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* CREATING EQUATION OF STATE OF
CONDENSED SYSTEM4S FROM DYNAMIC
EXPERIMENTS

V. Ye. Fortov

Moscow

Suc,3essivei theoretical calculation of the thermodynamic

properties of ,-, substance in the condensed state involves the

quantum mechan~~cs problem of many bodies when there exists a

strong interaction among them. At the present time this cannot

be achieved in a general form. In this situation experimental,
primarily dynamic, research methods based on obtaining the

necessary state by compression and Irreversible hoatine of the
medium at the front of a strong shook wave [Ii ac-quir'e PaVL10'ia1ai'
significance.

The crzaraý.'teristic feature of dynamic experiments is direct
registration of only the mechanical parameters of shock compres-

sion - pressure (p), specific volume (V), and ±nternal energy (E).
* To construct the C.omplete equation of state from these data we

must introduce model representations of the properties of the

studied substance. Here-the data of the expariment were used

to determine the constants and functions contained in the equation

of state; for certain terms purely theoretical expressions are

1FTD-HT-23-l989-711



often used. The criterion of correctness for equations of

state thus obtained is agreement between calculated and measured
statesof shock compression. Here a situation may arise in which

various equations of state result in different values of the

urUneisen coefficient and temperature for the shock-compressed

substance, evei though the original experimental material was

well described [2].

The thermdynamically complete equation of state, however,

may be plotted from dynamic experiments without introducing limit-

Itng ideas concerning the properties and the nature of the studied

medium [3, 4].

In dynamic experiments registration of the kinematic param-

.*ters of propagation of a shock discontinuity makes it possible,
by using the gener'al laws of conservation on the shock wave

front, to detz~rmine the equation of state in a caloric form
=E(p, V) for the entire region of the pV plane accessible in

thp experiment [i]. The internal energy, however, does not

reýpresent thermodynamic potential with respect to the pV variable,

and in order to plot the complete thermodynamics of the studied

';ystem we need the additional dependence T-T(p, V).

i� �,u I *Ir'ojn lI cu L p,•' rn lplu ul' rticimodynat.ini . ; :alud

':;v;uuinjrl that '.'onm the experiment the depeadonwe E-E(p, V) Is
i'7i(.'m, we ccc.; easily obtain L3]

7 7) -OP or -= i

Thc: solutic:n to this linear heterogeneous differential A

e:'..t1o':~ with variable coefficients is the dependence T-T(p, V)
which interexzs us. Equation (1) has a corresponding system of

characxteristic differential equations:

FT2-HT-23-1989-4
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tke first of which determines pressure, the second -temperature

o. the isentrope. Equations (1) or (2) and (,) are completed by

boundary conditions: temperature must be given in the region

where it can be experimentally determined. In the present cal-

culations8 the temperature was assigned as a function of' specific
volume on the Isobar or atmospheric pressuree; the experimental

data if V-V(T) with respect to the thermal expansion of the

substance were used.

The caloric equation of state E-E(p, V) was constructed from
experimental pcints E., Pit VO}Ni- chalotically arranged in the

pV piane in the form of

ro(P, v) = V.,% eav& P. (4•)

In (4) the coefficients e are found by the method of least

sq,'ares [4]. In determining coefficients ekZ the weight inversely

proportional to registration error of the shock compression

ct,.tes was assumed by each experimental point.

Th,. degree of the polynomial q in (4) was selected by

analy:.Iag the residual sum of squares when the degree increased
4-q+l. Here the statistical Fischer significance criterion [5)

was ,Ised.

Th, equation of state in valoric form (4) can be used

dirrtly for hydrodynamic calculations of adiabatic flows.

FTD-JT-23-1989-74 3



isentrf.pes are etermin"ed '•1Y Integrating ;ifferential e.'.4atlons

and (3); The shock adlabats are found by numerical sa2ution

" t2 R-c nk I '7 " -:"'ono 1.t reiat!onship:

-(p+p•)(Vr I').EE(,. V) F(.ft VO). ",,)

Z'. -; . ",) 1 taken in. the form of ( 4 ).

2he deper.-Qu.nce tetween the accuracy of the obtalnea solution

• -nrr . th! or!i;.nal data was determined by the Monte 2arlo

- .. "hr. sI:•u-•,ting the probability structure of the measuring

Ms •n th-r electronic computer [L]. The computer reassembled

.• _,ie co:-binatio;ns of random factors resulting in experimental

. -,a:r "r-u dczer7ine' the effect of these factors on the sclution

c.... at on (2 ':mi (3). The proposied method enabled a compre-

, estI.....a- for the accuracy of7 the solution obtained for

• 'er corn."1guration of ex.trinmental points In the pV plane

-u., spec, 1Ic r luvel of cxpLr-.!;cnti errors.

"al. W we intriduce tnz2 results for the equation of

-. af ::;ir.-I. For this we used experimental data for dynamic

:.r ssica- ufI .. oli [6, 7, 8] and porous specimens of a given

,em..t. ••�. c..• the internal energy (according to [!0]) was

, z- )' ,. uu1i',s on the atmospheric pressure isobar. As

-or'ginas uata for system (2), (3) we use the results of

* .. ..... �e -,,.... expansi'.r cf nickel [11] at p=l bar

,<.o -. i.. "F•Jri I showed th.': t.) describe the existing

,<~:,•:i•nental datfa.a rst se-,ct the degree of the polynomial

, 3. Figur'. 1 shows the Hugonoit adiabats (Ni) plotted

* .,n; ;~e A,'tain-.• equation of state. The difference between

2.•: m-p.•.sL .. n'. states calculated according to (4) and •)

S-.,.Y .• whIh were measured lies within the limits of experlmnontla
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V!•-:ui'e 1. hitoanolt ad.Vabat's for
hbckel of different Initial poros-

'R'J itles m-- (P density of crystal,

4.>- c.density of' orig, lal specimenm);

PX- zro ieentrope for equations
(2) and (4); dashed line - zero
I sentrope for [21; 0-47]; V-[8];

b OA[6; *-pal bar).

An importan; characterlstic of the substance used in all
model theories for the equation of state is the "cold" compression
curve px (V) - the dependence of pressure on specific volume at

T-0°K. Existing methods for obtaining this curve from the results
of the experiment involve introducing a large number of theoretical

Ideas about the properties of the studied substance. Assuming
that the isotherm TsO°K coincides with the isentrope, the cold

ccmpression curve in this approach can be obtained by integrating

equation (2) for T0 "O0K. The elastic pressure curve thus plotted

is shown in Fig. 1, where it is compared with p x(V) from [2],

It should be mentioned that, in contrast to existing theories,
there was no preliminary division of the thermodynamic facto.-s
into "thermal" and "cold" components in the method of constructing
an equation of state which it discussed here.

Temperature was calculated by combined integration of
equations (2)'and (3). For the initial value of the specific
volume temperature was determined by means of the thermal

expansion curve introduced into the computer (pal bar). With
these initial conditions system (2), (3) was integrated up to

the intersection of the isentropo with the shock adiabat In t-ho

pV plane of the solid substance. Figure 2 shows the results

of determining temperature; here we also see for comparlson the

results of calculating temperatures on shock adiabats for solid

nickel according to the Mie-Orilneisen theory [6] and in the

PTD-HT-23-1989-711 5



I.pprox:Imat-ion of the theory of free volume [7].

The characteristic Lemner-

ature "step" on the shock

J_[ -- adiabat is the result of the
P--Ibar melting of the substance at

jrU#AXM.jV6" the front of the shock wave.
V/V, oThe absence of detailed ex-

•'igure 2. Ca>'•ulation for perimental data in the region

-emperature of nickel: 1 - from of tht melting curve resulted
equations (2), (3), (4i); 2 in a situation in which the
study [6]; 3 - study [7]; s -
iL.entropes. melting curve coincided with
Key: (a) Liquid; (b) Liquid+sol- the isentrope in this oaso;
id; (c) Solid.

the real temperature "step"

(according to [12]) is located

somewnere above chat which is shown in Fig. 2.

The statistical analysis made by Monte Carlo method showed

t.,at if -ccuracy In the nature of the arrangement of the experi-

", ital ooints In the pV plane are considered~the error in deter-

ining temperature on the Hugonoit'adiabat for solid nickel is

.)n the order of' 5-8%, which is independJently confirmed by

comparison to temperature calculations for model theories of the

... *',"~ ostate
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