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Abstract—The results of measurements of the shear viscosity of shock-loaded water, obtained by the meth-
od of decay of perturbations on a corrugated shock front suggested by Sakharov et al. [1], are treated in the
light of new data on the phase diagram of water. The experimental data on viscosity in the pressure range
from 4to 25 GPaare compared to the results of measurements by other methods. The high values of viscosity
at high pressures are attributed to the formation awater-ice VIl mixture under shock compression of water.

INTRODUCTION

The properties of water and ice at high pressures
and temperatures are investigated for the purpose of
studying the physics of condensed state of matter,
physical chemistry, geophysics, planetology, and the
most diverse problemsin science and engineering. At
relatively low pressures (less than 1 GPa), the rheo-
logical properties of water, including viscosity, are es-
sential for the investigation of hydrodynamic and
heattransfer processes. At present, the reological
properties of water are used in designing power plants
of some types, aswell asin developing new technolo-
gies in the food industry [2] and medicine where, in
particular, the shock compression of water has come
to be used for lithotripsy [3].

No unambiguous account of the behavior of vis-
cosity of water was obtained at higher pressures
attained as a result of shock compression [4]. The
available data obtained using different methods of
measurement are at variance with one another [5-10].

Singular features of water, which are associated
with its phase diagram and distinguish its properties
from the behavior of simple liquids, show up in both
ranges of pressure.

Bridgman [11] was the first to measure the viscos-
ity of water to pressures up to 1.1 GPa in the temper-
ature range from zero to 75 °C. Later on, fairly well
coinciding resultsin this pressure range were obtained
in[2, 12-14] using different procedures. It was found
that, on the isotherms T = —10 to +20 °C, the viscosity

has a minimum in the pressure range P < 0.2 GPa
where the melting curve for ice | is located with an
anomalous slope dT/dP < 0 (Fig. 1). In the opinion of
DeFries, Jonas, and Wilbur [13, 14], the decrease in
viscosity with increasing pressure is associated with
the transformation of hydrogen bonds; this, in turn,
causes the variation of size and disintegration of some
part of clusters which exist in water under normal con-
ditions and enable one to treat this water as a state of
“water in water” [2, 15]. When the temperature
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Fig. 1. Variation of the viscosity of water on iso-
therms: (1-3) isotherms T = 283, 303, and 363 K;
(4) position of the water—ice interface on the T-P
diagram.
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increases, T > 20°C, and in the pressure range P >
> 0.2 GPa, an increase in viscosity with increasing
pressure on the isotherms occursin the entire pressure
range.

The diagram of viscosity of water for initial states
on the melting curve was analyzed by Lyusternik [16].
In contrast to simple liquids, the viscosity varies non-
monotonically in the region contiguous to the phases
of icel, Ill, V, and VI. The viscosity increases from
theinitial value of ng= 1.8 mPasat P = 0.1 MPaand

T =293 K up tothetriple pointicel-icelll by afactor
of almost three to n = 4.6 mPa s, and then decreases
gradually to the triple point ice VI-ice VII at which
the value of viscosity is minimal. Then, the viscosity
increases with pressure. The variation of viscosity on
this branch of the curve of solidification of water issu-
ing from the triple point ice VI-ice VII with the

parametersP = 2.2 GPa, T = 355K, p,, = 1.33 g/cms,

and n = 1.4 mPa s was calculated by Lyusternik [16]
using model quasi-gas concepts for the Enskog hard
spheres [17]. The variation of viscosity correlates
with that of density and correspondsto the behavior of
classical liquid. According to the estimates of

Lyusternik [16], at T=870K and p,, = 1.8 g/cm3, the
viscosity increasestomn = 5 mPas.

The compression of matter by means of shock
waves|[18] makesit possibleto attain higher pressures
inaccessible by static methods. However, the parame-
ters of compressed matter, in particular, viscosity, are
defined by the processes which accompany the shock
compression, hamely, high-rate strain on the shock
front, nonadiabatic heating, and the flow of matter
behind the shock front. In so doing, the viscosity
shows up both in the effect on the width of the shock
front and in the dissipative processes which accompa-
ny the shock wave propagation.

The methods employed to determine the viscosity
of water using shock waves include the development
of preassigned harmonic perturbations on the shock
front [1, 5, 6] and the measurements of the velocity of
acylindrical body arranged along the shock front and
being involved in motion [7-9] and of the impurity
electrical conductivity of weak aqueous solutions[10,
19]. The maximal values of shock-compression pres-
sure (up to 25 GPa) were obtained in [5, 6]. The shock
compression of water made obvious the singular fea-
tures of its phase diagram and the possibility of freez-
ing, i.e., transition of water into the state of ice VII
with increasing pressure [3, 20-23].
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SHOCK ADIABATIC CURVE OF WATER

Systematic investigations of shock compression of
water were started in the 1950s by Walsh and Rice
[20] and Al’'tshuler, Bakanova, and Trunin [21]. The
range of pressures varied from up to 25 GPain [20] to
up to 80 GPa in [21]. Later on, these results were
refined largely to pressures of ~100 GPa[24-28]. The
measurement results were represented in the form of
the dependence of the shock wave velocity D on the
mass velocity U of matter behind the shock front.
These data are used, along with the laws of conserva-
tion of mass and momentum, to determine the pres-
sure and compression ratio ¢ = p/pg (p and p denote

the density of compressed and initial matter, respec-
tively),

P = pUD; o = D/(D-U). oy

Even in the first measurements [21, 22], it was
found that the shock adiabatic curve of water from the
initial stateat T =20 °C inthe D-U coordinatesin the

pressure range of ~12—13 GPa had an inflection which
was attributed to the crossing of the shock adiabatic
curve by the melting curve of ice. Walsh and Rice[20]
attributed this effect to analogy with melting of ice |
on the shock adiabatic curve from the initial state at
Ty = =10 °C. It was further assumed that the first

intersection of the shock adiabatic curve of water with
the melting curve, which isresponsible for the forma-
tion of ice VII behind the shock front, may occur in
the region of lower pressures. However, no corre-
sponding inflection was observed on the D(U) curves.
Therefore, these dependences wererepresented in[22,
27-30] by two linear segments of different slopes, the
position of whose inflections corresponded to their
intersection.

Further processing of experimental results in [31,
32] made it possible to approximate the shock adiabat-
ic curve of water by three linear segments for which
the correlations and limits of validity were found by
successive fitting of values of D(U) from the total
array of experimental data. The dependences obtained
in [32] are given in Fig. 2. The first inflection on the
discontinuity of the D(U) curve corresponded to a
pressure of 2.1-2.3 GPa, and the second inflection —
t0 10.5-12.2 GPa.

A better impression of the shock adiabatic curvein
the pressure range P < 2 GPawas obtained by Nagaya-
ma et al. [3] who produced a shock compression of
water by an impact of a polymer plate at a velocity of
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Fig. 2. D-U dependences for the adiabatic curve
of shock compression of water: (1) data of [32],
(2) data of [3].
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Fig. 4. The melting curve and shock adiabatic
curves for water: (1) melting curve, (2-5) shock
adiabatic curves. (2) data of [35], (3) data of [38],
(4) data of [29], (5) data of [32], (6, 7) double-
compression shock adiabatic curves [34],
(8) shock adiabatic curve for water—ice VII mix-
ture [32].

less than 500 m/s. The position of the shock adiabatic
curve calculated by the equation of state and of the
melting curve in the T-P phase diagram is shown in
Fig. 3. The intersection of he shock adiabatic curve
with the melting curve according to the data of
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Fig. 3. The phase diagram for water in the region
of ice VI and VII: (1) shock adiabatic curve for
water [3], (2) interface [16].

[31, 32] is fairly close to the value of pressure P, =
= 2.4 GPaobtained by Nagayamaet al. [3].

The possihility of formation of ice VIl wasthe sub-
ject of study in the experiments of [20-23, 33, 34]
which involved optical sounding of the state of matter
behind the shock front. It turned out that, except for
the results of Al'tshuler et al. [21] which were not
confirmed by other researchers, no variation of trans-
parency of shock-compressed water was observed in
the pressure range from 3to 30 GPa. At the sametime,
the shock adiabatic curve of water in the T-P phase
diagram, calculated by the equation of state [35], as
was shownin [34], amost contacted the melting curve
for ice[36] in the vicinity of ~4 GPa. Therefore, dou-
ble compression of water was necessary to get into the
region of existence of ice VII. The experimental
results of Kormer, Yushko, and Krishkevich [23, 34]
were treated as being indicative of the formation of
fine crystalline ice behind the front of the second
shock wave. The time of ice formation was estimated

at 10107 s. However, the obtained data could not
be used to judge the completeness of phase transition
under such conditions. When the pressure in the first
shock wave was increased, P > 12-15 GPa, states
were obtained which a priori corresponded to thelig-
uid phase.

Figure 4 gives the phase diagram and calculated
shock adiabatic curves for water, which correspond to
theregion of states above the melting curve. Also giv-
en in this figure are adiabatic curves of double com-
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pression of water [34]. The melting curve for ice VII
is based on therefined results of Fei et al. [37] upto a
pressure P = 20 GPa. Preliminary estimates of pres-
sure P, at the point of intersection of the melting curve

and shock adiabatic curves issuing from the region of
higher pressures[29, 35, 38] were obtainedin [32, 34]
by the data of previous measurements of melting
curvesforice VIl [36, 39] at somewhat lower temper-
atures than in the data of [37]. One can seein Fig. 4
that the values of P, on the shock adiabatic curves are

as follows: curve 2 - 5.2 [35], curve 3—6.5[38], and
curve4 —13.5 GPa[29].

All of the calculated shock adiabatic curves for
water in the T-P diagram corresponded to equations
of state for the liquid phase. The equation of state in
the Mie-Grineisen form was obtained by Rice and
Walsh [35] using the experimental data on shock com-
pressibility [20]. The values of temperature of shock
compression for water, obtained by the equations of
state of [40], turned out to be fairly close to the results
of [35].

The temperature of shock-compressed water was
measured at a pressure of 30—40 GPaby Kormer [34],
and then at a pressure of 50-80 GPa by Lyzengaet al.
[41]. The values of temperature calculated in [35, 40]
turned out to be overestimated by approximately 10%
compared to the results of temperature measurements
by Kormer [34]. An even more significant difference
between the data of [35, 40] and [41] was revealed.
The equation of state refined in [38], which included
the temperature dependence of heat capacity C,, (in

[35] the heat capacity was taken to be constant),
turned out to be closer to both the experimenta data
of [34] and the data of [41]. At the sametime, theval-
ues of temperature on the shock adiabatic curve,
obtained as a result of quantum-mechanical calcula-
tion of the interaction potential of water molecule
[42], turned out to be significantly overestimated (by
approximately 500 K) compared to the measurement
data of [34, 41].

Bakanova et al. [29] derived the equation of state
for water using the experimental data on the shock
compressibility of water at Ty = 20 °C and of samples
of ice and pressed snow from the state at T, = —15 °C
with a normal and artificially reduced initial density.
The value of the Grineisen coefficient was deter-

mined in the approximation of free volume theory.
The calculated values of temperature on the shock
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adiabatic curve for water turned out to be approxi-
mately 5% lower than the results of [34].

Zharkov and Trubitsyn [43] reviewed the data on
wide-range interpolation equations of state for water
and made comparison of the corresponding zero iso-
therms.

The transition to the region of solidification of
water under shock compression (Fig. 4) must result in
the formation of nuclei, i.e., crystal microdomains, in
water. In addition to these nuclei, noncrystal struc-
tures may arise in the vicinity of the solidification
point, such as clusters containing a number of parti-
cles which exhibit thermodynamic parameterscloseto
those of crystal nuclei [44]. Structures of both types
must be located within a more disordered and less
dense liquid. The possibility of the formation of such
clustersin water was indicated in [30, 45]. Precrystal-
lization effects in liquids show up first of all as an
anomalous increase in viscosity [44].

In atwo-phase region, the weight fraction o of ice
being formed on the shock adiabatic curve for the
mixture of ice VIl and water is calculated in accord-
ance with the additive contribution of components at
equilibrium pressure and temperature. The specific
volumeV of the mixture and the internal energy E are

V = oV, +(1-a)V,,
2
E=oaE +(1-0a)E,,
where the subscripts 1 and 2 indicate the components
of the mixture, i.e., ice VIl and water, respectively.

Rybakov and Rybakov [32] used the Mie—
Grineisen coefficient to estimate o in the approxima-
tion of constant values of heat capacity C,, and

Griuneisen coefficient y equal for the components, as
well as of the same isotherm P,(V), at T = 300 K. In
this case, the pressure of two-phase mixtureis

(aCyqy + (1 -a)Cyp)
Vi - V2 (3

The P, (V) curve agreed with the experimental data
for theisotherm T =300 K of ice VIl in therange from

3to 8 GPa [46]1. The melting heat determined from
the Clausius—-Clapeyron relation was taken into
account in the equation for energy (2) on the melting
curve.

P=P +y(T-Ty

Yheisotherm T = 300 K of ice VIl was later determined up tc
apressure of 128 GPain [47] and, in more detail, up to a pressure
of 20 GPain [37].

HIGH TEMPERATURE Vol. 43 No. 1 2005
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Fig. 5. P-V diagram for water. Solid curves: (1, 2)
isotherms T = 300 and 600 K for ice VII [37],
(3) P(V) on the melting curve for ice VII [37],
(4) isotherm T = 573 K for water [49], (5) isen-
trope for water (T = 340-440 K) [28], (6) shock
adiabatic curve for water [35], (7) shock adiabatic
curve for water [29]. Dotted curves — shock adia-
batic curves [32]: (8) for ice VII, (9) for two-
phase mixture, (10) for water.

The pressure P, at the point of intersection of the

adiabatic curve from the region of liquid phase of
water [32] with the melting curve of [36] was
16.4 GPa. This value turned out to be close to the es-
timates made in [32] by the interpolation equation of
state for water of [48]. The intersection of the calcu-
lated adiabatic curve for a two-phase mixture [32]
with the melting curve corresponded to a pressure of
~10 GPa. In so doing, the increase in the content of ice
VIl in the mixture as a result of the pressure increase
from ~3 to 10 GPa corresponded to the values of o
from zeroto 0.25, i.e., to apartial formation of ice VI
in the entire region below the melting curve.

Given inthe P-V diagram in Fig. 5 are shock adia-
batic curves for water [29, 35] (curves 7 and 6); its
isentrope by the data of [29], which correspondsto the
temperature variation from 340 to 440 K (curve 5);
and the isotherm for water T, = 573 K by the data of

[49], which was obtained using the data of [20]
(curve 4). Figure 5 further gives, for ice VII, the iso-
therms T = 300 and 600 K [37] (curves 1 and 2) and
the dependence V(P) on the melting curve [37]
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(curve 3). Dotted curves 8-10 are shock adiabatic
curves for ice VII, two-phase mixture, and water at
pressures up to 10 GPa by the data of [32]. The adia-
batic curve for the two-phase mixtureisfairly close to
the experimental data of [29] and corresponds to the
temperature variation from 350 to 570 K. The hypo-
thetical calculated shock adiabatic curves for ice VII
and water [32], which correspond to approximately
the same temperature range, differ from the respective
calculated and experimentally obtai ned isotherms and
isentrope for water. For the shock adiabatic curve of
ice VII, this difference is associated, in particular,
with the fact that the initial density of ice was taken to

be 1.52 g/cm3, i.e., Rybakov and Rybakov [32] actu-
ally treated ice VIl as alow-compressible addition to
water. Nevertheless, it follows from the foregoing
datathat the transition to the liquid state region on the
shock adiabatic curve for water occurs at a pressure
which exceeds approximately 13-15 GPa. Below this
pressure, the shock compression of water in the range
2.4 < P < 13-15 GPa may correspond to the state of
two-phase mixture of ice VII and water with prevail-
ing content of water.

If we proceed from the assumption of the relaxa-
tion pattern of phase transformation of water to ice
VI, the formation of a mixture of phases under shock
compression explains partly the data on the transpar-
ence of water behind the shock front and the disper-
sion of ice VI being formed [20, 23, 33, 34]. Howev-
er, in view of the simplifications adopted in [32] for
the equations of state for water and ice VI, the
obtained results must betreated as rather approximate.
The kinetic mechanism of the process of formation of
ice VII under shock compression is not yet known. As
was demonstrated by Chizhov [50], the kinetics of
phase transitions of ice -V 1| and of their melting play
an important part under conditions of shock loading of
icel.

DETERMINING THE VISCOSITY BY THE
METHOD OF HARMONIC PERTURBATIONS

The method of investigation of shear viscosity of
matter behind the shock front [1] was suggested by
Academician A.D. Sakharov and associates in 1957
[51]. The method is based on studying the time evolu-
tion of small harmonic perturbations devel oped on the
front of a shock wave propagating in the material
being investigated, with subsequent comparison of the
experimental results with theory. The experimental
investigations were performed at VNIIEF (All-Russia
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Research Institute of Experimental Physics) in Sarov
by Mineev, Oleinik and others[1, 5, 6, 52]; the results
were numerically processed by Zaidel’ [53] who treat-
ed the effect of viscosity on the development of per-
turbations in a plane shock wave.

Somewhat later, Miller and Ahrens [54] analyzed
in more detail the method of determining viscosity,
which was suggested in [1], and treated the effect of
boundary conditions and approximations adopted in
[53] on the results of experimental determination of
the viscosity of water in [5, 6]. Similarly to Zaidel’
[53], Miller and Ahrens [54] solved the problem on
the propagation of perturbations using the approxima-
tion of Newtonian fluid of constant viscosity which is
independent of the rate of loading. Comparison of the
estimates of viscosity of water [5, 6] using two
approaches [53, 54] revealed a dlight difference
between the results, which supported the validity of
the dataobtained in[1, 5, 6, 52].

In the experiments, a plane shock wave in the
material under investigation, namely, water placed in
athin-walled cuvette, was developed using an explo-
sive charge in which a plane detonation wave was
initiated. In order to provide harmonic perturbations
on the shock front in water, use was made of a paraffin
disk (with recesses in the form of parallel cavities of
sinusoidal profiles) placed between the charge and
material under investigation. Harmonic perturbations
on the shock wave appeared when the shock wave
arrived at the front surface of the cuvette. The distance
between the cavities defined the length of the pertur-
bation wave on the shock front. For recording the
development of perturbations at different instants of
time during one experiment, a wedge-shaped cuvette
was used. The profile of the shock wave front after its
propagation in the sample was measured by the glow
in the gap between the rear surface of the cuvette and
atransparent (Plexiglas) plate. The glow was recorded
by asuper-high-speed streak camera. A system of slits
provided on the plate was used as a light screen for
recording the wave profile at different instants of time
corresponding to the path of shock wave propagation
on the wedge.

Because the shock adiabatic curve for paraffin is
close to that for water [55, 56], no special calculation
was performed of the propagation of perturbation in
view of the paraffin layer. Check experiments, in
which paraffin was replaced by lead (with the same
shock wave pressure in water), revealed that the
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development of perturbations in both cases coincides
within the experimental error [5].

The viscosity was measured in the pressure range
from 4 to 25 GPa corresponding to the density of

water from 1.45 to 1.98 g/cm3 [5, 6]. The pressure
increase in the shock wave to 25 GPa in [6] was
attained owing to the use of a laboratory explosive
device employed at VNIIEF to investigate the shock
compression of matter with the acceleration of a steel
envelope by explosion products [57].

Artificially produced perturbations, which are
characterized by periodicity in the direction along the
shock front, set the material behind the front in vibra-
tional motion. The perturbation parameters were
selected such as to satisfy the approximation [53] cor-
responding to plastic flow disregarding the strength
and effect of low viscosity on the development of per-
turbations,

Pag/A >0, 2magh<<1. (4)

pl
Here, a, istheinitial amplitude of perturbations, A

is the perturbation wavelength, P is the shock wave
pressure, and Op is the dynamic ultimate strength [58,

59]. The constancy of flow behind the shock front for
different wavelengths, which is necessary for agree-
ment between the theory and experiment, was provid-
ed by the use of fairly large-size explosive charges and
assemblies with cuvettes.

The perturbed flow of matter on the shock front,
which correspondsto high-rate strain, is characterized
by therelations for strain and rate of strain [52],

de/dt = 4n?a,D/A%2. (5)

In the experiments, the strain was € = 20 to 140 %,
and de/dt = (1-6)x10° s *.

The propagation of shock waveswith different per-
turbation wavelengths A on the front was studied. In
the experiments, complete geometric modeling was
performed of the process under similar conditions dif-

fering in scale, including the validity of the relation
2mag/A = const.

The amplitudes of perturbations on the shock front
were measured for wavelengths A = 1 and 2 cm and
initial amplitudes 2rag/A = 0.19-1.13. Figure 6 gives
typical experimental data on the development of per-
turbations on the shock front depending on the
reduced path of shock wave propagation x = /A (sis
the path covered by the wave) [52]. The pattern of
experimentally obtained curves was qualitatively the

e = 2may/A,

HIGH TEMPERATURE Vol. 43 No. 1 2005
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Fig. 6. Experimentally obtained curves of the
development of the reduced amplitude of perturba-
tions on the shock front according to the data of
[52]: (1) A = 2 cm, 2ray/A = 0.872; (2) A = 1 cm,
2nag/h = 0.872; Ax, phase shift.

same as in the calculation of Zaidel’ [53]: the pertur-
bation amplitude decayed while changing sign several
times. At the same time, it was found that the curves
of decay of perturbation amplitude a(x)/a, for differ-

ent values of wavelength A and parameter 2rag/A in

coordinates x were phase shifted. Analysis of the cal-
culation results revealed that the phase shift in the
case of complete geometric modeling is possible due
to viscosity, i.e., is determining for the value of shear
viscosity which may be calculated by the shift Ax =
= Xgo — %oz Of the intersection between the a/a, curve

and abscissa for different wavelengths,

N = pDAX/K(L/A; —1/L,), (6)

where p is the density behind the unperturbed shock
front, and D is the wave velocity of this front. The
parameter k was found from regression analysis of
data x5 = f(1/A;, ag/A;) given in [1]. The obtained
curves of variation of perturbation amplitude on the
shock front from the reduced path for water were sim-
ilar to those of dependences measured for metals pre-
viously investigated in [1, 52].

Figure 7 gives the results of determination of the
viscosity of water as a function of pressure on the
shock adiabatic curve. The results of measurementsin
the pressure range from 3 to 15 GPa lie below the
melting curve and correspond to the two-phase statein
the temperature range from 400 to 700 K (see Fig. 4).
When the pressure varies from 4 to 8 GPa, the viscos-
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Fig. 7. The viscosity—shock-compression pressure
diagram for water, n in Pa s. (1) data of [5, €],
(2) data of [7], (3) data of [8], (4) data of [19],
(5) data of [63], (6) data of [64], (7) pressure
dependence of viscosity on the melting curve [16],
(8) region of two-phase state.

ity of shock-compressed water increases by more than
an order of magnitude, which is possibly associated
with the increase in the fraction of ice VII being
formed; after that, the viscosity remains approximate-
ly constant and equal to ~2—-3 kPa s. With the pressure
P = 25 GPa and shock compression temperature
~1800K [28], the viscosity decreases and corresponds
to that in the liquid state. Because the limiting possi-
bilities of recording the development of perturbations
amounted to Ax ~ 0.02-0.03, the viscosity determined
at P = 4 and 25 GPa agreed with the estimates of i <
< 0.08 kPasandn < 1kPas.

With a pressure of ~10 GPa, the viscosity of
~1 kPa s turned out to be close to values correspond-
ing to solid state on the shock-compression adiabatic
curves|[1, 52] obtained for aluminum and lead at pres-
sures P = 3040 GPa. The maximal values of viscosity
of metalswere approximately threeto five timesthose
for water. These states corresponded to approximately

the same strains and strain ratese and € . In the region
above the melting curve for metas, similarly to the
case for water, data were obtained which correspond-
ed to the limiting possibilities of recording the devel-
opment of perturbations and were indicative of signif-
icant decrease in viscosity compared to the maximal
values.
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VISCOSITY MEASUREMENTS USING THE
METHODS OF ACCELERATION OF A BODY
AND OF ELECTRICAL CONDUCTIVITY

In a series of studies [7-9], Al'tshuler, Kanel’,
Kim, and others suggested a method of measuring the
viscosity by recording the velocity of a cylindrical
body (wire) accelerated by a flow behind the front of
aplane shock wave (method of accelerating cylinders)
and obtained data on the viscosity of water and other
liquids. Note that the detailed checking of the method
performed by Kim [8] reveded that the initial
unsteady stage of flow past a wire, which introduces
errors into the measurement results, is defined by the
wire diameter, and the gage length for vel ocity meas-
urements must significantly exceed theinitial acceler-
ation process. The diameter of metal wires under the
experimental conditions must not exceed ~0.04 mm.
Even in the first measurements [ 7], wire sensors were
used whose diameter was approximately an order
larger; because of this, Kim [8] and Al'tshuler et al.
[9] assumed that the data of [7] were inaccurate.
Moreover, the measurements of water viscosity [7-9]
were performed in arelatively narrow pressure range
of 6—7 GPa corresponding to the two-phase state on
the shock adiabatic curve. Aswas observed by Miller
and Ahrens [54], the presence of fine crystalline ice
behind the shock front must lead to a variation of the
dependence of the cylinder acceleration on viscosity.
When the wire diameter decreases to a size close to
that of ice crystals, the effect of the latter on the wire
in the flow behind the shock front decreases, and the
wire accelerationislargely defined only by the viscos-
ity of the liquid component of the mixture. Therefore,
the results of measurements of viscosity in this pres-
sure range appear to be incorrect, in contrast to the
data of measurements performed for glycerininasin-
gle-phase region [9].

Another group of data on the viscosity of water
were obtained by Hamann and Linton [19, 60] as a
result of measurements of impurity electrical conduc-
tivity X of agueous electrolytic solutions under shock
compression. The viscosity at pressures P = 4.5 and
11 GPa was calculated by the Walden relation (nX =
= const) [61] whose validity is called into question
[6, 9] because of the difference between the mecha-
nisms and factors defining the ion mobility and the
structural viscosity of water at high pressures and den-
sities realized under shock compression. In addition,
according to estimates of Hamann and Linton [19], the
measured electrical conductivity at a pressure of
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11 GPa corresponds to the dissociation of 0.5% of
water molecules. The electrical conductivity meas-
ured in [19] fitted well the dependence obtained by

Mitchell and Nellis [27] for pure water’. As was
observed by Miller and Ahrens[54], the same electri-
cal conductivity corresponds to the dissociation of
free water in the water—ice VIl two-phase mixture;
however, its viscosity must increase significantly
because of the presence of fine crystalline ice.

Indirect estimates of the viscosity of water [63],
made by the rate of coagulation of sulfur particlesin
solutions of sodium thiosulfate at a shock compres-
sion pressure P = 15 GPa, gave avalue of n < 3 Pas
which does not contradict the concept of viscosity
decrease in the region above the melting curve. How-
ever, thisvalue may also bereferred to the viscosity of
the liquid component of the mixture.

The shock compression of water in the pressure
range P < 2.4 GPa does not cause a variation of its
initial aggregate state corresponding to the values of
viscosity obtained in static measurements. In accord-
ance with the data of Lyusternik [16], the viscosity of
water on the solidification curve corresponds to the
minimal value at the water—ice VI-ice VI triple point
at a pressure of 2.2 GPa (Fig. 1). The results of meas-
urements of the coefficient of reflection of light from
the shock front performed by Harris and Presles [64]
at a pressure of 0.58 GPamade it possible to estimate
the viscosity at the front: n < 60 mPas. The parame-
ters of this state are close to those of theice V—ice VI
triple point on the melting curve, to which the viscos-
ity n = 2.2 mPas corresponds [16].

Figure 7 givesthe available data on the viscosity of
water under shock compression [5-9, 19, 63, 64], as
well as those on the melting curve for ice VII [16].
A major part of the data were obtained in the water—
ice VII two-phase region.

CONCLUSIONS

Previous analysis of the results of viscosity meas-
urements [5, 6], which is largely based on the data of
[20, 22, 35], partly coincides with the interpretation
given by us and proceeding from the fact that ice VI
forms as a result of shock compression of water. The
existence of the water—ice VIl two-phase state on the
shock adiabatic curve was previously admitted in a

2The first measurements of electrical conductivity of shock-
compressed water at a pressure P = 10 GPa were performed by
Brish et al. [62].
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limited region on the melting curve [6]. The refine-
ment of the phase diagram for water using the experi-
mental data obtained after the publication of the
results of [5, 6] and the theoretical estimates of states
on the shock adiabatic curvein [3, 16, 32, 37] and in
other studies made possible a new explanation of the
available experimental results on viscosity under
shock compression.

In the entire pressure range below the melting
curve after the first intersection of this curve with the
shock adiabatic curve corresponding to the range from
4 to 15 GPa, the increase in viscosity is associated
with agradual increase in the fraction of ice VIl in the
two-phase mixture. According to the dataof [5, 6], the
viscosity of water in the pressure range of 12-15 GPa
remains high, n = 2-3 kPa s. This is confirmed by
Miller and Ahrens [54] who performed a more
detailed processing of the results of measurements of
[5] at a pressure P = 15 GPa, which gave a value of
n = 2.0 kPa s close to the value of n = 2.2 kPa s
obtained in [5]. A further increase in the shock com-
pression pressure leads to a transition to the liquid
state and to an increase in viscosity.

Miller and Ahrens [54] pointed to the possibility of
the local heterogeneous two-phase state under shock
compression of water affecting the results of viscosity
measurements obtai ned by the method of acceleration
of a wire sensor, as well as the results of measure-
ments of electrical conductivity which were used to
estimate the viscosity using the Walden relation.
These measurements were largely associated with the
viscosity and electrical conductivity of the liquid
component of the water—ice VIl two-phase state,
which resulted in areduction of the values of viscosity
obtained in [7-10].
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