International Conference on Energy and Environmental Protection (ICEEP 2016)

Discussion about differential equation of diffusion type in the Submarine
Induced Polarization Electrical Prospecting

Wang Yuansheng *?, Yan LinBo®, LU Guiying **°

'School of Mechanics and Electrical Information, China University of Geo-Science, Wuhan Hubei,
430074,

? School of Sustainable Engineering and the Built Environment, Arizona State University, Tempe, AZ
85287-0204, USA

% wangyshper@sohu.com ,b913464653@qq.com, ©75040781@qq.com

Keywords: Maxwell equation; One-parameter transformation group; method of variable separation;
Hermite equation;

Abstract: Hydrothermal sulfide ore in submarine mineral resources is a hot topic recent ocean
exploration. From the fundamental equations of electromagnetic field, this paper first puts forward
the model of vzé_usgtizé_u(%%efaer)%é:o; Then, Analytical solution of the simplified nonlinear

diffusion - heat conduction model y_  —pu, —(q—wtju, =0 IS given, which proves that there is no
One-parameter transformation group makes the py”+ (q—wty’ +y(t)=oform remain the same. Finally,
closed form analytical solution of the linear diffusion - heat conduction model u_ —pu, —qu, =0 IS
given, and the propagation rules of the electromagnetic field in the sea and the non ferromagnetic

hydrothermal sulfide ore are simply explained. The theoretical study has important guiding
significance to project implementation of frequency domain induced electric dipole drag system.

Introduction

Org Hydrothermal sulfide deposits in marine mineral resources are abundant, and the
hydrothermal sulfide deposits can be developed in the background of the mid ocean ridge, the
volcanic and the back arc basin. Research found that the seabed hydrothermal sulfide ore is mainly
distributed in the low latitude Ocean near the ridge axial VValley and crater, where the depth general in
hundreds of meters to 3700 meters, the temperature of about 20°Cto 400°C and a pressure of about
20MPa-40MPa.In the ocean ridge setting, the depth of the hydrothermal activity are more
concentrated in about 3000 meters; In the back arc basin tectonic environment, depth of the
hydrothermal activity focus at 2800 meters; the depth of island arc volcanic tectonic environment of
the hydrothermal activity are more concentrated in less than 2000 meters under the sea. Therefore, the
3000 meters in the ocean of poly metallic sulfide ore is a hot spot in the recent ocean exploration.
Nautilus Canada and Neptune Minerals and other companies as one of the pioneers of hydrothermal
mineral exploration, mining is underway of seafloor hydrothermal sulfide deposit exploration,
respectively in 2010 in the corresponding mining were test mining [1].

The transient electromagnetic method and induced polarization method are studied in the
domestic. Transient electromagnetic method of theoretical research shows that drag and drop
detection, the probe is not more than 50 meters from the height of the ore body [2]. Preliminary
experimental results show that the induced polarization of metal sulfides can be effectively found by
IP method. In order to reduce the supply current, the frequency domain induced polarization method
is used to detect the [3,4]. Low frequency electromagnetic waves in seawater by diffusion heat
conduction equation [5,6]. Seawater electromagnetic parameters including permeability u |,
conductivity o , dielectric constant ¢, they and seawater salinity, temperature, density. The sea water
is a non ferromagnetic substance with a temperature of 17°C Seafloor hydrothermal sulfide Mineral
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type, metal content, temperature, and void density. In this paper, the influence of time varying
conductivity on the marine electric field measurement was studied by using the single parameter
transformation group (OPG) [7] method.

Basic equation

Induced polarization method is a method based on the difference of physical and electrochemical
effects of rock and ore in the field of artificial electric field. The Maxwell equation of electromagnetic
field in time domain is as follows[8,9]:

Vxh=j+@ D)
ot
Vxé:—a—b (2)
ot
Veb=0 (3)
Vod:p (4)

The h,¢,b,d, j,pin the formula are magnetic field strength, electric field strength, magnetic induction
intensity, potential shift, current density, charge density and t is time coefficient.
The physical property equation is:

j=alt)-6 (5)
d=¢-6 (6)
b=p-h (1

Theo,e,u in the form are conductivity, dielectric constant, permeability. Because the heat transfer
problem has the form of the solution of T=T,-¢™, so set up:

o= Ale—Ull(KT) +Aze—U2/(KT) = o, +Ae—ae‘ (8)

A,A,,U,,U,, o, Aa are constants, and K is the Kelvin constant.

VXVXh*VX@ZVXVthvxL(éé):VX(Oé) (9
ot ot
V><V><é+,uV><%h=0 (10)
VxVxh—ng%:ngé (1D
N 0%é 08
Vze—yé‘?—yaazo (12>
o°h oh

Formula (12) (13) are diffusion heat conduction differential equation. When o <10°Hz
IS uew’® <<pow , the conduction current plays an important role in vzé_ﬂggzo, which is the

diffusion equation. Steady state v =0 this is the Poisson equation.

Since the o =0, + Ae™* (A and a are constants) is a nonlinear time-varying factor, the
differential equation of diffusion heat conduction can be studied by the method of Lie group [7].
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The OPG solutions of nonlinear equations
That Equation (8) is substituted into equation (13) can be obtained:

0’6 _ad |08
P —y(ao+Ae )azo (14)

V% — ue

Due to symmetry, the polarization field only Z component, application of e! =1+t + it_| series
n2 M

expression, neglecting the higher-order terms, there are:

6, —usb, — (o, + A—Aa—Aat)g, =0 (15)

By using the Semyon Quinn Love potential, the potential equation of the polarization field is

rewritten as follows:

u, — pu, —(g—wth, =0 (16)

The u=u(x,t), p=pe, q=u(oc,+A—Aa), W=gAa are constants. using the method of separation
of variables and setu = u(x,t) = g(X)w(t) , it can be concluded that:

oy ©) = Ay — (@~ WP(X)y, =0 (17
¢" _ Py +@-why' . (18)
#(x) 40)
C is a constant. % =C can be obtained by ¢" =Cg(x), and then have :
#(x) = g, cos(x) + g, sin(x),C =-1 (19)
Those g,,g,are constants. According to the formula Py +(°2t;Wt)"” =-1, it can get that :
v
Py +(@—wWhy' +y(t)=0 (200

It is a nonlinear homogeneous equation, using the following OPG:

{tl=t+8r(t,l//)+0(82) (21
v, =y +en(ty)+o(s?)

It can the same form of : py;+(q—wt)y, +y,(t) =0
v =[-@@-wty -y @) p=Fty.y) (22

oF oF oF oF)| oF |, ,
{Utt +(77“’ _Zrt)F —Tg_ﬂw_ﬂt 5'//}-'-{2771‘” L _3T'I/F —(ﬂw _Tt)al//'}w +{77W _ZTtw L 6(///}(‘// )2 +TW(W )3 =0 (23)

Putthe oF Wy’ oF _ 1 oF _Wt-q jnto the formula, there is:
o4 p oy poy p

{’71[ +(m/ _271)[_ (q_‘l‘,;)W,_W]_WTT‘//+%_ ,]‘(W:)_q)}+{27]w -3 [‘ (@ _\A’;)'//"'//]_ (m/ ‘TIEV\II‘q)}W,+{UW o+ TW(W;_q)}(V)z +TW(V/')3 -0 (24)
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In order to get the equation set:

w): =z, =0 (25)
wy's 3%=0:TW=0 (26)
w'Y: n,, -2z, —2r,Wt-q)/p=0 (27
The formula (27’) can be obtained:
My, =0 (27)
Then . (3, -27)/p=0 canreferthat:
n, =21, (28)
l//, _(7711/ -2 1)(q _th) Wz +277u,/ Ty~ (77(,/ _Ttgvvt_q):o (29>
v g mWt=a) 7 _ g (30)
p p
Set r=0,+0g,t+0t°+gt>+-
3Ttt—TtM—M=O (31)
p p
My — 1 (M_Q)+Q:0 (32)
p p

There is no OPG to make the equation py”+(q—wt)y’+w(t) =0form unchanged. Similar to the
y"—2xy'+ 4y =0 equation solution Hermite, to the equation py"+(q-wt)y' +y(t)=0 , setting
1. .2
qt—zwt

Q@) =e Py itcanrefer that:

1 5 1 5
qt—=wt qt—=wt
2 q _ Wt 2
J(t)=e ° p"+ xe P oy (33)
The equation py" + (q—wt)y' +w(t) =0 can be converted to:
qt—%wtz qt—lwtz
dt dt p
Therefore:
w(t)=2 1,H, ()
n=0
at-pu (35)

17 e
h—;;wjkmwmm dt

2n+1 ©

H, ()= N e‘z.[g“”e’g2 cos[Ztg —nzﬂjdcj

H, (t) isthe Hermite of the polynomial. Thus, the solution of the in situ potential equation (16) can
be written as:
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U =Uu(xt) = () () = [g, cos(x) + gzsin<x)]-{ilan<t)} (36)

Analytical solution of linear diffusion type equation

In the induced polarization method, the charge discharge frequency of the artificial electric field is
low (e.g. 0.6Hz, 9Hz), the discharge time is long enough and the full discharge, then the equation (14)
can be simplified to the equation (37).

. 0% 0é
Vze—y&‘?—y%a:O (37

In the same way, using the Semyon Quinn Love potential, the potential equation of the polarization
field is as follows:

e, — uk, —uno,e, =0 (38)
u, — pu, —qu, =0 39

Among them P=#&0=H%  sing the method of separation of variables and
setting¥ =4 ) =4)w (1) it can get:

By () — Py, —qd(X)y, =0 (40)
¢ :pV/"HTl//':C (41)
#(x) w(t)

C is a constant. According to ¢(‘) —c get ¢"=C¢(x),and there is:
o(x

#(X) = g, cos(x)+ g, sin(x),C=-1 (42)
Those g, g, are Arbitrary constants. and According to F“/’“(r)q‘/" _ _1get:
w(t
py"+qy +w(t)=0 (43)

This is a linear homogeneous differential equation with constant coefficients, which can be solved by
Laplace transform.

p|s?¥ — sy (0) — v/ (0) |+ G[s¥ —y (0)]+ ¥ =0 (44)
W(s) |0[St//(0)+2 W'EO)]+ qy(0) (45)
ps +Qs+1

t 2ot
0,67 +0,e”

=4(gs +0stle™ Ais multiple characteristic root (46)
e®% ! (g, cos[Im(4, )t]+ g, sin[Im(4, )t]) 4, ,is conjugate complex roots

Uy 8w Es 8 & &, are constants andy , = +/g> —4p . Re(4,), Im(4, )are the real and imaginary parts of

the complex. Thus, the solution of the in situ potential equation (39) can be written as:

A, # A, are real characteristic root

w(t)= Ll{ plsy(0)+v'(0)] + qw(O)}

ps® +qs+1

u=u(x.t) = gy (t) =[g, cos(x) + g, sin(x)] Ll{ Plsw (0) +y/(O))+ ‘W(O)}

ps? +qs+1
[9, cos(x) + g, sin(x)]- [ge’e“t +g,e™ (47)
.= 1[0, cos(x) + g, sin(x)]- (gs + get "

[9, cos(x) + g, sin(x)]-e™*** (g, cos[Im(, ]+ g, sin[im(2, )]

It can get that:
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A, =% (,uo'o)z —dpue = i\/(,uao)z —Apue (48)

Sea water as a non ferromagnetic material, when the temperature 17 °C, Its conductivity
ISc=454-481 (Q-m)*, its permeability is -, -4zx107 (H/m), the sea water's dielectric constant ¢ and
salinity and temperature, by Debye expression, simplify take ¢ =81¢, =81x8.854x10*? (F/m), then
Iy, ~ (10, } =26.3x10°. Therefore, in the non mining area, the potential variation of the induced
electric field is:

u=[g, cos(x) +g, sin(x)] [gse+6'3xm_st +9 4e‘6'3*l°_6‘J (49)

The variation of conductivity of seafloor hydrothermal sulfide ore is® =0.800-10.000(Q- m)™* ,The
permeability of sulfide minerals containing Cu, Zn and Mn is ;= = 4rx107 (H/m), and the

dielectric constant of sulphide ore is s =(8—70)s, = (8—70)x8.854x10** (F /m),S0 there
IS:a,, = i\/(uco)z —dpp~ iJ(uco)z = +(1.0-12.6)x10°° The potential variation of the induced electric field
is in the non ferromagnetic one:

u(x,t)=[g, cos(x)+g, sin(x)]-[g.e** 747" +g e t227"]  (50)

Conclusions

In this paper, based on the basic equations of electromagnetic field, the electric field model
2A A
Vi - yg$_ ﬂ(goJrAeaE‘)%:o is proposed. then an analytical solution is presented for the

nonlinear diffusion heat conduction model u,, — pu, —(q—wt)u, =0.And it is proved that there is
no OPG in the form of py"+(q—wt)y’+w(t) =0.Finally, the closed form analytical solution of the
linear diffusion heat conduction model u,, — pu, —qu, =0 s given. The transient propagation of the

electric potential in the non ferromagnetic hydrothermal sulfide ore is briefly explained. On the
magnetic field and magnetic potential model, It can also be used for similar processing. The research
on the theory of the prospecting of the marine hydrothermal sulfide ore has important guiding
significance for the engineering realization of the frequency domain induced dipole drag system.
According to the actual situation, this paper simplifies the process, therefore, the above conclusions
need to be verified by practice.

In addition, the analytical solution of py"+(q—wt)y’+w(t)=0(equation (35) )must be deeply

studied.
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