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ABSTRACT

Pogsible applications of the principle of similarity to fluid mechanics is de-
scribed and Lllustrated, In correlating thermophysical properties of fluids, the
similarity principle transcends the traditional corresponding states principle. 1In
fluid mechanics the simtlarity principle is useful in correlating flow processes
that can be medeled adequately with one independent variable (i.e., one-dimensional
flows). In this paper we explore the concept of transforming che conservation
equations by COMBINING similarity principles for thermophysical properties with
those for fluid flow, We illustrate the usefulness of the procedure by applying
such a transformation to caleculate two phase critical mass flow through a nozzle.

KEYWORDS

Fluid mechanics; principles of similarity; thermophysical properties; corresponding
states; thermodynamic critical point; two phase choked flows.

INTRODUCTTON

Many dynamic processes can be modeled in terms of oae physical coordinste dimension
and the succees of such modeling is well known. However, in doing so one must
realize that not all boundary conditions associated with lLiigher dimension coordi-
nate spaces can be satisified; implying the use of a set of suitable censtraints,

a priori, which "average' the dynamic chargcter of the flow field, For example, in
fiuid mechanics the representative velocity, heat flux, and friction factor can be
wriltten as

u:-A—?-/u(Al,t)'n da dt; q“ﬁf‘l“‘l’t)'“d“ dt
1l o 170
1
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where A; is a surface end t, a speclific vtime {nterval, In order to formulate

a sct of constraints, one postulates the existence of principles of similarity
between the thermodynamic parameters and the conservation equations, such as con-
stant or power law dependent fluid properties, or coordinates which behave in such
a way as to satlsfy separation of variables., Often such relations imply a "slug
flow! veloeity profile, or counstant heat flux or an average frictlon factor based
on the inlet and exit pressure differences, Under these conditions, only a limited
number of houndary conditions can possibly be satisfied,

A family of functions of a number of physical variables is said to satisfy a simi-
larity principle if the function can be made identleal by reducing the funccions
and variables in terms of sultably chosen scale factors, Thus when such scale fac-
tors can be found as units to nondimensionalize (normalize) other variables, the
profiles plotted in these dimensionless coordinates become congruent, For instance,
in fluid mechanics when the momentum equation, cited below, 1is made dimensionless
using the fIluid velocity (u), density (p), viscosity (n) and a characteristic

length (1), it follows that two flows become similar when thelr Reynolds numbers

are equal

Pyl eyl
= = = Re

Re
1 M N, 2

and this 1is known as Reynolds principle of similarity. TFor thermophysical proper-
ties, van der Waals' principle of corresponding states assumes that property sur-
faces become similar when the variables describing these surfaces are properly
scaled, in terms of the critical point parameters,

p. (r. ,v. \=p_ (7 ,v)
Rl(Rl Rl) Rz(Rz )

where Pg = P/Pg, TR = T/T. and Vg = V/V.. And in mathematics, similarity solu-
tions are based on suitable scale factors which stretch the coordinates and reduce
the governing partial differential equations to ordinary ones., When confronted
with a complex problem, it is often quite useful to determine the exact solution
subject to restricted geometric conditions similar to those of the original prob-
lem. Boundary layer theory is rich in such an approach where most similarity solu-
tions are also one dimensional (Bird and colleagues, 1960; Cebeci and Smith, 1974;
Hansen, 1964; Hinze, 1975; Moore, 1964; Schlichting, 1968).

The reason for similarity and/or one dimensional modeling can be readily understood
by considering the conservation equations of fluid mechanics (Bird and colleagues,
1960; Cebici and Smith, 1974; Hinze, 1975; Schlichting, 1968; Zeleznik, 1976).

~ dpu
Contunity: %%-+ axi =0
i
dpu ot
i 3 i
Momentum: _EE— + EE; puiuj = é%i + 75{% + pgi
SpH, ) o 3p

Energy: St + 52; pujHO = 5;; (uiTij - qj) + St

State; P = P(p,H,xm)




where H =1+

These equations are difficult to solve without some simplifying assumptions, even
for potential flows., With added complexities, such as diabatic flows with real
fluid properties and severe gradients, tlie mass and energy fluxes, Tij and 4
respectively, boecome moust difficult to determine as BOTH Ty4 and qj are related
ond yet constrained by some boundary, Much of our information for these related
constraints L5 constructed from engineering data for the fluids water and air.
Still our knowledge is limited and we are forced to make simplifying assumptions.

Por the cases where tractable analytical and/or numerical treatments are availlable,
regardless of simplifications, we mugst have accurate, consistent thermophysical
property information to transform these selutions into physical reality. Sometimes
this information is limited or unavailable, yet the success of the entire trans-
formation depends on its accuracy, Sc we need to develop methods to predict
thermophysical properties and techniques te relate these results to an experiment-
al bouy of data for fluid o to a similar experiment with £luid p without essen-
tially reproducing the entire experiment.

Following van der Waals' principle of simillarity, many thermophysica® properties
for several specles scem to be correlated in the sense that one can introduce suit-
able scale factors in the dependent end independent variables so that properties

so reduced are congruent to some universal curve (l.e,, become universal). This
applies to normal as well as near critical behavior., Jut since flow and heat
transfer behavior depend on these properties, it seems reasonable to expect that
for similar geometric arrangements it should be possible tc describe flow and heat
transfs- in such a way as to be, more or less, congruent to gome universal curves.

In general then, one would like to develop solutions which are independent of BOTH
the physical nature of the coordinates and the thermodynamic character of the work-
ing £luid. As an attempt toward accomplishing this, we shall first review some
similarity principles for the thermophysical properties of fluilds in sectiom A,
with emphasis on the critical region in section B and cite some related computa-
tional programs in section C; second, we shall provide some examples of physical
processaes which have been related using similarity principles, in section D; and
third, in section E we uge these similarity principles to demonstrate that two-
phase choked flows for a simple fluid o can be computed using a simple fluid g
independent of the thermodynamic character of the other fluids o and A thereby
demonstrating the process independence of BOTH coordinates and working fluid; our
conclusions are summarized in section T.

A. THE PRINCIPLE OF SIMILARITY IN DESCRIBING
. THERMOPHYSICAL PROPERTIES OF FLUIDS

. Al. Background

Most engineering texts on thermodynamics treat the subject of corresponding states
to some degree for both single and multicomponent fluids, while some consgider a
possible formulation of corresponding states for transport properties., However,
the actual practice of predicting such fluid properties as a function of the
thermodynamic state variables requires a great deal of computing capability and
accurate PVTx, Jdata for developing fundamental equations. 1In this section, we
will mention some approaches.

3 e Rt Sy et e o R
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A2. Thermophysical Properties of One-Component Fluids

A2.1 Thermodynamic Propertics

As gn example of the traditionsl corresponding states methods, consider van der
Waals' equation of state describing £luid .,

RT a
P o= (4.1)
v-b v2
In reduced form it becomes,
7T TRQ 773 7 Zaz (4.2)
e' R b' e LAY
¢ R
where
1 1 2,0 JB ¢ oY g oI
Le=3i =g 0,6 = Yy v TR T, (4.3)

and in this form it not only describes fluid o but fluid @ as well. This ap~
proach is corrvect for any system of molecules whose potential can be specified by
two system-dependent parameters only,

Mollerup (1975 and 1977) _proposes to relate the properties of two pure substances
by the equations!:

2 (V,1) = 2 (,X 'g) (A.4)

VI
Gu(V,T) = Go(ﬁ’f) ~RT Inh {A.5)
where o denotes the reference fluid and the properties ave termed configurational

because they evalve from the configurational part of the partition function and are
conformal in that they have similar meolecular potentials and obey the principle of

corresponding states; for example, both are adequately described by a two parameter
Lennard-Jones Lype potential., The functions f u#nd h are dependent on the ratile
of the critical temperature and volume

/pc
=1%o h
pC
o
while & and ¢ are shape factor functions that depend on the accentric Factors

of fluld o and fluid o and that are weakly dependent on temperature and volume.
(See Leach, 1966, 1967; and Eqs. (E.5) and (E.6)).

(A.6)

It

< I <3

onlen
p=y

Mollerup (1978) has used the Ping-Robinseon equation to predict properties of the
quantum fluids hydrogen and helium using accentric factors of approximately -0.2187
and -0.3897 for hydrogen and helium respectively along with the extended corre-

INote that the related forms bacome

Ph, L ¥, - el I
Po T RS Vo n Po nh; To T



sponding states theory. Mollerup finds that the ghape factor can be represented

by
l+m + (m_~-m) "TR
8w [o4) ) 47 [+ A

1+ m,

(A7)

for quantun fluids, where m; 1s a quadratic function in accentric factor ;.
He has verified this representation at reduced temperatures up to Tp < 26 for hy-
drogen and Tgp < 40 for helium.

A2.2 Transport

Dimensional analysis? and corresponding states can be combined to determine sult-
able scale factors for transport coefficlents.

1, Viscosity data for many flulds can be grouped over & large range in experiment-
al conditions (Dean and Stiel, 1965; Jossi Stiel, and Thodos, 1962; Stiel and
Thodos, 1962) using the paramucers

—

(M - Ny o)y = £(Tp,pp) (A.8)
vhere
/8
£, % W (4.9)

ag illustrated in Fig. 1.

2, Thermal conductivity data were grouped using 2 similar parsmeter (Misic and
Thedos, 1961; Schaefer and Thodos, 1959)

—_ 5 .
where
Pch
£y =-M§,1 and Z = - (A.11)
c

3, Binary diffusion coefficients were grouped using the parameter (Stattery and
Bird, 1958)

31253 = f(TR,PR) (A.12)
where
p/ /2
f3 7 T 578 (4.13)
e

2pynamically similar processes based on the observation that physical laws are in-
dependent of the particular system of units employed.
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4, Surface tension data can be grouped with the parameter (Brock and Bird, 1955)
Us§4 = f(TR) (A.14)

where

TR e (A.15)

Hanley (1977) and Rainwater (1977) applied these configuration functions te thermal
conductivity and viscosity and proposed that the thermal conductivity and viscosity
of pure compondnts could be related as

A (RyT) = ko(ph,%) Fy (A.16)
N (P T) = no(ph,%)lv‘n (A.17)
where
1/2
Ho 2/3 My
F, = (*_f; t) h r, --(m) Fy (A.18)

The use of configurational functions £ and h along with an accurate reference
equation of state greatly enhances the users capability to accurately relate
thermophysical properties. It does however have the disadvantage of being more
complex and one needs to determine the configuration factors.

More recent representations of the viscosity surface (in terms of density virials
with temperature dependent coefficients) are given by Hanley, McCarty and Haynes
{1974a) using a corresponding states approach to correlate the results for sever-
al asimple fluids. The procedure is more accurate bul can not be applied to as

many different flulds as some more conventional prineciples which have been success-
fully applied not only to simple fluids but to long chain hydrocarbons and polar
molecules (Dean and Stiel, 1965; Jossi, Stiel, and Thodos, 1962; Stiel and Thedos,
1962) .

A3. Thermophysical Properties of Multicomponent Fluids (Fluld Mixtures)

A3.l Perfect Gases

Gordon and MeBride (1971), Zeleznik and Gordon (1968), and Svhela (1962) have
formulated a program which calculates the chemical equilibrium composition and mix-
ing properties of multicomponent fluide. The progrem can handle fuels and oxidants
constructed from 15 different chemical elements. There are some 600 different pro-
ducts of combustion whose data are gtored in the computer program, and any given

3using the related forms of Eq. (A.4)-footnote, we can relate traditional parame-
ters and the extended corresponding states parameters

i/2

- Mo /3 -1 _ _f
87 Fp & "'(EF' ) R 8 = 1273
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computation can handle any 200 of them. The program includes solid and liquid con-
densdd phases and ionization, Bittker and Scullin (1972) have a code for reaction
kinetiecs., These programs represent a major contribution to combustion computations
and are based on free encrgy functions. The thermodynamie and transport property
contributions of Kestin (1979) and collaborators in formulating accurate represen-
tations of the thermodynamic and transport properties of pure component fluids and
fluid mixtures are well known. Most recently they have developed s formula for

the transport properties of natural gas (Abe and Kestin, 1979).

Ad.2 Extended Principle~Multicomponent Fluids

A3.2.1 Thermodynamic Properties

Mollerup (1975, 1977, 1978) used an extended corresponding states principle to
correlate and predict properties of some fluid mixtures with considerable accuracy.
In this procedure, e reference substance is chosen, usually the most dominant of
the mixture with the most accurate PVT surface description,

=7 (VI
Zm(V,T,xa? - Zo(h’f) (A.19)
Ve
Gm(V,T,xu‘) Go(h’f) + RT Em X 1n X, " inh (A.20)

The form is similar to that for pure substances oxecept that we noed te account for
the energy of mixing and introduce some 'mixing rules' which for our case are van
der Waals' two component rules., While there are certainly other potentially appli-
cable verslons, these appear to be the simplest and most effective. We must now
redefine the functions £ and h:

b=y x xghog (A.21)
a B
=y Z %Ko a g (A.22)
a B
where

. 1/2

Fap = SapEanfap) (A.23)
3

hiis + h1/3

hap ™ Pap 2 (4.24)

and where E,n and @, g are binary interaction parameters. While the procedure
is complex, Mollerup has already determined many interaction parameters of practi-
cal interest, for LNG, and has written a computer program Lo predict these proper-
ties.



8

A3.2.2 Transport Propertics

Hanley and Rainwater (1977) applies these configuration functions and proposed
that thermal conductivity end viscosity of mixtures could be related in a manner

similar to pure components, Eqs. (A.16) and (A.17),

‘\(PJT:?‘Q') = Ko(ph,zf\) F?\

iy
‘](p’T;x&) = ’]O(Phsf) Fn

(A.25)

(A.26)

where £ and h are defined as above, but ¥, Fy are redefined.4 For the
thermal condustivity, Hanley proposed an expression based on the theory of Enskog

A A
xu.,O = Qu,, OGU.,O

LU - n
Xu.,O Qu.,OGa,,O

where

(bp)& [1‘1/3“13 (pc/P):)]
Qm,o =

(k)
(]
11 %
o,0 K| J
O
kD = -l 1.2 4 0.775 bpx

ph

3

U
K m o 0.8 + 0.761 bpX

Fay Fﬂ now can be written as

My 72 /3| n
=|{-2 213
FK"K%})/4 ]%m

n
T .-:-.,\L‘-'Eg'—l—o.]?
noMy A A
o, 0

{A.27)

(A.28)

{A.29)

(A.30)

(4.31)

(A.32)

(A.33)

(A.34)

brt should follow that Prandtl number could be related using these prineiples.,
Pr = mass diffusion/thermal diffusion = v/o (for const. properties, Pr= o, (n/A))

Pr(p,T)m = Pr(ph,T/f)o
or .
[Pr(p,T) - Pr(T)]m = (&Pr),



B, SIMILARITY OF THERMOPHYSICAL PROPERTIES OF FLUIBS
IN THE CRITICAL REGION

B.l Backpround

Many thermophysical properties exhibit anomaloug behavior in the vicinity of the
eritical point. TFor instance, the j;sothermal compressibility, the thermal expan-
slon coefficient and the apecific hcat of fluide all diverge at the critical point.
Critical enhancement effects are also encountered in the behavior of the thermal
conductivity and the viscosity near the eritical point,

It has always been difficult to formulate correlating equations that accurately in-
corporate the singular behavior of the various thermophysical propertiecs near the
critical point., MHowaver, in recent years considerable progress has been made in
the art of developing representative equations for the thermodynamic and transport
properties of fluids in the eritical region.

The ecritical point is a point of marginal thermodynamis stability, 1In the vielnity
of the critical point, large-scale dengity fluctuetions are present In the fluid.
The spatial extent of these fluctuations may be characterized by a coherence or
correlation length &, Near the critiecal point, thiz correlation length becomes
much larger than the intermolacular interaction range, One can imagine that the
erltical enhancement effects are caused by the static and dynamic behavior of a
system of clusters, Different states in the vicinity of the eritical point corre-
spond to different cluster sizes and the thermodynomic states can be interrelated
by scaling laws. Morcover, the properties of a system of clusters become indepen-
dent of the natuye of the individual molecules, This prineiple is currently known
as critical-point universality (A, Sengers and J. V. Senpers, 1977).

Recent developments have demonstrated that these principles become rigorously valid
only in an asymptotic small region around the critical point, a region too small to
be of interest in engineering applications, However, using some semi-empirical
adaptations, the approach can nevertheless be fruitfully used to formulate repre-
sentations that can be used i practice in a larger range around the critical

point (J. V. Sengers and J. M. H. Sengers, 1978). 1In this section we consider
these somewhat empirical generalizations of the principles of scaling and univer-
sality for representing thermophycical properties of fluids in the critical regicn,

B2. Thermophysical Properties

B2.]1 Power Laws

ILet F be the Helmholtz free energy, S the entropy, ¢ the chemical potential per
unit mass and C, the heat capacity at constant volume, We also find it conve-
nient to Iintroduce a symmebtrized isothermal compressibility defined as

Xp = (g'ﬁ,)T = o'y (8.1)

The thermodynamic propaerties arz made dimensionless by expressing them in terms of
the critical temperature Te; the critical density pas and the critical pressure
Pgs
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T* = /T, o* = p/p,, P* = B/P , F* = ¥/P V,
(B.2)

W= up /P, X = XTPc/pz, §% = ST /P V, C* = C T /P V

Note that the reduced extensive propertics F*, 8% and ©* are all taken per unit
volume rather thon unit mass, The reason s that the siugular part of the exten~
sive thermodynamlic proparties per unit volume appear bto be symmetric funetions
('7incent:ni-Missoni, Songers, and Green, 1969; J. M. H. Sangers, 1974) of (p - pe).
A8 a consequence, Xp 18 olso a symmetric function of p - pg, while the compress-
bility kp E p'l(apyaP)T is not {J. V. Sengers, 1973). We also define the re-
duced differences

AT* = (T - T T,
&* = (p - p ) p, (B.3)
o = [u(p,T) - H(p,T)]p /P,

To represent the singular themnodynamic behavior of fluids in the vicinity of the
critical polut, one first defines critical power lawe (Fisher, 1967). The expo-
nents of these power laws depend on the property considered and the path along
which the critical point is approached. The special paths in the AT* - Ap* plane
commonly cunsidered are the coexlstence curve or phase boundary (CXC), the eritical
isochore (CIC) &p = 0 and the eritical isotherm (CIT) AT* = 0, These paths are
schematicrlly indicated in Fig. 2. The critical power laws defined along these
pathg are summarized in Table I, The critical exponents of the different thermo-
dynamic properties are not indapendent. The sceling laws to be discussed below
imply the exponent relatlons

(B.4)

cx,-=2-13(6+1)}
= g6 - 1)

2.2 Scaling Laws

In order to formwulate scaling laws for the critical region, we introduce a scaling
variable x defined as

x = ar/| s |/ (B.5)

This scaling variable ig chosen such that the coexistence boundary corresponds to
a constant value of the gcaling varigble x;

- . = p-1/B
Xage = "Xgr Xy = B {B.6)
Instead of x, it is slightly more convenient to use the varilable
X + X,
y = (B.7)

*o
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Curves of constont y «re schematically indicated in Fig., 3, The coexistence
curve corresponds to y = 0, the critical isotherm to y = 1 and the critical 1so-
chore to y = x,

In the criticul reglon the thermodynamic properties are considered as a sum of two
types of contributions, wamely one type of contribution that represents the singu-
lor behavior at the critical point and sotisfies scaling lows and another type of
contribution that {: a regular or 'background" contribution., The scaled expres-
sions for a number of thermudynamic functions are summardzed in Table 2 (J. V.
Sengers and J, M, I, Sengers, 1978). Here the singular behavior of the thermo-
dynamic properties is expressed in terms of two scaling functions h(y) and a(y)
which are related by the differential equation (J. M. H. Sengers, Greer, and J., V,
Sengers, 1976)

y) =BG+ Daty) + (1 - y) 20 (5.8)

The function h(y) is normalized such that h(l) = 1,

As an example, we consider the scaling law for the chemical potential

e = % ot |8 to gy) (8.9)

Normally, the chemical potential 1s a function of two variables, density and tem-
perature. The sealing law (B.9) implies that when the data for A* are divided
by ép*|¢p*15'1, the data should collapse onto a single curve as a function of the
scaling variable y. 1In Fip. 4 we show such a scaled plot for steam (J. M. H.
Sengers, Greey, and J. V. Sengars, 1976),

To use the scaling laws in practire, one needs an explicit expression for the scal-
ing function h(y). An express’on proposed for this purpose is the so-called NBS-
or MiSG~equation (Sengers, Grear, and, Sengers, 1976; Sengers and Sengers, 1977;
Vincentini-Missoni, Sengers, and Green, 1969)

h(y) =y (—Y-—vlffE ) (8.10)
where E 18 a constant to be discussed below, The advanrvage of this expression

is that it enables one to calculate the compressibility X% directly as a funce
tion of density and temperature in the critical reglon, The disadvantage is that
it cannot be analytically integrated to yleld an explicit expression for a(y) and,
hence, for the pressure. This problem is solved by introducing two auxiliary
("parametric') variables, replacing the variables AT* and Ap®, For a discus-
slon of the parameétric equations for the thermodynamic properties in the critical
region, the reader is referred to a review published elsewhere (Sengers and
Sengers, 1978).

It follows from (B.5) and (B.9), that all critical exponents for the power laws in
Table 1 are related to the exponents [ and 6, These relations were earlier
given in (B.4)., The amplitudes B, I' and ' of the critical power laws for the
coexistence curve and the compressibility are related te D ond x5 by

3= % {(B.1la)
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%’ (r-1)/2p

rn—DE(l';E) (B.11b)
Bx .

Moa =2 14 gy (r-1)/28 (8. 11c)

2.3 Univeraality

The prineiple of universality asserts that the critical exponents and the scaling
function h(y) should be universal, that is, the same for all 3-dimensional systems
with short range forces. The unlversal values for the critical exponents of this
universality class have been calculated theoretically (Baker, Nickel, and Meiron,
1978; Guilleon and Zinn-Justin, 1977), The only system dependent constants in the
scaling laws are the coefficients D and x5, which specify the amplitude of the
critical isotherm and the coexlstence curve, respectively,

It turng out that the prineiple of universality in its strict sense applies in a
small region AT* < 104 near the critical point which 1s insignificantly small for
engineering applicutions (Sengers and Sengers, 1977)., However, an empirical exten-
slon of the rniversality prineciple as applied to flulds near the critical point is
obtained b in* voducing ¢ffective fluid exponents and an effective value for tle
constant .~ au (B,10) (Sengers, Qroer, and Sengers, 1976; Sengers and Sengers,
1976; Spngers and Sengers, 1978)

e = 0,100, p= 0,355, v = 1,19, 6 = 4,352, E = 0,287 (B.12)

As an 1llustration of this practical application of universality, we show in Fig., 5
scaled chemical potentin& data (Sengers, Grecr, and Sengers, 1976; Sengers and
Sengers, 1978) for Hc, He, Xe, C02 and HyO. The data can approximately be re-
presented by a single function of the scaling variable y = (x + %x5)/x,. The date
cover a range in temperature and density corresponding to

5x107% < [Ar*] < 3x1072, |ap*| < 0.25 (.13)

The principle of corresponding states would imply identical behavior when the
thermodynamic properties are reduced using the critical parameters Tg, pg; Per

The fluids included in Fig. 5 dn not satisfy corresponding states, However, the
universality hypothesis is a generalization ef correspoanding states, saying that
universel cvitical behavior is obtained using only two additional constants, D and
%g, besldes the eritical parameters themselves. In Table 3, taken from an ear-
lier review (Sengers and Sengers, 1978), we have listed these parameters for a
large number of fluids.

The principle of universality applies to the compressibility X¥ and to the singu-
lar contributions of the other thermodynamic properties (see Tagle It may be
noted that (3P/dT), is finlte at the critical point, while the compressibility

W7 divergss strongly, It has been found in some practical applications that al-
ready a significant {improvement is obtained if Xp 1¢ calculated from the scaling
laws even if the equation of gtate and, hence (BP/aT)p are represented by more
conventionul equations,
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3, Correlatlion Tounpth

An important quantity in the criticpl region is the correlation length £ which
measures the gize of the clusters, In practice this correlation length may be
estimated from (Sengers and Sengars, 1978)

= g (7YY (.14)

where [ 1is given by (B.llb). The critical exponent v for the correlation
length iz related to the thermodynomic exponents § and ¥ by the hyperscaling
relation

ve (28 +7)/3 (B. 15)
Using the valtes adepted in (B.12) one finds ¥ = 0.633., The scale factor £, for

the correlation length can be related to the critical power amplitudes B and T
by (Sengers and Sengers, 1978) .

go(nzyc /rknw:c)w

where Ry is a universal constant whose value {s approximately equal to 0.7.
Values of the correlation length scale factor &, for a number of fluids are also
included in Table 3,

4, Transport Properties

4,1 Thermal Conductivity

The thermal conductivity of fluids shows a pronounced critical enhancement In a
large range of temperatures and densities around the critical point (Senpers, 1972,
1973)., To u2evart for this behavior the total thermal conductivity A 1is decom-
posed as the sum of a normal part A and a critical part OA

A= X+ AN (8.17)

The idea is that the normal part =R+ Ay,0 represents the thermal conductivity
without the extra contributions due to the critical fluctuations, This part,
therefore, can be represented by customary correlating procedures, section sec-
tion A.

The theory of dynamical critical phenomena predicts that the critical enhancement
AN will diverge asymptotically at the critical point as (Hohenberg and Halperin,
1967; Kawasaki, 1970; Sengers, 1%73)

A kBT Ak P T“ (aP* 2 "
A7\-¢A7\c 61r1]§ p2 (GT> XT = 61qu *2 BT*)p XT (B.18)

where kp 1is Boltzmanm's constant, 7| the shear viscosity and A a universal
constant of order unity, Values predicted theoretically for this constant A span
the range 1.0 S A< 1.2,

An empirical generalization of (B.18) to cover the entire range of temperatures and
densities of the thermal conductivity enhancement, is obtained by writing (Hanley,
McCarty, and Sengers, 1974; Hanley, Sengers, and Ely, 1976),
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AN = D\ £ [T, 00| (B.19)

where 2\, 1s given by (B.18) and where £(AT*,A0%) {s an cmpirical damping func-
tion guch that

1im £, (AT*,00%) = 1
A0, Ap*0 L

and

lim £ (AT, 80%) = 0
T* Ap'k - 1

An exsmple of a suitable damping function 1s (Hanley, McCerty, and Sengers, 1974;
Hanley, Sengers, and Ely, 1976)

£, (AT*,00%) = exp {- [CT(AT*)z + cp(a@*)a]} (B.20)

with ep = 18,66 and Cp = 4.25. Equations of the type given in (B.19) have been
used to represent the thermal conductivity of a variety of fluids (Hanley and
colleagues, 1974a, 1974b, 1976, 1977a, 1977b) including steam (Basu and Sengers,
1979).

4,2 Viscosity

Theory predicts that the shear viscosity 1 of flulds also diverges at the criti-
cal polnt (Hcohenberg and Halperin, 1967; Ohta and Kawasaki, 1976; Perl and Terrell,
1972). Hence, we write in analopgy to (B.17)

n =1+ 4o (B.21)

where n = n + 19,0 is the normal viscosity and An the eritical viscosity en-
hancement, It tufns out that the critical viscosity enhancement is & multiplica-
tive enhancement, that is, An is itself proportional to % (Ohta, 1977). _There~
fore, in practice, we prefer to consider the viscosity ratio An/f or n/n {Basu
and Sengers, 1979),

Unlike the critical thermal conductivity enhancement, the critical viscosity en-
hancement is weak and limited to a small range of temperatures and densities around
the critical point (Basu and Sengers, 1979). Hence, the enhancement may be ne-
glected for many applications as vas done in the viscosity equation recently
adopted by IAPS for steam (Hendricks, McClintock, and Silvestri, 1577; Nagashima,
1977; Schleffer and colleagues, 1378),

A more detailed discussion of the critical wviscosity enhancement of filuids near the
gas-liquid critical peint is presented elsewhere (Basu and Sengers, 1979; Basu,
Sengers, and Watson, unpublished). It can be estimated as

=M% for qE>1
(B.22)

~

n=1 for q;6 <1

where ¢] 1s a universal ecritical exponent and q; a parameter depending on the
fluid. The effect of the critical enhancement is small and accurate knowledge of
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1 and q is not needed for practical applications. As a guide we recommended
an effective exponent value (Basu and Sengers, 1979)

9, = 8/157% = 0.054 (8.23)

while the parameter q; may be estimated from (Basu and Sengers, 1979; Oxtoby and
Gelbart, 1974)

2
.- kT (gg)zx_rﬁknpci(gg’;)z 5.26)
P rie? I T a2 O,

while, as "a rule of thumb," (BP"‘/BT“’)p = 6, see Eq. (D.4).

C. NUMERICAL PLOTTING CODES

Before proceding, we must caution the reuder the. accurate representaiions of the
PYT sgurfeces are a requi.ement, for a meaningfil transformation of any sslution
to physical reality.

Equations of state (EOS) arve available from NBS, IUPAGC, HTFS, NAGA, Tech. Univ,
Munich, ete, and mixtures from Mollerup Tech., Unlv, of Denmark, AGA, NBS, NASA and
the Petro Chem. Ind., API.”

With the advent of the computer and plotting programs, such as those developed by
Trivisonno and Hendricks (1977), and the thermophysical properties routines for
saveral fluids (Hendricks and colleagues, 1973, 1975), or any of those supplied
from the organizations list above, thermophysical properties may be accurately and
quickly compared on such complex charts as T-8, H-§, H~P, F-T, G-T, etc., see

Fig, 6. These charts, which are useful in cycle analysis, elso serve to rapidly
assess descriptions of the PVT surface and its derivatives which, in turn, can
establish corresponding states reduction parametery as required, The recent work
of Mollerup extends the input parameter options of his mixtures program to (P, @,
*y) where @ =T, V, H, § and (H, S5, xq).

D. EXAMPLES OF THERMOPHYSICAL PROPERTIES RELATED
TO DYNAMIC PROCESSES

Dl, Thermophysical Properties

Dl.1 A clasgilc example of a thermodynardc property related to a dynamic process is
sonic veloecity., The dynamic wave motion is described completely and entirely by
curvature of the PVT surface representing the fluld through which the wave is

passing.
2 _ /9P
Q2 = (—ap)s (0.1)

Thus sonic velocity is fixed by state and not process. This concept is modified
samewhat at high frequencies.

5NBS -~ Galthersburg, MD and Boulder, CO; IUPAC - Imperial College, London; HTFS -
AERE Harwell, England; NASA - COMSIC U. of Georgila, Athens, GA; AGA - Arlington,
VA; API - Washington, D.C.

.
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D1.2 Joule-Thomson coefficlents are also thermodynamic properties which are related
to an expansion procegs, For an isenthalpic expansion,

ar 1 T@_Q
My “(‘éﬁ)u“r?é'; E(.gz) -t ®.2)
P/

D1.3 Hendricks, Baron, and Peller (1972) demonstrated that for engineeiing purposes
the reduced Joule~Thomson coefficient, see Flg: 7, was useful in grouping results
for various simple fluids

Hy
p'oR = “o,c (D.3)
where
-1 T
oP ~
Ho,e © [(BT)] 67 _ (D.4)
a (evT)

Figure 7 1llustrates a reduced Joule-Thompson coefficient plot.

Dl.4 Leinhard and Keriml (1977) and Alamgir applied the corresponding states prine
ciple to van der Waals spinodal locus (Leinhard and Karimi, 1977} and surface ten-
slon (Leinhard and Alamglr) for several fluids, see Fig. 8.

Dl.5 Simoneau and Hendricks (1977) used the principle to extend the caleulations
for equilibrium fluid properties into the metastable regions to the equivalent van
der Waals minimum pressure locus or vapor spinodal, for use in two phase choked
flow computations, see Fig. 9.

Dl.6 Parameters such as (& In p/awj) = By where ¢ = T, H, E, A, or can be re-
duced to a single plot of sufficleiit accuracy for most heat transfer calculations.
This has been demonstrated by Hendrickes (1979). Figure 10 represents a reduced
volumetric expansion factor plot pp = Bll(ZcTc)'l. These few examples serve to
illustrate some of the principles of similarity.

D2. Heat and Mass Transfer Processes Related through the Principle

D.2.1 Choked Flows

Hendricks (1973, 1974) has shown that two~phase choked flow rates of several simple
fluids can be grouped using the reduced mass flux (see Fig. 1l(a))

W
I\_TR = {D.5)

a

where

61t should follow that from Eq. (A.4)-footnote the extended corresponding states
relation is;

2/3

Um(p’T) = Uo(ph,T/f}(f/h )
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) ﬁ:;; 1 Classical Fluids
W* = > ¥ = : (D.6)
c f(TR) Quantum Fluids

also in good agreement are the reduced pressure profiles of Fig. 11(b) where the
ordinate represents the ratio of the nozzle throat pressure to that of an isentro-
plc gas expansion, '

The parameter W has been useful in grouping and predicting mass flux for sever-
al geometries in addition to multiple fluids, see Simoneau and Hendricks (1979).

Hendricks (1979a, 1979b) and Poolos (1979) have used this normalization procedure
to group data for free jet flows through tubes with Borda and sharp edge inlets.
Por (Hendricks and Pouolos, 1979) the tube was short, L/D = 2, but four inlet geom=
etries were used; eircular, square, rectangular and triangulay.

More recéntly, Hendricks (1979c) has shown that for gases flowing through a simu-
lated shaft seal configuration, a modified form

e VTpo .
P

Re

(0.7)

reduces to a universal curve for simple gases; for this simulated shaft seal geome-
try, ¢ 1is nearly constant at 0,16, For a nozzle, ¢ = 1/5,

In convergent tapered passages, the mass flux rate is reduced using the area Kl

A er)/3 (D.8)
(0.9)

With this modification, the above relations are valid for convergent tapered pas-
sages as well,

D2,2 Heat Transfer

Hendricks (1977) has shown that there is good evidence that the transposed critical
Lemperature, T? used in near critical heat transfer problems, can be related

through the corresponding states principles,

7A more general form is:

¥ g
Wa = Wo‘/f/h

and for the ideal gase case,

kt-1/k-1)
wz = ki 2 ¢
a Const. R (k + l)

where k 1s the isertropic expansion cocefficient.

BTT represents the loeil of maximum specific heats.
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The transposed critical temperature locus T¥ has been used by several investiga-
tors to classlfy heat transfer data where behavior was more éus like T > Tf or
more liquid like T < Tf and processes which crossed the TY locus could possess
elther a maximum or a minimum heat transport. This phenomenon is more fully dis-
cussed by Hendricks and colleagues (1962, 1966, 1970). The point is, thnt T? ap-
paars to he a corresponding states parameter, some heat transfer data can be clas-
sified using this criteria and consequently the grouping of heat transfer and hy-
drodynamic data in this manner could also follow a similarity prineiple.

Two component models are commonly used to represent heat transfer and hydrodynamic
data where distinct phase transitions occur (e.g., liquid-vapor). However, two
component models are also used to represent Hel and HeIl transitions below the
temperature (Lee and colleagues, 1978), and in grouping data of classical fluids
in the suberitical and supercritical pressure states (Hendricks and colleagues,
1962, 1970), Similarities in wall temperature profiles and flow stability between
the suberitical and supercritical pressure heat transfer data for forced convec-
tion and the wall temperature-heat flux profiles and stability in "pool boiling"
have been noted by several investigators (Graham, Hendricks, and Ehlers, 1964;
Hendricks and colleagues, 1962; Sabersky and Hauptmann, 1967).

DZ.2.2 Subcritical Convection

Hendricks and Papell (1977) used the principle to group forced convection sub-
cooled nucleate bolling data for neon, nitrogen and water, The reduced tempera-
ture difference was expressed as

[{\]
(z, - & 4P
c 4) 1/4 R
AER R — qR/ eXp |- T ot (D.10)
(2. - %
where
- %
9 q/qR (D.11)
w= ~1 ~ log Pv (D.12)
TR=D.7
and
" 2 1/4
q = 0.16 hfg (gcr pg pfg) {D.13)

1s the Kutateladze expression for critical heat flux

D2.2.3 Volumetric Expansion

Yaskin and cclleagues (1977) used the wvolumetyic expansion parameter in the form
of (1 + By A1) in successfully grouping heat transfer data for fluid helium in-
cluding the near eritiesl reglon. A similaxr parameter [1 + | (@ 1n p)/ (3H)|p 4]
was uged by Hendricks (1377), to group £luild njtrogen and fluld oxygen data. How-
aver 1t did net group the data us well as the work of Yaskin and colleagues (1977).
Here AT = Ty, - Tg and M = H, - lg.
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Hendricks (1977) showed that heat transfer data for fluids nitrogen and oxygen
were qualitatively reisted using the principle; however, nssessment of the effects
of buoyancy, relative velocity parameters, ete, which also grouped these data,
must be made before the simulation can be made quantitative.

It was shown by Simoneau and Hendricks (1964), that for gases, the heat transfer
coefficlent can be written

008 '0-2
ht cG d \/TB7Tw (b.14)
and it can be shown that for an ideal gas
1/2
[+ 8y - 1] ™% = VETT (-15)

(Note: € related to M.) This work was reviewed (Hendricks, 1979d), and many
sets of heat transfer data can be grouped using volumetric expansion parameters
f and the reduced Nusselt number Nup, see Fig. 12:

Nuexg -m 1
Nup = oo ~ ¥, m 3 (D.16)
cale
where
0.8 _ 0.4
Nucalc = 0,023 Re Pr (.17)
T o=
Fk L+ g g =1+ @ - mn)k no sum on k (D.18)
- -(8.1lnp
<y
and
o : w2 Z ’ ot (p.20)
) Py = % " M

Usling the Gibbs energy parameter ¢, the data group well indicating that if the
process were constructed using Gibbs potential, a better understanding would ensue.
Recall that the scaled equation of state in the eritical reglon is based on chemi-
cal potential vhich reduces to Gibbs potential for pure fluids.

The coefficient, Bk, has been shown (D1.6), to obey the principle of corresponding

states; for k=1 the normalizing parameter (ZCTC) , as noted before, is suit-
able for engineering calculations.

D2.2.4 Volumetric Expansion and Density Fluctuatilons

Hendricks and colleagues (1979) have demonstrated that the parameter p; is re-
lated to density fluetuations and in turn to turbulent flows with substaatial tem-
perature and or pressure gradients. Further, the fluctuation components are re-
lated through the equations of state where the density can be written
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--‘%nazn + kP o+ ok (D.21)

‘here the ”primed” terms vepresent the fluctuucing tenny, Introducing fluctuation
density (p =5 +p'), pressure (P = P + P'), enthalpy (H = § + '), and velocity
(u =T+ u') into the conservation equations cited in the INTRODUCTION, the turbu-
lent momentum and energy transport, for developed pipe flow, were written
(Hendricks and colleagues, 1979),

“T, = 3 a4 v pru’ + ptu'v! (D.22)

~q, = PVEH + VOl +pVH (D.23)

At very small temperature differences, the conveective heat transfer is enhanced and
it follows that the Rayleigh number would be an important pavameter

3
g8 pcpﬁam d vak

See for example (Hendricks, Simoneau, and Smith, 1970) and the careful work of
irie and colleagues (1978), which sould follow more clescly the scaling laws; com-
pare also the work of Lee and colleagues (1978) and Klipping,

E. POSSIBLE GENERALIZATIONS

El. Background

The usefulness of tha similarity principles in grouping results for processes with
heat and momentum transport has been demonstrated in the previous sections. The
fact that the results obtained with cryogenic fluilds can also be applied to a wide-
ly different fluld such as water is extremely useful,

Following the extended corresponding states principles of sections A and B, in this
section we propose to "gcale' fluilds as

P = Pli/ £; Ny = nFn; T, = T/ E; Ao = AFA; VO = Vi

and transform thermophysical properties as
T, £,0,0,F ,Fean)o0
)?”nik

such that solutions of the fundamental equations of motion could be transformed in-
dependent of fluid characteristics.?

9To assign a characteristic length common to both molecular and continuum mechan-
ies, Lt will be necessary to separate the effects of h, Ty, ‘ﬂ (Egs. (A.4)-
(A.16-17). 'Then perhaps one could assign

by = Lo(Ea /26) Y

however the assessment of I, 15 difficult as transport property measurements
themselves represent solutions of the conservatlion equations and the character
of wg must be such as to give T, independent of cluster size where appropri-
ate; its definition is beyond the scope of this paper.



i

21

E2. Calculation of Critical Mass Flux Using the Generalized Transform

The thermophysical properti:s program of Hendyicks and colleagues (1975), which
was based on the work of Bi¢nder (1970), was used to both compute the preperties of
the reference fluid and the wecessary constants for the transform. The analytical
program used by Simoneau and Hendricks (1979) was adapted te calculate the flow
rates and pressure raties for two phasc choked flow through a nozzle,l0 The pres-
sure and temperature of the working fluid were converted to the preassure and tem-
perature of the reference fluid; computations then proceeded as usual for a single
coponent reference fluid,

The convevrsion of pressure and temperature follows

P = P T = 7 (E,3)
RG‘.. RO RG'.. RO
LG
P =P -&—U‘E T = £f (E.4)
o o e h o 0 )
0
where
[
N po T,
h==-2L20¢ £=-<0 (E.5)
Mo, p¢ °
=) o
o= 1+ (@ - cno)[bl(vn = by) = by(Vp - b,) In TR] (E.6)
0=1+ (@ - a.\o)[al - a, In Ty + (ag = a,/T) (Y - as)] (E.7)

The values of ¢ and © were adopted from McCarty (1977),

Some calculated reduced critical mass flux values are given in Table 4 for oxygen
or nitrogen flowing through s nozzle. The computed values of reduced mass flux are
in good agreement, as can be seen in Tables 5 and 6 which were constructed using
the various reference fluids methane, niltrogen, oxygen, The calculated values are
compared to the experimental data, Fig. 12, of Hendricks, Simoneau, and Barrows
(1976) in Figs. 13 to 19, In general the nitrogen and oxygen data points are in
excellent agreement, Independent of the working fluld, providing they are normal-
ized (Hendricks, Simoneasu, and Barrows, 1976), see Fig. 12. The theoretical calcu-
lations are for the most part, in good agreement independent of the working fluid
and the reference fluid used to calculate the results. The agreement between oxy-
gen dsata and theory using oxygen properties is in general quite good for this com-
plex flow and the game comment can be made for nitrogen.

These results lend credence to the similarity principles delineated earlier and in

part substantiate thelr valldity. The work for the thermophysical properties peo-

ple 1s extensive as application of the similarity principles requires accurate data
bases for classes of fluids, 1In £luld mechanics and heat transfer accurate defini-
tive experiments will be required.

10The homogeneous equilibrium fluid model of the nozzle with no slip between phases

was chosen because of its relative simplicity and agreement with experimental
results,



22

¥, SUMMARY

The principle of similarity as applied to thermophysical prapertics with emphasis
on the criticsl region and fluld mechanics, has been reviewed and shown, qualita-
kively, to group the experimental results of several physical processes, Using
these principlas, it ils proposed that solutions can be developed which are indepen-
dent of BOTH the flufd characteristics osnd the physical nature of the coordinates.
To illustrate this proposal, two phase choked flow of fluld o was computed using
fluld p where o and P were either methane, nitrogen or oxygen; the rvesults
are in good agreement with extensive oxygen and nitrogen data,

SYMBOLS
Al area
“’b’ai’bi’na’nb’m conatants
B scaling parameter, Bq. (B.6)
Op speclfic heat, constant presgure
Gv specific heat, constant volume
c constant
¢, gpeed of sound
cT,cp coefficients of temperature and density difference terms,
Eq. (8.,20)
D diffusion coefficient
D,E constants, Eqs. (B.9), (B.10), and (B.12)
d diameter
F free energy, Helmholtz
Fy scale function for thermal conductivity
FTl scale function for viscosity
£ scale function, fluid a to reference fluid
ff friction factor
fl bounding function, Eq. (B.19)
Gm configurational Gibbs free energy; mixture
G0 configurational Gibbs free enetgy, reference f£luid
Gm configurational Gibbs free enerpy, fluid o«
G Gibbs free energy

scale parameter, Eqs. (A.30), (A.27), and (A.28)
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body force

statle enthalpy

totnl entholpy

scale funetion, fluid o to reference fluid
heat transfer coefficlent

scaling function, Eq. (B.8)

isentrople expansion coefficilent

Boltzman's constant

igsothewmal compressibility

molecular weight

mass flow rate

Prandtl number

pressure

scale parameter, Eq. (A.29)

heat flax

reference heat flux, Kutateiadze, Eq. (D,13)
fluid scale parametexr, Eq. (B.22)

gas constant

entropy

temperature

transposed critical temperature (pseudo eritical tem-
perature)

time

reference time

velocity components
specilfic volume

mass f£lux

flow normalizing parameter
coordinate scale

scaling varlable, Eq. (B.3) .
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X, moie fraction
y scaling parometer, Eq, (B.7)
Z = PY/RT compressibility
GREEK
AA! amplitude of power law relation for apecific heat
@, 3,Y,0 scaling law parvameters, Eqs. (B.4) and B,12)
pj volumetric or energy expansion cocfficlent
r scaling parameter, Eq. (B.1l1b)
Al scaling pavameter, Eq. (B.llc)
1 viscosity
e shape factor
K Enskog parameter, Eqs. (A.33) and (A.34)
A numerical level constant, Eq. (B.19)
A thermal conductivity
%1 Hel - Hell transition locus
M chemical potential
o Joule-Thomson coefficient
v critical exponent, Eq. (B.l4)
v, dynamic viscosity
3 correlation length, Eq. (B,14)
é 3 viscosity normalization parameter, Eq. (A.5)
é 52 thermal conductivity aormalization parameter, Eq. (A.7)
é §3 diffusion normalization parameter, Eq. (A.9)
, §4 surface tension normalization parameter, Eq, (A.ll)
gm,ﬁ binary interaction parameter
o] density
L surface tension
T shear force

@ shape factor
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Subscripts:
B

Cic
CIT

CXC

0,0

o

o,B

oo, BB
Supersceripts:

c

property parameter, Eqs, (D.19) and (E.2)

binary interaction parameter

constant, Eq, (B.23)

scale parameter, Eqs. (A.27), (A.2B), and (A.33)
symmetrized isothermal compressibilitcy

correctior parameter, Eq, (D.6)

volumetric or encrgy expansion parameter, Eq. (D,17)

accentric factor, Eq. (D.12)

bulk

eritical isochore
critical isotherm
coexlstonee curve
eritiecal

mixture

reference fluid
reduced

throat of nozzle
wall
"zero~dengity" reference state
working fluid
binary interaction

pure component interactions

critical

average

background or "normal conditions"
fluctuating

normalized

25
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TABLE 1 Critical Power Laws

Property Path Power law

cy/™ cic, at* >0 Ajar*|™

cy/1* cic, at* <0 A'|art|™®
2o exe B|ar*| P
e cic, at* >0 rjar*|’’
S CXC r jar*|""
Lu* cIT sp|ap*|®

TABLE 2 Scalel Expressions for Thermodynamic Functions?t

Chemical potential
W* e eh, ) + %)% Ton(y)
Compressibility

L= 5% ofoney) + 4 a1 -y B

Helmholtz free energy density

F* = AR+ MR + 180%™ acy)
Entropy density
dA (1*) du* (0%, )
- * % (1-a)/p D da(y)
’ il el Lo x,  dy
Heat capacity
* R a2k (o *
L S TETD | xga/e D dlag)
w2 " *2 |ae*| 2 2
dT dT X, dy

Pressure

P* = A% () + D{@*[&:*!"'Lh(y) + 125%™ ey - -(y)]}

1'A;('I"") and u*(p:,T*) are analytic functions of T*; D: P



TABLE 3 Critical Region Parameters for a Number of Fluids Assuming

Effective Universal Exponents

,Pc' pc.3 Tc. xo D torlﬂlo,

MP& kg/m K m
3He 0.11678 41.45 3.3099 0.489 3.16 2,7
4“0 .22742 69.6 5.1895 . 369 2.86 2.2
Ar 4.865 535. 150.725 .183 2,43 1.6
Kr 5.4931 908, 209.286 .183 2.43 1:7
Xe 5.8400 1110, 289.73%4 .183 2.43 1.9
p-Hz 1.285 31.39 32.935 .260 2.50 1.9
H2 3.398 313.9 126.24 .164 2.32 1.6
0, 5.043 1136.2 154 .580 .183 2,36 1.6
Hy0 22,06 322.2 647 .13 .100 1.28 1.3
D,0 21.66 357. 643.89 .100 1.28 1.3
CO2 13753 467.8 304.127 141 2.16 1.6
NH , 11.303 235. 405 .4 . 109 1.47 1.4
SF 3.7605 730, 318.687 172 3.06 2.0
CH, 4,595 162.7 190.555 . 164 2,17 Lot
CZ“& 5.0390 215. 282.344 .168 232 1.9
CZH6 4.8718 206.5 305.33 . 147 2.17 1.8
C3H8 4,247 221. 369.82 .137 1.96 2.0
Notes: a = 0.100, g = 0.355, v = 1.190, & = 4.352, v = 0,633,

E = 0.287.
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TABLE 4 Comparison of Reduced Critical Mass Flux using the General

ransform Data from Reference

T, P, Reference fluid Working fluid “I “I
K MPa CH, N 0; N, 0p cale exp
9% .6 492. x x 1.302 1.22
x 1.34
x x 1.324
109.2 492. x x 1.109 1.05
X x 115
x x 1.133
119.1 492, x x .922 883
X X .953
® x .852 (eat)
139.3 492, x x . 385 . 383
x x 407
’ % x 400
114.9 7.01 x X 1.288 1.22
X x 1.324
X x 1.309
134.1 7.01 x X 1.083 1.02
x X 1.123
x x 1.106
145.8 7.01 x X .898 .B55
X X .930
X .835 (sat)
169.8 7.11 X X 33 .368
x X . 395
X X .389
224.6 .1 x x .245 .230
x x .256
X X 251
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Fig. 1. Relationship between the residual viscosity
modulus (7 - ng o)t and reduced density pp

for normally behaving substances, Jossi, Stiel,

and Thodos

(1962),



CRITICAL PONT

Fig. 2. Special paths in the AT" versus Ap® plane for the definition
of critical power laws,

Fig. 3. Curves of constant y in the AT® - Ap® plane,
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Fig. 4 Scaled chemical potential data for steam as a
function of y « (x + nollu, Reduction param-
eters are taken from Table 111,
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