
SOVIET PHYSICS JETP VOLUME 27, NUMBER 6 DECEMBER, 1968 

THE VISCOSITY OF WATER AND MERCURY UNDER SHOCK LOADING 

V. N. MINEEV and R. M. ZAIDEL' 

Submitted October 21, 1967 

Zh. Eksp. Teor. Fiz. 54, 1633-1639 (June, 1968) 

Results are presented of an investigation of the viscosity of water and mercury at pressures between 
40 and 440 kbar. The coefficients of dynamic viscosity for water and mercury ( ~104 poise) are ap­
proximately the same as those for shock-compressed solids previously studied by the authors. The 
results of the experiments are ascribed to defects produced during the rapid plastic deformation of 
the matter behind the front of the shock wave. 

INTRODUCTION 

THE problem of the true structure of liquids cannot at 
present be considered to have been finally explained. 
Any theory of viscous flow starts out to some extent 
from an assumption about the nature of the structure of 
the liquid. For this reason investigations of the vis­
cosity of a liquid under extremal conditions, in particu­
lar at high densities, temperatures and large rates of 
loading, such as those produced by means of shock 
waves, are of great scientific interest. 

Metallic liquids, for example mercury, are simplest 
in their structure and their structures have been better 
investigated than those of other liquids; they are there­
fore a suitable object to investigate. The structure of 
pure liquid metals represents a so-called simple 
liquid, distinct from the nonsimple liquids, a typical 
representative of which is water. The viscosity of 
water and mercury under conditions of high static 
pressure and temperature has so far been most fully 
investigated by BridgmanC1J for pressures in the range 
from zero to 10-12 kbar and a temperature range of 
0-75°C. It turned out that both for water and mercury 
the pressure (the increase of density) and the tempera­
ture have an opposing effect on the coefficient of vis­
cosity. The coefficient of viscosity increases with in­
creasing pressure (P) and decreases with increasing 
temperature. Since in shock loading the density and 
temperature increase simultaneously, it is rather dif­
ficult to predict the results of such an experiment for 
measuring the coefficients of viscosity of water and 
mercury. 

Let us note yet another circumstance which makes 
it difficult to predict the results of experiments investi­
gating the viscosity of shock-compressed liquids. As 
was shown by Kornfel'd,C 2J in high-velocity deforma­
tion (a velocity of deformation of the order of 
1014 sec -l) water exhibits what is at first sight an 
altogether untypical strength. A dependence of the 
mechanical properties of a substance on the relation 
between the relaxation time of the medium and the 
characteristic time of application of the loading is not 
only a property of liquids but is also valid for all con­
densed media.C3 • 4J The value of the relaxation time ( T) 
for water under normal conditions is according to 
Debye of the order of 10-u sec.CSJ 

In this paper we present results of an investigation 
of the viscosity of water under shock loading in the 
pressure range of 40-150 kbar. The viscosity of 
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FIG. I. Experimental setup for investigating the viscosity of shock­
compressed mercury. !-explosive charge, 2, 3-a disc and a wedge 
filled with mercury, 4-organic glass plate; X is the wavelength of the 
perturbations on the SWF. 

mercury has only been investigated at a pressure of 
440 kbar. The method of investigating the viscosity of 
materials behind the shock-wave front (SWF) was pro­
posed by Sakharov and the authors in [G] and is based 
on the experimental study of small perturbations on the 
SWF. The idea of the method consists in a comparison 
of the laws of the development of perturbations on a 
SWF in two similar experimental devices of appreci­
ably different scales. The viscosity of a series of 
solids up to pressures of ~woo kbar has been investi­
gated by this method.c 6 , 7J 

EXPERIMENTAL SETUP AND RESULTS 

The experiments were carried out in a setup de­
scribed in detail inC6 J. The experimental apparatus is 
shown schematically in Fig. 1. In the case of water we 
studied the development of perturbations on the SWF 
of two wavelengths A1 = 1 em and A2 = 2 em with a 
relative initial amplitude ao/A = 0.03-0.18 (where ao 
is the initial amplitude of the perturbations). The de­
velopment of perturbations on the SWF in mercury 
was investigated for A1 = 0.5 em and A2 = 1 em with 
an amplitude a 0 /A = 0.22. In both instances the de­
velopment of perturbations on the SWF was investigated 
in two experimental setups which were geometrically 
similar with respect to A. The observed difference is 
caused only by the viscosity of the investigated mate­
rial.C6 J 

The experimental setups included: an explosive 
charge (1 on Fig. 1) --the generator of a plane wave in 
the investigated material, a disc with grooves (2) with 
a sinusoidal cross-section profile (to produce pertur­
bations on the SWF), and a sample in the form of a 
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wedge (3), in order to record in a single experiment 
the perturbation at several consecutive times. The 
water and the mercury were poured into wedge-shaped 
cells made either of organic glass (in the case of the 
water) or of copper (in the case of mercury). In the 
latter case the disc with grooves into which the mer­
cury was poured was also made of copper. In both in­
stances the thickness of the walls of the wedges and 
of the disc with grooves were chosen to be 0.05A, i.e., 
they were chosen small relative to A and they were 
therefore not taken into account. In order to produce 
perturbations on the SWF in water, use was made of a 
disc with grooves made of paraffin. It follows from the 
work of Al'tshuler [a] that the dynamic adiabat of paraf­
fin is close to the dynamic adiabat of water. Neverthe­
less this introduces a certain difference between the 
experimental conditions and the conditions assumed in 
the calculations of Za1del' .c 9 = However, specially set 
up experiments in which the paraffin was replaced with 
lead (with constant pressure in the water) showed 
within experimental error that in both instances per­
turbations on the SWF in water developed in the same 
way. 

The coefficient of the dynamic viscosity 1J was 
calculated according to the formula [s, 9J 

pD!<.x 
l'j= k(l/t.,-1/1.2), 

where p is the density of the material behind the SWF, 
D is the wave velocity of the unperturbed SWF, k is a 
constant calculated by a method indicated in [s, 9 J, ~x is 
the phase shift between the curves of the development of 
a perturbation on the SWF with A1 and A2 plotted in the 
coordinates y =a ( t)/a0 and x = S ( t)/ A ( S is the path 
traversed by the shock wave along the cold material, 
and a and a0 are the initial and current amplitudes of 
the perturbations respectively). 

The obtained experimental y = f(x) curves for 
water and mercury are of the same nature as those for 
the solids previously investigatedL 6 • 7J: the perturba­
tions oscillate and are damped in time. As in the case 
of solids, for the investigated A the experimentally ob­
served value of ~x did not exceed 0.3. 

The table lists certain parameters (the pressure P, 
the compression a, and the temperature T) of shock­
compressed water and mercury and the obtained coef­
ficients of viscosity. The values of 1J are cited with the 
maximum error which is the result of the inaccurate 
determination of the value of ~. In calculating the 
parameters of water and mercury behind the SWF use 
was made of data from the work of Rice and Walsh [lO, uJ 

DISCUSSION OF RESULTS 

Let us note the peculiarities of the conditions under 
which the measurements of the coefficients of viscosity 
of water and mercury are carried out. The investigated 
materials are compressed and heated by the shock 
wave. The artificially imposed perturbations, charac­
terized by a periodicity along the surface of the SWF, 
constitute on this surface a sort of a "ripple" and 
bring the substance behind the SWF at a depth of the 
order of A into oscillatory motion. Thus the perturbed 
flow leads to a rapid deformation of the substance be­
hind the SWF; the orders of magnitude of the deforma­
tion and the rate of deformation are given respectively 
by the relations E = 2JTa0 /A and £ = 2JTED/A.C7 J It fol­
lows from the table that in the experiments carried out 
the deformation was of the order of 20-140 percent and 
the rate of deformation was (1-6) x 10 5 sec-1 • Under 
these conditions, in the range of densities p of 
159-1.76 g/cm 3 ( P = 80-150 kbar) and temperatures 
T = 700-1200°K, the coefficient of the dynamic vis­
cosity of water is practically constant, 1J ~ 104 poise. 
We note that the obtained values of 1J for water and 
mercury are the same as those of shock-compressed 
aluminum and lead at pressures of 300-400 kbarPJ It 
is characteristic that the values of 1J for aluminum and 
lead were obtained at approximately the same values of 
E and E as those of shock-compressed water and mer­
cury. In our opinion, it is precisely this which can be 
used to explain the approximate equality of the coeffi­
cients of dynamic viscosity of shock-compressed 
aluminum, lead, sodium chloride, water, and mercury, 
as well as those of other substances, cited in the work 
of Sakharov et al.,[sJ which are so different under 
normal conditions. 

The noncontradictory nature of the proposed con­
nection of the viscosity of shock-compressed aluminum 
with point defects appearing in the rapid deformation 
of the aluminum behind the SWF was shown in [7 J. It is 
well known that the number of defects produced during 
the deformation of solids depends weakly on the type of 
material and is basically determined by the values of 
E and E. This is at least correct for metals and ionic 
crystalsP 2J Since in our experiments investigating the 
viscosity of various shock-compressed solids E and f_ 
were about equal, one can expect equal numbers of de­
fects to appear and as a result one can expect approxi­
mately equal values of the coefficients of viscosity. If 
the hypothesis proposed in [7J is also correct for 
shock-compressed liquids, then one can state that un­
der conditions of rapid deformation the same number 
of point defects ("holes") is producP.d in shock-com-
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pressed water and mercury as in the shock-compressed 
solids which we have investigated. The concept of 
"holes" in a liquid was introduced by Frenkel.~ 13 J Ap­
parently this concept is also valid for shock-compressed 
liquids. This is confirmed by the results of the experi­
ments of Brish et al.C 14J carried out for the purpose of 
measuring the resistivity of water behind a SWF 
(100 kbar pressure). It turned out that the initial re­
sistivity of water (10 5 -7.6 x 102 ohm -em) does not in­
fluence the resistivity behind the SWF (2 ohm -em). In 
our opinion this attests to the fact that the SWF in the 
water is a powerful generator of defects which deter­
mine the conductivity of shock-compressed water. 

The applicability of the proposed method of investi­
gation of the viscosity of materials behind the SWF to 
the estimate of the phase constitution of materials at 
high pressures (densities) and temperatures has been 
shown inC 6 • 7=. It turns out that under certain thermo­
dynamic conditions behind the SWF the law of the de­
velopment of perturbations behind the SWF does not 
depend on J\; this indicates a sharp decrease in the 
viscosity of the material. An analogous situation has 
been determined in this work for water on decreasing 
the pressure from 80 to 40 kbar, the coefficient of 
dynamic viscosity of water being then at least by an 
order of magnitude smaller than the value of fJ of 
water at P = 80 kbar. In order to understand the con­
nection between the obtained values of TJ and the phase 
constitution of water, we turn to Fig. 2 which shows in 
the T-P plane the curve of the phase equilibrium of 
water obtained under static conditionsC 15J and the dy­
namic adiabat of water [ 1 oJ on which the points indicate 
the conditions which correspond to those of the experi­
ments. 

It is seen from Fig. 2 that the main part of the ex­
periments with water is carried out under conditions 
when the water is, in accordance with static experi­
ments, a liquid; only one point at P = 40 kbar is in the 
region of the existence of two phases-liquid and ice. 
Nevertheless, for P = 80-150 kbar water is charac­
terized by the same coefficient of dynamic viscosity 
as that of unmelted solids behind the SWF. One can 
therefore conclude that shock-compressed water in the 
range P = 80-150 kbar has a relaxation time 
T > 1/ E. ~ 10- 5 sec and for this reason behaves in the 
indicated experiments effectively like a solid. On the 
basis of what has been said, it is possible to conclude 
that on increasing the density of water up to 
1.76 g/cm 3 (with a simultaneous increase of the tem­
perature to 1200"K) the relaxation time of water in­
creases from 10-11 sec to a value of at least 10- 5 sec. 
On the other hand, the coefficient of viscosity is pro-
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FIG. 2. T-P diagram of shock­
compressed water; a-phase equi­
librium curve of water under 
static conditions [ 15 ] ; b-dynamic 
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portional to the relaxation time T: 

'1 = p1:(C=2 - Co2), 

where Co and C 00 are the equilibrium and nonequili­
brium speeds of sound .l 16J Assuming that C~ - C~ 
~ C~, we find fJ ~ pTC~. Substituting p ~ 1 g/ cm 3 , 

T ~ 10- 5 sec, and Co~ 10 5 em/sec, we obtain 
fJ ~ 10 5 poise, which is in approximate agreement with 
the results of the experiment. 

VISCOSITY AND THE WIDTH OF THE SHOCK-WAVE 
FRONT 

A real SWF is a transition layer of finite thickness 
on which there occurs a change of all quantities that 
characterize the state of the mate rial. In order to de­
termine the structure and thickness of the transition 
layer, one must take into account the viscosity and 
thermal conduction of the material in the transition 
zone. 

Estimates for gases, confirmed by experiments, C17J 
showed that for weak shock waves the width of the SWF 
amounts to several mean free paths. For solids com­
pressed by a shock wave to pressures of about several 
hundred kilobars, there are no such estimates in the 
literature, since the coefficients of viscosity and 
thermal conduction of these solids at high densities and 
temperatures were not known. 

The viscosity of a material plays the principal role 
in effecting the irreversible shock compression. 
Zel'dovich and Ra1zer= 18J showed that without account 
of the viscosity one cannot produce a continuous distri­
bution of all thermodynamic quantities in the SWF. It 
is well known that the flow of a viscous incompressible 
liquid is characterized by the Reynolds number 
R = p U6/ TJ, where p is the density of the material, U 
and 6-the velocity and characteristic dimension of the 
flow. It is natural to assume that in the SWF the iner­
tial forces are in equilibrium with the viscous forces, 
i.e., R ~ 1. In this case 6 = TJ/pU characterizes the 
width of the SWF. Such a very simple estimate carried 
out for water (as well as for the solids which we in­
vestigated) indicates that in the pressure range 
100-1000 kbar 6 ~ 10-1 -10- 2 em. 

Neglecting thermal conduction and volume viscosity, 
one can make use of the following expression for the 
width of the front of a weak shock wave in a liquid with 
a constant coefficient of viscosity [16J: 

ll=~v· '1 
3 C3 (fJ2V/iJP2 ) 8P ' 

(1) 

where V and C are the specific volume of the mate­
rial and the velocity of sound behind the SWF respec­
tively, and P is the pressure on the SWF. For a weak 
shock wave c ~ D and ( o2V/ oP2 )s ~ ( o2V/ oP2 )H· Tak­
ing the relationship between the wave (D) and mass (U) 
velocity behind the SWF in the form D =Co+ au, we 
have from (1) 

4 '1 
15 = 3-apU · (2) 

We note that (2) coincides in order of magnitude with 
the expression for o obtained above from dimensional­
ity considerations. The difference is only in the coef­
ficient 4/3 a which is for the majority of investigated 
materials of the order of unity. 
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On the other hand, the experiments of Zel'dovich 
et al.[ 19J on the reflection of light by a SWF in water 
and Plexiglas at pressures of 100-200 kbar show that 
the width of the SWF lh = ( 3-6) x 10- 6 em. In order 
to explain this apparent contradiction, one should, in 
our opinion, take into account the fact that in [ 16J the 
expression for the width of the SWF was obtained under 
the assumption that in the transition zone TJ is con­
stant. As our experiments have shown, the coefficient 
of dynamic viscosity of water in the range 
P = 80-150 kbar is TJ ~ 104 poise, whereas on decreas­
ing P from 80 to 40 kbar TJ decreases at least by an 
order of magnitude. 

Proceeding in analogy with [7J , one can by using the 
Frenkel-Eyring theory of the viscosity of liquids set 
up an interpolation formula for the dependence of 11 on 
a and T which describes satisfactorily the experi­
mental data presented in this paper and the viscosity 
of water under normal conditions: 

_ 15 _105 ( 100crB -4600) 
1]- , crexp T , (3) 

where TJ is in poise and T in "K. Here we have made 
use of the fact that for water P ~ a7 .c 1aJ 

The obtained TJ (a, T) dependence allows one to 
consider the structure of a SWF for any state of the 
material before and behind the front. The difference 
between the structure of a SWF with variable 
TJ (a, T) and the structure of a SWF with constant TJ 
can be characterized by values of o [see (2)] calculated 
from values of TJ (a, T) corresponding to the state of 
the material before and behind the SWF. 

Thus, for instance in a shock wave with pressures of 
0-20 kbar TJ changes from 10- 2 to 3 poise [the latter 
value was obtained from (3) ], corresponding to values 
of o from 62 = 10- 7 to 63 = 10- 5 em. An increase of 
the pressure in the shock wave leads only to an in­
crease in 63. As a result of this one can represent the 
structure of the SWF in water in the form of a rapid 
rise of P (with a width of ~10- 6 em) from zero to 
some pressure of 20-30 kbar, followed by a slow in­
crease of P (with a width larger than 10- 5 em and up 
to 10-1 em at P = 100 kbar) to the final pressure. The 
existence of a section with a steep increase of the 
pressure and density on the SWF in water has been ob­
served experimentally by Zel'dovich et al. by reflect­
ing light from a SWFL 19J. 

Zel'dovich et al.C 19J noted the discrepancy of the 
refractive indices for shock-compressed water calcu­
lated for pressures P > 40 kbar by the photometric 
and geometric methods. In our opinion, this serves as 
a confirmation of the hypothesis proposed by us in 
1961 [l9J concerning the "breakdown" of the SWF due 
to the increasing viscosity of water in the SWF. 

In this way one can also explain the absence of re­
flection of light from the front of a second shock wave 
proceeding in the water compressed by the first shock 
wave.caa] Thus, for example, in the propagation of two 
shock waves with pressures of 0-20 and 20- 40 kbar 
the first shock wave is characterized, as was noted 
above, by 62 = 10- 7 and 63 = 10- 5 em; for the second 
shock wave following the first ba = 10- 5 em and 63 
= 10- 4 em respectively [the latter value was obtained 
by starting from Eqs. (3) and (2) ]. From this it follows 

that light is reflected by the front of the first shock 
wave (.\/41T ~ 5 x 10- 6 em~ 62 , where.\ is the wave­
length of the incident light), whereas it is not reflected 
by the second shock wave. An analogous conclusion 
referring to experiments with more intense shock 
waves will be better grounded, because in this case one 
will be able to make use of values of 11 directly me as­
ured in the experiment, instead of the interpolation 
formula (3). 

It should be noted that the method of determining the 
structure of a SWF presented above leads to results 
which are only of a qualitative nature since the hydro­
dynamic approach is only justified for weak shock 
waves.C 16J 

In conclusion we consider it our duty to express our 
sincere gratitude to A. D. Sakharov, Ya. B. Zel'dovich, 
and G. I. Barenblatt for valuable advice and discussions. 
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