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Ruagian

sin
cos
tg
ctg
sec
cosec

sh
¢h
th
cth
sch
cech

arc sin
arc cos
arc tg
axrc ctg
arc sec
&rc cosec

arc sh
arc ch
arc th
arc cth
arc sch
arc csch

rot
lg
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FOLLOWING ARE THE CORRESPONDING RUSSIAN AND ENGLISH
DESIGNATIONS OF THE TRIGONOMETRIC FUNCTIONS

English

sin
cos
tan
cot
socC
csc

sinh
cosh
t.anh
coth
sech
cach

sin-1
cos’l
tan-1
cot‘l
uoc‘l
cac‘l

sinh~1
cosh=1
tanh~1
coth-1
gech-1
csch~l

curl
log
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(Gamma
Delta
Epsilon
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Theta
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Lambda
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CREATING EQUATION OF STATE OF
CONDENSED SYSTEMS FROM DYNAMIC
EXPERIMENTS

V. Ye. Fortov
Moscow

Sucnessive theoretical calculation of the thermodynamic
properties of & substance in the condensed state involves the
quantum mechanlcs problem of many bodles when there exlsts a
strong interaction among them. At the present time this cannot
be achleved in a general form. In this situation experimental,
primarily dynamic, research methods based on obtaining the
necessary state by compression and irreversible heatlng of the
medlium at the front of a strong shock wave [1l] acquire partlicular
slgnificance, |

The cnaracteristic feature of dynamic experiments is direct
registration of only the mechanical parameters of shock compres-
sion - pressure (p), specific volume (V), and internal energy (E),.
To construct the complete equation of state from these data we
must introduce model representations of the properties of the
studled substance. Here the data of the expariment were used
to determine the constants and functlons contained in the equation
of state; for certain terms purely theoretical expressions are

FTD-HT-23-1989-74 i
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often used. The criterion of correctness for equations of

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

various equatlons of state result in diiferent values of the

driineisen cocefflclient and temperature for the shock-compressed
gubstance, evel though the origiﬁal experimental material was .
well describad [2].

The thermcdynamically complete equation of state, however,
may hbe plotted from dynamic experiments without introducing limit-
lng ideas concerning the properties and the nature of the studied
medium [3, 4].

In dynamic experlments reglstration of the kinematic param-
:ters of propagation of a shock discontinulty makes 1t possible,
by using the general laws of conservation on the shock wave
front, to detzrmine the equaticn of state in a calorlec form
L=E(p, V) for the entire reglon of the pV plane accessible in
the experiment [1]. The internal energy, however, does not
represent thermodynamic potential with respect to the pV variable,
and in order to plot the complete thermodynamics of the studied
cystem we need the additional dependence T-T(p, V).

Crocera bt from the lest prlinelple of thermodynamlbea and
ascuning that trom the cxperliment the dependence EsgE(p, V) 1s
Vicar, Wwe can easlily obtaln (3]

ok or [ ol __ :
[+ () -6 7=T (1) ;
The soluticn to thils linear heterogeneous differential

enuatton with variable coefflclents 1s the dependence T=T(p, V)
which interests us. Equation (1) hus a corresponding system of
chiaracteristlic differentlal equations:

AR oA § 0

FT0-HT-23-198y-74
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the first of which determines pressure, the second - temperature
on the 1sentrope. Equations (1) or (2) and (2) are completed by
boundary conditions: temperature must be given in the region
where 1t can be experimentally determined. In the present cal-
culations the temperature was assigned as a function of specific
volume on the iscobar of atmospheric pressure; the experimental
data .f V=V(T) with respect to the thermal expansion of the
substance were used.

The caloric equation of state EsE(p, V) was constructed from
experimental pcints Ei’ Py Vi}?_l chaiotically arranged in the
pV piane in the form of

Feqp, V):xzf“V"'. (u)

Seolse

In (4) the coefficients e,y are found by the method of least
squares [4]. 1In determining coefficients €1 the weight 1inversely
proportional to reglistration 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
3*q+l. Here the statistical Fischer significance criterion [5]
was Jsed,

Th. ecquation of state in caloric form {4) can be used
diresctly for hydrodynamic calculations of adiabatic flows.

FTD-1'T-23-1989-74 3




i+ isentrcpes are Jetermined by Integrating aifferentlal esgyuations
7 ) and {3); The shock adiabats are found by numerical solution

Lo toe Pankin-flugenoit relationship:

| ’ , rata VY. F ()
',7(”"‘"“)(‘ s ‘ ,-E'(l'- ‘) Eo(Po- VO)' R

RPN Zq(u. VY ts taken in the form of (4).

The deperaence retween the accuracy of thc obtalnea soiution

W rrcL ‘n the original data was determined by the Monte lJarlo
oo Rod Ly simuiaving Lhe probabllity structure of the measuring

L. ress an the electronic computer {4]. The computer reassembled
rosaitle combinations of random factors resulting in experimental
cror oand determined the effect of these factors on the sciutlon
cgaations (2 and (3). The proposed method enabled a compre-
wmulve estinat for the accuracy ol the solution obtalned for
.1, o Lven conilguratlon of exvoerimental points in the pV plane

wna tae 3peciitle level of experimental errors.

“.Coan oxuna.s we ‘ntroduce tho results for the equatlon of
State for nickel.  For this we used experimental data for dynamic
c.rroezssion of solid (6, 7, 8] and corous -specimens of a given

: the internal energy (according to [10]) was
cE3Lgnes AU el puinus ori the atmospherle pressure 1sobar. As
o orfglnal uztz for system (2), (3) we use the results of

o sarine the thermul expansisn of nickel [11] at p=1 bar

Stenie e tyzig [4D showed thoa” to describe the existing
~suerimentzl data we mast seloct the degree of the polynomial
ure 1 shows the Hugonoit adlabats (Ni) plotted
Tromo ihe shtained equation of state. The difference between
snutii nompresilcon staves calculated according to (4) andg (H)
rd trnose whioh were measured lles within the limits of experimental
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Yiputte 1. Huponolt adlabats tor
ilokel of different 1lnitial poros-

[

ities m-;i (pH- Jdensity of crystal,
0

o density of original spocimen);

Py = 2ero lsentrope for equations

(h) and (4)}; dashed line - zero
isentrope for [2]; 0-[T7]; V=-[81];
A-[6]; ®&-p=1 bar),

Al

An importan: characteristic 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
c¢f the experiment involve iatroducing a large number of theoretical
ideas about the properties of the studied substance. Assuming
that the isotherm T=0°K coincides with the isentrope, the cold
cocmpression curve in this approach can be obtalned by integrating
equation (2) for TO-O°K. The elastic pressure curve thus plotted
is shown in Fig. 1, where it 1is compared with px(V) from [2].

It should be mentioned that, in contrast to existing theories,
there was no preliminary division of the thermodynamic factors
into "thermal" and "cold" components in the method of constructing
an equation of state which ic 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 (p=1l bar). With
these initial conditions system (2), (3) was integrated up to
the intersection of the isentrope with the shock adiabat in the
pV plane of the solid substance. PFigure 2 shows the results
of determining temperature; hLere we also see for comparison the
results of calculating temperatures on shock adlabats for solid
nickel according to the Mie-Griineisen theory [6] and in the

FID~HT=23-1689-74 5 : i




aupreoximation of the theory of free volume [7]

The characterlistic temper-
ature "step" on the shock
adiabat 1s the result cf the

4

x

Y
p=lbar“ melting of the substance at
(ar\rm 2 ©
amnwﬁfg the front of the shock wave.
T (g u )

e The absence of detailed ex-
“151"9 5. car ‘ulatlon for perimental data in the region
temperature of nlcxel 1l - from of the melting curve resulted
quationb £2), (3), (b); 2 -
study [6]; 3 - study L7]

isentropes. melting curve coincided with
wey: (a) Liguid; (b) Liquid+sol-
d; (c) Solid.

in a situation in which the

(

the 1sentrope in thils casce;
Lep”
(according to [12]) 1s located

we &

b

the real temperature "s

somevwnere apove that whicn is shown in Fig. 2.

The statistical analysis made by Monte Carlo method showed
that if accuracy in the nature of the arrangement of the experi-
mzntal points in the pV plane are considered: the error in deter-
mining temperature on the Hugonolt adlabat for solid nickel is

o the order of 5-8%, which is independently confirmed by

0
o
3

npariseon to temperature calculations for model theories of the

r.pavion state
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