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It is considered the peculiarities of the equation of state of plasma in underwater discharges. The transport
properties of a nonideal plasma of underwater discharges are calculated at pressure range from 1 bar up to 200 bar.
The transport coefficient set based on the Grad’s method is compared with the data obtained by using of the
Lorentzian plasma theory at the same plasma composition. Also, the calculation data are considered to be in
reference with transport coefficients obtained by using the Chapman-Enskog’ method. It is pointed that the

nonideality effects are needed to take into consideration under calculation of properties of underwater discharge.
PACS: 52.25.Fi ,52.25.Qt, 52.27.Fg, 52.27.Gr, 52.50.Nr, 52.70.Kz,52.77.Fv, 52.80.Wq

INTRODUCTION

Over the last decades a substantial growth has
occurred in technological applications and researching
of underwater discharges (arcs and electrical pulse
discharges) [1-5]. The processes in the plasma of
underwater discharges have been characterized by a
variable complexity.

At the initial stage of electrical pulse discharges
(EPD) small-scale irregularities of heat flow distribution
were detected on a surface of channels [1,2].
Development of such perturbations was accompanied by
space modulation of an irradiation intensity, strain of a
surface of channels, drop of conductance of plasma.
These excitations are connected with the development of
Rayleigh-Taylor instability. Thus in EPD it may be
realized the two different regimes of discharges the first
is characterized by developed perturbation and the
second is the discharges without it.

Because of that the nonideal plasma of EPD takes
place in various dense states. Also, that picture is
established in underwater arc discharges. In this paper it
is studied the peculiarities of the equation of state (EOS)
for the plasma of underwater discharges. Also, on the
base of the EOS the transport properties of the nonideal
plasma are calculated in the pressure range from 1 bar
up to 200 bar.

1. METHOD TO CALCULATE TRANSPORT
PROPERTIES

It is considered the calculation of transport
coefficients (thermal conductivity, viscosity, electrical
conductivity) in dense water plasma. The most
important factors determined the properties are the
following: gaseous and plasma non-idealities,
multicomponent contents. To include the factors into
consideration the combined calculation procedure is
used on the base of the Grad’s method [6, 7] and Lee-
More theory [8]. The non-ideality corrections are made
according to [9-11].

The obtained results are compared with the previous
calculations based on the Lorentzian theory (LM) [5,
12]. Also, the calculation data are considered to be in
reference with transport coefficients obtained by using
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the Chapman-Enskog method [13,14] and reference data
[15]. The algorithm of calculation consists of three
stages. At the first time it is needed to obtain the
multicomponent plasma composition under certain
pressure and temperature. This problem leads to the
system of Saha equations with lowering of ionization
energies supplemented by conservation of nuclei and
electric charge. The calculations are carried out, and the
following 13 species have been taken into account: €,
H,0, H,0", Hy, H,", OH, OH™, 0,, 0,", H, H*, O, 0.

Having been obtained plasma composition, the
thermodynamic and transport properties of plasma can
be calculated in the, so-called, zero-density model (ZM)
i.e. without consideration of the nonideality effects. At
next stage the nonideality corrections are included to
obtain the set corresponding to the dense model (DM).

A number of the properties are very interested in the
connection of intended use to simulate underwater
discharges. Therefore it is focused attention upon such
properties.

2. EQUATION OF STATE

The non-ideality corrections to equation of state
(EOS) are made according to [9-11]. In that way the
EOS has the following form

P+ Apey, = NKT, +ankT +ZnoﬂkT
a B

+BnZ + 1, +1, nZkT, @

where Znoﬁ =Nn,, Znia =n,.
g a

Here, pis pressure, T is temperature, APg,, is the
Coulomb correction to pressure, Nis number density,
K is the Boltzmann constant, B is the second virial
coefficient, both the I, and |, are kinetic integrals. The

integral I, corresponds to repulsive forces, and |, is to

attractive ones. Subscripts are the following:
€ corresponds to electrons, i is to ions, O'is neutrals.
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According to the Rainwater-Friend theory [9] the
second virial coefficient B may be calculated in that

way. For B = B/a)s, were @ is the distance that
intermolecular potential is zero, it may be obtained that

B'=B" +B™ +B"™", @
where B M *is due to the interaction between two-

monomer, B is the presence of effect of third

. . .. MD *.
particle in monomer-monomer collision, B is the

- - - .- . *
contribution of dimmer-monomer collision. B depends
on intermolecular potential and temperature.

3. RESULTS AND THEIR DISCUSSIONS

The results of calculations are shown in Figs. 1-6.
One can see that the properties of dense water plasma
have a pronounced non-monotone character with sharp
pikes in certain temperature and pressure ranges. The
pikes are appeared due to the dissociation, ionization
and from others effects. Thus, the viscosity peaks (see
Figs. 5, 6) are caused by the dissociation and the
presence of minor additions of ions in gases at weakly
ionization.

It should be mentioned that the plasma composition
is the same as used in paper [5] that it is allowed to
compare both the Grad method approach with the
Lorentzian theory. The results have a similar character
at normal pressure (see Figs. 1, 3, 5). On the other hand
at higher pressure the essential discrepancy takes place
(see Figs. 2, 4, 6). One can be deduced that the effects of
nonideality have influence on the transport coefficients
mainly in more dense conditions and the Lorentzian
theory is suitable to calculate the transport properties of
multicomponent plasma at relatively low temperature
and normal pressure.

Also, one can see that the calculations of some
properties are in a good agreement with the data from
[13-15] at normal pressure. The results may be
distinguished due to the wvarious initial data for
calculation.
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Fig. 1. Electrical conductivity of water plasma
(P =1bar). Curves 1 — Loretzian model (LM);

2 —zero-density model (ZM); 3 —dense model (DM);
4 —data from [14]
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Fig. 2. Electrical conductivity of dense water plasma
( p =200 bar). Curves 1 — LM; 2 - ZM; 3 - DM
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Fig. 3. Thermal conductivity of water plasma
(p =1bar). Curves 1 —LM; 2 — ZM; 3 — DM;
4 — data from [14]; 5 - [13]; 6 — [15]
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Fig. 4. Thermal conductivity of dense water plasma
( p =200 bar). Curves 1 - LM; 2 — ZM; 3— DM
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Fig. 5. Viscosity of water plasma. ( p =1 bar). Curves
1-LM; 2 - DM; 3 — data from [14]; 4 — [13];
5 -[15]

ISSN 1562-6016. BAHT. 2017. Ne1(107)



.
Pas

14e-5
13e-5
12e-5
11e-5
10e-5
90e-6
80e-6
T0e-6
60e-6
50e-6
40e-6
30e-6
20e-6

0 2000 4000 6000 8000 10000 12000 14000 16000 T K
’

Fig. 6. Viscosity of dense water plasma. ( p =200 bar).
Curves1 —LM; 2 -DM

CONCLUSIONS

The properties of dense water plasma of underwater
discharges are essentially depended on both the
temperature and pressure conditions. The properties
have a pronounced non-monotone character with sharp
pikes in certain temperature ranges.

It is needed to include into the consideration the non-
ideality corrections to both the equation of state and
transport coefficients.

The calculations are carried out on the base of the
Grad’s method including the nonideality effects. At
atmospheric pressure the results are in a good agreement
with the previous calculations and data calculated on the
base of Chapman-Enskog’ method. On the other hand it
should be pointed that the nonideality effects are needed
to take into consideration under calculation of properties
of underwater discharge at high pressure.

The obtained results confirm the conclusion of paper
[12] that the Lorentzian theory is suitable to calculate
the transport properties of multicomponent plasma at
relatively low temperature and normal pressure. Also, it
should be born in mind that Lorentzian plasma model on
the one hand takes into account the kinetic effects and
on the other hand is characterized by relative simplicity,
which allows its use for direct computation of the
properties of plasma in the simulation of arc and pulse
underwater discharges at normal pressure.
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OB YPABHEHUU COCTOSIHUSI U CBOMCTBAX IIJIA3MbI B [IOJIBOJTHBIX PA3PSIJIAX
I1.B. HHopuyxuu, I1.J]]. Cmapuuk

PaccMoTpeHBI 0COOCHHOCTH ypaBHEHHUSI COCTOSHHUS IS TUIA3MBI TIOABOAHBIX pa3psnoB. [IpoBeaeHBI pacuEThl
TPAHCHOPTHBIX CBOWCTB HEWICANbHON IUIA3MBl TOABOAHBIX pa3psANoB B aAuWama3oHe mapienuit 1...200 Oap.
Tpancnoptaeie K03((UIMEHTH, KOTOPHIE pPACCUUTHIBAJIICH Ha OCHOBE Meronma ['pama, cpaBHHBAKOTCS C
pe3yibTaTaMH, IMOJYYCHHBIMH HCXOIS M3 JIOPEHICBOH TEOpPHH MpPH OAWHAKOBOM COCTaBe IDIa3Mbl. Taxoke
pe3yiabTaThl  BBEIYMCIICHWHA CPaBHHUBAIOTCS C  JAaHHBIMH, IIONyYCHHBIMH MeToZoM  YemMmeHa-DHCKOra.
IMomuépkuBaercss HEOOXOAWMOCTh TPHUHATHA BO BHHMaHHE 3()(EKTOB HEWealbHOCTH IPH pacdére CBOICTB
MIOJTBOTHBIX Pa3psIOB.

ITPO PIBHSAHHS CTAHY TA BJACTHUBOCTI IIVTA3MHU B IIIIBOJHUX PO3PAJJAX
I1.B. Ilopuywkuii, I1./]. Cmapuux

PosrnsHyTO OCOONMMBOCTI pIBHSAHHA CTaHy Ui IDIa3MH IHABOTHHUX po3psaiB. [IpoBemeHi po3paxyHKH
TPAHCHOPTHUX BJIACTHBOCTEH HEiZealdbHOI TUIA3MHU MIABOIHHUX PO3PSAiB Y BoAi B miama3oHi THckiB 1...200 Oap.
TpancnopTai KoedimicHTn, MO 6yaHM Po3paxoBaHi Ha OCHOBI MeToAy Ipena, MOpIBHAHO i3 pe3ymbTaTaMu, sSKi
IPYHTYBaJIICA Ha JIOPEHIEBI Teopii 3a OFHAKOBOTO CKIAAY IUIA3MU. TakoK pe3yiapTaTd OOYHCICHB
NOPIBHIOBANIMCS 13 JAaHWMH, LI0 OTPHMAaHO 3a JomoMoror Merona YenmeHa-Enckora. HaronomeHo Ha
HEOOXIIHICTh B3ATH IO YBard e€(eKTH HeiIeaTbHOCTI IUIa3MHU IJI PO3PAXYHKY BIACTHBOCTECH IUIA3MH ITiIBOJHIX
PO3psmiB.
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