s and 
increases back at the tail. The BMP efficiency is less affected by the jet 
properties compared to that of the FMP. Ignoring the acceleration process, the 
disruption efficiency of the FMP at the jet tip is about 50% higher compared to 
that of the BMP. The main reason for that is the relative velocity difference 
between the two plates. As we move backwards along the jet, towards the tail, 
the dominancy of the FMP becomes evident. In particular, it should be noted that 
the FMP is extremely efficient against the slower parts of the jet. Typically, 
these parts of the jet do not interact with the FMP. 

If we examine the disrupted jet in Fig. 4, we can see that the FMP is very 
effective up to the center of the jet where it stops interacting with the jet because 
of edge effect. In contrast to the FMP, the disruption of the jet by the BMP is 
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very weak, especially close to the rear parts of the jet, as expected by the 
analysis presented in Fig. 9.  

The acceleration phase of the plates in the test that is presented in Fig. 4 is 
very short in time. Assuming a one-dimensional expansion, the acceleration 
distance and time can be approximated according to [9]. 

 
 

� = ������[1 − ���
� �

�
]�.! = ������

"
# [�"

#�
�

+ 1]%�.!  (2) 
 
 
Vfinal is the final plate velocity, x0 is the explosive thickness divided by 2 

(symmetric cassette), x is the plate position, t is the time, and τ is a time constant 
equal to half the explosive thickness divided by final plate velocity. Hence, the 
acceleration period is about 10 µs, out of an average interaction time of 100µs, 
according to Fig. 7. The fast parts of the jet are therefore interacting mainly with 
the exploded product flow [1, 10], downstream from the penetration and gas 
flow, and appear as an interaction with the FMP [1]. 

It should be noted that the BMP interacts with whole of the jet, even for a 
200 mm cassette, while the FMP interacts only with part of the jet. 

 
 
3. Plate thickness effect 
 
In most of the studies where the thicknesses of the plates were changed, the 

explosive thickness was kept constant. Hence, two parameters were changed at 
the same time, plate thickness and plate velocity (see Ref. [11]). In the present 
study, we didn’t change the weights of the plates or the explosive, but we 
changed material density. Changing the materials of the plates to low density 
materials, aluminum, for example, creates a larger interaction zone since the 
interacting plates are much thicker. On the other hand, the craters in the 
aluminum plates are usually greater compared to that in the steel plates because 
of the lower yield strength, the larger thickness, and the faster crater opening. 
Keeping the areal density constant, the mass-flux of the plates stay the same, but 
the plate mass-flux per unit length of the jet changes. The lower the plate 
density, the smaller the mass-flux per unit jet length, and the question is how it 
will affect the jet disruption process.  

Four experiments were conducted to examine the plate material density 
effect. The X-ray pictures for the four tests are presented in Figs. 10–13. In all 
the experiments, the mass of the plate per unit area was the same, and the jets hit 
the cassette at about one third of its length measured from the bottom. The 
symmetric cassettes contained 1.6 mm mild steel, 4.8 mm soft aluminum, 4.8 
mm hard aluminum, or 10 mm polycarbonate (PC) for each of the plates.  
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Fig. 10. X-ray picture of a jet interacting with a steel plate cassette at 71 µs 

and 86 µs. 

 
Fig. 11. X-ray picture of a jet interacting with a hard 6061-T6 aluminum 

plate cassette at 71 µs and 86 µs. 
 

 

 
 

Fig. 12. X-ray picture of a jet interacting with a soft 5052 aluminum plate 
cassette at 71 µs and 86 µs. 
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Fig. 13. X-ray picture of a jet interacting with a PC plate cassette at 71 µs 
and 87 µs. 

 
 
The residual penetration into an RHA witness plate in all four tests was 

close. The deepest crater, in the steel cassette test, was 23 mm, compared to 
13~16 mm for the aluminum cassettes and 25 mm for the PC one. The aluminum 
cassette is therefore better then the steel one by about 6%, while the PC cassette 
has about the same efficiency as the steel one. 

It is interesting to note that the overall shapes of the disrupted jets interacting 
with the steel and the aluminum cassettes were similar. The first fast element of 
the jet that emerges from the cassettes, in all the tests, is tilted, mainly because of 
the explosive product flow effect. The fast acceleration of the steel helps to 
disrupt the jet tip. The sound speed in aluminum is high, but because of the 
greater thickness, the acceleration period of the aluminum plates is somewhat 
longer compared to the thin steel plates. In addition, the larger crater in the 
aluminum plates left a longer but tilted jet tip, which does not contribute to 
deeper residual penetration. Comparing the two aluminum cassettes, only a small 
difference in the disrupted jets after the interaction with the FMPs is observed. 
The deflected jets after the interaction with the two aluminum BMPs are 
somewhat different. At this point, we don’t know why. The main results are that 
the aluminum cassettes provide somewhat better efficiency compared to steel.  

The acceleration effects in the PC plates are much slower due to the slower 
sound speed of the PC and its greater thickness. The interaction of the jet with 
the moving plates (the strip) is delayed, and the tip is longer, although tilted by 
the flow of the detonated explosive products. 

In all the cases, we observed a strong local interaction between the rear part 
of the jet and the plate caused by the BMP interaction with the jet.    

The strength of the plates affects the craters at the interacting area if the 
impact velocity is lower than about 3 km/s, as was shown for high hardness 
aluminum (V-95, density of 2.8 g/cm3) and titanium (VT-6, density of 4.5 g/cm3) 
in Ref. [12]. For higher impact velocities, the interaction is considered 
hydrodynamic. Hence, we can assume that the jet-plate interaction is 
hydrodynamic for almost all jet elements (although the late flow of the craters in 
the plates is affected by its material strength), and we should not see a major 
difference between the two aluminum tests, as was indeed found.  
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Assuming a hydrodynamic penetration, the emerging new jet tip can be 
calculated [13], and it is well known that for the same target weight, the lower 
the target density, the lower the new tip, reducing the perturbed jet effectiveness.  

If we take into account the plate thickness, h, and the actual time interval the 
jet interacts with the plates from the moment it starts to interact with each plate 
until it stops, assuming that the plates are moving at a constant speed during the 
interaction period, the jet interacting lengths are 

 

j j p[( / sin )]d / sinl V V t hα α= ± −             (3) 

 
The plate interacting length stays the same in this case, as in Eq. (1). The 

ratio between the jet interacting length to that of the strip for the two plates can 
be found in the following equations. Two expressions can be deduced, one based 
on the strip length and the other on the interacting jet length. Consequently, the 
mass-flux ratio that is assumed to be a measure for the efficiency, η, of the 
disruption process is given by Eq. (4) and (5). These equations present the 
cassette disruption efficiency with respect to each element of the jet. 

 

            & = '� (
'� )

= *[ +
,-.

tg� ± +
/01 2 − 3

4. 1�� 2]%+           (4) 

or 
 

               & = '� .
'� )

= * +53/(4)1��2)
8

9-.
:;2± 8

<=> ?
                                  (5) 

 
where   

 

    p

j j

4
( )( )

π

h
k

d

ρ λ
ρ

= ;       P p j
ˆ /V V V=                     (6) 

 
where jρ  and pρ  are the mass densities of the jet and the plate respectively, 

jd  is the jet diameter, h is the thickness of the plate (or strip), and P̂V  is the plate-

normalized velocity. λ  is a factor of the order of one, which may be used to 
adjust the width of the strip that interacts with the jet if it is larger than the jet 
diameter, or, if required, to add plate's strength effects to the interaction process.  

The analysis presented above takes into account the strip length (Eq. (4)) or 
the interacting length of the jet (Eq. (5)), assuming the jet moves at a constant 
velocity. If h = 0, the two equations will be identical to the old mass-flux 
equation [1], where the plate-thickness value multiplied by the density is left 
only in k to calculate the areal plate mass.  

As we can see from both Eqs. (4)–(5), the thickness of the plate increases the 
disruption effectiveness. Taking into account the thickness of the plates, the 
strip’s length that interacts with the jet becomes of major importance. The strip 
lengths are presented in Fig. 14. 

The B_strip (the length of the strip of the BMP plate) has a much smaller 
length compared to the F_strip. The thicker the explosive layer, the faster the 
BMP moves, and since there is an upper limit to the velocity of the plate, there is 
also an upper limit to the strip length of the BMP.  
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The F_strip length increases up to the moment where it exits the plate edge 
(the edge effect) or its phase velocity exceeds the jet velocity. This edge effect is 
clearly seen in the x-ray presented in Fig. 4. The higher the FMP velocity, the 
sooner the edge effect comes into play, although the stronger the jet disruption at 
each point of interaction. 

It is assumed that the longest strip length is 200 mm (a constant that is 
determined by the cassette length), and the lengths are normalized by this value. 
The normalized F_strip length increases up to one when the explosive 
thicknesses in the two cassettes are about 5.2 mm and 4.9 mm for tip velocities 
of 5.7 km/s and 6.2 km/s, respectively. The F_strip is always longer than the 
B_strip, and this is one of the reasons for its greater effectiveness besides the 
effectiveness sensitivity to the FMP edge effect. It may well be that the B_strip 
will continue to interact with the jet long after the F_strip is no longer effective. 
The higher the tip velocity, the longer the strip for a given explosive thickness, 
but the stronger the edge effect (after increasing the explosive thickness). 
Reducing the density of the plates decreases the new jet tip, another benefit of 
the low-density plates, as was explained above.  

 
 

  
 

 
Fig. 14. Normalized strip length as a function of HE thickness, for a 

symmetric 3/x/3 [30º] steel cassette (broken lines) and for 8.6/x/8.6 [30º] 
aluminum cassette (solid line). 

 
It should be noted that since the FMP stops interacting when the HE 

thickness is greater than 5.2 mm, the only plate that disrupts the jet is the BMP 
from that point on. 

Calculating the interaction efficiency, Eqs. (4) and (5), taking into account 
the thickness of the plates, we find that the efficiency is strongly affected by the 
FMP and less affected by the BMP, as shown in Fig.15. This improved 
efficiency, due to the increased FMP thickness, is probably the main effect that 
causes the aluminium cassette to be better compared to the steel one in the 
experimental results that were presented above. 

Moreover, the main affected parts of the jet are its center and slower parts. 
Hence, taking into account the FMP thickness effect, it seems that we can use 
slower velocities to improve the edge effect without losing disruption efficiency. 

The efficiencies during the plates’ acceleration phase are also presented in 
Fig. 15, according to Eq. (2). The acceleration affects the efficiency of the fast 
part of the jet only from the tip that starts the initiation up to about 6 km/s. The 

B STRIP 

F STRIP
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thinner the plate, the shorter the acceleration phase and the smaller the fast part 
of the jet that is not affected by the interaction with the plates, as seen in the 
experimental results.  

To compare the efficiencies of various cassettes we have to integrate the 
efficiencies along the jet. By doing so, assuming, for simplicity,  that  all parts of 
the jet touch and interact with the plates, we find that the aluminium cassette is 
expected to be better compared to the steel one by about 3%, close to the 
experimental observation. 

It is expected that including the acceleration phase at this point will not 
change  much these results since the fast part of the jet is strongly disrupted by 
the detonation products. 

Our theoretical analysis predicts that the efficiency of the PC cassette will be 
much better compared to the steel one, unlike the experimental result. More tests 
are needed to explain these results.  

 

 
Fig. 15. FMP (broken black and solid blue lines) and BMP (doted black and 

solid red lines) efficiency for 8.6 mm [30º] aluminum cassette, including the 
acceleration phase.  

 
 
 

4. SUMMARY 
 
The mass-flux model for the explosive reactive cassette was explained and 

extended into an analytic model that enables us to estimate the effect of the 
various physical parameters, like the orientation, plate velocity, plate thickness, 
plate length and plate acceleration phase, on the disruption efficiency of each 
part of the shaped-charge jet.  

The different role of the two plates, the FMP and the BMP, in disrupting the 
jet was explained, taking into account the strip lengths and the thicknesses of the 
two plates. Keeping the weight of the cassette constant, it was found that 
lowering the density of the two plates is beneficial in disrupting the jet. The 
main benefit of the BMP is the smaller strip, hence, smaller edge effects, while 
the main advantage of the FMP emanates from the efficient interaction with the 
center and rear parts of the jet. The emerging tip of the jet is usually deflected by 
the flow of the explosive products. 

The new model was examined experimentally, comparing a steel cassette to 
an aluminum one, and by facilitating understanding of the role of the various 
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interaction parameters involved. To understand the reasons for the relatively low 
efficiency of the thick PC cassette more tests are needed.  
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