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This work analyzes the magnetic field produced by the solenoid and its acceleration effect on a shaped charge jet 

(SCJ) with the radial component of the field being considered. A theoretical model was developed to analyze the 

acceleration mechanism of the field on the SCJ. The results show that the axial velocity of the jet particles can 

be increased due to the existence of the magnetic field produced by the solenoid. In addition, the related X-ray 

experiments were conducted to verify the theory. The theoretical results correlate with the experimental results 

reasonably well. 

© 2017 Elsevier Ltd. All rights reserved. 
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. Introduction 

Shaped charge jets (SCJs) are used extensively in many industrial

ectors, including petroleum and defense ones because of their signifi-

ant penetration capability. The velocity of the jet tip can reach 6000–

000 m/s, even up to 10,000 m/s, with the tail element flying at a ve-

ocity of approximately 2000 m/s. The SCJ can experience considerable

tretching at a strain rate ranging from 10 4 to 10 5 s − 1 [1] . However,

he SCJ becomes unstable and breaks up into many pieces with approx-

mately equal size for a certain length of time (Breakup time) [2,3] .

fter breakup of a SCJ, the particles do not remain aligned with the SCJ

xis, instead of starting rotation [4] . The breakup and the rotation af-

er breakup of the SCJ can significantly degrade the performance of the

CJ. Based on the related penetration theory of the SCJ, the increase

f the jet velocity is beneficial to improve the penetration ability of the

CJ [5,6] . In the past a few decades, some scholars devoted themselves

o improve the penetration ability of SCJs. Previous methods mainly fo-

us on improving the physical–mechanical properties of SCJ materials

nd the machining process, as well as optimizing the shape and size of

iners. However, the current penetration capability of SCJs still cannot

atisfy the practical requirements. 

Previous studies showed that the penetration capability of shaped

harges could be improved by electromagnetic actions. Littlefield

2] theoretically analyzed the stability of rapidly stretching and per-

ectly plastic jets when they were subjected to axial magnetic fields. In

is study, the jet was assumed to be uniformly elongated, infinitely long

nd isothermal. Linear perturbation theory was also employed to calcu-

ate the time evolution of small disturbances. The results indicated that
∗ Corresponding author. 

E-mail address: huangyu@mail.njust.edu.cn (Z. Huang). 

ttp://dx.doi.org/10.1016/j.ijmecsci.2017.07.045 

eceived 21 April 2017; Received in revised form 5 July 2017; Accepted 20 July 2017 

vailable online 25 August 2017 

020-7403/© 2017 Elsevier Ltd. All rights reserved. 
he axial magnetic field imposed on the SCJ could effectively inhibit

he growth rates of perturbation. Fedorov et al. [7–9] and Babkin et al.

10] showed that jet stretching with a diffused magnetic field is accom-

anied by magnetic field compression inside the jet, thereby generating

adial stretching electromagnetic forces. In their studies, an increase of

0% in the depth of penetration (DOP) was obtained when the magnetic

nduction intensity was changed from 1 Tesla to 10 Tesla. The authors

hen introduced several types of electromagnetic actions controlling the

et at different stages of shaped charge firing. They considered the salient

eformation features of metal cumulative jets in a longitudinal low-

requency magnetic field based on a model of a uniformly stretching

ylindrical incompressible rigid-plastic conducting rod. Ma et al. [11–

7] analyzed the coupling process between the external magnetic field

nd the SCJ. They explored the inhibiting effect of the electromagnetic

orce on rotational motion of particles after the breakup of the SCJ. Their

umerical simulations and theoretical models were verified by the cor-

esponding experiments. 

Although the coupling mechanisms between the SCJ and the mag-

etic field were extensively studied, the magnetic field produced by the

olenoid was only regarded as a longitudinal field. As the results, the

adial component of the field was neglected. 

In this work, the magnetic field produced by the solenoid was an-

lyzed by considering both the longitudinal and radial components of

he field. Based on the Gauss’s law, the expression of the radial com-

onent of the magnetic field was proposed. Following the law of elec-

romagnetic induction, the electromagnetic force of the SCJ with the

verall influence of the magnetic field was analyzed. Therefore, a com-

rehensive theoretical model was developed to describe the acceleration
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Fig. 1. Model for acceleration of a shaped charge jet element inside the external magnetic 

field. 
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echanisms of the SCJ in the magnetic field. In addition, the X-ray ex-

eriments were conducted to verify the theoretical predictions. 

. Acceleration model of the SCJ inside the axial magnetic field 

.1. Analysis of the magnetic field produced by the solenoid 

For the convenience of discussion, a cylindrical coordinate system is

sed, as shown in Fig. 1 . The axis of the solenoid is set to z -axis, and

he radial direction is r -axis. For a magnetic field B produced by a finite

ong solenoid, there are two components: the radial one B r and the axial

ne B z . The field is variable along the z direction. In fact, it gradually

rows stronger from the entrance of the solenoid to the neutral position

f the axis, then becomes weaker after passes the neutral position. 

Since the magnetic field is passive, the net flux of the magnetic field

ut of any volume of the jet element is zero. Based on the magnetic

ersion of Gauss’s law, we can obtain [18] : 

 ⋅ 𝐵 = 0 (1)

According to Fig. 1 , there is [19] : 

𝑟 2 
(
− 𝐵 𝑧 ( 𝑧 ) + 𝐵 𝑧 ( 𝑧 + 𝑑𝑧 ) 

)
+ 2 𝜋𝑟 𝐵 𝑟 Δ𝑧 = 0 (2)

Thus, according to Eq. (2) , the relationship between B r and B z can

e obtained as: 

 𝑟 = − 

𝑟 

2 
𝜕 𝐵 𝑧 

𝜕𝑧 
(3)

.2. Force model of the SCJ inside the external magnetic field 

For simplicity, it is assumed that: (1) the field is considered to be

trictly symmetric about the z axis, (2) the component B r is concentrated

n the surface of the SCJ, (3) During the calculation of the magnetic

nduction imposed on the jet element, the motion of the jet element in

he magnetic field is regarded as the uniform one and (4) air resistance

nd gravity are ignored. 

According to the law of electromagnetic induction, the following re-

ation can be obtained: 

 ⋅ 2 𝜋𝑟 = − 

𝑑𝜙

𝑑𝑡 
(4)

ere, E is the electric field induced, Ø is the magnetic flux, and t is time.

The coupling process of the SCJ includes two stages, the first one

s from the SCJ beginning to enter the solenoid to the moment of the

xternal magnetic field diffusing into the SCJ completely; the second

ne begins from the end of the first stage to the jet leaving the solenoid.
284 
However, the SCJ is only accelerated in the first stage rather than

he second stage. At the first one, the variation of the magnetic flux is

ainly caused by the change of both the cross-section of the SCJ and

he magnetic induction intensity produced by the solenoid. Therefore,

t arrives: 

𝑑 𝜙1 
𝑑𝑡 

= 𝐵 1 
𝑑 𝑆 1 
𝑑𝑡 

+ 𝑆 1 
𝑑 𝐵 1 
𝑑𝑡 

(5)

Where Ø1 is the magnetic flux, B 1 is the magnetic induction intensity

roduced by the solenoid, and the S 1 is the cross-section of the SCJ at

he first stage. 

A low-frequency field can be diffused into the SCJ material and re-

ult in a “freezing effect ” as mentioned in Refs. [7–9,20] . The time of

agnetic field diffusing into the jet material can be calculated as 10.5 μs

or the front-end of the SCJ according to the theory in Ref. [7] , when

he front-end of the SCJ has reached the initial position of the second

tage at this moment. Therefore, at the second stage, the magnetic flux

s constant due to the freezing effect of the magnetic field, i.e. 

2 = ∫ 𝐵 2 𝑑 𝑆 2 = 𝐶 (6)

ere, Ø2 is the magnetic flux, B 2 is the magnetic induction intensity

nside the SCJ, the S 2 is the cross-section of the SCJ at the second stage,

nd C is a constant. 

Combining Eqs. (4) and (6) , the induced electric field inside the SCJ

an be obtained as. 

 2 = 0 (7)

Here, E 2 is the electric field induced at the second stage. 

According to the result from Eq. (7) , it is clearly that it has no action

f electromagnetic force on the front-end of the SCJ, so that the SCJ

annot be accelerated at the second stage due to the freezing effect. 

Based on the assumption of volume conservation [10] , the radial

elocity on the surface of the shaped charge jet can be obtained as: 

 𝑟 = − 

𝜀̇ 0 𝑟 0 

2 (1 + 𝜀̇ 0 𝑡 ) 
3 
2 

(8)

The relationship between the initial radius r 0 and the current radius

 of the shaped charge jet can be expressed as follows. 

 = 

𝑟 0 √
1 + 𝜀̇ 0 𝑡 

(9)

Here, 𝜀̇ 0 is the initial strain rate. 

Combining Eqs. (4) –(9) , the induced electric field due to the mag-

etic field coupling with the shaped charge jet can be expressed as: 

 = 

𝐵 ̇𝜀 0 
2 

𝑟 3 

𝑟 2 0 

− 

𝑟 

2 
𝑉 𝑧 

𝜕𝐵 

𝜕𝑧 
(10)

Considering the differential form of the Ohm’s law [7] , the induced

lectric field can be also written as: 

 = 𝜂𝑗 (11)

Where 𝜂 is the resistivity of the SCJ material and j is the density of

he induced currents. 

Based on Eqs. (10) and (11) , the density of the current induced can

e obtained during the magnetic field coupling with the SCJ. 

 = 

𝐵 ̇𝜀 0 
2 𝜂

𝑟 3 

𝑟 2 0 

− 

𝑟 

2 𝜂
𝑉 𝑧 

𝜕𝐵 

𝜕𝑧 
(12)

Due to the skin effect [21] , the induction current can be assumed to

ainly act on the surface of the SCJ. Therefore, the induction current on

he cross section of the SCJ can be considered as a circular current loop

ith a radius r , located in the magnetic field produced by the solenoid.

Based on the above assumption, the force on the jet element can be

xpressed as follows. 

 = 2 𝜋𝑟𝐼 𝐵 (13)
𝑟 
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Table 1 

The related electrical parameters. 

Name of elements Electrical parameters 

Induction/μH Resistance/m Ω Capacitance/μF 

Capacitors – – 77.9 

Solenoid 7 5.1 –

Connecting wire 53.6 92 –
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Here, I is the induced current focusing on the surface of the SCJ due

o the electro-magnetic induction. 

Substituting Eq. (12) into Eq. (13) , the axial electromagnetic force

f the jet element in the first stage can be rewritten as 

 = 

𝜋𝑟 2 𝑙 

2 
𝜕 𝐵 𝑧 

𝜕𝑧 

( 

𝐵 ̇𝜀 0 
𝜂

𝑟 3 

𝑟 2 0 

− 

𝑟 

𝜂
𝑉 𝑧 

𝜕𝐵 

𝜕𝑧 

) 

(14)

Furthermore, the acceleration of the SCJ can be linked to the elec-

romagnetic force on the basis of the Newton’s Second Law. 

In addition, the mass of the jet element can be calculated using

q. (15) below. 

 = 𝜌𝜋𝑟 2 𝑙 (15)

Therefore, the acceleration of the jet element due to the presence of

he magnetic field produced by the solenoid can be given as: 

 = 

1 
2 𝜌

𝜕 𝐵 𝑧 

𝜕𝑧 

( 

𝐵 ̇𝜀 0 
𝜂

𝑟 3 

𝑟 2 0 

− 

𝑟 

𝜂
𝑉 𝑧 

𝜕𝐵 

𝜕𝑧 

) 

(16) 

The acceleration of the jet element at any position within the

olenoid can be calculated using Eq. (16) . In order to have the exper-

mental verification, the ultimate velocity of the jet element needs to

e obtained. Therefore, the average acceleration of the jet element is

btained from the displacement integration of Eq. (16) , i.e. 

 𝑎𝑣𝑒 = 

∫ 𝑧 𝑒 
0 𝑎𝑑𝑧 

𝑧 𝑒 
(17) 

Here, z e is the coordinate of the exit of the solenoid. 

The average acceleration a ave is considered as a constant to describe

he acceleration process of the jet element during its passing through

he solenoid. The acceleration process of the SCJ caused by the electro-

agnetic force is complex. Thus the motion of the jet element in the

agnetic field can be regarded as the uniformly accelerative one when

he ultimate velocity of the SCJ is calculated. The ultimate velocity of

he jet element can be expressed as 

 𝑢𝑙 = 𝑣 0 + 𝑎 𝑎𝑣𝑒 𝑡 (18)

Where t is the acceleration time of the SCJ due to the existence of the

agnetic field; v 0 , v ul are the velocities of the SCJ entering the solenoid

nd its ultimate velocity, respectively. 

. Results and discussion 

.1. Parameters of the SCJ 

In this work, X-ray experiments were conducted to obtain the SCJ

arameters to be used in the calculations. The relative position of the

xperimental setup in X-ray experiments is the same as DOP experiments

entioned in Ref. [22] . The experimental results are shown in Fig. 2 .

he first X-ray image (Marked Ⅰ ) was captured at 160 μs, which was

sed to show the shape of the SCJ produced and stretched without the

nfluence of magnetic field. The other three images (Marked as Ⅱ , Ⅲ

nd Ⅳ ) were obtained at the time intervals of 152, 160 and 192 μs

espectively, which were used to obtain parameters of the SCJ used in

heoretical calculations. Based on the X-ray experimental results, the

verage diameter of the front-end of the SCJ is 4.16 mm, and its average

ength is 13.1 mm. Also, the initial strain rate is 3.05 × 10 5 s − 1 and the

nitial diameter of the front-end of the SCJ is 4.28 mm [16] . 

.2. Characteristics of the discharge current and magnetic induction 

The discharge voltage at both ends of the capacitor is 20.18 kV. Ac-

ording to the electrical parameters shown in Table 1 and the theoretical

nalysis for the circuit mentioned in Refs. [14–16] , the analytical results

f the discharge current can be obtained. The results obtained from the

xperiments and theoretical calculations are shown in Fig. 3 , which in-

icate reasonably good correlation, especially for the first half. 
285 
In fact, the experimental discharge current is consistent with the the-

retical calculations before 300 μs, except for the initial stage. In ad-

ition, some variations between the theoretical and the experimental

esults of the discharge current appear with the passage of time. The

easons for the discrepancies may be listed as follows. 

1) The missing signal in the initial stage was caused by the high trig-

ging level of the oscilloscope. However, if the trigging level was low,

the oscilloscope would be trigged by an interference signal from the

environment. For the circuit, the discharge current is impossible to

have mutation from zero. Thus, the discharge current signal from

experiments is normal; 

2) The sensitivity of the measuring equipment is low; 

3) The state of the electrical conductors in the theoretical calculations

was not completely consistent with the experiments. 

Based on the analysis of the magnetic field and the solenoid param-

ters mentioned in [16] , the magnetic induction intensity can be cal-

ulated when a jet element arrives at any position in the solenoid. The

alculation results are displayed in Fig. 4 . 

According to the calculation results, the magnetic induction inten-

ity is more than 1 Tesla through almost the whole process because of

he reasonable timing, and an appropriate timing can help optimize the

se of the magnetic field produced by solenoid. However, the external

agnetic field is always changing with time in experiments. In order to

uantitatively assess the magnetic field in the coupling process, we cal-

ulate only the average magnetic induction intensity of the jet front-end

xperiencing through the integral. The result of the average magnetic

nduction is 1.45 Tesla. 

.3. Analysis of acceleration 

According to the theoretical analysis of the discharge current and

he experimental results, the evolution of the magnetic field of the jet

ront-end can be evaluated. For the SCJ parameters given above, the ac-

eleration caused by electromagnetic force can be calculated according

o Eq. (17) , as shown in Fig. 5 . 

According to Fig. 5 , it is clear that the acceleration due to the effect of

he magnetic field increases initially, then decreases gradually until the

cceleration value approaches zero. Firstly, based on the characteristics

f the magnetic field produced by the solenoid, the radial component of

he magnetic induction gradually decreases to zero from the entrance of

he solenoid to the central position of the axis of the solenoid. Secondly,

he cross-section of the SCJ element gradually decreases, which could

ead to the rise of the magnetic induction intensity inside the SCJ. In the

arly stage, the rise of the magnetic induction intensity, which is caused

y the decrease of the cross-section of the SCJ, is a predominant factor.

hen, the decline of the radial component of the magnetic induction

s beyond the rise of the magnetic induction intensity caused by the

ecrease of the cross-section gradually, and becomes a dominate factor.

t is the above reasons that lead to increase the acceleration of the jet

ront-end, and then decrease. 

From Fig. 5 , one can obtain the acceleration at the front-end of

he SCJ when it arrives at any position along the axis of the solenoid.

owever, it is necessary to determine an overall acceleration to assess

he effect of the magnetic field on the velocity of the jet front-end.

his overall acceleration can be calculated by using Eq. (17) , which
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Fig. 2. X-ray images of the shaped charge jet. 

Table 2 

Experimental and theoretical results. 

NO. B/Tesla Experimental velocity leaving the solenoid /mm μs − 1 Theoretical velocity leaving the solenoid / mm μs − 1 Error of increment /% 

1 1.45 7.14 6.52 9.5 

2 6.33 2.9 

3 6.20 4.9 

Fig. 3. Discharge current of dynamic experiments in case of U 0 = 20.18 kV . 

i  

i  
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c
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Fig. 4. Evolution of magnetic induction intensity of the element reaching different posi- 

tions of the solenoid axis. 

1  

e  

1  

s  

o  

o  

j  

p  

v  
s 0.0214 mm μs − 2 . Based on the structure of the solenoid introduced

n Ref. [16] , the span of the winding coils of the solenoid is 150 mm,

amely, z e = 150 mm. Combining the Eq. (18) with the related param-

ters, the velocity of the front-end of the SCJ left the solenoid can be

alculated, which is shown in Table 2 . 

In order to verify the validity of the theoretical analysis, the experi-

ental results are shown in Fig. 2 . In the experiments, the bottom of the

iner is used as a reference point, and the moment of the jet tip reaching

he bottom of the shaped charge liner is set as zero time. The distance

etween the bottom of the liner and the baseline marked in the X-ray

mage is 650 mm. For the experimental results, Marked I is captured at
286 
60 μs, which is used to collect the shape of the SCJ without the influ-

nce of magnetic field. Marked II, III and IV are exposed at 152, 160and

92 μs, which are used to obtain the SCJ form in the existence of the

trong magnetic field and to compare with those without the influence

f magnetic field. It needs to note that the front-end of the SCJ flied

ut of the range of the image marked IV. Therefore, it assumes that the

et front-end just went out the range of the image marked IV during

rocessing, which might lead to deviation, but could indicate the axial

elocity of the SCJ was increased due to the action of the field in some
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Fig. 5. Acceleration of the jet front-end caused by the electromagnetic force. 
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egree. Under the effect of the magnetic field, the average velocity of

he SCJ front-end can be calculated based on the measured parameters.

n addition, the velocity of the jet front-end after 160 μs (Marked I in

ig. 2 ) is 5.74 mm μs − 1 without the influence of magnetic field. Due to

he existence of the magnetic field, the velocities of the jet front-end are

.14, 6.33 and 6.20 mm μs − 1 at three moments (152, 160 and 192 μs),

espectively. By comparison, the velocity of the SCJ front-end (the aver-

ge of three experimental results) is increased by 14.2% under the effect

f the external magnetic field. 

According to the experimental results from Table 2 , there are some

ariations for the results from the three experiments. The reasons for

he variations may be: (1) the air resistance to the SCJ is ignored for

implifying the analysis; (2) the stability of each shaped charge used

n the experiments cannot possibly be completely consistent, even for a

recision shaped charge. 

. Conclusions 

The magnetic field produced by the solenoid was analyzed by consid-

ring both the longitudinal and radial components. The current induced

nside the SCJ was due to the existence of the longitudinal component,

hen the axial electromagnetic force was generated under the action of

he radial component of the field. With the effects of the two components

f the field, the SCJ could be further accelerated. Base on the research

utput presented above, the following conclusions may be drawn: 

(1) A theoretical method, which was used for describing the accel-

eration effect of the magnetic field produced by solenoid on the

shaped charge jet, was developed. Based on the model, we an-

alyzed the acceleration of the front-end of the SCJ produced by

Ø56 mm shaped charge. 

(2) The velocity of the jet front-end after 160 μs is 5.74 mm μs − 1 

without the influence of magnetic field, and the theoretical ve-

locity of the jet front-end with the field is 6.52 mm μs − 1 . There-

fore, the velocity of the SCJ front-end is increased by 13.6% due

to the effect of the external magnetic field, which is beneficial to

increasing the depth of penetration of the SCJ. 

(3) The related experiments were conducted to verify the theoretical

validity. The results showed that the velocities of the jet front-
287 
end are 7.14, 6.33 and 6.20 mm μs − 1 at three different moments

(152 μs, 160 μs and 192 μs), whilst the theoretical velocity due to

the existence of magnetic field is 6.52 mm μs − 1 . By comparison,

the errors are 9.5%, 2.9% and 4.9% for the three experiments,

respectively, which provides a reasonable support to the current

theory. 
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