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Abstract—We formulate a complete system of equations of two-phase multicomponent mechanics including
the relative motion of the phases, coagulation processes, phase transitions, chemical reactions, and radiation in
terms of the problem of reconstructing the evolution of the protoplanetary gas—dust cloud that surrounded the
proto-Sun at an early stage of its existence. These equations are intended for schematized formulations and
numerical solutions of special model problems on mutually consistent modeling of the structure, dynamics,
thermal regime, and chemical composition of the circumsolar disk at various stages of its evolution, in partic-
ular, the developed turbulent motions of a coagulating gas suspension that lead to the formation of a dust sub-
disk, its gravitational instability, and the subsequent formation and growth of planetesimals. To phenomenolog-
ically describe the turbulent flows of disk material, we perform a Favre probability-theoretical averaging of the
stochastic equations of heterogeneous mechanics and derive defining relations for the turbulent flows of inter-
phase diffusion and heat as well as for the “relative” and Reynolds stress tensors needed to close the equations
of mean motion. Particular attention is given to studying the influence of the inertial effects of dust particles on
the properties of turbulence in the disk, in particular, on the additional generation of turbulent energy by large
particles near the equatorial plane of the proto-Sun. We develop a semiempirical method of modeling the coef-
ficient of turbulent viscosity in a two-phase disk medium by taking into account the inverse effects of the trans-
fer of a dispersed phase (or heat) on the growth of turbulence to model the vertically nonuniform thermohydro-
dynamic structure of the subdisk and its atmosphere. We analyze the possible “regime of limiting saturation”
of the subdisk atmosphere by fine dust particles that is responsible for the intensification of various coagulation
mechanisms in a turbulized medium. For steady motion when solid particles settle to the midplane of the disk
under gravity, we analyze the parametric method of moments for solving the Smoluchowski integro-differential
coagulation equation for the particle size distribution function. This method is based on the fact that the sought-

for distribution function a priori belongs to a certain parametric class of distributions.
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INTRODUCTION

The material of a protoplanetary gas—dust cloud is a
complex multiphase medium with regions of various
densities, temperatures, and degrees of ionization. This
material, generally a dust plasma, is magnetized and is
in a state of strong turbulization. Understanding the
evolution of a protoplanetary cloud is a necessary pre-
requisite for solving the question about the formation of
the Earth and planets, a question intimately related to
the fundamental problem of cosmogony whose solution
is presently the biggest problem of science (see
Schmidt, 1957; Safronov, 1982; Galimov, 2001). The
planets are currently believed to be formed after the
dust subdisk produced through the differential rotation
of turbulized protoplanetary material in an orbit around
a solar-type star and accretion when dust settles to the

midplane of the disk! perpendicular to the rotation axis
loses its gravitational stability (Toomre, 1964;
Safronov, 1969, 1982; Goldreich and Ward, 1973; Nak-
agawa et al., 1986; Makalkin, 1994; Youdin and Shu,
2002). It is now clear that the Solar planetary system
was formed from the subdisk material through the for-
mation of discrete compaction centers and their subse-

! The flattening of a rotating protoplanetary cloud results from the
confrontation between two main dynamical forces, the gravita-
tional and centrifugal ones. When there is an equilibrium between
these forces, weaker factors, such as the thermal and viscous pro-
cesses, the disk self-gravity, and the electromagnetic phenomena,
become important for the evolution of the cloud. Due to the vis-
cous forces of friction (arising from the relative shear of gas-sus-
pension elements during their orbital motion), the disk material
drifts toward the proto-Sun along a flat spiral trajectory as its
angular momentum is transferred outward, from the inner disk
regions to the outer ones.
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quent growth (see, e.g., Safronov, 1982, 1987). It is
important to emphasize that one of the key viewpoints
in astrophysics regarding the origin and structure of cir-
cumstellar gas—dust accretion disks of any type is their
turbulent nature (Zel’dovich, 1981; Fridman, 1989;
Dubrulle, 1993; Balbus and Hawley, 1998; Richard and
Zahn, 1999; Bisnovatyi-Kogan and Lovelace, 2001).

Therefore, adequate numerical simulations of the
evolution of the protoplanetary cloud that surrounded
the Sun at an early stage of its existence generally
require taking into account the dynamical processes of
the interaction between turbulized gas and dust, in par-
ticular, the modification of the carrier-phase turbulence
energy by solid particles (i.e., the inverse effect of the
dust component on the turbulent and thermal regimes of
the disk gas component) and the influence of turbulence
on the rates of phase transitions (evaporation and con-
densation in the cooling disk), on the jumplike dis-
perse-particle accumulation processes (coagulation and
fragmentation when particles mutually collide with one
another in a flow), and, finally, on the settling of solid
particles through the gas to the midplane of the disk,
where they form a flattened dust layer (subdisk). In
general, fine solid particles (a relatively low-inertia gas-
suspension component) have a laminarizing effect on a
two-phase turbulent flow (via the growth of additional
dissipation), while coarse particles enhance the genera-
tion of pulsational energy via the formation of a vortex
wake. It should be noted that the dust phase may be dis-
regarded only at the initial evolutionary stage of the
cosmic system under consideration when almost all of
the prlmordlal (interstellar) solid particles have already
evaporated At later evolutionary stages of the pro-
toplanetary cloud, as the disk cooled down, the dust
particles condensed, their sizes increased (mainly
through coagulation), and the gas dissipated from the
disk system into interstellar space, the dynamical, ener-
getic, and optical roles of the dust component increased
significantly. In this case, when the disk medium is
modeled, it is important to take into account the influ-
ence of dust on the flow turbulence, which is generally
ambiguous and strongly depends on the volume content
(concentration) and inertia of the solid particles. In par-
ticular, such effects of the dust component on the disk
turbulence as the turbulent “diffusion” transfer of the
disperse component attributable to the spatial nonuni-
formity of the dust particle distribution in the disk, the
generation of additional turbulent disturbances via the
collective effects related to interparticle collisions
between solid particles (Shraiber et al., 1980), the for-
mation of vortex structures behind the streamlined
large particles during the separation of the carrier gas

2 Being constituents of the protoplanetary disk, the dust particles
either evaporated when they fell into its inner high-temperature
region or were preserved partially (or completely) in farther
(from the Sun) and, hence, colder regions.

flow, and the combined effect of these two flow turbuli-
zation mechanisms etc. become important at certain
evolutionary stages of a heterogeneous mixture. In
addition, the very presence of a polydisperse admixture
in a turbulent flow complicates significantly the disk
hydrodynamics, contributing to the realization of addi-
tional cosmic flow regimes. In particular, an increase in
the concentration of solid particles in a heterogeneous
flow related to the dust settling to the midplane of the
disk under the vertical gravity of the proto-Sun leads to
an additional local enhancement of the generation of
turbulent flow energy attributable to the growth of the
transverse relative phase velocity gradient near the mid-
plane, i.e., to flow returbulization (cf. Goldreich and
Ward, 1973).

In addition, the efficiency of the accretion mecha-
nisms in a protoplanetary cloud (particularly at the sub-
disk formation stage) also depends significantly on the
intensity of its turbulization; turbulence can have a
completely unexpected effect on the particle coagula-
tion in various situations, but it probably always con-
tributes to the coagulation (Voloshchuk and Sedunov,
1975). Thus, for example, if the internal Kolmogorov
turbulence scale length Ay is smaller than or compara-
ble to the disperse particle size, then there is a turbulent
motion of particles (similar to Brownian motion) that
leads to their mutual collisions, i.e., to turbulent coagu-
lation (which complements the effective gravitational
coagulation in a quiet gas). For particles whose sizes
are much smaller than Ay, turbulence affects the evolu-
tion of fine dust through different channels. In this case,
the enhancement of various coagulation processes (pro-
duced by factors other than turbulence) will result from
intense turbulent particle mixing at distances larger
than the Kolmogorov scale length, when the number of
mutual collisions between solid particles per unit time
increases 31gn1ﬁcantly compared to a laminar flow?
due to chaotic turbulent pulsations. Therefore, apart
from the gravitational accretion, the nongravitational
accretion related, for example, to the Brownian coagu-
lation, electric coagulation, turbulent Brownian coagu-
lation of charged and neutral particles, etc. becomes an
efficient solid particle accumulation mechanism. As the
inertia of the particles increases, they will be involved
in the pulsational (vortex) gas-suspension motion to a
progressively lesser extent; in the long run, this leads to
their effective settling to the equatorial plane of the pro-
tostar. Thus, contrary to the opinions of many research-

3 Below, each collision between particles is assumed to lead to

their coalescence (this is the so-called fast coagulation without
attractive forces), but the adhesion mechanism itself is not dis-
cussed in this paper.
4 Turbulent pulsations can contribute to drawing fine particles into
the hydrodynamic wake or into the zone of action of the induc-
tion forces in the case of likely charged particles and can also
promote the electrostatic coagulation via the destruction of the
screening (Voloshchuk and Sedunov, 1975).
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ers (see, e.g., Makalkin, 2003), turbulence of the gas—
dust medium contributes in one way or another to the
formation of a subdisk whose gravitational instability
eventually leads to the formation of planetesimals.

Finally, there are strong arguments for the assump-
tion that plasma effects played a significant role during
the formation of the circumsolar protoplanetary disk
and its early evolution. In general, the cosmic plasma is
a dust plasma, i.e., contains very fine dust particles.
Since any accretion disk contains solid particles of var-
ious sizes, there probably exists a boundary linear
scale’ (dependent on the electromagnetic and gravita-
tional fields as well as on the particle charge and den-
sity) that separates the small particles comprising the
dust plasma and the large particles whose motion is
determined by the action of nonelectromagnetic forces.
Photoelectron emission and collisions with plasma
electrons and positive ions are known to be the main
physical processes that determine the grain surface
charge (see. e.g., Alfven and Arrenius, 1979). At the
same time, a solid particle in a cosmic plasma is more
frequently charged negatively to a potential of the order
of several volts via collisions with electrons.® When an
electrically conducting two-phase medium moves in an
electromagnetic field, the Lorentz ponderomotive force
acts on the charged particles, which gives rise to a num-
ber of additional effects, particularly during flow turbu-
lization (see, e.g., Vereshchagin et al., 1974; Busroid,
1975). In particular, such unique properties as high dis-
sipativity, the capability for the self-organization and
formation of ordered structures are characteristic of a
turbulent dust plasma.

The synenergetic processes of self-organization in
the thermodynamically open system of a protoplane-
tary cloud against the background of a large-scale shear
flow of cosmic material related to its differential rota-
tion are also a very important mechanism that shapes
the properties of the cloud at various stages of its evo-
lution, including the formation of a viscous accretion
disk around the young Sun that was passing through the
T Tauri stage, the formation of a dust—gas subdisk, the
destruction of the latter due to gravitational instability,
and the production of discrete compaction centers fol-
lowed by the formation of and growth of planetesimals.
This also applies to the formation of various mesoscale,
relatively stable gas—dust coherent structures in the disk
that probably provide the most favorable conditions for
the mechanical and physical-chemical interaction
between material particles (see Barge and Sommeria,
1995; Tanga et al., 1996; Chavanis, 1999; Kolesnichenko,
2004). As a result, spontaneous formation and growth

> Typically, it is ~107°-10"7 m.

®In the cases where a particle falls into a plasma region with a
large number of suprathermal electrons, its negative potential can
reach values of the order of several thousand volts, as a result of
which it is trapped by the plasma.
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of a condensed dust Component,7 intensification of
phase transitions and heat and mass transfer at various
thermohydrodynamic parameters of the carrier and dis-
perse phases, significant modification of the oscillation
spectrum in a heavily dusted medium, etc. take place.

The protoplanetary accretion disks are known to
have a significant viscosity; in combination with the
differential rotation of their material, this gives rise to a
permanent “intrinsic” source of thermal energy in
them. Shear turbulence (Gor’kavyi and Fridman, 1994;
Fridman et al., 2003) and random magnetic fields (see
Armitage et al., 2001), with the energy of the latter
being often comparable to the hydrodynamic turbu-
lence energy,8 are currently believed to be most likely
responsible for the viscosity of differentially rotating
disks.

There is extensive literature on modeling the evolu-
tion of the circumsolar protoplanetary disk without dust
(see, e.g., the vast bibliography to the review paper by
Bisnovatyi-Kogan and Lovelace (2001)). At the same
time, the few publications on dusty disk systems cover
a comparatively narrow range of problems pertaining to
the problem under consideration and the results
obtained in them are limited, since the turbulence mod-
els for two-phase “gas—solid particles” media discussed
in them cannot be recognized to be quite satisfactory
(see, e.g., Weidenschilling, 1977, 1980; Sekiya and
Nakagawa, 1988; Cuzzi et al., 1993; Dubrulle, 1993;
Dubrulle et al., 1995; Stepinski and Valageas, 1996,
1997; Goodman and Pindor, 2000; Takeuchi and Lin,
2002, 2003; Youdin and Goodman, 2004). In particular,
this is because the currently existing theory of turbu-
lence of heterogeneous flows is imperfect due to both
the incompleteness of the “classical” theory of hydro-
dynamic turbulence and the various additional regimes
of two-phase turbulent flows realized in the disk when
varying the volume content and sizes of solid particles
in the gas-suspension flow.

For this reason, in the presented series of papers, as
applied to the problem of reconstructing the evolution
of a protoplanetary gas—dust cloud, we attempt to
develop a continuum model for a heterogeneous disk
medium that includes the combined influence of mag-
netohydrodynamic and turbulence effects on the

7 One of the possible scenarios for the formation and growth of
dust particles in plasma consists of the following stages: first, pri-
mary clusters are formed; after the passage of a critical size, the
stage of heterogeneous condensation begins; at the next stage,
coagulation and agglomeration (adhesion) come to the fore; at the
final stage, the surface recombination of ions, which leads to con-
tinuous cooling of the material on the surfaces of isolated multi-
ply charged ions, becomes most important.

8 The random magnetic fields stretching together with the accreting
plasma, get mixed due to the differential rotation of the disk, and
reconnecting at the boundaries between chaotic cells will also
contribute significantly to the viscosity in the inner regions of the
disk and in its outer atmospheric layers, where a sufficient degree
of ionization of the material is reached. Large-scale magnetic
fields can also play an important role in accretion physics (see
Eardley and Lightman, 1975).
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dynamics and heat and mass transfer in differentially
rotating cosmic material by taking into account the
inertial properties of a polydisperse admixture of solid
particles, coagulation, and radiation. In this paper,
which opens this series, we dwell mainly on the follow-
ing four aspects of the problem of modeling a disk
medium without touching on plasma effects:

—Formulating a basic system of mass, momentum,
and energy conservation equations for the instanta-
neous (actual) parameters of the flow of a gas—dust
mixture and radiation that are intended for numerical
simulations of the circumsolar protoplanetary disk at
various stages of its evolution (in particular, the laminar
subdisk formation stage) and in spatial zones located at
various distances from the protostar;

—Weighted (Favre) averaging of the stochastic
equations of motion of two-phase mechanics to phe-
nomenologically describe the averaged gas-suspension
flow and the processes of turbulent heat and mass trans-
fer in a gas—dust disk;

—Deriving the defining relations for the correlation
parameters of a turbulent two-phase flow needed to
close the hydrodynamic equations of mean motion;

—Modeling the turbulent transfer coefficients in a
gas—dust disk by taking into account the inverse effect
of the polydisperse component on the turbulence inten-
sity of the carrier gas.

BASIC EQUATIONS OF THE MECHANICS
OF HETEROGENEOUS MEDIA
IN A PROTOPLANETARY GAS-DUST CLOUD

The motion of a gas suspension in a gas—dust accre-
tion disk can probably be modeled most adequately in
terms of the mechanics of heterogeneous turbulized
media by taking into account the peculiarities of the
physical-chemical properties of the phases, heat and
mass transfer and radiation, chemical reactions, phase
transitions, coagulation, fragmentation, etc. The evolu-
tion of such media is studied by invoking new thermo-
hydrodynamic parameters and by solving more com-
plex equations than those that we deal with in “ordi-
nary” hydrodynamics. In this case, the intraphase and
interphase interactions in heterogeneous media are
occasionally very difficult to describe in detail, and
rational schematizations leading to manageable and
solvable equations are particularly needed here to
obtain reliable results and to understand them.

In general, the continuity and energy equations and
the equations of motion for each individual phase are
used in the above and other known works on the contin-
uum modeling of turbulized accretion disks with dust
(Nakagawa et al., 1981; Weidenschilling, 1984;
Hayashi et al., 1985; Nakagawa et al., 1986; Schmitt
et al., 1997; Balbus and Hawley, 1998). The authors
have to heuristically specify the laws of interphase
interactions, in particular, the rates of momentum and
energy transfer between the phases. This approach is an

analog of Grad’s thirteen-moment method (Grad,
1949), which gained wide acceptance, for example, in
the kinetic theory of a multicomponent plasma. The
subsequent averaging of the mutually coupled hydro-
dynamic equations for the individual phases (to
describe the turbulized motions) leads not only to cum-
bersome equations of mean motion, which is related to
the need for retaining a large number of correlation

moments of the pulsating parameters (such as p,u,,

pauguy, T'uy, p, 7", and the like) in their structure, but
also to difficulties in physically interpreting each indi-
vidual term in the averaged equations. To overcome
these difficulties and to simplify the problem, some of
the authors often unjustifiably discard a number of cor-
relation terms, which, of course, narrows the range of
application of such an approach.

At the same time, the evolution of a turbulized gas—
dust cloud can be modeled in the single-velocity
approximation of heterogeneous mechanics, which is
similar to the Chapman-Enskog moment method of
solving the system of Boltzmann kinetic equations for
multicomponent gas mixtures (see, e.g., Chapman and
Cowling, 1960; Marov and Kolesnichenko, 1987). In
the case under consideration, this approach is peculiar
in that, despite the hydrodynamic velocity difference
between the individual phases and the related necessity
of allowing for the dynamical and inertial effects of
their relative motion, the continuum description of a
disk medium can be made using the laws of conserva-
tion of mass, momentum, and energy for the system as
a whole supplemented with the defining (closing) rela-
tions for a number of thermohydrodynamic flows, both
intraphase and interphase ones. In particular, the gener-
alized Stefan—Maxwell relations that were derived by
Kolesnichenko and Maksimov (2001) for heteroge-
neous media with sufficient completeness and logical
coherence by the methods of nonequilibrium thermo-
dynamics can be used for the interphase diffusion flows
(or the relative velocities of the phases). It is important
to emphasize that using the total continuum alone to
model the gas—dust cosmic material allows us, when
using the Favre weighted averaging (Favre, 1969), to
average the hydrodynamic equations for the disk
medium as a whole fairly accurately (see, e.g., Marov
and Kolesnichenko, 2002).

Basic Assumptions

The huge variety, mutual influence, and complexity
of the multiphase effects in the solar protoplanetary
cloud (phase transitions, chemical reactions, heat trans-
fer, gravitational interaction, pulsational and random
motions, rotation, radiation, coagulation, etc.) neces-
sarily require appropriately schematizing the descrip-
tion of the motion of a gas—dust medium. Therefore, in
this paper, we will assume that the motion of a disperse
SOLAR SYSTEM RESEARCH  Vol. 40
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mixture’ in a protoplanetary disk can be adequately
described under the following assumptions:

(1) the dust particles10 (by which we mean below a
solid-phase condensate) are solid, nondeformable,
spherical in shape, and polydisperse;

(2) the dust particle material is assumed to be
incompressible, p4 = const;

(3) the true dust density is much higher than the true
gas density of the system, py > p,;

(4) the volume concentration of the disperse phase is
moderately high (s?> < 1), so the terms of order s*> may
be neglected;

(5) the carrier phase is a compressible multicompo-
nent perfect gas;

(6) the diffusion transfer of molecules of all chemical
types relative to one another may be ignored, U, = ug;

(7) the viscosity and thermal conductivity of the dis-
perse phase may be disregarded, II; =0 and q4 =0

(8) the gas and disperse phases are assumed to be in
thermal equilibrium, T,=Ty=T,

(9) the total heterogeneous continuum is considered
in the single-pressure approximation, p, = pq = p(P,, T);

(10) the heterogeneous reactions on the surfaces of
solid particles may be disregarded;

(11) the contribution from the interphase bound-
aries!! (the near-surface layer of solid particles) to the
energetics of the disk system as a whole may be
neglected;

(12) it is assumed that the rotation of the solid parti-
cles may be ignored when describing the dynamical
interaction between the phases;

(13) the heat transfer between the disperse particles
and the carrier gas may be disregarded.

Thus, we are going to model a heterogeneous con-
tinuum composed of two contacting phases, a carrier
gas phase of solar composition and a disperse phase of
solid condensed particles of complex chemical compo-
sition (see, e.g., Dorofeeva and Makalkin, 2004), at
absolute temperature 7 and pressure p - and well-
mixed inside each macrovolume element 8" of the disk

% From the standpoint of thermodynamics and mechanics of a con-
tinuum medium, the disperse phase may be treated as a “pseudo-

as” whose “pseudomolecules” are disperse particles.

I this paper, by the dust particles we mean solid bodies with
sizes from one micron to several hundred meters.

UThe presence in heterogeneous systems of interphase boundaries
modeled by mathematical surfaces on which the fields of various
thermodynamic parameters become discontinuous severely com-
plicates the continuum theory of multiphase multicomponent sys-
tems (see Nigmatulin, 1978).

2Note that this is the condition only for thermal and mechanical
equilibrium of the phases, but not for total phase equilibrium,
which additionally requires that the chemical potentials of the
phases (which are the key concept of the theory of phase equilib-
rium) be equal. In addition, in chemical equilibrium, i.e., for an
equilibrium distribution of chemical components between the
two phases, their chemical potentials must have a constant value
in both phases.
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medium.!? Each phase is assumed to be a homoge-
neous n-component mixture (with each geochemically
significant material of the protoplanetary cloud being
present in each phase o). Below, we use the Greek sub-
scripts o, P, ... to denote the phases and refer the Latin
subscripts in parentheses of type (k) or (i) for any quan-
tity to the molecular component of the phase. The gas
phase (0. = g) is the carrier medium'# described by the
model of a viscous fluid. The disperse phase (o = d)
present in the form of solid inclusions (however, we
will not ignore the collisions between them) is inviscid
and non-heat-conductive. For each of the two phases at
each space-time point (x, ), we define the mass density,
hydrodynamic velocity, internal energy, and other ther-
mohydrodynamic parameters pertaining to its own con-
tinuum and its own chemical component of the mixture.
As the phase parameters, we will use quantities aver-
aged both over the total macrovolume element 87" =

Za 3V, pertaining to the heterogeneous system as a
whole and over the part 8V, of the volume element
occupied by the individual phase o. In particular, apart
from the distributed (spread over the total volume &)
mass density p,, of phase o, we will use below the true
(physical) density p,, (equal to the ratio of the mass of
the phase-o particles in the macrovolume element &7

to the part of this volume &V, occupied by the phase).
The latter is defined by the expression

5, =0V I8V, Zsazl, (1)

o

pOC = f)a/s(l’

where s, is the so-called volume content! (or volume
concentration) of phase o. The true (p,,) rather than dis-
tributed (p,, ) phase density, together with other param-
eters of the state, such as the temperature 7, internal
energy e, and entropy S,, determines the thermody-
namic properties of an elementary phase-o. macroparti-
cle in its various states. In addition, the values of s, also
directly affect the hydrodynamic motion of the phases,
since it appears in the corresponding equations of
motion. Concurrently, we will assume that r indepen-
dent chemical reactions, including the interphase reac-
tions and the cases where the chemical transformations
are reduced to the displacement of component k from
one phase to the other, are possible between the individ-
ual chemical components k of the disk system.

Assuming a local thermodynamic equilibrium
within each phase and a local thermal equilibrium
between radiation and matter, we will use a phenome-

3For the continuum approximation to be applicable, the linear
sizes of the macrovolume element 87 must be much larger than
those of the disperse inclusions, but much smaller than the hydro-
dynamlc scale length Ly

14 Occasionally, we will use numbers instead of letters to denote the
gas and condensed phases, referring the subscript o. = 1 to the gas
5phase and o = 2 to the disperse-phase parameters.)
The parameter s, is often called phase saturation.
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nological theory of multifluid interpenetrating continua
to describe the hydrodynamic motions in a gas—dust
medium (with the corresponding physical-chemical
properties). In particular, this theory includes the
dynamical effects due to the inequality of the hydrody-
namic velocities u, of the phases in the system (see,
e.g., Nigmatulin, 1978; Kolesnichenko and Maksimov,
2001).

The Conservation of Mass

Monodisperse gas—dust medium. Let us first con-
sider the case where all condensed particles of the pro-
toplanetary gas—dust disk in each macrovolume ele-
ment 87" have the same instantaneous hydrodynamic
velocity uy(X, #), irrespective of their sizes. The mass
density p(x, f) and the weighted mean hydrodynamic
velocity u(x, f) (the instantaneous center-of-mass
velocity of the gas-suspension macrovolume element
centered at point x) of the gas—dust mixture as a whole
are defined by

P =D Pusa = Pe(1=5)+pys, 2)

u = Pilzpusaua = E_g%:_j_)ug+8§ud’ (3)

where p,(X, ) and u(X, #) are the true mass density and
hydrodynamic velocity of phase a, respectively; s4(X, )
is the instantaneous volume concentration of the dis-
perse phase, (s, + 54 = 1); below, we omit the subscript
“d” of the parameter sy, 54 = .

To model the chemical composition of a protoplan-
etary cloud, particularly at early stages of its evolution
(see, e.g., Willacy et al, 1998; Dorofeeva and
Makalkin, 2004), we must generally invoke the mass
balance equations for each chemical component of the
phase, which can be represented as the equations for the
conservation of particles of type k in phase o.. Under the
above assumptions, these equations take the form

d
E(Sa”a(k)) + V(Sa”a(k)“a) = O

. o @)
= 2 Vok), pép + 82(xn(x(k)
p=1
(a=1,2;k=1,2,...,n)
or
d (Satak)
pd_t(%) + V(salotyWo) = Oa)s )

w,=(u,—u).

Here, d(...)/dt=9(...)/ot + u - V(...) is the substantial
derivative related to the motion of the macrovolume
element of the gas—dust medium as a whole; V(...) =

21 i;d(...)/dx; is a vector differential operator; i, (I =1,
2, 3) are the Cartesian unit vectors along the corre-
sponding coordinate axes; the quantity V - b is the
divergence of b; ny (X, 7) is the number of particles of
chemical substance k in a unit volume occupied by
phase o (countable concentration); wy(X, t) is the
instantaneous diffusion velocity of phase o that, by the
definition of the weighted mean velocity u, satisfies the
relation

zpasawa = 0’ WocE(u(x_u) (6)

or

Yo =0, Ju=pesaWe = Puse(Ug—1), (7)

o

where p,, = Zk M 1y Ny Jo(X, 1) 1s the mass diffusion

flux of phase-o particle; G, is the production rate of
particles of component & per in a unit volume via chem-
ical reactions and phase transitions (evaporation and
condensation) as well as the fragmentation and coagu-
lation of the disperse component; &,(x, 7) is the rate of
chemical reaction p (including the interphase reactions
and phase transitions), p=1,2, ..., r; Vo, p is the sto-
ichiometric coefficient of component & in phase o with
respect to chemical reaction p,l whose stoichiometric
equation can be symbolically written as (see, e.g., Pri-
gogine and Defay, 1966)

S Y Vawplay =0, (p=1,2,..,7), )
o k

the principle of conservation of total mass in chemical
reaction p; Jl, is the molecular mass of component k;
ﬁu( 1 18 a quantity that describes the change in the num-

ber density of chemical component k in the dust phase
related to the fragmentation or adhesion of condensed
particles in the gas—dust cloud.

If the mass of all chemical components in the dust
phase is conserved during the transformation of solid

particles (zk M1y = 0), then the following differ-
ential conservation equation follows from Eq. (4):

r

)+V(pasawa) = Ogp = Zva,pip

p=1

i(p(xsoc
dr\ p )

(o, p=1,2)

16We assume that the stoichiometric coefficients of the components
produced during the reaction (from left to right) are positive,
while the coefficients of the expendable components are negative.

SOLAR SYSTEM RESEARCH Vol. 40 No.1 2006



FUNDAMENTALS OF THE MECHANICS OF HETEROGENEOUS MEDIA 7

for the distributed mass density

Po=50 Y, Muyras = Pasa (10)
k

of phase a. Here, v, , = Zk Mgy Vo, o5 the quantity
O,p(X, 1) characterizes the rate of mass transformation
from phase o to phase {3 (or vice versa, then 6,5 <0) via
chemical reactions and the evaporation or condensation
of material in the protoplanetary cloud; in this case,
O,p = —Op,- For our subsequent purposes, it is appropri-
ate to introduce the mass phase concentrations C(X, 1),

(11)

_Pa _ PaSe _
ca_p o %ca 1,

and the relative velocity of the dust and gas, w = wy, =
(ug — uy); Egs. (9) can then be written in a more com-
pact form,

dc,
P77

J. = {pclwl = —pC,Cow
1,2 —
pC2W2 = pCICZW‘

=_V.JOL+GOCB ((X‘5B:1’2),

(12)

Given (7) and (8), the law of conservation of total
mass obtained by summing (4) over the indices k and o
takes a standard form,

d(l)_v.u =0, or 24V (pu) =0, (13)

Pa p ot
as in a single-phase continuum. Note that radiation

does not modify the continuity equation (13), since it
“does not possess” any mass.

Next, we will assume that the material of the solid
inclusions remains incompressible during the evolution
of the gas—dust cloud, i.e., the true (physical) dust den-
sity is py = const. The instantaneous equation (12) for
dust is then be reduced to the equation

d _
pd_t(g) = -V (swy) + pdlodgy
(14)

wy = Cw = (l—s)%gw,

which allows the volume content s(x, 7) of the dust com-
ponent in a two-phase flow to be found at a given rela-
tive velocity of the phases w. Thus, Egs. (13) and (14)
can be used instead of the two equations (9) to calculate
the parameters p and s (and, hence, the gas density p,
[see Eq. (2)].

The intensity of the force interaction between the
phases and the radiation parameters in a gas—dust cloud
strongly depend on the characteristic size of the solid
inclusions (e.g., the characteristic volume of one dust
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particle Uq (x, 1)) and their total number Ny = szk Ny

in a unit total gas-suspension volume. If all solid-phase
condensates are spherical or nearly spherical with the

characteristic Feret diameter gl(x, ), then f]d =

(T/6) EZS . The balance equation for the total number of
disperse particles Ny(X, ) can be derived from (4):

d(N
cht(-p—d) +V - (Ngwy) = oy,

.
= 2 z Vd(k),pép + ]{}d’

k p=1

15)

where the source term N, = Zk %a( »y » Which character-
izes the change in the total number density of different-
scale solid particles via coagulation and fragmentation,
is generally defined by the Smoluchowski kinetic equa-
tion (see Eq. (29)). An important parameter of the coag-
ulating mixture in a two-phase flow, the characteristic

volume U 4 (X, 1) (or the mean linear diameter Zid) of the
solid inclusions, can be determined from the known
parameters N4 and s:

Us = sIN,, da = 3/(6/T)(sINy).

If we disregard the fragmentation and coagulation of

(16)

solid particles (N4 = 0) and the evaporation and con-
densation processes (Gg, = 0) in our numerical simula-

tions of the evolution of a gas—dust cloud and assume
that the material of the inclusions is incompressible

(pq = const), then we will have Uq = const. Under these

assumptions, Py = spy = pgUa Ny, and Eq. (15) (with a
zero right-hand side) is just a corollary of the mass con-
servation equation (14) for the second phase, which in
this case takes a simple form,

pd%(g)+V~(swd) =0, wg=Cow.  (14%)

Interphase Diffusion

As we already said above, the generalized Stefan—
Maxwell relations can serve as the basic equations in
analyzing the phase diffusion in a gas—dust cloud.
Using the kinetic theory, Hirschfelder, Curtiss, and Bird
(1954) considered in detail the diffusion in a multicom-
ponent mixture of gases in their monograph. Their main
result is that the relative diffusion velocity (u;, —u,) of
two gas components can be caused by factors that do
not directly affect these components, for example, by
the thermodynamic forces acting on the molecules of
the other mixture components. The velocities (u;, — u,)
can be found (to the first approximation of the Chap-
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man—Enskog method of solving the Boltzmann equa-
tions) from the system of Stefan—-Maxwell equations

n..\n
(k)
Z 2 (u(])_u(k)) kT(k)VlnT = d(k)
gb(lk)

1
= ]‘9{— PwFu+Vpu—Cu Y, (-, Fi) + VP(;))}
J
(k=1,2,...),
which can be written in the form of equations of motion

for the individual mixture components (see, e.g., Note [
in the monograph by Chapman and Cowling (1960)),

du
P(k)a‘t = -Vpw+pPwFu

+ ) kg T-L By —w,,) - kgkyonVT.
) (k) B™T (k)
; "Dy

Hel‘e', p(k) = M(k)n(k), C(k)z p(k)/p’ anq p(k) are the mass
density, mass concentration, and partial pressure of the

particles of type k, respectively; p = Zk P 18 the total
pressure of the mixture (the Dalton law), p, = ngkgT;
kg is the Boltzmann constant; n = an(k), and p =

Zk P are the total number and mass densities of the

multicomponent mixture, respectively; % ;, are the
binary diffusion coefficients; F,, is the external bulk
force (per unit mass of component k); and kg, is the
thermodiffusion ratio.

Kolesnichenko (1998) derived these Stefan—Max-
well relations for multicomponent mixtures by the
methods of nonequilibrium thermodynamics, while
Kolesnichenko and Maksimov (2001) generalized them
to heterogeneous mixtures (they can also be written in
the form of equations of motion for the individual
phases of the system). In the single-pressure approxi-
mation (p, = py) considered here, these relations for the
interphase diffusion take the form

vr
zRaB(uB - uoc) - kaa—Y—:
p

= doc =- ()otKoc + savpoc_ COLZ(_ fSBKB + SBVPB)
B 17)

=puS dd +5,Vp —pus Fo—V -1,

1
+ §%cw(um—uﬁ) (v=1,2,...),

where d,(...)/dt = d(...)/dt + u, - V(...) is the substan-
tial derivative along the trajectory of the center of mass

of phase o contained inside the macrovolume element
3V of a multiphase medium; Il is the partial viscous
stress tensor; R,g is the coefficient of interphase friction
for phases o and 3 (since the coefficient R, reflects the
interaction between two phase continua, it is often con-
venient to write in a symmetric form, Ry = poPp6op
where the parameters 0,3 do not depend, at least
roughly, on the mixture proportions), R,g = RBw F,is
the external bulk force per unit mass of phase o;

3 . 1
P K, = F,+V- na_zgoaﬁwaﬁ(ls)

is the generalized thermodynamic force coupled with
the diffusion flux J,; the quantities d, also have the
meaning of generalized thermodynamic forces that

cause the relative motion of the phases (Zu d, =0);

kr,, is the thermophoretic ratio, with Zakm = 0.

A number of theoretical formulas were suggested in the
literature (see, e.g., Soo et al., 1960; Mednikov, 1981)
to determine the thermophoretic force. It should be
noted, however, that the thermophoresis-related force
may be disregarded for disperse particles whose sizes
are generally much smaller than the temperature non-
uniformity scale length in the disk. The last term on the

right-hand side of Eq. (17), %Zﬁwaﬁzf’)z Vo, pGp

describes the change in the momentum of phase o via
phase transitions (recall that w,g = u, — ug). In the case
of a two-phase gas—dust disk system under consider-
ation, this term take into account the loss of momentum
by the dust-phase particles through the mass transfor-
mation of some of them to the gas phase during evapo-
ration or the acquisition of additional momentum by the
disperse phase through the formation (from the gas) of
new solid particles during condensation. Nevertheless,
below we will also disregard this term in most cases,
since it is almost always much smaller than the Stokes

ZB R gW,g arising from
phase viscosity effects (see, e.g., Nigmatulin, 1987)
and is exactly equal to zero in the absence of phase tran-
sitions. It is important to emphasize once again that, in
contrast to the classical inertia-free Stefan—-Maxwell
relations for the relative velocities of the components

force of friction, Fg;. o =

7A more detailed analysis of the interphase interaction shows that
large gradients in macroscopic parameters, the rotation of solid
particles, nonstationary establishment of the velocity profile near
the particles, the deformation of disperse particles, and some
other effects can give rise to additional forces on the left-hand
side of Egs. (17). Apart from the Stokes force of friction, the Saf-
man force (related to the nonuniformity of the carrier-gas velocity
profile, the “hereditary” Basset force (which takes into account
the prehistory of the motion on the behavior of disperse parti-
cles), and the Magnus or Zhukowski force (the force of additional
action on rotating disperse particles due to the gradients in the
mean velocity field of the carrier phase), etc. can be such forces.
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W) = U — U, the interphase diffusion laws described
by the generalized equations (17) incorporate the iner-
tia of the relative phase motion.

For a two-phase gas—dust disk medium, Egs. (178)
take the form of equations of motion for gas and dust!

d,u
RgdWE(l_s)spdpgedgw = pg(l_s (gj_tg

+(1-s)Vp-p,(1-5)g-V 11, (17%)

dyu
pus 4 Vp - pysg,

where Fy = F, = g(x, 1) is the bulk force per unit mass,
which is generally related to both the gravitational
attraction by the star and the gravitational attraction by
the gas—dust cloud itself.

The sought-for diffusion relation for the relative
velocity vector of the dust and the gas w = (u; —u,) can
be derived from the terms of Eqs. (17%*) that describe
the action of friction if we divide each of them by the
corresponding quantity s,p,, subtract one from the
other, and separate out the term with w. Writing the true
velocities of the phases as uy = (C,w + u) and u, =
(=Cqw + u) and assuming that p, > p,, we obtain a
defining relation for w (an analog of the Darcy law for
filtration),

dgug _ ddud + Pa— pg

P _
—R W= 9 W = V
Pupy o P di —dr " ppa T (19)
1 dw 1
- =V -II,=——+ —Vp,
Pe & dr  p, p

which is below considered as the main equation in
modeling the phase diffusion in the disk. Note that the
gravitational forces after this subtraction canceled out,
but their action on the motion of the gas—dust medium
manifests itself through a pressure gradient (see, e.g.,
Egs. (192) and (194)). In writing (19), we made no dis-
tinction between the substantial derivatives for the indi-
vidual phases and the system as a whole; i.e., we
assumed that d /df = dg/dt = d/d¢, which is valid in the

8Note that the general forms of the equations of motion and the
continuity equations in our paper and those of various authors
who studied the gas suspensions in accretion disks are identical.
The only difference is the presence of the term —sVp in the equa-
tion of motion (17*) for gas and the absence of the term sVp in
the equation of motion (17*) for dust. Their appearance in contin-
uum heterogeneous mechanics is eventually related to allowance
for the effect of associated masses (due to the accelerated motion
of the solid particles relative to the carrier gas, when disturbances
of the order of the particle size emerge in the latter) and the buoy-
ant force, which are often much smaller than the other terms in
the equations of motion at large py/pg (typical of gas flows with
solid particles) (see Nigmatulin, 1978). At the same time, since
these forces are proportional not only to the gas density, but also
to the local acceleration of the medium or the difference between
the local accelerations of the gas medium and the solid particles,
the situations where these additional terms of Eqgs. (17*) will be
comparable to the aerodynamic Stokes force are quite possible.
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mechanics of mixtures only in the so-called diffusion
approximation. In general, i.e., when the acceleration
of the diffusion flows relative to the center of mass is
taken into account, the following exact transformation
should be used:

ddud dgllg _ dW
T—W = E'{'(Wd V)ud—(wg V)ug

dw
== +(w-Viu+Cy(w-V)C,w 20)

- Cd(W ° V)de

_dw AWy
= 5+ (w V)u+§é(w)~dt+(w Vu,

where $(W?) = Cy(W - V)C,w — Cy(w - V)CyW is a qua-
dratic (in w) function; the latter may often be omitted
(see Youdin and Goodman, 2004), in particular, for a
fine passive admixture, since |w| is small for them. The
defining diffusion relation for the relative phase veloc-
ity vector then takes a more complex form:

d
PO W= Ev?v —(w-V)u-Cy(w-V)C,w
(19%)

g

The coefficient of resistance. The coefficient of
friction R,, between gas and dust continua is defined in
the literature by various formulas, depending on the

characteristic diameter da of the disperse-phase parti-
cles (see, e.g., Sternin et al., 1980; Shraiber et al.,
1987). If the characteristic diameter of spherical solid

particles da < A,, where A, is the mean free path of
molecules in the gas phase, then Ry, is given by the
Epstein formula (Epstein, 1924). For course spherical
condensates with diameters larger than the mean free
path of gas molecules, the coefficient of resistance is
defined by the Stokes law (Stokes, 1851). Thus, for the
coefficients of resistance Ry, (or 64,) of a smooth spher-

ical particle, we have (see, e.g., Weidenschilling, 1977;
Garaud et al., 2005),

2[3d[3gcsg
dapq
when da < A, (Epstein regime)
2P4P.
PP (Rey)Iwl,
dapy

when dq > A, (Stokes regime),

21)

s =
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or

2 -
= ng, when dq <A,

dapy
B ) _
——Cp(Re,)|w|, when da> A,.
dapqg

21%)

Here, c,, is the speed of sound in the gas (see Eq. (57)

below); Reyq = da |W|/v, is the Reynolds number for the
dust; v, is the coefficient of molecular kinematic vis-
cosity for the gas component of the mixture, v, =
Ayco/2; Cp(Rey) is the coefficient of aerodynamic resis-
tance (the so-called standard resistance curve), which
has a fairly complex form. A considerable number of
formulas that fit this curve are known in the literature
(see, e.g., Schlichting, 1974; Sternin et al., 1980; Med-
nikov, 1981). In particular, the following expression
gained wide acceptance in astrophysics (Whipple,
1972):

9Re;', Rey<1

Cp(Rey) = {9Re,*®, 1 <Re, <800 (22)

0.165, Re,>800.

In our view, the following trinomial formula is no less
convenient:

172

Cp(Rey) = 9Re;' (1 +0.179Re)” + 0.013Re,), 02
(0.1 <Re, < 10%);

its advantage is that it is applicable over a wide Rey
range.

It should be noted that, in general, the conditions for
the flow around particles in actual multiphase flows dif-
fer significantly from the idealized conditions in which
the standard curve is applicable. The particles in a gas—
dust cloud generally have an irregular shape and a
rough surface and move nonuniformly in a turbulized
flow of rarefied and compressible gas. Of course, each
of these factors changes (sometimes significantly) the
conditions for the flow around a particle in a disk and
the force of aerodynamic resistance. Let us briefly con-
sider their effect that, as a rule, is disregarded in astro-
physical literature.

(1) It is customary to characterize the degree of
deviation of the particle shape from a sphere in hetero-
geneous mechanics by the shape factor B ( > 1), the
ratio of the surface area of an actual particle to the sur-
face area of a sphere of the same volume. Gorbis (1970)
suggested formulas for calculating the coefficients of
aerodynamic resistance Cp(Rey, B), which have higher
values than those of the standard curve for essentially
nonisometric dust particle shapes.

(2) Sternin et al. (1980) established that the coeffi-
cient of resistance Cp(Rey) for particles with apprecia-

ble roughness increases (compared to the standard
curve) if the latter is comparable to the thickness of the
boundary layer.

(3) Flow turbulization also affects significantly
Cp(Rey). As was pointed out by Sternin and Shraiber
(1994), according to the data of various authors, for
example, for 20 < Rey < 100, Cp, varies within the range
(0.01-3)C} (in what follows, C}; corresponds to the
standard curve). It is important to note that the effect of
turbulence decreases with decreasing Reynolds number
Re,. For comparatively small Re,, the Lopez—Dackler
formulas (see, e.g., Sternin et al., 1980) can be used:

60.75¢'"Re}’,

Re, <50, 0.05<e<0.5
Cp(Rey) =

0.0498(1 + 150/Re,)

50 <Rey<Re¥, 0.07<e<0.5,

1.565
+ 1.5¢,

where € is the relative turbulence level, i.e., the ratio of
the root-mean-square pulsation velocity to the averaged

sliding velocity; ReX =min{0.9Re, 700}; Re_,; is the
critical Reynolds number; InRe_; = 5.477-15.8¢ (¢ <
0.15); InRe; = 3.371-1.75¢ (¢ > 0.15).

(4) The onflow compressibility and rarefaction
affect significantly the aerodynamic resistance of the
particles. The role of these factors is determined prima-
rily by the Mach, Ma = |ug |/csg, and Knudsen, Kn, num-
bers. The compressibility of the carrier gas plays a sig-
nificant role in a high-velocity flow of gas suspension in
a disk. From the numerous generalized relations avail-
able in the literature, we give the following formula
(see, e.g., Sternin et al., 1980):

Cp(Rey) = 9Re;'(1+0.179Re}” + 0.013Re,)

—4.63 -0.88

[1+exp(—0.427Ma ** —3Re, ™))  (22%%)
1 +Re;'Ma[3.82 + 1.28exp(~1.25Ma 'Re,)]’

where Rey < 100 and Ma < 2. Here, the first two factors
in the numerator correspond to the standard curve, the
third factor takes into account the compressibility
effect, and the denominator take into account the rar-
efaction effect.

Hunter et al. (1981) gave the following relation for
Re, < 10%:

Cp(Rey) = (C5-2)

nMa | +Rey(12/28 + 0.584Red)]

X exp [_3'077 Re, 1+ 11.28Re,

1 5.6 Td)”z ( Red)
LI P KSR [ %) o,
+Y1/2M3[Ma+1+ (T }eXp IMa) "

where T} is the dust particle temperature.
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(5) At a reduced gas pressure19 in the disk, the gas
component of the medium can slide over the surface of
a solid particle, which also causes the coefficient of
aerodynamic resistance to decrease. The rarefaction of
the medium is characterized by the Knudsen number,

Kn = A,/dq. Four Kn ranges are usually distinguished:
Knudsen flow (Kn > 10), transition regime (10 > Kn >
0.25), sliding flow (0.25 > Kn > 0.01), and continuum
flow (there is no rarefaction effect, Kn < 0.01). For the
first three ranges, the coefficient of aerodynamic resis-

tance may be represented as Cp, = ¢ Cjy , where the coef-

ficient @ is defined by the well-known Millikan formula
(see, e.g., Fuks, 1955)

¢ = {1+Kn[1.55+0.471exp(-0.596/Kn)]}"".

As the rarefaction increases, the effect of compressibil-
ity on the coefficient of resistance degenerates. All the
above improvements of formula (22) can be easily
taken into account when numerically simulating the
structure of a protoplanetary gas—dust disk, for exam-
ple, at the subdisk formation stage.

Returning to Eq. (21*) for the coefficient 8,,(Re,),
note that Eqgs. (21*) are convenient only for monodis-
perse dust with a given characteristic linear diameter of

the inclusions d4, since in this case 8,, does not depend
on the volume concentration of the disperse phase s and
the total number density of the solid particles NV;. How-
ever, when the coagulation processes in the gas—dust
protoplanetary cloud are taken into account, i.e., given
that the dust is multifractional, it is appropriate to
rewrite (21%) in a form that explicitly depends on the
parameters s and N,, which are defined by the Smolu-
chowski equation. When using formula (16), Eq. (21%)
for 8,(s, Ny, Rey) transforms to

edg = edg(s7 Nda Red)

173 -1 -1/3 173

(43m) " pg's e N, when da <A,
173 -1 -1/3 (23)

= <431)""py's PN Cp(Rey) W,

when dg > Ay

Allowance for Dust Multifractionality

Let us now consider in more detail the technique of
calculating N4(x, ) when the dust multifractionality of
the system is taken into account. The actual protoplan-
etary cloud is polydisperse; i.e., condensed particles of
various sizes dg ;, are present in the macrovolume ele-
ment &', This factor can be taken into account by
breaking down the dust component into a finite number
of fractions each of which is generally characterized by

For example, Wasson (1985) obtained the following pressure esti-
mates in the midplane of the circumsolar disk: 2 x 107-107" g/cm3
atr=1AUand 5 x 10772 x 107 g/cm? at r = 3 AU.
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its own thermohydrodynamic parameters; i.e., instead
of one disperse phase, we must consider m phases
(where m is the number of fractions) each of which has
its own macroparameters,

dy i Ng k> Sak = nd,k(n/6)d<31,k,
(k=1,...,m),

(24)

Pa x> Ug ge--

where ugy (X, 1) is the hydrodynamic velocity of the
fraction-k solid particles.

Next, we assume that the material of different frac-
tions is the same (pg | =Py, 2= ... =Py n=Pq = const) and
that the solid-phase condensates of fraction 1 constitute
the group of the smallest (primary) particles, those of
fraction 2 constitute the group of double particles, etc.
up to the maximum size. To simplify our analysis of the
coagulation process in an (m + 1)-phase polydisperse
flow, we also assume that all solid particles are spheri-
cal or nearly spherical with the Feret diameter d ,.
Since the size of chemically identical solid particles
after their adhesion increases as the cubic root of the
number of its constituent primary condensates (dy ; =

dy i/ic ), the volume concentration of the fraction-k
disperse particles is defined by the relation

Sax = nd,k(n/6)d<31,k = U kngyy, (25)

where ny (X, 1) is the number density of the fraction-k
particles (their number in a unit total gas-suspension
volume); U, = (1/6)d” and d = d, | are, respectively, the
volume and diameter of one smallest particle. The vol-
ume content s(X, #), the distributed mass density pq (X, 1),
and the hydrodynamic velocity uy(x, #) of the entire dust
continuum can then be expressed as

m m
§= st,k = U1Zk”ld,k,

k=1 k=1

m m
Pa = szsd,k, suy = zsd,kud,k'

k=1 k=1

(26)

In a disperse mixture in which the macroscopic
velocities of the fractions differ, i.e., fractions j and k
move relative to one another with the velocity uy ;—ug 4
(j, k=1, ..., m), there will be collisions between parti-
cles of different fractions, which will lead to the mass,
momentum, and energy transfer between the fractions.
Allowance for this fact, which is important at the final
subdisk formation stage (when the fraction of particles
“reflected” from the subdisk with a mean or macro-
scopic velocity different from that of the “incident” par-
ticles can appear in the flow) and at the planetesimal
formation stage (after the subdisk disintegration),
severely complicates the problem of modeling the evo-
lution of a protoplanetary gas—dust disk (see
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Kolesnichenko, 2001). In this paper, however, we
assume that the particles of the material (“pseudomole-
cules”) belonging to different dust continua (fractions)
move with the same hydrodynamic velocity, ug ; = uy
k=1, ...,m).

We have already mentioned above that the fragmen-
tation and coagulation processes are the main size for-
mation mechanisms of large solid particles as they
accumulate in a gas—dust cloud. The fragmentation
mechanism of colliding solid bodies was thoroughly
studied (see, e.g., Sternin and Shraiber, 1994) and can
be taken into account, when necessary; therefore,
below, we will not consider the particle disintegration
in order not to overload the problem of modeling the
disk evolution with details. In this case, the number
density ngy ; of fraction k can change only through a
decrease in the number of particles of this fraction as
they combine with other dust particles and through an
increase in the number of particles of this fraction due
to the adhesion of smaller condensates. The system of
kinetic equations that describes the coagulation can
then be written as (Smoluchowski, 1936)

k-1 m

o 1
Ny = QZKﬂk—j)”d,j”d, o= O Kijnaing ; 27

j=1 j=1

(k=1,2,...,m),

where ﬁd, « (X, 7) is the total rate of change in the number
density ny ,(x, t) of fraction-k dust particles via the
coagulation processes; K;;(d;, d;) is the coagulation
coefficient (kernel) for particles of sizes k and j that
characterizes the coagulation interaction efficiency; it
is defined as the mean number of collisions between
particles of sizes d; and d; in a unit volume per unit time
for a unit number density of one and the other type.
Since such an interaction between two different-size
particles in the flow is complicated by the influence of
the ambient medium, the pattern of interaction in a lam-
inar or turbulent flow, and the force fields (gravitation,
electromagnetic field, molecular interaction), deter-
mining the coagulation kernel is a challenging problem
of its own (see, e.g., Voloshchuk, 1984; Mazin, 1971).
Kolesnichenko (2001) analyzed various coagulation
mechanisms?? for a turbulized gas—dust cloud and pro-
vided the corresponding expressions for the coeffi-
cients K;;. Given (27), the system of instantaneous

20The coagulation of particles in a gas—dust flow can be caused by
the simultaneous action of various particle collision mechanisms.
These primarily include the gravitational coagulation, electric
coagulation, Brownian coagulation, turbulent coagulation, and
their various combinations like the turbulent-Brownian coagula-
tion of charged and neutral particles, the Brownian coagulation of
charged particles in a gravitational field, etc.

equations for the conservation of the number of frac-
tion-k dust particles takes the form

a%”d,k"‘v (g ug) = fid,k
v '" 28)
=%sz(k—j)ndJnd,(k—j)_nd,szkjnd,j (
ji=1 j=1
(k=1,2,....,m).

The balance equation for the total number Ny =

Zk ny, ;. of disperse particles in a unit total gas-suspen-

sion volume determined only by the coagulation pro-
cesses (see (15)) follows from (28):

d (N, , o
cht(—p—d) + V. (Ngwy) = Z”d,k
¢ (29)

= - ; z szjnd,knd,j;

k=1j=1
the right-hand side of Eq. (29) is equal to half the sec-
ond term on the right-hand side of Eq. (28), since the
total number of dust particles in a unit volume does not
increase during the coagulation. In the spatially uni-
form case where all coagulation constants are approxi-

mately equal, K;; = K, Eq. (29) dN;0r = —~(K/2) Ny
(with the initial condition Nj(0) = Ny, has a simple
solution, Ny () = Ny /(1 + gt), where g = KN}, /2,

which allows the coagulation constant K to be determined
experimentally (from the slope of the straight line).

Given that the total mass of the dust particles during
the coagulation is conserved, Zk My, ,ﬁd, « = 0, the

summation of the left- and right-hand sides of the equa-
tions of system (28) over k that were first multiplied by
the mass of an individual fraction-k particle, My , =
paU.ik, leads to Eq. (14%), which allows the total dust
volume concentration s in a two-phase polydisperse
flow to be calculated.

It is also important to keep in mind that the number
of nonlinear differential equations (28) required to
describe the space-time distribution of the entire set of
dust particle sizes in the disk is generally infinite. At the
same time, we have to use a finite () number of equa-
tions when numerically simulating the coagulation pro-
cesses based on system (28). Of course, the “loss of
material” is possible in this case, since a number of par-
ticles can coagulate to sizes exceeding the largest size
dy, , taken into account in this approach. Therefore, for
our purposes, a different, integral form of the system of
coagulation equations (28) is preferred.

To obtain this form, we assume that the number of
particles with the volume from U to U + dU located at
time ¢ in a volume element in the vicinity of point X is
No. 1
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f(U, x, 1)dU. By definition, the function f(U, x, ), which
characterizes the particle size spectrum, satisfies the
normalization relation

Ny(x, 1) = jf(U, x, 1)dU.

0

(30)
Clearly, the formula

s(x, 1) = JUf(x, 1, U)dU (31)

0

defines the total volume concentration of the dust parti-
cles. Since the volume of the size-k particles is equal to
kU,, the number density n4, of particles k can be
expressed in terms of f(x, ¢, U) as

ngy = f(kU, X, U, (32)

Using this relation, we can derive the following kinetic
coagulation equation from (28) after the operation
U 1 dU .

QJ_‘L%}_&_Q +V - [f(U, %, Duy]

=p g L) v 1t x pwa

v (33)
= %Jf(W, x, 1) f(U—-W,x, )K(W, U—W)dW
0

—f(U, x, r)J'f(W, x, )K(W, U)dW,
0

which is a generalization of the well-known Muller
equation for describing a coagulating disperse medium
(see, e.g., Voloshchuk, 1984) to the spatially nonuni-
form motions of a gas suspension. Here, K(W, U) is the
symmetric (in arguments) coagulation kernel that
determines the behavior of a dispersed medium in time.
To solve this equation, we must require the satisfaction
of the conditions f(U, x, ) — 0 for U — 0 and
U — oo and specify the initial condition f(U, x, 0) =
Jfo(U, x) and the boundary conditions.

The kinetic equation (33) is a nonlinear integro-dif-
ferential equation whose solution can generally be
obtained only by numerical methods, since, unfortu-
nately, the terms that describe the convection of dust
particles severely complicate the standard coagulation
equation (see, e.g., Lissauer and Stewart, 1993). Sev-
eral exact analytical solutions of the nonstationary spa-
tially uniform analog of Eq. (33) for some of the struc-
turally simple coagulation kernels (linear in each indi-
vidual argument) based on the Laplace integral
transform are known in the literature (see, e.g.,
Safronov, 1969; Voloshchuk, 1984). Therefore, the fol-
lowing should be noted. The analyses of the coagula-
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tion processes for kernels K(W, U) = A, that do not
depend on the coagulating-particle volumes are cur-
rently most advanced theoretically. The solution of the
coagulation equation with the kernel K(W, U) = A,WU
can hardly be considered physically feasible, since it is
not continuous in time (starting from a certain time, the
number of particles in the system becomes negative
(Voloshchuk, 1984). An analytical solution of the kinetic
equation with a kernel proportional to the sum of the coag-
ulating-particle volumes, K(W, U) = Ay(W + U), was
obtained by Safronov (1969) when studying the evolu-
tion of a protoplanetary gas—dust cloud. However, as
yet no disperse system for which the coagulation
microphysics would exactly lead to kernels of such a
type has been found.

At the same time, when hydrodynamically model-
ing a gas—dust disk, the full knowledge of the particle
size distribution function is often not required, and only
information about the behavior of its first several
moments of type Ny(X, 1), s(X, t), and the like in time and
space will suffice. In this case, one of the possible
approximate methods for solving the kinetic coagula-
tion equation, in particular, the method of moments,
can be used. In Appendix A, we illustrate the potential-
ities of this method by solving the kinetic coagulation
equation (33) for the case where the particle size distri-
bution depends on one space coordinate z, which corre-
sponds to steady dust motion when solid particles settle
under gravity to the subdisk.

The Conservation of Total Momentum

In modeling a protoplanetary cloud, we have to
solve the equations of radiation hydrodynamics for
large space-time scales of motion that define the aver-
aged thermohydrodynamic and radiation parameters of
the gas—dust disk medium. When the linear size of the
total volume element 87" is much larger than the radia-
tion mean free path A4, the radiation energy and pres-
sure cannot be disregarded. It is quite clear that in the
case of local equilibrium between radiation and matter,
where the radiation energy density is E,,q = aT*/p (per
unit mass) and the radiation pressure is

_ pErad _ 1 4
Praa = 3 - 3ClT ’ (34)

we should everywhere add the radiation energy and
pressure to the internal energy E(X, f) and the thermal
pressure p(x, ) in the equations of heterogeneous
mechanics and consider the process of radiative heat
conduction. Here, a = 46/c, 6, and ¢ are the radiation
density constant, the Stefan—Boltzmann constant, and
the speed of light, respectively.

The instantaneous equation for the conservation of
total momentum of the gas—dust material can be
derived, for example, by adding the equations of
motion for the individual phases (17*). As a result, the
differential equation for the momentum conservation of
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the disk medium as a whole (including the radiation
field), which, in contrast to the continuity equation (13),
depends on the relative motion of the phases, can be
written as

du_d(pu) .
dr ot +V- (puw)

= _Vpsum+v'ns>im+pg’

(35)

_ . a(akbl) . .
where V - (ab) = Zk 21 IIB—xk is the divergence of

the dyad ab = Y > iji (/b)) (see Appendix B);
Pam(X, ) is the total pressure equal to the sum of the

thermal pressure of the gas—dust mixture and the radia-
tion pressure, Pom = P + Prads

b - —
Hsum = IIsum + I1rel - Hg + Hrad

(36)
(1 =$5)p W W, — SPgWWy;

I1,,..(x, ) is the total viscous stress tensor?! equal to the
sum of the viscous stress tensors for a heterogeneous

mixture, IT = ZuHa = II, (since we assumed that

I1; = 0), and the radiative shear stress tensor IL,4; I, is
the viscous stress tensor for phase o, which depends on
the deformation rate tensor determined by the velocity
field of the corresponding phase;

Hrel = _Zﬁuwawa (37)

= - (1 - s)pgwgwg - Sdede

is the “relative” stress tensor?” that arises from the
dynamical effects of the relative motion of solid parti-
cles and gas (see, e.g., Kolesnichenko and Maksimoyv,
2001); g(x, 1) = =V is the vector of acceleration by the
external bulk force (gravity); W(x, 7) is the Newtonian
gravitational potential. When the mass of the gas—dust
cloud accounts for a few percent of the mass of the cen-
tral body or, more precisely, when M4/ Mo < hyig /R,
where Ay, and R are the disk half-thickness and radius,

2IThe viscous stress tensor is a tensor of the second rank or a dyad
(see Appendix B).
In heterogeneous media, the laws that describe the relative
motion of the phases become more complicated, because this
motion is determined not by the diffusion mechanism (collisions
between molecules during their random motion), but by the inter-
action between the phases as macroscopic systems. These pro-
cesses can be described using forces and a more consistent allow-
ance for the phase inertia. The relative stress tensor in the total
equation of motion for the mixture leads to a cardinal difference
between heterogeneous mechanics and multicomponent mechan-
ics, for which the terms containing quantities of the second order
relative to the diffusion velocities w, may be disregarded (the so-
called diffusion approximation in the mechanics of mixtures.

respectively (see, e.g., Hersant et al., 2004), the dust par-
ticle self-gravity may be ignored; in this case, we have

- Gl G,
’ Ir®

Ir|
where Jl is the mass of the central body (star); G is the
gravitational constant; |r| = A/x? + xi + x§ is the central

radius vector, r = Zk i x, ; in what follows, the center

g =-V¥ = T, (38)

of mass of the protostar is taken as the coordinate ori-
gin. In the cases where the self-gravity effects are
important,

¥ = Gllo/|r] + P, (38%)

and the self-gravity potential ¥, satisfies the Poisson
equation V2V = 4nGp, where V2=V - V is the Laplace
operator.

The relative stress tensor IL, for a gas—dust disk can
be written in several equivalent forms convenient for
writing the model equations of motion in various coor-
dinate systems. Using (6) and (12), we have

Hrel =- (1 - s)pgwgwg —SPaWgWy
= —(1-s)p u,u, —spsusu, +puu

= —spyC.WW
pd g (39)

= —Spng(ililwlwl + i1i2W1W2 + ili3W1W3
+ 0, wow, +ii,wow, +1,i3w,yws
+ i1, wawy + il waw, +isiwaws).

It is important to note that when the dynamics of a
protoplanetary cloud is modeled, these additional
stresses must be taken into account when fractions of
relatively large solid particles (=1 mm) are present in it,
since in this case there is a significant velocity differ-
ence between the phases, i.e., the relative velocity of the
phases w can be equal in order of magnitude to the
hydrodynamic velocity of the total continuum u. At the
same time, for very small particles (<1 mm at a Stokes
number Stk < 1; see Eq. (100)), when the particles have
time to react to a change in the parameters of the carrier
medium, the approximation of a passive admixture can
be used”®>—a two-phase gas—dust flow is approximated
by a flow of a single-phase (generally multicomponent)

21n the other extreme case (at Stk > 1), where the large solid par-
ticles in the disk system do not change their state as the gas
parameters vary, we can also consider a single-phase flow, but
already of pure gas; the inverse effect of the large bodies can be
taken into account by introducing distributed sources of resis-
tance. Finally, when Cy < 1, the presence of rare particles of the
gas—dust mixture does not affect the gas flow parameters and
therefore, the approximation of a single particle can be used;
here, first, the equations of motion for the gas are solved, and
then the particle trajectories and the change in their state along
the trajectories are determined from known gas parameters (see,
e.g., Garaud et al., 2005).
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medium with certain effective thermophysical proper-
ties (density, gas constant, specific heat, etc.) (see
Kolesnichenko, 2000). Below, we will use mainly the
representation of the tensor Il via the velocity vector
of the relative phase motion, w = u, — u,.

Since the radiative shear stress tensor I, is known
(see, e.g., Tassoul, 1979) to be structurally similar to the
viscous stress tensor for material I we may write

l_Isum = (H + IIrad) = 2(“~g + Mrad)D
+ (ég + 5/3]""rad)(V ’ ll)I,
D = D-1/31V -u,

(40)

where D is the deformation rate tensor; D = 1/2(Vu +
(Vu)2sP) is the deformation tensor; I is a unit vector
(or a unit dyad, I =1i; + i,i, + i3i3); Ke(p, 7) and Ey(p, T)
are the molecular coefficients of dynamic and bulk vis-
cosities of the gas, respectively; W,q = 4aT*/15cKp is
the coefficient of radiative viscosity; K is the total Ros-
seland mean opacity of the medium, which, in turn, also
depends on p, s, Ny, T, and the chemical composition of
the gas (see Egs. (72) and (73)).

The Conservation of Internal Energy

The instantaneous heat influx equation (the equation
of internal energy) for a heterogeneous gas—dust
medium as a whole under the above assumptions can be
written as (Kolesnichenko and Maksimov, 2001)

d
p(Tt(Esum) =-V. Qsum — psumV -ua
(41)
+®,+ ZJQ'K(,.

d
Here, K, = - o | p _ % OupWogp is the general-

dr * "

ized thermodynamic diffusion force that includes the
“inertial term” and the term due to phase transitions
(see (18)); Ey = E + E.4 is the total internal energy of
the disk system (matter plus radiation) per unit mass;

Ex, 1) = Za C,e, is the internal energy of the mate-

rial;? el (X, D), ho(X, 1) (=e, + p/p,) are, respectively, the
partial internal energy and enthalpy (per unit mass) of
the phase-a material; E,4 is the radiation energy den-

24If the matter—radiation interaction up to the terms of the lowest
order in |u|/c is taken into account, then the following terms also
enter into the radiative shear stress tensor components (II,4);::

—C 2 UiGradk + 4 Gra)i + Skt (raq)y)> Where Gryg is the radia-
tive heat flux vector defined by Eq. (48) (see, e.g., Hazlehurst and
Sargent, 1959).

Z5The internal energy of the gas—dust mixture as a whole that we
introduced is its true internal energy, since it does not contain the
contribution from the kinetic energy of the interphase diffusion.
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sity (per unit mass) defined by the Stefan—Boltzmann
law, E,q = aT*/p; Qum = q + q,.q is the total energy flux
density in the system; (%md is the specific radiatively
transferred energy flux;? q is the specific energy flux
related to the thermal motion of the particles of the
phase material (i.e., determined by the heat conductiv-
ity) and to the transfer of particle enthalpies by phase
diffusion flows: ®, = I, : Vu is the dissipative func-
tion, the rate at which heat is generated by the viscous
friction of the gas in a unit volume per unit time. In
writing (41), we assumed that the thermodynamic func-
tions (internal energy, enthalpy, etc.) are additive in the
masses of the phases in the heterogeneous system,
which is admissible only when the contribution from
the near-surface (Knudsen) layer of solid particles is
disregarded.

Using (17) and (18), the last term in Eq. (41) can be

rewritten as ZQJQ - K, = ana - (—dy + s,Vp),
where d, = —d 4 = Ryqw (without thermophoresis). For
the additional source of heat associated with the dissi-
pation of kinetic diffusion energy, we will then have (an
analog of the Joule heating for plasma)

ZJa K, = —Cyw - (-d,+5,Vp)

+C,w- (—dy+5,Vp) = Rgd|W|2 = sow- Vp,

since s? < 1. Here, 6 = (py — p,)/p is the relative excess
of the dust particle density above the gas density; for
small solid particles, s¢ << 1 and the last term in this
relation may be neglected.

It is important to note that the heat influx equation (41)
contains the true internal energy of the gas—dust
medium E per unit mass, which was determined by sub-
tracting the potential and kinetic energies of all phases
from the total energy U, of the material of the disk sys-
tem (Kolesnichenko and Maksimov, 2001),

1
E = Utol - ZCOLWO( - Eicalualz
a o

L, 2 1 2 42
= U= ¥ =50 = Y Colw (+2
o

1
=Uy,-¥- §|u|2 — C,C W% /2.

At the same time, if the internal energy of the gas—dust
system is defined by the relation E* = U, — ¥ — 1/2|u?,
then it will also include the macroscopic kinetic energy
of the phases in the center-of-mass system, i.e., E* =
E+ Cng|W|2/2. If we now write Eq. (41) via the inter-

26The radiative energy transfer should always be taken into
account, since it is large even at a low radiation energy density
(due to the high photon velocity).
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nal energy E* redefined in this way, then it will take a
usual form, i.e., it will not contain the terms Rgdlwl2 =
sow - Vp. Indeed, using (19*) and the vector transfor-
mation (a- (b-V)c=ab : V¢), we can write the balance
equation for the kinetic energy of the interphase diffu-
sion as
pL(CACLIWI2) = pCoC, (W 12)
(43)

= - Rgdlwl2 +I0, : Vu+sow- Vp,

since, to the terms of the second order relative w, we
have

d
pL(CCINI2) = pCyC, S (Iw12)

dc,
sz}

C)V

dc
+ (|w|2/2){cdp—d-t-g +C,

d
= PCyCyg (IW12) + (IW*/2)(Cy -

(pC,Cqw) =pCyC, (|W| 12).

Still, the quantity £ in the heat influx equation (41)
probably more deserves the name “internal energy”
than E£*, since the internal energy must contain only the
contribution from the thermal motion and the short-
range molecular interactions and no macroscopic terms
(see de Groot and Mazur, 1964).

Other forms of the energy equation for a gas sus-
pension. Below, we will need the energy equations
written in several other forms. Let us introduce the total
enthalpy H,,, = H + H,,4 of the matter and radiation in
the disk, where

= ZCuha

Hrad = Erad+prad/p = 4/3ClT4/P
Hsum = Esum+psum/p'

Using Eq. (42) and the transformation pdE,./dr +
PamV - U= pdH,,/dt — dpg,/dt, which is a corollary of
definitions (44) and the mixture continuity equation (13),
we will then obtain

dH dp
sum — sum _ V .
dt dt qsum

= zca(e(x+p/pa) = E+p/p
* (44)

(45)

+@, + Rgdlwl2 —sow - Vp.

This equation corresponds to the first law of thermody-
namics (i.e., the law of conservation of thermal energy).

Let us now rewrite Eq. (45) in the variables 7(x, f)
and p(x, f). For most of the purposes pertaining to our
problem of modeling the evolution of an accretion disk,

it will suffice to approximate the partial enthalpies of
the gas and dust (per unit mass) using the expressions
hy = cpT + hy, and hy = cpaT + hy, where hg, is the
enthalpy of phase o at zero temperature (the so-called
heat of formation) and cp,, is the specific heat (at con-
stant pressure) of phase o. Below, the thermophysical
quantities cp, and hg are assumed to be the constants
that approximate the actual disk specific heats cp,(T)

and partial heats of formation hg (7) in a limited tem-
perature range. We can then write

H = T+ Cyhg,

o

Hrad = Erad+prad/p = 4/361T4/p,

(46)

where cp= ) cpuCo = P {Py(1 = 5)cpy + 5pycq) is the

total specific heat of the “gas—solid particles” system at
constant pressure. Using now Egs. (46), along with
Egs. (9), (12), and (13), we obtain

__pZC“ T, Zh“ T,

Zh( ~V Ty +0p)

= PCP

(47)

= pcP——V [Zh }

+ z 9,8, +VT- {ZCPQJQ},
p=1 o

where the relation ¢, = za hoVe,, = qg + Ea Cpo Ve, p
introduces the so-called heat of reaction p, which is
equal to the difference between the products of the par-
tial enthalpies of the reaction products by the corre-
sponding stoichiometric coefficients and the analogous

sum for the reactants (v, , = sz 1My Vo, ); note

that qg = Za hgva, » can be interpreted as the heat of
phase transition p at zero temperature. The last term on
the right-hand side of Eq. (47) represents the effect of
the so-called “diffusing specific heats,” which is negli-

gible and, hence, is commonly ignored.

According to Kolesnichenko and Maksimov (2001),
the total energy flux J, = q - th h,J, related to the

SOLAR SYSTEM RESEARCH Vol. 40 No.1 2006
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thermal motion of particles in a heterogeneous contin-
uum?’ can be written in the standard form?®

J,=4-Y hoJo=a-pCyCy(hg—h)w = =1, VT,
or

a =Y hoJou—1%.VT. (48)

which generalizes the analogous relation for multicom-
ponent homogeneous mixtures (see Hirschfelder ef al.,
1954) to heterogeneous media. In a similar way, by
excluding the disk regions close to the surface of the
protostar, we can write the law of heat conduction for
the radiative heat flux vector,

Qraa = _XradV T. (48*)

Here, ), is the molecular coefficient of heat conductiv-

ity for the gas, and y,,q = 4acT>/(3K p) is the coefficient
of radiative (nonlinear) heat conductivity, which
strongly depends on the temperature and density of the
material (see Eq. (71)).

Substituting (47), (48), and (48%) in Eq. (44) ulti-
mately yields

dr _ dp,
pcP,sumdt - E"—V (XsumVT)_4pradV u
: (49)
+D, + Rgdwz—scw -Vp,— Z 9,8,
p=1

where we use the notation Ygm = Xg + Xraa a0d Cp_gym =
cp + 16aT3/3p.

Finally, let us derive the balance equation for the
specific entropy S = za C,S, of the total continuum

modeling the gas—dust disk medium as a whole, which
is commonly called the general heat transfer equation
(here, S, is the entropy per unit mass of phase o). For
this purpose, we will use the fundamental Gibbs rela-
tion (see, e.g., Prigogine and Defay, 1954) for a single-
temperature heterogeneous multicomponent radiative
continuum in the single-pressure approximation. Being
written along the center-of-mass trajectory of the vol-

?TRecall that the heat flux for diffusing mixtures can be defined in
various ways, with the specific form of the expression for the rate
of entropy production gy corresponding to each definition of the
heat flux; the choice in each specific case depends on the conve-
nience of considering the problem.

281n (48), we disregarded the thermophoretic effect, kpo, =0.
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ume element 8V, it takes the form (Kolesnichenko and
Maksimov, 2001)

TdSSum —_ dESum + d (1)
ar  “dr Penarp
n (50)
d (Salak
- 2 Z Ha(k)_(—)’
o k=1 dt p

where |, is the chemical potential of component k in
phase a.. Using Egs. (9), (13), and (41), we can write the
Gibbs relation (50) in the form of a balance equation,

ds

sum 1
p dt +V'{T(qsum_zGaJa]} = G(S)’ (51)

where

vr
0T = ~ (I, + Gua) =~ D Wa dg
; (52)

r

M Vut D T Vwg + Y AL,

p=1

is the energy dissipation in irreversible processes,
which is a local measure of nonequilibrium of the sys-

tem; Gy = Po D s Raqwy = €a+PlPa— TSy is the Gibbs
free energy of an elementary macroparticle of phase o;

n
Ap=-— Z Z Mo Vo, p

a=1k=1

(33)

is the chemical affinity of reaction p that generally pro-
ceeds between components in different phases.

Note that the specific representation of the rate of
entropy production (7Gs,) as a bilinear form is used in
nonequilibrium thermodynamics to establish the defin-
ing relations that linearly relate the thermodynamic
fluxes and the conjugate thermodynamic forces in the irre-
versible process under consideration by the Onsager
method. In particular, the generalized Stefan-Maxwell
relations (17) for heterogeneous media were derived by
Kolesnichenko and Maximov (2001) precisely in this way.

The Thermodynamic Equation of State

Below, we will use a baroclinic equation of state for
a mixture of perfect gases as the thermal state of the
multicomponent gas phase of the disk (the equation for
pressure):

Pe = D Pwy = kaT X oy = PR, T,

(k) k

(54)
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where R, = ky

molecular mass of the gas particles, which below is
assumed to be constant.

Moo IPe = kgl A, is the mean

Assuming that the partial pressures in the phases are
equal, p, = pq = p, let us write the equation of state for
the disk material as

p = PpRT, R(C,s) = Ryp,/p

(55)
= R,C/(1-5)=R,C,

(in the case considered here, PR is not a constant). The
approximate equality in Eq. (55) holds for a gas suspen-
sion with a low volume concentration of the condensed
phase (i.e., when s < 1, which is assumed in this paper;
nevertheless, the dynamical effect of solid particles on
the gas flow may turn out to be significant even in this
case due to the enormous influence of the gravitational
force). Thus, the gas—dust disk medium as a whole may
be treated as a perfect gas with the adiabatic index yand
the speed of sound ¢, defined by the relations

y= Cp _ PgCpg + SPaCpy
=R p(Cpe—R) + SPyCpy
P Pe(Cpg ¢) T SPaCpa (56)
Cp,
1<y<y,= e
£ oop— R,
cfz(a—g) = yg = YRT = cﬁgL'Js,
’ : (57)

where vy, and c,, are the adiabatic index and the isother-
mal speed of sound in a pure gas. For a gas of solar
composition, with hydrogen and helium comprising
98% of it, the adiabatic index is y, = 1.45 and the mean
molecular mass is Ji, = 2.39.

Radiative Processes

Radiative heat transfer has a decisive effect on the
state and motion of a turbulized high-temperature pro-
toplanetary cloud. Meanwhile, the interaction between
radiative heat transfer and turbulence has been studied
inadequately; as a result, it has been disregarded in the
literature and in modeling the evolution of a gas—dust
disk until recently. Since this interaction can actually be
significant (see, e.g., levlev, 1975), below we attempt to
take it into account (at least in part) using the approach
being developed here. Therefore, let us consider in more
detail some of the basic concepts of the theory of radia-
tive transfer that we will need for the above purposes.

The emission and absorption of photons29 are

described by a radiative transfer equation that for a gas—
dust medium in local equilibrium (at any point in space
and at any instant in time) takes the form

101, B
=5 +Q-VI, = px,(B,-1,).

(58)
Here, I, = I,(x, L, £) is the spectral intensity of the radi-
ation defined in such a way that /,dvdQ describes the
energy of the photons in the frequency range from v to
Vv + dv that cross a unit surface element with normal
within the solid angle dQ2 oriented along €2 per unit
time; B(T) = 2hv3/c?)[exp(hv/kgT) — 117! is the Planck
function; / is the Planck constant; K, (X, ¢) is the total
spectral attenuation coefficient (opacity) expressed in
terms of the cross-sections for the elementary physical
processes in the gas—dust mixture as

pr, = (1 - S)Z”g(k)c(k)(v)
¢ (59
nds -
+ N80, m(v), do);

Oy(V) = 0,4 (W[ — exp(hv/kgT)] + fog() is the cross-
section for the attenuation of radiation at frequency v
per one gas molecule of type k, which is equal to the
photon absorption cross-section (corrected for the
induced emission of radiation) plus the effective scat-
tering cross-section; Q4 = Qy4 + O4as Qs and Qy, are,
respectively, the efficiency factors for the scattering and
absorption of light by dust particles (the dimensionless
quantities calculated using the Mie theory); m(Vv) is the
complex refractive index of the grain material. The fol-
lowing moments used here are related to the function /,;:

_ 1
Eua (% 1= = [1(x @ nae, (60)
4
the spectral energy density (per unit mass); and
Qo o(x 1) = [1,(x QDR (61)

4n

the spectral energy density along €. The total energy
density and flux can be obtained by integrating the cor-

PThe scattering is known to have no direct effect on the thermal
regime of the medium. That is why, in general, the scattering of
radiation is disregarded in the problems of radiation hydrody-
namics (which we will do below), and only the true attenuation
coefficient x, and the true source function of the radiation B,
(without scattering) are considered.
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responding monochromatic quantities over the fre-
quency,

Erad(X’ t) = J Erad,v(X’ [)dV,

v=0

(62)

qrad(x’ t) = J. qmd,v(X, t)dV.

v=_0

Equation (58) written along the direction of propa-
gation of the radiation takes a simpler form,

di,
—d-l— - pKv(Bv - Iv)-

(63)
Here, [ is the coordinate along the ray; below, we will
omit the term ¢~'01,/0t in Eq. (58), since the character-
istic time scales for the motion of a gas—dust medium
are much longer than /*/c, where [* is the ray length. If
the optical depth of the layer of the gas—dust medium
(with the ray length /) along the direction of propaga-
tion of the radiation is defined by

l

T, = J-pKle, (64)
0

then Eq. (63) can be easily integrated to give the follow-
ing expression for the intensity of the radiation from a
region with a total optical depth t,:

IV(TV) = Iv(O)eXp(_Tv)
K 65
e [ BGoeol--noln,

T, =0

where [,(0) is the integration constant; the latter has the
meaning of the radiation intensity at some point on the
ray at which we set the coordinate / equal to zero, / = 0.
When removing the point / = 0 to a great distance, it fol-
lows from Eq. (65) that

l

)
I,= ijul)exp(— | pm(zgdlz]pm(zl)dzl. (66)

llfll

Ideally, Egs. (65) and (66) allow the intensity /,(x, €2, )
at various points and in various directions to be found
for known optical properties of the medium (i.e., the
distribution x,(x, #) and boundary conditions in the
midplane of the disk; the radiative heat flux distribution
¢..q(X, 1) can then be calculated using Egs. (61) and (62).

At the same time, the heat influx equations (41) and
(45) include the divergence of the radiation flux V - q,,g.
For a known I, distribution, this quantity can often be
found without calculating q,,q from (62). Integrating
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the steady-state equation (58) over the entire frequency
spectrum and over the solid angle € yields the follow-
ing general expression for the contribution of the radia-
tion to the thermal balance of the gas—dust disk
medium:

=3

v=0 4n

§ (67)
= J.{4npKvBV(T)—IpKVIVdQ}dV,
v=0

4n

where the first and second terms correspond, respec-
tively, to the spontaneously emitted and absorbed radi-
ation energies in a unit volume per unit time. The con-
tribution of the radiation to the heat influx equation (41)
is generally difficult to calculate using formula (67).
However, these calculations are simplified significantly
in the following two cases that are important for mod-
eling the various evolutionary stages of a protoplane-
tary gas—dust cloud.

(1) At small optical depths of the gas—dust disk. In
this case, the term with [, in (67) may be ignored, i.e.,
we can assume in the heat influx equation that

V. q=4n j px,B,(T)dv. (68)

v=0

At high temperatures, this term can be significant even
at a small optical depth of the gas (see Ievlev, 1975), for
example, in the near-surface layer of the disk.

(2) At large optical depths of the gas—dust disk for
the radiation of all energetically significant frequencies v.
In this case, the diffusion approximation is applicable
for the radiative heat transfer (the approximation of
radiative heat conduction), where the radiation field I,
is anisotropic only slightly. Multiplying the radiative
transfer equation (58) by € and integrating it by all
angles yields (given that the isotropic term with px,B,
does not depend on the direction and, hence, does not
contribute to the integral)

Je@ Vi)dQ = -pKdu.; (69)
4r
whence we obtain for the total heat flux
ol
Qs = - | pKVjsz(sz -V1,)dQdv. (70)
v=0 4n
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If we retain only the most significant isotropic part for
the slightly anisotropic radiation field on the left-hand
side of Eq. (69), then

o

Ut = — j pLVjsz(sz.Vlv)dev
4n

v=0
. cC F 1
=-= j pKV(VBVJQ]QdeV
) v=0 4n ) (71)
c 1 c 1dB,
-5 | VBV = | —ar VT
v=0 v=0
3
- Headlyr _ oy v,
3px

where we introduced the so-called total opacity of the

medium ¥ (p, s, T, N,), which is defined as the Rosse-
land mean (for the inverse quantities 1/x,) spectral
opacity (see Pollack et al., 1985),

1
4aT’

j (1/x,)(dB,/dT)dv

v=0

AU —

oo

j (1/x,)(dB,/dT)dv

v=0

(72)

j (dB,/dT)dv

v=0

(since Ji: 0 (dB,/dT)dv = 4aT?). The diffusion approx-

imation is valid if the radiation field is isotropic at dis-
tances comparable to or smaller than the photon mean
free path, A, = 1/k,. Note also that Eq. (71) expresses
the radiative flux vector q,,4 in the inner regions of the
gas—dust disk with an excellent accuracy. However, in
the near-surface layers of the disk, the optical depth is
of the order of or smaller than unity, and the flux is no
longer defined by this local expression. Therefore, we
must use the nonlocal solution (68) of the transfer equa-
tion, which is commonly used to study the stellar atmo-
spheres.

Optical properties of dust grains. It is convenient
to rewrite the spectral opacity of the medium related to
the dust component that is defined by Eq. (59) as

~2
nd
T NaQa(m(v), dy)

Kv(pa S, Nd) = 4p

2/3

(73)
n'”6 23 5,173

=5 ! Ny [Qa(m(V), dg) + Qu(m(V), dy)];

this form explicitly depends on the first moments s and
Ny (see (30) and (31)) of the dust particle size distribu-
tion function f(U, X, f). We are going to calculate the
scattering and absorption of light by spherical solid
bodies with a complex refractive index m using the Mie
theory. Note that, for example, m = oo corresponds to an
infinite permittivity, m = 1.33 corresponds to ice parti-
cles (for visual wavelengths), m = 1.33-0.09i corre-
sponds to dirty ice (ice with absorbing admixtures), and
m = 1.27-1.37i corresponds to iron grains.

The size of a spherical solid particle is commonly
expressed in terms of the dimensionless parameter
x(V) = mdy/A, where A = ¢/v is the wavelength of light.
For small x, the efficiency factor for the scattering of
light by dust particles Qy is very small; at |mx| < 1, we
have the standard formula for Rayleigh scattering:

04 = 83| (m* = Di(m® +2)|7, (74)

and the absorption efficiency factor in this case is given by

Qe = —4xIm[(m” - 1)/(m” +2)], (75)
where Im means that the imaginary part should be
taken.

The Basic System of Equations of Disk Hydrodynamics

Let us summarize (for the convenience of referenc-
ing) the above equations of motion for a two-phase
polydisperse gas—dust medium. These equations (the
reference basis of the model), which include the rela-
tive motion of the phases, coagulation, phase transi-
tions, and various physical-chemical and radiative pro-
cesses, are intended, in particular, for a continuum
description of the space-time evolution of the composi-
tion, dynamics, and thermal regime of a gas—dust cloud
at the final laminar evolutionary stage of the pro-
toplanetary disk (after the decay of turbulent motions>)
in subdisk zones located at various distances from the
proto-Sun (see, e.g., Nakagawa et al., 1986). It is also
important that these equations, which describe the
instantaneous state of a turbulized protoplanetary cloud
at any stage of its evolution, may be considered as the
basic ones in studying the mean motion of the disk sys-
tem when the probability-theoretical averaging of the
stochastic equations of motion has to be performed to

30Turbulence may not decay completely in the disk regions close to
the proto-Sun due to the disturbing effect of magnetic fields, cor-
puscular flows, etc. on the medium.
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phenomenologically describe the hydrodynamic and
physical-chemical processes. Thus, we have

dp = d_od,
E+pV u=0 ( =5, V)

d(sp _
SRS
p=

(Jd =pCyC,w, C, = l—%, Pq = const)

d(N,
pdt(p) V- (NyCyw)
a6
—2”1<(W U)f(W) £(U)dWAU + ; Zlvd(k) R
-
p—l—l = _V(p+prad)+v(nsum_de)+p 3 r
dr Ir|

3,,.dT
(pcVg +4aT /3)5

=-V. (J +qrad)_(p+4prad)V 'u+(I)

— 5Pyq gdt( ) Zngp (pg— _Spd)

QRgT, Prg = aT /3.

P =Py =P,

The hydrodynamic equations of motion (76) must be
complemented by the corresponding expressions for
the phase transition rates &, and the defining relations
for the thermodynamic ﬂuxes

IIsum = (Hg + urad)[vu + (Vu)transp]
+ (gg - 2/3Mg + !"Lrad)(V ’ ll)I

1 ( dw 1 ) (77)
= (Y (w.Vyus—V
pedg dt ( ) pg pg
Jq = _XgVT’ Qrad _XradVT’

as well as by the expressions for the coagulation coeffi-
cients K(W, U) (see Kolesnichenko, 2001) and the coef-
ficients of molecular transfer L,(s, 7), E_,g(s, 1), x4(s, 1),
040(5, Ny, Re) and radiative heat conductivity X,q(s, Ny, 7).
For the above system of equations of two-phase
mechanics (76)—(77), we must specify the initial and
boundary conditions whose choice requires a special
analysis in each specific case, since, in general, not the
disk system as a whole with, say, such natural bound-
aries as the midplane of the disk or its outer boundary,
but its separate regions are modeled.
SOLAR SYSTEM RESEARCH  Vol. 40
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It is important to emphasize that the system of equa-
tions (76)—(77), which also describes all particular fea-
tures of the instantaneous state of the stochastic ther-
mohydrodynamic fields of the turbulized flow of a gas—
dust disk medium and their variations under given ini-
tial and boundary conditions, often cannot be solved
using currently available computers. This is because
using numerical methods entails the approximation of
the colossal space-time field of turbulized flow param-
eters by a finite number of mesh points that should be
used to solve the finite-difference approximations of
the differential equations. At present, there is only one
economically justified way out: to solve the hydrody-
namic equations (76)—(77) only for large space-time
scales of motion that determine the averaged structure
parameters of such a stochastic medium and to model
all of the smaller scales phenomenologically. In this
case, stochasticity means the existence of an ensemble
of possible realizations of pulsating gas-suspension
flow fields for which the concept of statistically mean
(mathematical expectation) is defined for all thermohy-
drodynamic parameters.

AVERAGED EQUATIONS OF TWO-PHASE
MECHANICS TO DESCRIBE THE TURBULENT
HEAT AND MASS TRANSFER
IN A GAS-DUST DISK

Before developing the basics of the phenomenolog-
ical theory for the turbulence of multiphase media, as
applied to the problem of modeling the evolution of the
circumsolar protoplanetary disk, note once again the
following: the currently available approaches to
describing multiphase turbulent flows are imperfect
(see, e.g., Shraiber et al., 1987). This is attributable
both to incompleteness of the “classical” theory of tur-
bulence in “ordinary” hydromechanics and to a cardinal
complication of the pattern of turbulent gas flow in the
presence of a disperse admixture. It should be kept in
mind that, being a fundamental problem of heteroge-
neous mechanics, the problem of the inverse effect of
solid particles on the flow parameters has not yet been
solved in full. In particular, this concerns the methods
of allowance for the collective effects related to inter-
particle interactions whose role increases with particle
concentration and size. For example, the mechanism of
intense randomization of the motion of large particles
(the so-called pseudoturbulence), which are weakly
entrained by the turbulent pulsations of the carrier
medium (see Shraiber et al., 1980), is related to inter-
particle collisions. Thus, in view of the above peculiar-
ities of turbulent flows in heterogeneous media, any
theoretical approaches to their description and mathe-
matical models based on them will always be limited,
since they essentially pertain to a strictly definite range
of concentrations and inertias of the disperse phase.
This also applies to all of the currently existing models
for the evolution of a gas—dust disk that cover a rela-
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tively narrow range of problems pertaining to the prob-
lem in question.

Let us now turn to deriving the basic balance equa-
tions of matter, momentum, and energy for a disk gas—
dust turbulized medium intended to formulate and
numerically solve the specific problems of consistently
modeling the thermohydrodynamic parameters of a
protoplanetary cloud at various stages of its evolution
and analyze the physical meaning of the individual
terms in these equations. For the functions in these
equations to be smooth and continuous with continuous
first derivatives, Eqgs. (76) must be averaged over time
or an ensemble. The progress made in recent years in
developing and using semiempirical models for turbu-
lence of the first order of closure (the so-called gradient
models) for a homogeneous compressible fluid (see, e.g.,
Taunsend, 1959; Van Migem, 1977; Kolesnichenko and
Marov, 1999) allows us to generalize some of these
models to the shear flows of a two-phase gas—dust mix-
ture that we describe in terms of a single-fluid contin-
uum. We will derive the closing (defining) relations for
the turbulent flows of phase diffusion, heat, and the
Reynolds turbulent stress tensor by a standard method
based on the concept of mixing length.

Choosing the Averaging Operator

Various methods of averaging the fields of physical
quantities are known to be used in the theories of fluid
and gas turbulence. These include, for example, the
time averaging

t+ At/2
A =(1/Ar) j A(x, 1)dt,

t—At/2

(78)

where the averaging interval Az of the pulsating param-
eter A(x, 1) is assumed to be large compared to the char-
acteristic pulsation period and essentially small compared

to the variation period of the averaged field{ (x, 7); the
space averaging through integration over the space vol-
ume; the space-time averaging; the probability-theoret-
ical averaging over the ensemble of possible realiza-
tions; etc. (see, e.g., Monin and Yaglom, 1992). The lat-
ter approach using the concept of an ensemble, i.e., an
infinite set of stochastic hydrodynamic systems of the
same nature that differ by the state of the field of veloc-
ities and/or other thermohydrodynamic parameters of
motion at a given instant in time, is most fundamental.
According to the well-known ergodicity hypothesis, the
time and ensemble averages for a stationary stochastic
process are identical. Without discussing the advan-
tages and shortcomings of various averaging methods,
we only note that the practice of constructing phenom-
enological models to study the turbulent motions shows
that, in general, the methods of introducing the aver-
aged parameters of motion are unimportant for setting

up a complete system of averaged hydrodynamic equa-
tions if we require that the Reynolds postulates be sat-
isfied during any averaging:

A+B = A+B, ad = ad, )
(79)

Here, SA(x, 1) and JB(x, 1) are pulsating parameters of
the turbulent field of physical parameters for the sys-

tem; A (x, 1) and 9B (x, 7) are their mean values; and a
is a constant. We will also assume that any averaging
operator used in (79) commutes with the differentiation
and integration operators in both space and time>!

oA (x,1)/0t = dA(x, 1)/t

jsﬂ(x, fdr = j A(x, 1)dt 50

oA (x, 1)/dx; = dA(x, 1)/0x;
j&d(x, rdx; = J’&d(x, fdx;.

In the classical theories of the turbulence of homo-
geneous incompressible fluids that have been devel-
oped to date fairly completely (see, e.g., Monin and
Yaglom, 1992), the averagings for all thermohydrody-
namic parameters without exception are usually intro-
duced in an identical way and, as a rule, without
weighting coefficients. In the time averaging (78) or the
probability-theoretical averaging over the ensemble of
possible realizations

N
o = lim > AN (81)

N > o
p-1

(where the summation is over the set of realizations,

and the corresponding average field o is defined as the
mathematically expected value of &4 for an ensemble of
identical systems), the actual value of the parameter &{

is represented as the sum of the averaged, A , and pul-

sational, &{', components: A = o + ' (with s{' = 0).
In this case, the separation of the actual stochastic
motion into a slowly changing continuous mean motion
and a rapidly oscillating turbulent (irregular, pulsating
about the means) motion depends entirely on the choice
of the space-time region for which the means are
defined. The size of this region fixes the scale of mean

31Some of the relations (79)-(80) after the time (space) averaging
hold only approximately, although they will be the more accurate,
the smaller the change of the mean o (x, ?) in time (and/or space)
in the domain of integration under consideration.
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motion.>? All vortices of larger sizes contribute to the
averaged motion determined by the averaged thermo-
hydrodynamic parameters. All vortices of smaller sizes
filtered out in the averaging process contribute to the
small-scale turbulent motion determined by the corre-
sponding pulsations of the same structure parameters.

At the same time, this averaging method (the same
for all variables) for a two-phase continuum with a pul-
sating total density p leads not only to cumbersome
hydrodynamic equations of mean motion, which is
related to the need for retaining correlations of the type

p'u', p'u'u', p'C,u', etc. (which emerge, because the
convective terms of the basic equations for instanta-
neous motion are nonlinear) in their structure, but also
to difficulties in physically interpreting the individual
terms of the averaged equations. Therefore, when
developing our models for a gas-dust disk medium,
apart from the “ordinary” means for some of the pulsat-
ing parameters, we will use below the so-called Favre
(1969) weighted mean averaging for several other
parameters specified, for example, by the relation

(sdy=psd/p

S e I R (82)

- L?ELNZ Pt }/ L&E‘LNZ P }
p=1 p=1

in this case, A = (A) + A", A" #0; here, " is the cor-
responding turbulent pulsation. Thus, we will use two
symbols to denote the mean quantities: the overbar
denotes the ensemble (time and/or space) averaging,
while the angular brackets denote the weighted mean
averaging. The double prime is used below to denote
the pulsations about the Favre averaged quantity. Note
that the Favre averaging of several pulsating thermohy-
drodynamic parameters for a heterogeneous continuum
simplifies significantly the form and analysis of the
averaged hydrodynamic equations. This is because for

the ordinary averaging, correlations of the type p'sd',

p'sd'u', etc. appear in the averaged equations of
motion in explicit form, while for the Favre averaging,
these correlations are hidden in the corresponding
terms of the equations that have a simpler form.

Below, we list some of the properties of the
weighted mean averaging widely used below that can

3There can be various procedures of deriving the equations for
large-scale turbulence: the ‘“‘smoothed” thermohydrodynamic
parameters can be introduced, in particular, using the filter func-

tion o (x, 1) = _[G (x—x")d(x', )dx' (Leonard, 1974) or when set-

ting up the (momentum, mass, etc.) balance equations for each
cell of the computational mesh (Ievlev, 1970).
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be easily derived from definition (82) and the Reynolds
relations (80) (see, e.g., Van Migem, 1977):

pod” =0, A" = —p'sd"/p

pAB = p(A)y(B)+psd"B"

V() = V() (83)
(AB)" = (AYB" + (By " + A" B —psd"B"/p
pdsd/dt = pD(AY/Dt+V - (psd'u"),

where

D(...)/Dt=3(...)/dt + (u) - V(...) (84)

is the substantial derivative for the averaged motion.

Averaged Mass Balance Equations

Thus, we will consider the turbulized two-phase
disk medium as a continuum whose instantaneous
motions can be described by the system of hydrody-
namic equations (76) for a random sample of initial and
boundary conditions.>® The macroscopic equations of
turbulent motion for the gas—dust medium can then be
obtained (in a form convenient for the subsequent anal-
ysis) by the stochastic ensemble averaging of Egs. (76)
using the weighted means for such flow parameters as
the velocity (u), temperature (7), mass concentrations
(Cy, etc. However, it is convenient to average the pres-
sure p and density p of the medium as well as all
“molecular” thermodynamic fluxes J,, q, I, and &p in
the “ordinary” way, i.e., without using any weighting coef-
ficients.

The averaged continuity equation. It is easy to see

that the averaged density p and the weighted mean
hydrodynamic velocity (u)= pu/p satisfy the continu-
ity equation for mean motion

ap _

=+V. =0,

5 (P(w)

_Dr1 (83)
or p]—)—t(s)—v' {(u) = 0.

Regarding this equation, it is important to empha-
size the following: with known difficulties in modeling

the binary correlations p'_u' that appear after the “ordi-
nary” averaging of Eq. (13) for the true density and

BThis is possible for the space-time scales enclosed between the
scales of molecular motions and the minimum turbulence scales
(the linear size and lifetime of the smallest vortices), which are
generally several (at least three) orders of magnitude larger than the
scales of molecular motions, i.e., the separation between the mole-
cules, let alone the sizes of the molecules (see, e.g., Van Migem,
1977).

3#The Favre averaging of the equations of motion for a two-phase
flow of a gas suspension described in terms of a single-fluid con-
tinuum was probably performed in this paper for the first time.
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hydrodynamic velocity of a two-phase system without
any weight, the preservation of the standard form (85)
for the averaged continuity equation is a convincing
argument for using the weighted mean (u) for the total
hydrodynamic flow velocity (see Kolesnichenko and
Marov, 1999).

In particular, formula (83) widely used below can be
derived only using Eq. (85) by averaging the operator
relation pdsd/de = d(psA)/0t + V - (pSAu); as a result, we
have

dd A(pd)
= = a(g )+ V. (psdu)
) a(gfﬁ) V- Ip(syuy +psdiu] (839
_ —_12 turb
= pD (AY+V-J,
where we denote
Ji;rb_p&i" "= p(A"u") (86)

for the second single-point moments of the flow veloc-
ity pulsations and some transferred substance ${. Thus,
formula (86) introduces the so-called turbulent flux
related to the transfer of substance & by the turbulent
pulsations of the system’s hydrodynamic velocity.

Below, we give a formula for the turbulent flux J,, b

turb

of the specific volume v(x, f) (=1/p). The flux J,
plays an important role in our approach and appears in
many averaged equations of motion, for example, in the
averaged energy equation (see Eq. (126*)). Using the
relation v"' = —p'/pp , which directly follows from the
definition of pulsations v"' (v' = v—(v)=1/p-1/p =
—p'/pp ), we obtain from (86)

turb
Jv _pvu =

—pu"/p = (87)

Below, we everywhere assume that only the dust vol-
ume content s and the true gas density p, fluctuate in the
gas—dust flow (this is a cardinal assumption of the
approach developed here); it then follows from Eq. (2) that

p:'51—§p7;+ o)s' = Cp—'g+ o)s' (88)
p( )p<> <g>§g<>,
where we denoted
(6)=(pa— P )P =pa/p (89)

for the averaged excess of the dust particle density above
the gas-suspension density and use the expression

_(1_S)pg~(1_*§)pg [3
Cy=—"‘Fe~2  /be_Te
(€Y p p p

for the averaged mass concentration of the gas phase
(Ce) =pg5/p = 5(0), (Cyp) +(Cy) = 1). The following

(90)

expression for the turbulent flux of the specific volume

J“ in the gas—dust medium follows from (88) in (87):

I =—pu'/p = - (c)s'u" (I_E)%; oD
P/ Pg

It should be noted that Egs. (88) and (90) for p' and
(Cy) (as many similar quantities that will appear below)

are valid only when the inequalities {'B'/AB < 1
and (A"B")/{AXB) < 1 hold for any pulsating ther-
modynamic parameters & and 9B not equal to the gas—
dust flow velocity u; below, we everywhere assume that
the ratios of this kind are small without any special stip-
ulations.

The averaged diffusion equation for the disperse
component of a disk system. Applying the averaging
operator (83%) to the diffusion equation (12) for dis-
perse particles, we obtain the balance equation for the
dust concentration

_D(Cyp
Y

+V- (g +15") = 04

r (92)
Oy = Z Vg, p§p~
p=1

Here, (C,) = pa5/p; Jq is the averaged “molecular”

diffusion flux of the dust defined by the relation (see
formula (12))

Ji=pCyCow=p(CH(CHW=p,

-o||'OI

S5SW,  (93)

I =pCiu" = psu’” (94)

is the so-called turbulent diffusion flux of the disperse

phase (for the gas diffusion flux, we may write J, b

pCiu" =—pCyu" =-J;™).

If we write the turbulent dust flux as J3™ = p,s J"° +

V "n

pas'u", then we can obtain the following representation
for the turbulent flux of the specific volume using (91):

3" = —<c>—pJ;‘"b—(1 _5)Pe (O1%)

PaPg g

Below, we will need this expression for J'' e

To close the averaged equation (92), we must have a
defining relation for the turbulent diffusion flux of the

dust, Ji™ = p(C}u"). There are several approaches to

modeling second-order correlation moments of this
type that differ in complexity (see, e.g., Marov and
Kolesnichenko, 2002). Here, we restrict our analysis to
the simplest gradient relation that we will derive in a
traditional way, by introducing the concept of mixing
SOLAR SYSTEM RESEARCH  Vol. 40
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length.35 For this purpose, we will assume that the
transfer of particular flow field characteristics S by the
turbulent pulsations of the medium takes place as a dif-
fusion process and that the existence of an effective
mixing length & of substance 4, the distance to which
the turbulent moles (vortices) in the flow move before
they are destroyed through the interaction with other
disturbances, may be admitted. If we denote the
Lagrangian turbulent pulsation of the transferred sub-
stance S corresponding to the Eulerian pulsation " by

A and the effective mixing length by &_;, then we may
write s; = " + E,V({(A)*® C) = —£,V(C,). Hence,

the diffusion flux J § of the system’s dust component in
terms of the gradient representations is

I =pCiu" = —p(uEy) - V(Cy)

5 (95)
)
turb

where the dyad D~ =(u"€,) defines the nonsymmetric

turbulent diffusivity tensor of the dust that, in the gen-
eral anisotropic case, allows for the differences in the
intensities of the turbulent pulsations of the solid parti-
cle velocity and concentration along different coordi-
nate axes. Relation (95) is equivalent to the assertion
that the turbulent flux of the dust phase is proportional
to the gradient in mean concentration (C,) and has the
direction opposite to it. It is important to keep in mind
that using the gradient hypothesis does not eliminate all
of the difficulties associated with the closure problem,
since the corresponding turbulent transfer coefficients
must also be determined (experimentally or based on a
qualitative physical analysis).

For an isotropic turbulent field, we may assume that

the tensor Dg"b is spherical, Daurb = IDE"b, ie., is

defined by the turbulent diffusivity of the dust Dfiurb (x)

alone (a statistical parameter of turbulence); then,
3§ = -pDI"VLCY)

- _ ﬁD:]urb . V<Cd> — _lspdD:iurb .

(96)

and the averaged diffusion equation (92) takes the form

_D(Cy)
p—ijr—4-V

— _ turb

: {ﬁg(cd>w - %V<Cd>} = (_Sdg’ (92*)
C

3n the past decade, deeper (in physical content) differential turbu-
lence models have come to be used to model turbulent single-
phase flows in thin accretion disks. Apart from the equations for
averaged quantities, these models include the additional differen-
tial transfer equations for the most important parameters of the
turbulent structure (see, e.g., Dubrulle, 1992).

3The dust substance is assumed to be indestructible; that is, the
dust amount in an elementary volume is not changed while it is
moving without mixing with the ambient gas.
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where v is a turbulent analog of the coefficient of
kinematic viscosity for a gas—dust mixture (see below);

Scwurb = yurb/DY™ g the turbulent Schmidt number for

the disperse phase (a dimensionless factor of the order
of unity that depends on the nature of the dust substance
and that is a function of the dimensionless flow param-
eters). In the gradient theory, the Schmidt number is
calculated using the formula Sc™® = & /E,, where &, is
the velocity mixing length. The dependence of the
Schmidt number on the dust particle concentration was
first obtained by Abramovich and Girshovich (1973).

The turbulent transfer coefficient; the Stocks
number. First, note that the coefficients of turbulent
transfer in any turbulized medium, in contrast to the
corresponding molecular transfer coefficients, describe
not just its thermophysical properties, but also the state
of the turbulent field and, hence, depend on the averag-
ing scale of the pulsating thermohydrodynamic param-
eters. For this reason, the way of introducing the aver-
aged characteristics of turbulent motion is crucial in
developing the methods for experimentally determin-
ing this kind of transfer coefficients. The assumption
that the particles are completely entrained by the turbu-
lent pulsations of the scale that plays a major role in
particle encounter mechanics (the approximation of a
passive admixture) underlies the most advanced
approach to modeling the turbulent diffusivity. If the
solid particles are very small and, hence, their motion
does not differ in any way from the motion of the gas
carrier moles, then the turbulent diffusivity of the dust

particles Dfiurb and the coefficient of turbulent viscosity

v of the gas are equal for them. In this case, D™

depends only on the turbulent pulsation scale length of
the carrier gas and can be estimated, for example, as

D:lurb _ Vturb — /\/Bl _ (81)1/31 — 81/314/3,

O7)

when [>Ag.
The following notation is used in this expression: b is
the turbulent energy of the gas—dust medium as a whole

(see (107)); e = b/l = Vi/?fK is the dissipation rate of

the turbulent gas energy (see Eq. (125%)); Ax = (Vz /e)1*
is the Kolmogorov (internal) turbulence scale length;
and /(x) is the Prandtl mixing length (a numerical factor
that can be included in /). Below, we call [ the turbu-
lence scale length at a given point in the flow.

It should be noted, however, that the numerous
experimental data (see, e.g., Mednikov, 1981) confirm

the equality D}™ = vt only for very small particles,

when the dimensionless Stokes number in the large-
scale pulsational motion Syk < 1. In general, several
Stokes numbers Stk, which are equal to the ratio of the
dynamic relaxation time of the dust particles to partic-
ular flow time scales (e.g., to the Kolmogorov turbu-
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lence time scale T = (v,/€)"”? or to the time scale of the
large-scale pulsational motion of the medium T o< b/€)
that characterize the particle inertia relative to the cho-
sen flow scale in the turbulent flow, can be introduced
for a turbulized heterogeneous flow. In the case of
Keplerian differential rotation of the solid particles in
the disk, where there is a radial gradient in averaged
velocity, it is important to take into account the particle
inertia when analyzing the relaxation of the averaged
phase velocities. For this purpose, it is convenient to
introduce the Stokes number in the averaged motion,
which we will write as Stk = Wy Trejax, WhETe T4 1S the
dynamic relaxation (dynamic inertia) time of the parti-
cles; @, is the lower frequency limit for the turbulent
pulsations of the carrier gas in the disk belonging to the
largest vortices with the (macroscopic turbulence) scale
length L; the frequency ®,,, then determines the slow
macroscopic variations in flow parameters (which are
generally not related to turbulence) and, according to
Safronov (1969), is specified in the form g, = Qx g,

where Qg ia= /G Mo/ " is the orbital frequency (the
Keplerian angular velocity near the midplane of the
disk). Cuzzi et al. (1993) slightly refined this estimate:
wturb = CQK, mid» Where C = 00126

For small spherical particles (e.g., with diameters
<1 cm at 1 AU or ~600 cm at 10 AU), the dynamic
relaxation time scale is defined by the Epstein law (see

Eg. (21))

B _ PaPy _ Pada
relax deg 2pcsg
(the mean free path of gas molecules at 1 AU is A, ~
1 cm). However, for coarse spherical particles, this for-

mula is slightly modified. The simplest expression for
T.lax Can be obtained when the Reynolds number for

dust, Rey = da|W|/v, = 2da |W|/7\,gcsg, is fairly small,
Re, < 1 (which is the case for the so-called Stokes par-
ticles). This inequality is true, for example, for particles
with diameters from 1 to 10 cm at 1 AU and with diam-
eters from 600 to 1000 cm at 10 AU (Dubrulle et al.,
1995). In this case, according to Eq. (22), the coeffi-

cient of aerodynamic resistance is Cp(Rey) = 9Re;1 and
the dynamic relaxation time scale T, Will be defined
by the Stokes law

, ad<7\,g

(98)

o~ =l3dl5g: dapy
“C T DRy 2pCp(Rey)|w]

puda (99)

NadeRed_ Pdglﬁ _
~18pv,]

= 18pIwl T 9pcyA,

gld > kg.
Thus, the inertia of a Stokes particle depends on the
parameters of the medium in which it moves. In addi-
tion, if the particles are not too small (and, hence, are

not entirely entrained by the gas carrier moles), then
their relative velocities acquired through turbulent pulsa-
tions depend significantly on their masses. For the
motion of a non-Stokes particle, its inertia depends on
the Reynolds number for dust Re, and may be written as

Trelax = Trsetlax/C(Red)’ (99*)
where

1+0.179Re;” + 0.013Re,, Re <10’
C(Re,) = .

0.0183Re,, Re,> 10

1s a correction function that allows for the influence of
inertial forces on the relaxation time scale of the non-
Stokes particle (the coefficient of aerodynamic resis-

tance for the particle is Cp(Rey) = 9Re;1 C(Rey)). The

difference between the pulsation velocities of particles
of different sizes determines their encounter and
increases the collision probability.37 Thus, the follow-
ing formula (cf, e.g., Cuzzi et al., 1993) is valid for a
polydisperse disk medium:

turb

S = Y = (14 Stk)/1 + 3|20,

turb —
d

(100)
ol
here Stk = {Qy L :
where Stk = GOy m4T8pv,C(Rey)
A defining equation for the averaged relative
velocity. Averaging the defining equation (19%) for the
actual values of vector w yields

o DW = 1o
pngW:—]—)T—(W V)u+§ng

- DVW_ e yg_a Vw'— (W - V){(u)

Dr 7
—(w'-V)u" + _lVﬁ (101)
Pe
— turb DV_V = . i —
-(W-V)J, = —E—(W V)(u) + F—)gVP-

In writing this relation, we disregarded the pulsations w'
of the relative velocity (which is valid only when the
velocity of the averaged relative phase motion W is
much higher than the pulsation velocity w', i.e., for
fairly large particles) and the products of the averaged
thermodynamic fluxes of various natures as terms of the
second order of smallness. In addition, we used the
identical transformation

dA/dt=DAMDt+J" -Vl +u"-VA', (102)
which can be tentatively written as d{/dr = D/Dr +

u' - Vsl =Dsl/Dr +u" - Vsl +u" - Vi by averaging
the substantial derivative dsd/dz.

3TThe inertial coagulation of particles in a turbulized flow is also
related to this fact.
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The Averaged Smoluchowski Coagulation Equation

Turbulence leads to two types of phenomena that
affect the coagulation in a disperse system. First, the
particles acquire an additional relative velocity under
the effect of turbulent pulsations, which, in turn,
changes the coagulation kernel K(W, U) that character-
izes the particle collision probability in the system (see,
e.g., Voloshchuk, 1984). Here, so far we can talk about
two coagulation-accelerating effects with certainty. The
first effect is related to an increase in the trapping coef-
ficient through turbulent mixing; as a result, the number
of collisions between solid particles increases signifi-
cantly compared to a laminar flow. The second effect is
related to the presence of a shear in the turbulent flow
velocity field that causes a change in the trapping con-
ditions at K(W, U) close to zero and increases the coag-
ulation probability of small particles (see, e.g., Woods
etal., 1972).

The phenomena of the second type are related to the
collective behavior of particles in a turbulized system.
Turbulence increases the local nonuniformities in the
distribution of coagulating particles to scales compara-
ble to the mean separation between the particles,
thereby giving rise to fluctuations in the particle size
distribution function f(U, x, f) at macroscopic dis-
tances. From a physical point of view, since the coagu-
lation equation (33) is nonlinear, this variation in con-
centration of particles with volume U results in an
acceleration of the coagulation in a region with an
enhanced particle concentration and in its deceleration
in a region with a reduced particle concentration, so, on
average, this leads to a different coagulation rate than in
the uniform case (U = const) and contributes to the
faster appearance of large particles.

This process can be described by the formal averag-
ing of the coagulation equation (33)

_D f(U) turb
i L2 )+ V- L) + e w

U
= %jf(—W)f(U—W)K(W, U-W)dw

- FO)[FWK (W, U)dw

(103)
0
+ %jf'(W)f'(U— WYK(W, U - W)dw
- [F@OF WKW, 1)aw,
0
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where

1 (U) = p(Flp)'u" = —pDYY (f“”) (104)

is the turbulent flux of the dust particles of volume U;
(Ce=(-5)p,/p; D} is the turbulent diffusivity for
the fraction-U particles, the expression for which was

derived, for example, by Schmitt et al. (1997). Equa-
tion (103) is not closed, since the function (U, W, X, f) =

f U, x, t)f'(W, x, t) is undefined. The equation for
Y(U, W, X, f) can be derived by multiplying the basic
equation (33) by fand by its subsequent stochastic aver-
aging over the ensemble of possible realizations to give
an equation that contains the mean of the product of
three functions f'. This operation leads to an infinite
chain of equations. The problem of closing the latter
was solved only by introducing a particular hypothesis.

If we integrate Eq. (103) over U, then the equation
for the averaged total number of disperse particles

Nq (x, £) will take the form

_d Nd _ ) turb Nd(l S)pg
pdt( p) = (JNd p )

—% jK(W, U F (W, x, ) f(U,x, )dwdU  (105)

00

”K(W Uy (U, W, x, t)deU+22vd(k) oEo,
k p=1
Where

= (3w (106)

U

is the turbulent flux of the number of dust particles for
which the representation JtNuzb =Nu" = J;urb /paUua 1s
valid. Since the function y(U, W, X, f) must be positively
defined in view of its symmetry in U and W, the coagu-
lation in a turbulized medium with nonuniformly dis-
tributed particles will be faster. In conclusion, note that,
despite its importance, the question of how the fluctua-
tions affect the coagulation rate has not yet been fully
developed and requires a solution.

The Averaged Equation of Motion
for a Gas—Dust Disk Medium

Given Eq. (83%), the Favre averaging of the instan-
taneous equation of motion (35) for the gas—dust mix-
ture considered as a single entity yields

P28 = 9 (5w + V.- () (u))

B B (107)
= - Vpum+ V- (R+Tgm+ ) + P | |3Or’

r
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where

R=—pu'u" = —p(u"u") (108)
is the so-called turbulent (Reynolds) stress tensor, which
takes the following form in Cartesian coordinates:

"non "non

—Ppuyu; —pu, iz
RZ.J.E—pu;.'M'jv = —wn —won | (109)

n " ”2
—Puruy —pu; —Puyi;,

" " " " ”2
—puzuy —puzu, —Puy

n2
—pu,

The Reynolds tensor is a symmetric tensor of the sec-
ond rank and describes the turbulent stresses produced
by the pulsations of the turbulent velocity field in the
gas—dust continuum as a whole. It is well known (see,
e.g., Monin and Yaglom, 1992) that in a developed tur-
bulent single-phase flow, i.e., at large values of the glo-
bal Reynolds number Re,;, = Luy/v corresponding to
large-scale motions (here, i, are typical changes in the
velocity of the gas—dust mixture at distances of the
order of the macroscopic turbulence scale length L; and
v is the effective coefficient of kinematic viscosity for
the gas suspension), we may disregard the averaged vis-

cous stress tensor of the medium Il compared to the
Reynolds stress tensor R, except the thin regions of the
so-called viscous sublayer that border the solid sub-
strate (in our case, the thin layer of dust adjacent to the
midplane of the disk is this substrate). This is also valid
for a differentially rotating Keplerian protoplanetary
disk with a typical Reynolds number Re,,, > 10", since
the turbulent viscosity of its material is larger than the
molecular one by 8 orders of magnitude or more, as fol-
lows from the observed distribution of angular momen-
tum and mass in the Solar system and in numerous sys-
tems of young stars with disks (see, e.g., Richard and
Zahn, 1999). However, it should be kept in mind that
the aforesaid does not apply to the averaged relative

stress tensor of the phases Il.;, whose effect on the
two-phase flow of the disk medium can be comparable
in order of magnitude to the Reynolds tensor R. In par-
ticular, near the subdisk, where the concentration of
dust particles of fairly large sizes (and, hence, w > 0)
is significant, these shear stresses act particularly effec-
tively, leading to additional flow turbulization, but in a
volume comparable to the volume of the dust layer, i.e.,
small compared to the total disk volume (see, e.g., Gol-
dreich and Ward, 1973).

Using the fact that the Lagrangian pulsations of the
weighted mean gas—dust flow velocity are conservative,
(u");, = 0, it can be shown that the Reynolds tensor R
(for an isotropic turbulent field) is related to the gradi-
ents of Favre averaged flow velocity V(u) by the fol-

lowing defining relation®® (see, e.g., Kolesnichenko
and Marov, 1999)

R = —2/3pbl +2pv""D,

5 (110)
D=D- 131V - (u)

or
R = -2/3pbl

turb trans; turb ( 111 )

+pVU(V () + (V(u))™P) = 2/3pv™™ IV - (u),

where D = 12(V{u) + (V(u))"™*P) is the averaged

deformation tensor; D is the averaged deformation rate

tensor;39 viurb is the kinematic coefficient of turbulent
viscosity for the gas—dust mixture. The possible anisot-
ropy in the coefficients of turbulent viscosity v*® in a
differentially rotating gas—dust cloud (see, Safronov,
1969) was analyzed in detail by Kolesnichenko (2000).

Relation (110) includes a key parameter in the the-
ory of turbulence,
b=plu"’/2p, (112)
the averaged kinetic energy of the turbulent pulsations
in the weighted mean velocity of the gas—dust contin-
uum (turbulent energy); in general, the corresponding
balance equation (see (145)) is needed to determine it.
Since a continuous distribution of velocity pulsations u"
at various frequencies f (from the minimum ones deter-
mined by the viscous forces to the maximum ones
determined by the boundary conditions for the flow) is
produced in a developed turbulent flow, it is often con-
venient to represent dispersion (112) as the sum of the
corresponding quantities pertaining to different fre-
quencies,

b = jb(f)df, (113)
0

where b(f) is the fraction of the turbulent energy of the
gas—dust mixture that corresponds to the frequency
band df (the energy spectrum for b).

Under the above assumptions, the averaged relative

stress tensor H_rel in Eq. (107) (recall that the tensor I,
arises from the inertial effects of the relative motion of

38 The defining relations for the Reynolds stress tensor R (110) and

the averaged viscous stress tensor I were derived by Marov and

Kolesnichenko (2002) by the methods of nonequilibrium thermo-
dynamics from the averaged Gibbs relation.

3 what follows, we retain the designations D and D for the

averaged deformation and deformation rate tensors, which cannot
not lead to ambiguity (cf. Eq. (40).
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the coarse dust particle fraction and gas (see Eq. (37)))
can be transformed to

Il ,=-pCyCoww

=— PCng(‘Wv +wW'w') — WW(PCng)’
=—(WW+W'W)(P{C){Cy) +pCiC)
—2Ww'(pCyC,)' —W'W' (pCyC,)'

(114)

=-5pg(C(WW+W'W)

—2W(pW's'(Cp) +pCaw'(Cp) + pCiCiw').

For a two-phase turbulent flow, all correlations in rela-
tions (114) are usually disregarded and only the first
term is retained (see, e.g., Zuev and Lepeshinskii, 1981;
Kartushinskii, 1984):

I =-5pg(Ce) WW, (115)

which is valid only if the averaged relative velocity of the
phases W is much higher than the pulsation velocity w',
i.e., for fairly large solid particles. For lower-inertia fine
and medium particles, the first two terms in (114)
should generally be retained; then,

IIrel = _[Sg<cd>WV_V+Rrel’ (116)

where R,y = —p,(Cyw'w' is the additional Reynolds
stress tensor attributable to the pulsations of the relative
velocity field of the phases. In gradient models, two
methods are used to determine the pair correlations of
this type. According to the first method, the correlation
moments of R, for relatively small particles are
expressed directly in terms of the Reynolds stresses R
for the gas—dust continuum as a whole, i.e., R, = BR,
where [ is the coefficient of entrainment of disperse
particles into the pulsational gas motion (see, e.g.,
Gavin et al., 1984). The second method of determining
the additional turbulent stresses R, uses gradient rela-
tions of type (111) with W substituted for the averaged
velocities {u) and with the determination of the corre-

sponding coefficient of turbulent viscosity (see, e.g.,
Melville and Bray, 1979).

The Balance Equation for the Averaged Internal
Energy of a Mixture

We will obtain the averaged energy equation for the
gas—dust disk system as a whole by averaging the
energy equation (45) for instantaneous motion over the
ensemble of possible realizations. As a result, we have

—D <H5um> dp&um ur bt
p = -V. (qtsurlrjl + qsum)

Dt dt (117)
= 2
+®, + Ryy|W|" —sow - Vp,
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turb turb
where Qg = q"™ + Qo ;

q" = pH"W" = (c,)pT w0 + Y (h)I5"  (118)

is the turbulent heat flux arising from the correlation
between the enthalpy, H", and hydrodynamic velocity, u",
pulsations;

turb

qrad = pH;'adu” = <cp, rad>pT"u”,
(Cpma) = 16a(T) /3P

is the turbulent radiative heat flux. The approximate
relations for the thermal energy fluxes (118) and (119)
are written up to the terms containing triple correla-
tions. Formula (118) can be easily derived using the
algebraic property (83) of the Favre averaging and the
expression

H" =) [ho{Cq) + (ho) Co+ (Cyh)"]
* (120)
= (c)T"+ D Culhy) + (c;T")"

(119)

for the specific enthalpy pulsations of the disk material.
Here, hy = c,,T" is the partial enthalpy pulsation for
phase o (¢, = const);

<Cp> = Zcpoc<cot>’ C; = Zcpotcgc

are, respectively, the averaged and pulsation compo-
nents of the specific heat of the mixture at constant
pressure. The averaged values for the enthalpies of radi-
ation and matter appearing in Eq. (117) are defined by
the relations

(121)

(H,)=43a({T)"Ip,
(122)
(H) = (c,)(T) + Y ha(Cy)

that follow from (43) and (44).

It is convenient to represent the substantial deriva-
tive of the total pressure in Eq. (117) using Eq. (102) as

dPaunl At =D P /Dt + J5° - Vhgm + 0" Vi

= Dpoun/Dt + I - Vi (123)
+V - (Paun") = PamV - 01"
In addition, ®, can be transformed as
(fuzl_Lum :V(u)+1I,, : Vu"
(124)

= Mm: D+ p(e,),
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where

ple) =T, : Vu" (125)

is the dissipation rate of the turbulent kinetic energy of
the gas—dust mixture into heat under the effect of
“molecular” viscosity (a second key parameter in the
theory of turbulence). It can be shown (see Marov and
Kolesnichenko, 2002) that the dissipative term (125)
for developed turbulence is slightly simplified,

§<Se> EI_Isum : VJt‘l,lrb +II': Vu'
=II': Vu'=pe 20;

note that € (the “true” dissipation of turbulent energy) is
always positive. Substituting (123) and (125%*) in (117)
yields an averaged energy equation for the gas—dust
mixture in the form

—D<H5Um> — Dﬁsum
P~ T D¢

(125%)

turb
-V. ( Qsum psumu +qsum)

(126)

+Mam : D + Rgdlwlz—scsw -Vp
+ thllrb ’ Vﬁsum _p;umV ‘u"+ [38.

Defining relations for the turbulent heat fluxes are
required to close Eq. (126); these relations derived in
our monograph (Marov and Kolesnichenko, 2002) are

turb on turb Vﬁ
= pu'-— V{T) — =
q p X { (T) 5(c)
(127)
+ Z <ha>Jturb
turb T n Vﬁrad
rad — Pra u" - ra V T = (> (128)
Qrad = Prad X d{ (1) 5(C)
where
turb 3
urb — v 461C<T>
A = Do) e = TR (130

are, respectively, the coefficient of turbulent heat con-
ductivity for the gas—dust medium and the coefficient of

turbulent radiative heat conductivity; {c,) = [p, (1 - 5) +

PaS c,al/p is the averaged specific heat (at constant
pressure) for the total continuum.* Accordlng to
Eq. (127), there are two mechanisms of thermal energy
transfer through the gas suspension:

40Below, we will assume that Sc™® = Pr™™ in the disk, since the

turbulent diffusivity and the coefficient of turbulent heat conduc-
tivity in a turbulized mixture are commonly assumed to be equal
O™/ (e,) = D) which is equivalent to the equality of the
mixing lengths for matter and heat.

(1) under the effect of the averaged temperature
(more precisely, potential temperature) gradient

0= const(T}/ﬁ<%>/<C”) (131)

since

= w0 5) -
— VAT) + G,
5 T ) - T 6
where G, = g /(c,) is the adiabatic temperature gradient
in the gas—dust disk (see Eq. (177));

turb

(2) by the turbulent diffusion fluxes J, =

—p DUPV(C,) (see (96)), with each particle of phase o
transferring, on average, the thermal energy (k) (since

Zanlrb — O, Dzjurb — Dtgurb :Dturb).
It should also be noted that the first terms in (127)

and (128) do not act as the energy flux, because p,,u

drops out of the complete energy equation (126), and
were retained in Eqgs. (127) and (128) only for conve-
nience.

Let us now write Eq. (127) in a form useful for mod-
eling a turbulized gas suspension. Using (96) to trans-

p Cpp )
_< >

D‘“br>2<haw<ca>

o foun-2)

where we made the usual (for the theory of turbulence)
assumption that the turbulent Lewis number is equal to
unity, Le"™® = y"“™/p(c,)D"™® = 1 (see Monin and
Yaglom, 1992).

It is occasionally convenient to write Eq. (126) via
the averaged total energy (E,,,» of the matter and radi-
ation. Using for this purpose the transformation

§D<Esum>/Dt+ﬁsumV ' <ll>
= pD<Hsum>/Dt_Dﬁsum/Dt

qturb — p,_u,, _ Xturb(V<T> _

(127%)

(132)

(which is a corollary of the relation (H,,) = (Eqm +
DPam/pP and the averaged continuity equation (85)), we
obtain for a developed turbulent flow

p2Eu) g (g )
= — PamV * (W) + M : D (126%)
+RylW* = sow - Vp+J"° - V.
PV U+ PE.
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The Turbulent Flux of the Specific Volume
in a Gas—Dust Medium

Let us now derive the final relation for the turbulent

flux of the specific volume J t;“b (see Eq. (91%)). For its
derivation, let us first find the expression for the turbu-
lent density pulsations p, in the gas component of the

mixture; as the equation of state for the latter, we will
take, as previously, the equation of state for a perfect
multicomponent gas

P =P = ksT Y gy = PR, T, (133)
k

where

Ry = ks D nyw/py = ks D Zy (134)
k k

is the so-called gas component for the mixture of gases;
Z." = Ny Pg 18 the spegiﬁc (per unit mass of the gas con-
tinuum) number density of component k. Representing
the actual values of R, and T as the sums of the aver-

aged and pulsational values (R, = (R + R, T =
(TY + T"), let us rewrite (133) as

P=ARPAT) + Ryp o (T) + (R)pT" + Ryp, T"

= (R)pe(T) + kgpo(T) Y Z;

k=1

(135)

+(Ryp T +kpy D (ZLT).
k=1
If we now apply the statistical averaging operator to

(135), then we will obtain the averaged equation of
state for the thermal gas-suspension pressure

P = ARIpAT) + kP, Y, (ZiT")

= (RPAT)

(note that the pulsational term in the averaged equation
of state (136) is usually discarded in the theory of tur-
bulence), which we will use to eliminate the product
(R XT) from (135); as a result, we will have for the pul-

sations p;, (Marov and Kolesnichenko, 1987)

(136)

P

Pe

It is well known that the relative pressure pulsations
for gas flows with small Mach numbers (Ma) may be
disregarded almost always compared to the relative
temperature pulsations. This hypothesis (Morkovin,

1961), which has been tested up to Ma = 5, is probably
also valid for turbulent motions in thin accretion disks:

(137)

E’_ pgT" _kB<T>pg _ Zn
P Pl P 27

k=1
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the motion along the r and z directions is subsonic,
while the rotation velocity u, exceeds the speed of
sound c, (the thin-disk condition hgy < r, together
with the expression Ay = Coi/€2 mig for the disk thick-
ness, requires that hgg/r = c,/u, < 1). Below, we will
also assume that the mean mass of the gas component
of the gas suspension does not fluctuate; therefore,

i1 Zy = (ny/py)" = 0. Using (137), the correlation
term (containing the true gas density pulsations in
Eq. (91%*) can then be rewritten as

~ :guvv ~ ngT”u” Tuun _ <Tnu||>

Pe  P(T) «T) (T)

(here, as everywhere below, the terms with triple corre-
lations were discarded). For the final transformation of
this expression, we will use the defining relation (127)
for the turbulent heat flux (118):

Pt _ L

p. (D)

. 1 turb turb
= T><C >(q _§/<ha>Ja j

p

8]
=(C 138
< g> 3 ( )

(139)

~~

Finally, substituting (96) and (139) in (91%) and using
(130), we will obtain the following defining relation for
the turbulent flux of the specific volume for a heteroge-
neous mixture:

Jtlrb = (o [3_ Jlurb
(0) b,

1 turb turb
+ <T><C >(q _§<ha>Ja J

p

(140)

turb

P, o) el Ve )

Energy Balance Equations

In

In a turbulized flow of disk material, compared to its
laminar analog, there is a great variety of possible trans-
fer mechanisms (conversion rates) between the various
forms of the energies of motion of solid particles and
gas that contribute to the conserved averaged total
energy. To interpret the individual terms of the energy
balance most accurately, let us consider the complete
system of energy equations for the averaged fields of
pulsating thermohydrodynamic parameters for a gas—
dust cloud, including the balance equation for the
kinetic energy of turbulent pulsations.

The balance equation for the averaged kinetic
energy of a gas—dust flow. Given Eq. (38) for the grav-
itational force, a scalar multiplication of the equation of
motion (107) by the velocity (u) after the necessary
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transformations yields the following substantial form
of the equation of live forces for the averaged motion of
disk material (the momentum theorem):

P ([(W72) + V- (1~ R~ Tl ()]
(141)

= PamV - (W) — (R+TIE,) : V() —p(u) - V().

Here, -V(¥) = g = GMor/r]?, Ku)|?/2 is the specific
kinetic energy of the averaged motion of disk material.
Although Eq. (141) is of an energy nature, it is not the
law of conservation of energy in a turbulized contin-
uum: Eq. (141) describes the law of conversion of the
kinetic energy of the averaged gas-suspension motion
into the work of external bulk and surfaces forces and
the work of internal forces (and conversely) without
allowance for the irreversible conversion of the
mechanical disk energy into thermal and other forms of
energy.

Let us explain the physical meaning of the individ-
ual terms in Eq. (141): the quantity V - (g, (W) is
related to the outflow of mechanical energy from a unit
volume of the disk medium per unit time; the diver-

gence V - [(R + II*

sum

)Yu)] is the rate with which the

total surface stress (R + II¥ ) in the averaged moving
“gas suspension plus radiation” system does the work
in a unit volume; the quantity p .V - (u) (>0 or <0) is

related to the rate of inverse adiabatic transformation of
the averaged internal energy (heat) (E,,,) into the sys-
tem’s mechanical energy (see Eq. (126%)) and is the
work done per unit time in a unit volume against the

averaged total pressure pg,, by the flow of a moving
gas suspension; the sign of pg,,V - (u) depends on
whether the mixture flow will expand (V - {u) > 0) or
contract (V - (u) < 0); the quantity (R + T, ) : V(u) is
the total rate of irreversible transformation of the
kinetic energy of mean motion into other forms of
energy (see Eqgs. (126%), (144), and (149)), with the
energy dissipating under the effects of both “molecu-
lar” viscosity with the rates Mo : V{u) and Mo : V{u)
and turbulent viscosity with the rate R : V{(u).

Adding Eq. (141) and the balance equation for the
potential energy of disk material

_D(¥)_ 0 _
P =a—t(P<‘P>)

+ V- (p(w(¥)) = p(w) - V(¥)

(142)

yields the following transfer equation for the averaged
mechanical energy of a turbulized gas—dust flow:

I

+V' [(Iﬁsum—R_ﬁsum_ﬁTe])<u>] (143)

= pounV - () — (R + Mo + M) : VD.

The balance equation for the averaged kinetic
energy of the relative phase motion. Averaging
Eq. (43) and disregarding the third-order correlation
terms (and, thus, the turbulent kinetic energy of the
interphase diffusion*! and the products of the thermo-

hydrodynamic fluxes (e.g., the terms Mo VJt"b) in

the averaged gas—dust continuum as quantities of the
second order of smallness, we obtain

_D —12/m _ = D _p2
Poi((CO QNI =p(CHCIFIN) |

= Rgdlwl2 +56W-Vp+TLe: D-po,y,

where

po,=-II, : Vu'. (145)
Here, the heat dissipation Il : D (the mean work done
by the relative stress tensor on the averaged velocity
gradient V(u) # 0 due to the relative phase velocity
shear in the orbital motion of the disk material) is
related to the conversion rate of the averaged kinetic
diffusion energy into the kinetic energy of the averaged
motion of the gas mixture as a whole (cf. (141)); G, is
the additional generation source of turbulent energy b
related to the presence of medium and large inertial par-
ticles in the flow (see Eq. (149%)). It should be kept in
mind that, according to Gore and Crowe (1989), the tur-
bulent vortex wakes that destabilize the gas flow and
transform the energy of the averaged relative motion
into the high-frequency components of the turbulence
energy spectrum are formed only behind large particles
(at Reynolds numbers of the flow around the particles
Re, > 400). In contrast, small particles (Re, < 110) pre-
dominantly suppress the turbulence energy, spending it
on their own acceleration (i.e., their entrainment into
the pulsational motion of a polydisperse flow); the lam-
inarizing effect of the disperse phase on the flow
increases with decreasing particle inertia. As regards

4lwe disregard the turbulent kinetic energy of the interphase diffu-
sion as a quantity of the third order of smallness and, thus, do not
consider the specific form of the additional dissipative term
related to the presence of fine particles (see Danon et al., 1977) in
the turbulent energy transfer equation for the gas—dust medium
(149) considered as a single entity. It is important to note that for
a flow with medium and large particles, whose relaxation time is
significant, the additional dissipation of turbulent energy will be
negligible compared to the other terms in Eq. (149) (see, e.g.,
Varaksin, 2003).
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medium-sized particles (110 < Rey < 400), they have a
mixed effect on the disk turbulence.

The turbulent energy balance. Let us now con-
sider the transfer equation for the turbulent energy b =

lu"|*/2 of the gas—dust material of an accretion disk.
This fundamental (in the theory of turbulence) equation
or some of its modifications underlie many present-day
semiempirical theories of turbulence (see Monin and
Yaglom, 1971; Kolesnichenko and Marov, 1999).
Using the equation for b in the case of a heterogeneous
medium, we can, in particular, analyze the dynamical
effect of the disperse phase on the intensity of turbu-
lence in a gas—dust disk medium and develop a phe-
nomenological method of modeling the coefficient of
turbulent viscosity for the medium by taking into
account the influence of the inverse effects of the dust
transfer and “potential” temperature on the decay
(maintenance) of shear turbulence in a protoplanetary
cloud. The balance equation for b can be derived by
various methods (see Marov and Kolesnichenko,
2002), one of which we will use in the case of a two-
phase medium considered here.

Let A(x, 1) be the actual value of a scalar quantity
(in particular, this can be the vector components) whose
substantial balance is pdd/dr=-V - J, + 64, where J 4
and o, are, respectively, the substantial flux density
vector and the volume density of source sd. For exam-
ple, for the equation of motion (35),

.SﬂEu, J&QE—H:;m, G.\ﬂE_psumI-’-pg'

It is easy to show (this requires multiplying the identity
dd"/dr = dsd/dt — D{(AY/Dr —u" - V(A) by pA" and the
Reynolds averaging of the result) that the balance equa-
tion for the root-mean-square pulsation ("% has the
following general form (see Kolesnichenko, 1995):

(146)

_D(A"/2 —
p—< = )4y (psA™ w2+ A" 4,)
Convection Diffusion
(147)
= -J" - V() + oy - pley),
Reproduction Redistri-  Dissipation
bution
where
pleg) ==y V" (148)

is the rate of scalar dissipation of the dispersion (5{"%).
The generalized transfer equation (147) contains the
terms that reflect the influence of the following pro-
cesses on the space-time distribution of the dispersion
(4"?): convective transfer, diffusion, the dispersion for-
mation through the energy transfer between the aver-
aged and pulsational motions, redistribution (between
the pulsational motions in various directions), and the
dissipation of the turbulent characteristic ({"?) through
the “molecular” transfer processes.
SOLAR SYSTEM RESEARCH  Vol. 40
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Let us now substitute (146) in (147) and (148); as a
result, we obtain the following transfer equation for the
turbulent energy of a gas—dust mixture:

ﬁ])_b +V. J;)urb = R: D—J[‘l,lrb . Vﬁsum
D¢ (149)
+ p'sumV ‘u' - l3<£b>’
where
1" =p (/2 + pun/p)u” = (Mg + M) - 0"
i ' (150)
p <8b> = (Hsum + Hrel) :Vu".

The estimates of the individual terms in Eq. (149)
obtained for developed turbulence in our monograph
(Marov and Kolesnichenko, 2002) allow it to be
slightly simplified:

_Dlu'l’/2
p—

otV R 2 4+ plupu’ — (I, '}

(149%)
=R:D +p'sumv -u' _th'jrb : Vﬁsum_ 58 + ﬁcrelv

where

ple,) = (Mam+ M) : VI

+1I0,, : Vu' + 10, : Vu'=pe—-po,,.

The first term on the left-hand side of Eq. (149%)
describes the change with time (and the convective
transfer by the averaged motion) in the kinetic energy of
disk turbulence b, and the second term reflects the turbu-
lent pulsation energy transfer through the turbulent “dif-
fusion” processes; the quantity (energy dissipation)

R:D=-2535bV - (w)+25v"D:D  (150%)

(see Eq. (B.11)) on the right-hand sides of Eqgs. (141)
and (149%*) appear with different signs and, therefore, it
may be interpreted as the conversion rate of the kinetic
energy of the averaged motion into the turbulence
energy of the gas—dust disk medium considered as a
whole*? (this hydrodynamic generation mechanism of
turbulence in a differentially rotating Keplerian disk is
considered in this paper as the main mechanism (see

Fridman, 1989)); the quantity p.,,V -u' is related to

the transformation rate of the internal energy of the gas
suspension into the kinetic energy of turbulent vortices
and is the work done per unit time in a unit volume of

41t should be emphasized that this energy conversion is a purely
kinematic process that depends only on the chosen space-time
averaging scale of the turbulent motion. For small-scale turbu-
lence, the quantity R : D is always positive, so small-scale turbu-
lence always transforms the kinetic energy of the averaged
motion into the kinetic energy of turbulent pulsations (this is the
so-called dissipative effect of small-scale turbulence). At the
same time, the kinetic energy of turbulence can be transferred to
the energy of the averaged motion by large-scale turbulent vorti-
ces (see, e.g., Van Migem, 1977).
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the pulsating medium on the vortices as a result of the
existence of pulsations in the total pressure p,,, of the

disk medium and the expansion or contraction of turbu-
lent vortices (V - u'>0or V - u' < 0); the quantity J t;"b .
V Ppum is the conversion rate (in a unit volume of the

medium) between the turbulent and averaged internal

energies of the disk; small-scale vortices transform the

turbulence energy into heat, since J t;"b -V pam >0 for

them, while large vortex structures related to thermal

convection (for which J?,"b Voum < 0 (see

Kolesnichenko and Marov, 1999)) transform the ther-
mal energy of the gas—dust flow into the averaged
kinetic energy of the velocity pulsations (it should be
noted that this generation mechanism of turbulence in
the disk suggested by Lin and Papaloizou (1980) as the
main mechanism cannot be considered in this capacity,
since it is not universal and temporary in nature (see
Ruden and Polack, 1991; Nomura, 2002)); the pair cor-

relation pe=1II,, : Vu' >0 in a developed turbulent

flow (the mean work done by the pulsations of the vis-
cous stress tensor > on the turbulent vortices with a pul-
sation velocity gradient, Vu' # 0) is the dissipation rate
of the turbulent kinetic energy into heat under the effect
of molecular viscosity (see Eq. (126%)); finally, the

quantity p 6, =-II; : Vu' >0, the work in the turbu-

lent flow (per unit time in a unit volume) done by the
pulsations of the relative stress tensor on the turbulent
vortices (see Eq. 145)), may be interpreted as the addi-
tional generation of turbulence in the gas—dust disk
arising from the inertial effects of the relative motion of
the disperse and gas phases and related to the formation
of a vortex wake behind large particles with sizes >1 cm
(see, e.g., Zaichik and Varaksin, 1999). It is with this
mechanism of flow turbulization by large-scale parti-
cles of centimeter sizes or larger (produced through
coagulation and settling near the midplane of the pro-
toplanetary cloud) that part of the additional source of
turbulization of the gas-suspension flow near the thin
dust layer (see Goldreich and Ward, 1973) that, in the
opinion of many researchers largely, prevents further
settling of small (micron-size) dust particles to the sub-
disk and, thus, delays the onset of direct gravitational
instability of this layer44 can be associated (see, e.g.,
Safronov, 1969; Weidenschilling, 1984; Goodman and
Pindor, 2000).

“3Recall that the value of the pulsations II' of the viscous stress
tensor is determined by the effective (including the disperse
admixture) coefficient of kinematic viscosity for the gas—dust
medium considered as a whole; thus, the greater the degree of
entrainment of fine particles into the pulsational motion, the
stronger their effect on the pulsational component of the tensor I1
that produces additional dissipation of the turbulent gas-suspen-
sion energy.

44To reach a critical density in the dust layer requires a very high
degree of its stabilization and flattening (Safronov, 1969).

The correlation p G,, up to the triple correlation
terms, can be transformed to

PO = (spgCoww)': V'
= pgWwsC, : Vu' +2pwsC,w': Vu'

+pgsCow'w': V' (151)

=pWW : ((Cps'Vu'+5C,Vu')
+2pgS(Cyww': Vu'.

We see from this relation that the additional generation
of turbulence in the dusty disk (in particular, in the sub-
disk where relatively large solid particles are present)
can arise from the averaged dynamical sliding of the
phases, the correlation of the pulsations of the dust par-
ticle volume content and the gas concentration of the
mixture with the flow pulsation velocity, and the pulsa-
tional interphase sliding. As we have repeatedly
emphasized above, this additional source of turbuliza-
tion is small for fine particles, for which the inertia
effects may be ignored (IL; = 0).

To conclude this section, note that, in general, the
energy equation (126*) for a gas—dust disk system is
written in astrophysical literature by assuming a
steady-nonequilibrium state of the turbulent field,
where an internal equilibrium exists in the turbulence
structure at which the production of turbulent entropy
Swr of the gas—dust material is approximately equal to
its dissipation.45 If we take this condition for the bal-
ance of S, then we will have (see Eq. (166))

2pv""D : D + wmV
Pb P (152)
_thlflr : Vﬁsum - 68 + ﬁore] =0,
and Egs. (126*) for a developed turbulent flow can be
transformed to

—D<Esum> turb T,
- V . _ "
p Dt + (qsum psumu
= V(W + 2V + DD (153
+ ﬁorel + Rgdlvvl2 —SOW - Vp
or, using (144),
52 (E CH(CHw*12
p]ﬁ(< sum> + < d>< g>|W| )
=V (@ Pl + Q) — PV - (W) (154)

+2(pv" + umd)lo) D+ : D.

45Unfortunately, when modeling a disk, some of the authors use
the laminar energy equation with the coefficient of turbulent vis-
cosity substituted for the coefficient of molecular viscosity with-
out taking into account all the subtleties of deriving the energy
equation for a turbulized gas suspension.
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Thus, the equation for the internal energy of the aver-
aged turbulized gas—dust continuum written via the
absolute temperature takes the form

p(c >D<T>

V. { (v <T>—_< >)+xde<T>}

_ Dﬁsum
- Dt

(153%)

— _ turb

£2(pv" + 1D : D

—12
el Wl

rel - rel

s=1

Here, we disregarded the energy of the dissipation CITM

(in a unit volume per unit time) through the “molecu-
lar” viscosity of the gas—dust mixture compared to the

“frictional heat” 2p vt™®D : D through the viscous
Reynolds stresses arising from the relative shear of the
gas—suspension elements in the orbital motion of the
disk material and the kinetic diffusion energy compared
to the internal energy of the gas suspension. It should be
noted that the presence of an internal heating source of
the protoplanetary disk related to turbulence viscosity
is in satisfactory a%reement with the currently available
astrophysical data™ and with all cosmochemical con-
straints. In addition, under the assumptions made, an
additional heating source of the gas—dust medium
related to the energy dissipation under the effect of

“molecular” diffusion I : D appears in Eq. (153%); it
plays an important role in the subdisk, where the rela-
tive velocities of the phases can be significant.

The law of conservation of total energy for a tur-
bulized mixture. Adding the balance equations for the
internal energy (126*), mechanical energy (143),
kinetic energy of the interphase diffusion (144), and
turbulent energy of the disk system (149) yields the law
of conservation of total averaged energy for a two-
phase gas—dust mixture and radiation*’ in the disk in a
substantial form:

ﬁl-lj)—twmt) =V-Ju+IP, (155)

46 the steady state, this heat released inside the disk due to vis-
cosity is not accumulated, but is transferred to its surface (mainly
through radiation) and is then radiated outward from the upper
and lower disk surfaces.

4TIn this section, we retained the designation Uy, for the total
energy of the “matter plus radiation” system (cf. Eq. (42)).
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where

(U = (B + (¥) + 51 ()]

(156)

+{CH{CHIWI* 2 + [u'*12

is the averaged total energy of the gas suspension and
radiation (see Eq. (42));

jU Squm T (Ipsum - I_Isum - Hrel) -u
= G + (1P — Maum — T - (1) (157)
+ psumu” - H;um ‘u' - H;el -u"

is the averaged actual total energy flux in the two-phase
gas suspension;

I =p(Upu"

1 2 2 )
= p H _ lo+W¥W + = +C.C /2 a"
( sum — Psum p 2|ll| d g|W| u (158)

turb T g w2 n turb
= qslll;n_psumu +P|u | u/2_R'<u>+qsl:1rm
is the turbulent total energy flux of the mixture.

Combining Egs. (157) and (158), we obtain the fol-
lowing expression for the total energy flux of the turbu-
lized flow of a gas—dust mixture:

I turb 2 ' '
+ =pu"l'u"2-Il,, +1II,) "
JU JU pl | ( sum rel) (159)

+ qzlﬁ + qsum + (Ipsum HSUm - ﬁrel - R) ! <u> .

Here, q,, + q;ﬂ is the total heat flux attributable to

both the averaged molecular transfer and the turbulent
transfer; pg,,(u) is the “mechanical” energy flux;

(I_ISum + M + R) - (u) is the total energy flux attribut-
able to the work of viscous, relative, and turbulent

stresses; plu"’u"/2 — (I, + I}, - u" is the “diffu-
sion” flux of vortex turbulent energy. Note that the term

n

Paml" in (158) and (159) does not act as the energy
flux, because it drops out of the total energy flux (159).

MODELING THE COEFFICIENT OF TURBULENT
VISCOSITY IN A GAS-DUST DISK

Let us now consider a semiempirical method for
determining the coefficient of kinematic turbulent vis-
cosity V™ in a two-phase disk medium that includes
the influence of the inertial effects of medium-size and
coarse particles on the additional generation of turbu-
lence in a gas—dust cloud. Below, the velocity shear of
the cosmic material (when the kinetic energy of turbu-
lence is extracted from the kinetic energy of averaged
motion) related to its differential pattern of its rotation



36 KOLESNICHENKO, MAROV

around the proton-Sun (see, e.g., Dubrulle, 1993;
Gor’kavyi and Fridman, 1994) is assumed to be the
main source of turbulence in the disk. Each layer of
material with radius r of a differentially rotating thin
disk*® (hgis(r) < r) that lies near the r@ plane (located
at z = 0 in cylindrical coordinates) moves almost
exactly according to Kepler’s third law, i.e., it rotates
increasingly fast as the central body (with mass Jl) is
approached: the Keplerian orbital velocity is uy(r) =

rQx mia(r) = JGMo/r and the angular velocity of

orbital rotation Qg _.;,4(r) increases as 2. Such motion
is a typical case of shear flow, which can be analyzed in
terms of the invariant modeling of developed turbulent
flows in inhomogeneous media developed in our mono-
graph (Kolesnichenko and Marov, 1999).

o-Parametrization of the Viscosity
of a Protoplanetary Disk

The coefficient of turbulent viscosity in an astro-
physical gas-phase disk was first modeled by Shakura
and Sunyaev (1973) in their now classical paper. Using
Kolmogorov’s concept of dynamic turbulent viscosity

turb _ = turb lturb

turb .
¢ =Pgltg L, (where u, is the root-mean-square

velocity of turbulent pulsations limited by the speed of
sound in the gas calculated in the midplane of the disk,

ug"b < ¢ylico = A/ﬁg/§g|zzo; l;"b is the so-called
Prandtl mixing length limited by the disk half-thickness

turb
hgisis Ly < Raigk = gl = 0/ Qi mia> P and py, are, respec-
tively, the mass density and pressure in the gas-phase

disk), these authors obtained the relation

— urb
R, = pgvtg (r)rd,(uy/r)

- _3/2E—)gutgurbltuerK’mid(r) — _aﬁg|zzo’ (160)

g
o<l

between the r,¢ component of the Reynolds turbulent
stress tensor R,, and the thermal gas pressure p,. The
Shakura—Sunyaev disk parameter (a dimensionless free
parameter) 0., which characterizes the degree of excita-
tion of turbulent motions, can be calibrated empirically
using time-dependent spectra obtained, in particular,
during observations of outbursts in binary systems with
mass transfer containing dwarf novae. For this case, it
was found that 0.01 < o < 1 (see, e.g., Eardley et al.,
1978). The models of turbulized accretion disks con-
structed using relation (160) pertain to the so-called
viscous o-disks. Determining the parameter o under
various assumptions about the nature of the physical
processes in the disk was the subject of many studies
(see, e.g., extensive bibliography to the paper by
Makalkin (2004)). In particular, a number of authors

48Note that the disk thickness is not constant, but increases with dis-
tance from the proton-Sun (to a first approximation, A (r) o< r).

(see Dubrulle, 1993; Cabot et al., 1987), who used the
a-model when considering such physical mechanisms
of turbulence in a protoplanetary disk as differential
rotation, thermal convection, etc., obtained .~ 1073, the
value that satisfies best the astrophysical constraints.

Critical remarks. The main advantage of such an
heuristic approach to describing the disk turbulence is
that it is relatively simple: it will suffice to substitute the
coefficient of turbulent viscosity v*(r) for the coeffi-
cient of molecular viscosity v in the equations of stellar
hydrodynamics to somehow take into account the tur-
bulization of the medium in an accretion disk (in fact,
this is what most astrophysicists do by essentially
ignoring almost all correlation terms in the averaged
equations of motion). At the same time, it is important
to keep in mind that the Shakura—Sunyaev approach,
which was specially developed by the authors to model
thin (vertically uniform, i.e., structureless) astrophysi-
cal disks and which disregards the height dependence
of the coefficient of turbulent viscosity, is appropriate
to use only for global (one-dimensional in r) modeling
of the evolution of the solar protoplanetary disk with
parameters averaged over its thickness. In recent years,
however, this approach has come to be used uncritically
in astrophysical literature and in two-dimensional (7, z)
models that are associated in one way or another with
modeling of particular features of the vertical disk
structure, in particular, with calculations of the height
distribution of thermohydrodynamic parameters in the
dusty subdisk, which, of course, is wrong.

In addition, it should be borne in mind that for-
mula (160), which was derived for gas-phase disks, nat-
urally disregards the inverse effect of dust and heat
transfer on the development of turbulence in the disk,
which should be done when modeling many phenom-
ena important for cosmogony. For example, when accu-
rately modeling the evolution of the protoplanetary
cloud as a viscous gas—dust disk that surrounded the
Sun at an early stage of its existence, it is important to
take into account the dynamical processes of gas—dust
interaction and, in particular, the inverse effect of the
inertial properties of dust particles on the intensity of
turbulence and the thermal regime of the subdisk. The
following is an argument for such a general approach:
the dust particles, which account for only ~2% of the
mass of the circumsolar protoplanetary cloud, may be
disregarded only at the initial evolutionary stage of the
cosmic system under consideration, when almost all of
the primordial (interstellar) dust particles evaporated.
At later stages of its evolution, as the protoplanetary
cloud cooled down, the solid particles condensed, their
sizes increased significantly through coagulation, the
disperse phase settled to the midplane of the disk, and
the gas dissipated from the disk system into interstellar

49This effect is that additional buoyant forces facilitating or pre-
venting the growth of turbulence in the disk arise due to the dif-
ference between the concentrations of dust material mixed with
the medium (during turbulent diffusion) or the temperature differ-
ence (during heat transfer) at separate points of the disk medium.
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space, the dynamical, energetic, and optical roles of the
dust component of the gas suspension increased signif-
icantly (see, e.g., Cuzzi et al., 1993). At first glance, tur-
bulent mixing hinders the diffusive separation of the
dust and gas components in the gravitational field of the
proto-Sun, preventing the settling of fine solid particles
to its equatorial plane (where they form a flattened dust
layer), and thus, inhibits the formation of a critical mass
of the subdisk at which it becomes gravitationally
unstable (Safronov, 1969). However, on the other hand,
as we have repeatedly noted above, nongravitational
accretion related, in particular, to the growth of parti-
cles through various turbulent coagulation mechanisms
becomes an efficient accumulation mechanism of
medium- and large-scale solid particles for turbulent
flow. In addition, turbulence facilitates the formation of
mesoscale, relatively stable gas—dust coherent struc-
tures that provide the most favorable conditions for the
adhesion of dust particles. In such vortex structures, the
number of collisions (per unit time) increases signifi-
cantly, while the relative collision velocities decrease
significantly compared to laminar conditions (through
the combined coherent mesoscale motion of particles
and small-scale turbulent pulsations of their relative
velocities inside vortex structures), which also contrib-
utes to the growth of a condensed subdisk component
(see Barge and Sommeria, 1995; Tanga et al., 1996;
Chavanis, 1999; Kolesnichenko, 2004). As the inertia
of solid particles increases, they are drawn into the pul-
sational motion of the gas carrier flow to a progressively
lesser extent. Thus, turbulence eventually contributes to
an efficient settling of dust particles to the midplane of
the disk and, thus, to the formation of a critical mass of
the disk whose gravitational instability and disintegra-
tion lead to the formation of planetesimals.

The pattern of the disperse-phase effect on the
dynamics of turbulent gas-suspension flow is not
unique, but depends significantly on the inertia and vol-
ume content (concentration) of dust particles, since
they can both laminarize and turbulize the flow (see
Shraiber et al., 1987). Kolesnichenko (2000) investi-
gated the rotation-generated flows of disk material
where the solid particles of the gas suspension begin to
have an inverse effect on the parameters of the latter.
Formula (160) for the coefficient of turbulent viscosity
was generalized to the case of allowance for the low-
inertia dust component where the approximation of a
passive admixture (in which the two-phase gas—dust
flow is approximated by the flow of a single-phase
“multicomponent” medium with known effective ther-
mophysical properties) could be used. It was recom-
mended to apply the derived corrections to the coeffi-
cient of turbulent viscosity that incorporate the inverse
effect of the transfer of a fine admixture and heat on the
growth of turbulence when modeling the formation of a
flattened dust layer in the disk.

At the same time, the influence of medium-size and
coarse particles on the processes of turbulent heat and
mass transfer in a protoplanetary gas—dust disk and
their contribution to the correction to the coefficient of

SOLAR SYSTEM RESEARCH  Vol. 40

No. 1 2006

turbulent viscosity of a gas suspension remain an open
question. Determining this kind of correction is a chal-
lenging problem and requires an in-depth study of the
gas-suspension turbulence structure. In the next sec-
tion, we attempt to theoretically determine the coeffi-
cient of turbulent viscosity V"® in a gas-suspension
flow with large inertial dust particles.

Modeling the Coefficient of Turbulent Viscosity
in a Dusty Subdisk

Before determining the above correction to V¥, we
will recall that the relationship between the coefficient
of turbulent viscosity and the gas-suspension turbu-
lence energy is defined by Kolmogorov’s relation (see
formula (97) in Kolmogorov (1942))

RS IN) (161)

where [ = [(x) is the turbulence scale length at a given
point of the flow (the numerical factor y* may be
included in /). For a turbulized shear flow around an
infinite plane (in our case, the equatorial plane of the
disk, z = 0), the local turbulence scale length /(x) may
be assumed to be proportional to the thickness of the
thin layer under consideration,

I(z) = Y%Kz (162)

or
I(z) = Y*kz®(Re,, Ri, K), (163)

where @ is a dimensionless function; k is the Karman
constant, which may be set equal to ~0.4.

It should be kept in mind that deriving an adequate
differential equation for the scale length /(x) is one of
the most complex problems in the semiempirical theory
of shear turbulence. The point is that, in general, /(x)
cannot be defined only via the one-point moments of
the pulsating velocity. Being a measure of the distance
between two points, X; and X,, in a turbulized flow at
which the two-point correlators (u"(x;)u"(x,)) are still
differ markedly from zero, the scale length /(x) can be
found from the complex differential equations for these
moments by their integration over the distance between
x; and X, (see, for example, (Ievlev, 1975)). At the same
time, even in the case of a given differential equation
for I(x), there is a complex problem of boundary condi-
tions at the free boundary of the turbulent flow region,
where the scale /(x) does not tend to zero (see Laiht-
man, 1970). For these reasons, to ensure the efficiency
of practical calculations, the local turbulence scale
length [(x) is often specified in the form of purely
empirically found functions or calculated using an
algebraic formula of type (163) that includes only the
flow geometry, the distance to the wall, etc. and that
does not depend on the peculiarities of the fluid flow.”?

glob»

30The Prandtl-Nikuradze formula for l(z) can probably be used in
certain cases; for the plane case considered here, it may be writ-

ten as /(z) = Y0.4z[1 — 1.1(z/hgig) + 0.6(z/hgig)” — 0.15(z/hgig)’ -
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Internal equilibrium in the disk turbulence
structure. Let us now derive the sought-for correction
to v™(x). We will restrict our analysis to a simplified
statistical scheme of turbulence in a two-phase medium
based on the turbulent energy transfer equatlon (149%)
alone (a one-parameter turbulence model) If we dis-
regard the small terms in Eq. (149%) (all of the neces-
sary estimates can be found, for example, in our mono-
graph (Marov and Kolesnichenko, 2002)), then, given
Eq. (110) for the Reynolds tensor and Eq. (140) for a

turbulent flow of specific volume J°,
ten as

it can be rewrit-

( +(u) - Vb)+v I =_2/3bpV - (u)

(164)

Z

+2[‘)v7ﬁ D+ (G>%J$bg

dMg

<T>g<lc ( b z<ha>Jturb) _Ise+l30re15

Z

where g, is the vertical gravity of the proto-Sun (see
Eq. (177)). As we already emphasized above, the con-
tribution of additional dissipation to € is significant
only for relatively fine dust particles; as a result, it plays
no promment role in the balance equation (164) for
coarse dust.”?

To write Eq. (164) in the form required for our sub-
sequent purposes, we will use the basic concept of a
two-level macroscopic description of a turbulized
medium in the form of two interconnected continua
(open subsystems) that simultaneously fill the same
volume of coordinate space of the disk continuously,
the subsystem of averaged motion and the subsystem of
turbulent chaos, developed by Kolesnichenko (1998).33
For the disk material, the continuum of averaged
motion obtained through the probability-theoretical
averaging of the instantaneous equations of motion for
a heterogeneous medium (76) is intended to study the
evolution of the averaged fields of thermohydrody-
namic gas-suspension parameters (including also the
possible large vortex structures). The subsystem of tur-
bulent chaos for the disk (a vortex continuum with an
internal structure) generally consists of two compo-
nents: the turbulent chaos proper (the so-called incoher-

SlFor two-phase flows, the development of a two-parameter (b—¢)
turbulence model was initiated by Elghobashi and Abou-Arab
(1982, 1983).

o o
>2This contribution was included in the dissipative term 2p viD : D.

53Using the concept of a two-level macroscopic description of a
turbulized fluid was the starting point that allowed us to phenom-
enologically develop a hydrodynamic model of structured turbu-
lence as a self-organization in open nonequilibrium systems asso-
ciated with fluctuating media (see Kolesnichenko, 2004).

ent turbulence) associated with the stochastic small-
scale pulsational motion of an eddy fluid and the coher-
ent component54 embedded in this almost uniform pul-
sating field, an ensemble of mesoscale ordered vortex

structures (multimolecular formations).
For the subsystem of turbulent chaos, we postulate
the Gibbs fundamental identity (Kolesnichenko, 1998)
8 Eturb — Tturb 6 Sturb _

pUS(1/p). (165)

Using this identity, we can determine in a well-know
way (see, e.g., de Groot and Mazur, 1964) the thermo-
dynamic structure of the vortex continuum, i.e., intro-
duce the specific internal energy E“P(x, 1), specific
entropy S"“°(x, 7), pressure p“°(x, 1) = 2/3p E"™®, and
temperature55 TV™(x, f) of turbulization. The various
relations between the parameters EW®, S T and

p™ that can be derived in a standard way may then be

interpreted as the “equations of state” for the subsystem
under consideration. Below, we assume that the internal
energy of the subsystem of turbulent chaos EV™®(x, 1) is
identical to the turbulence energy, EY™®(x, 1)

plu"l’/2p = b(x, 1), and that the subsystem of turbulent
chaos is an ideal gas in the thermodynamic sense, p b =
3/2p"t = 3/2R,4p T, where R oy = kp/Myg, My is the
mean molecular mass of the gas-suspension particles

(the cardinal assumptions of the model). Using the
Gibbs identity (165), Eq. (164) takes the form

turb
turbD]i + VJturb - 2— lurbD D _ pijzluzrbg

g
<T>g<7C >[ turb_2<ha>J$er _[38+ [Screl’

which, by analogy with (51), can be written in the form
of a balance equation,

Jturb

b

Tturb]

Let us now use Eq. (166) to analyze the steady-non-
equilibrium regime of developed (Rey,, > 1) turbu-
lence of the gas—dust mixture in a disk system. Natu-
rally, its realization requires the existence of a continu-

pT

Z

(166)

8 — qturb — oturb
a—t(pS )+V-(pS

e i
= Gslurb = Gslurb + Gslurb-

54According to the currently available experimental data, the
coherent turbulent structure can be defined as a connected, fluid
mass with vorticity correlated in phase (i.e., coherent) in the
entire region of coordinate space occupied by the structure. The
formation of granules in the solar photosphere is a clear example
of the existence of a vast family of coherent structures in a turbu-
lent flow that appear against the background of small-scale turbu-
lent motion.

>SThe thermodynamical temperature of turbulization of the sub-
system of turbulent chaos is not reduced to the absolute tempera-
ture in the general case.
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ously acting turbulization mechanism (e.g., the large-
scale velocity shear of the flow of material related to its
differential rotation around the proto-Sun or the ther-
mal-convective large-scale instability) that transfers the
kinetic energy of the averaged flow to the vertex motion
on large scales and that does not allow the subsystem of
turbulent chaos to reach a complete thermodynamic
equilibrium for a long time. This energy source must
have a power that would compensate, in particular, for
the expenditure of the turbulent energy dissipated into
heat through “molecular” viscosity. For this steady-
nonequilibrium regime, almost all of the expendable
turbulence energy is known to be transferred without
noticeable losses through the inertial interval to the
dissipative interval (see Landau and Lifshitz, 1987).
Then, an internal equilibrium is established in the
structure of the subsystem of turbulent chaos®® at
which DS /D¢ = 0 (the entropy of chaos does not

change along the path, J(Sm,.,) = J"™ /Twd = const
(Kolesnichenko, 2003). This implies that the produc-

tion G;m of turbulization entropy (due to internal dis-

sipative processes) is offset by its outflow thurb; ie.,

there is no total production of entropy SV, ¢ quo =

G;urb + G;mrb = 0. Thus, the subsystem of turbulent

chaos exports its entropy into the “external medium,”
i.e., gives it up to the subsystem of averaged motion. It
is important to keep in mind that the conditions of this
kind are sufficient for the formation of dissipative
coherent structures in an “open” vortex continuum (see
Prigogine and Stengers, 1994).

Deriving the correction function to the coefficient
viurb, Thus, for the locally steady state of a developed
turbulized flow in the disk, Eq. (166) can be written as

V(1-R,—~K)D:D+0,,-e=0,  (167)

where, by analogy with the dimensionless dynamic
Richardson number

gz(qlurb _ 2 <h >Jturb\]

(e )(T)2pv""D : D

@) &

S c turb

R
(168)

"

- Scturb

21°).D

O1n fact, all of the existing semiempirical theories of turbulence
assume (explicitly or implicitly) the existence of an internal equi-
librium in the turbulence structure, when the production of turbu-
lence energy is equal to its dissipation at each point.
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that allows for the effect of thermal convection on the
generation of turbulence in the disk compared to the
dynamical factors (here, Ri is the gradient Richardson
number), we introduced the dimensionless dynamic
Kolmogorov number>’

k< @PII). 1 (2/p)VLC)
= bl o T T urb 0 O
2pv"D : D ¢ 2D:D
_ 1 <G>gz[ Z_—SV lnpg] _ K
Scturb 210) ]0) Scturb ’

which is a criterion for the dynamical activity of dust
particles in a turbulized shear flow of disk material
(Kolesnichenko, 2000). The introduced dimensionless
parameters are criteria for the dynamical activity of baro-
clinic disk material. It follows from (168) that Ri < 0 for
-VLAT) > g Kc,) (i.e., for unstable thermal stratification
of the disk material) and Ri > 0 for -V (T) < g /c,) (for
stable stratification); for indifferent stratification, Ri = 0.
However, the presence of suspended fine particles in
the flow always causes a decrease in turbulent energy,
since the gradient Kolmogorov number is always posi-
tive, K > O (see Barenblatt and Golitsyn, 1974). Thus,
the dimensionless Kolmogorov number K allows for
the inverse effect of the stratification (in disk thickness)
of the volume concentration of small dust particles on
the growth of turbulence in the disk.

Assuming, according to the hypotheses by Kolmog-
orov (1942), that the kinematic coefficient of turbulent
viscosity v and the dissipation rate of turbulent
energy into heat € depend only on two flow parameters,
the turbulence energy b and the local turbulence scale
length /(x), we obtain (see Eq. (97))

v = 1 /b, €= (170)

1"
o2 1
Here, since the scale length /(x) is uncertain, the con-
stant in the expression for v is taken to be unity and
the numerical factor 1/0? is assumed, to a first approx-

imation, to be constant. Let us represent the term (see
Eq. (151))

ﬁcrel =- rel . Vll

= 5pyCy(ww)' : Vu

=pgWW : (5C,Vu' + (Cps'Vu'),

n fact, only the first term in Eq. (169) is the Kolmogorov number
(at pg = const, the number K expresses the relative expenditure of
turbulent energy on the suspension of particles by the carrier
flow); the second term, which describes the influence of gas inho-
mogeneity on turbulence, is the so-called Prandtl criterion.
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which is responsible for the additional generation of
turbulence energy at large Reynolds numbers (in the
wakes behind the moving large particles) as

]

G = B (171)

where [ is an empirical constant. It should be noted that
Eq. (171) is similar in form to the expression”” that was
derived by Varaksin (2003) using a self-similar solution
for the far axisymmetric turbulent wake (Yarin and
Hetsroni, 1994) and by Derevich (1994) using a
semiempirical approach and that is valid only at a very
low volume concentration § of the disperse phase,
when there is no interference of the wakes behind indi-
vidual particles.

Substituting (170) and (171) in (167) yields

21/b(1-R,~K;)D : D

—12 3/2
+Bilwll“/l_) lbl = 0.

(172)

Equation (172) breaks up into two equations: b = 0 that
corresponds to a laminar flow in the disk system, and

b= 0(212(1 - oﬂﬁ@)b —11“’ K)(zn D) (173)

turb

that describes the steady turbulent flow of a gas suspen-
sion. Eq. (173) has real solutions only at Ri + K <
(Ri + K),, = Sc® (at Ri + K> Sc"™, only one real solu-
tion, b = 0, pertaining to a laminar flow exists). Let the
regime be turbulent; then,

Jp - Lo R+ K)/sc™ [
J1— o2B*(d21)s
We see from (173) that the presence of large solid par-

ticles in the flow always causes an increase in turbulent
energy, since the averaged kinetic energy of the relative

(174)

phase motion (e<|W|”) for them is comparable to the
turbulence energy b.

Thus, we obtain for the local coefficient of turbulent
viscosity in a gas—dust disk

v (x) = a2 (x)@, 2D : D,

38Formula (171) for the term that models the additional generation
of turbulence energy by large particles has been suggested for the
first time.

(175)

3Formula (171) is identical to the expression Gy = B*S\W\3 ld,,

(Varaksin, 2003) at |w| / /b = dy/l. Here, B* = a(CDS/EJd)‘m; Eqls
the mixing length for the dust particle concentration;  is the
wake half-width; Cp(Rey) is the coefficient of resistance for the
particle (a = 0.0027, 8/E4 = 5).

where

¢ = o(R;,K)= J1- (Ri + K)/Sc™™,
Q; = ¢,(5, Cp, 8/Ey, dy/l)
= J1 - a?a(Crd1E) P (d /1)

(176)

(177)

are the correction dimensionless functions that allow,
respectively, for the inverse effect of the dust and heat
transfer on the growth of turbulence in the protoplane-
tary disk (@) and for the influence of medium and
coarse particles on the turbulent heat and mass transfer
in the flow and their contribution to the coefficient of
turbulent viscosity for the gas suspension (@,).

STEADY MOTIONS IN A TURBULIZED SUBDISK

As an illustration of the approach developed here,
let us now use the general relations derived above to
model the protoplanetary gas—dust cloud that rotated
around the proto-Sun at an early stage of its evolution,
until it lost the gas component, based on a schematized
description of a steady axisymmetric turbulized flow of
disk material, which, however, leads to manageable and
numerically solvable equations. Since we are eventu-
ally interested in the spatial distribution of thermohy-
drodynamic parameters inside the dust layer (in the
subdisk) formed when solid particles settled to the
equatorial plane of the proto-Sun in the presence of
developed turbulence in the disk, for completeness, it
will also be important to consider simple mechanical
properties of the rotating gas—dust cloud as a whole. We
will analyze the disk system under the following
assumptions:

(1) we investigate a slowly evolving gas—dust cloud
that rotates around a fixed (in space) z axis with an
angular velocity Q(r, z);

(2) the rotation is assumed to be so slow that the
meridional circulation of the protoplanetary cloud
material may be ignored (in essence, the velocity has
only the ¢ component for Keplerian accretion disks,
Le., u, <u, < uy,

(3) the magnetic fields play no significant role (the
figure of the cloud is known to become flattened in the
absence of a macroscopic magnetic field);

(4) the disk configuration is assumed to be station-
ary in an inertial frame of reference with the origin at
the center of mass of the proto-Sun;

(5) the existence of a midplane of symmetry that
coincides with the equatorial plane of the proto-Sun
defined by the condition z = 0 is postulated for a baro-
clinic disk (the equation of state (136) is valid for its
material);

(6) the ratio of the disk half-thickness /g4 (7) to its
radius is assumed to be much smaller than unity,
hgis(N/r << 1 (the thin-disk condition);
SOLAR SYSTEM RESEARCH  Vol. 40
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(7) we neglect the self-gravity of the disk material
compared to the gravitational field of the proto-Sun;

(8) the radiation pressure in the disk is assumed to
be much lower than the gas pressure, pg < p,;

(9) the gas—dust disk is optically thick to radiation at
all frequencies;

(10) we disregard the chemical reactions and phase
transitions and assume the composition of the disk gas
phase to be homogeneous;

(11) the large-scale velocity shear of the material
related to its differential rotation around the proto-Sun
is assumed to be responsible for the turbulization of a
Keplerian protoplanetary disk.

Axisymmetric Motion in a Gas—Dust Disk

When rotating around the proto-Sun almost exactly
according to Kepler’s law, each gas-suspension element
in the disk slowly moves radially inward, since the
deceleration related to the forces of viscous friction
between the adjacent cylindrical layers rotating with
different angular velocities leads to a redistribution of
specific angular momentum and the appearance of a
radial mass flow. Thus, the main mass of the disk mate-
rial slowly (compared to the orbital motion) drifts
toward the center of mass along a flat spiral trajectory
as the angular momentum, together with the smaller
mass, is transferred outward (in view of the conserva-
tion law), from the inner disk regions to the outer ones.
Concurrently, the turbulent stresses arising from the
relative shear of the separate layers of disk material
during their orbital motion lead to viscous heat dissipa-
tion. The thin-disk condition is known to imply that the
disk temperature is relatively low and the pressure gra-
dient is much smaller than the two main mechanical
forces, the gravitational and centrifugal ones (see, e.g.,
Shapiro and Teukolsky, 1983). However, low tempera-
tures are maintained only if the viscous heat dissipated
in the turbulized system is effectively radiated outward
and is not accumulated in the disk. In the steady state,
the bulk of this heat must be radiated by the upper and
lower disk surfaces (because the disk is thin and the
radiation is directed mainly vertically rather than radi-
ally). Thus, a thin accretion disk must be highly nona-
diabatic.

Below, we will use an inertial cylindrical (r, @, z)
coordinate system with the coordinate origin at the cen-
ter of mass; the z = 0 plane is assumed to coincide with
the midplane of symmetry of the disk. We will also
assume that the averaged motion of the cosmic fluid has
only an azimuthal component,

(uy =0, (uy) = Q(r,2)r, (uy =0, (175
and that the true flow velocity of the gas—dust mixture
randomly pulsates about its mean value, varying irreg-
ularly in the meridional and azimuthal directions. It can
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be shown that, if the disk material is in a state of quasi-
steady rotation in an inertial frame of reference, then it

necessarily possesses axial symmetry (d/d@ = 0): §
5(r,2), pg = Pg(r,2), p =p(r,2), p = p(r,2),{T)
(T(r, 2)), Q = Q(r, 2), etc. (Tassoul, 1979). Note that the
mass conservation law (85) in the steady-state case under

consideration always holds, since the motions are axi-
symmetric and there are no meridional flows, V - (u) = 0.

Momentum conservation equations. If we take
into account the matter—radiation interaction inside the
disk up to the terms of the lowest order in [{u)|/c (see
footnote*), then the three components of the averaged
equation of motion (107) can be written as®0

10, wo 2 GMor
—=—(p+p )=rQ(r,2)-——=¢,=0,(176)
por (r2+z2)3/2
18 — turb _ GMOZ _
Ba_z(p-l-p ) - P ) 3/2=_gz’
(r+z) a177)
G/‘/L@Z Z2 -3/2 5
rme g, = 3 (1 + _2) = QK,mid(r)Z’
r

p21rQ(r 2,0

%%{r[(R + ﬁrad)r(P - Clz(qrad),rg(r, Z)i|}
(178)

0 = 1
# 52 R+ i)z = =5(4,0).r 00 2) |

I - |
+ ;[(R + Trad)pr — —(Quu), P QU7 z)} =0,
C

where g = {g,, 0, —g.} is the effective gravity (per unit
mass) corrected for the centrifugal acceleration; Q(r, z) =

J GMo/(r + z2)3/2 is the Keplerian angular velocity;

Qi mia(r) = Q(r, 0) = JGMo/r is the Keplerian
angular velocity in the midplane of the disk; p (r, z) is
the thermal pressure of the disk medium related to the
density p (r, z) and temperature (7(r, 7)) by the averaged
equation of state (55), p = p (RXT); p“™(r,z) =2/3p b=

60Although T Tauri stars probably have a high dust concentration
throughout the disk thickness (see, e.g., Beckwith et al., 2000),

the additional stresses flrel related to the relative motion of the

gas and the coarse dust effectively act only in the region immedi-
ately adjacent to the equatorial plane of the disk (small compared
to the entire disk) and, therefore, were omitted in Eq. (178) (see
the next section).
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1/3plu")’ is the turbulization pressure (see Eq. (110));
c is the speed of light in a vacuum;

J— b _ b o
R+Mua=—p"T+2(pv" + lq)D
_ e s turb o . turb . . turb
=-LLp - lq)l(pp —LLp

— _ turb

(179)
+(pv agz():, 2) tid 0Q(r, 2)

e or

+ urad){iricpr

+igl,r

0Q(r,z) .. 0Q(r, 2)
—az +lZl(Pi"—aZ }

(see Egs. (110) and (B.8)). In writing Eq. (176), we
took into account the fact that the gravitational force is
balanced by the centrifugal force in the radial direction
(perpendicular to the rotation axis); i.e., the total gas-
suspension pressure gradient d(p + p“P)/or is very
small and the rotation is almost Keplerian (however,
this gradient eventually serves as the driving force of
the radial drift of dust particles toward the disk center).
On the other hand, since there is no net motion of the
gas suspension in the vertical direction (perpendicular
to the midplane of the disk), the momentum conserva-
tion along the i, axis is reduced to the hydrostatic equi-
librium condition under which the equilibrium in the
z direction is maintained by the pressure gradient.
The gradient d(p + p"™®)/dz determines the main direc-
tion of the buoyant force in the gravitational field of the
central mass (see Eq. (164)), which contributes, in par-
ticular, to the additional generation of turbulent energy
through convective instability in the vertical direction
(between the midplane and the surfaces of the disk).
Thus, it follows from Eqs. (176) and (177) that viscous
dissipation does not affect the » and z components of the
equation of motion for the entire disk, which break up
into separate equations for the averaged radial and ver-
tical motions.

In contrast, the ¢ component of the equation of
motion (178) (in essence, the equation for determining

61The following expression for the half-thickness of a turbulized
disk can be derived by substituting the differentials in Eq. (177)

with finite differences (i.e., by substituting =p + p‘“rb for A(p +
™) where (p + p™™™) is the total pressure calculated at z = 0,

and substituting Az = hgig): hgig = N (P + P")p) =0/ Qg mid=
coy 1 +203b¢.” 19K mia (cf. Eq. (160)). In this relation, Q_piq =

|GM g/ P s the Keplerian angular velocity; c; is the speed of sound
of the gas suspension (see Eq. (57)) in the midplane of the disk.

the angular velocity €(r, z) for given boundary condi-
tions), which using the transformations (see Appendix B)

[V (R+ )]

10 o
E{;E‘[T(R'Fnrad)rtp]
(180)
a — R ﬁra r
+ a—Z[(R + Hrad)z(p] + %}
_ %V [u(r, 2)r°VQ(r, 2, 1)1,
_lz{V . [FQ(r, 25 t)qrad]}(p
c (181)

1
= — —2—V : [VZQ(ra Z, t)qrad]
cr

(in what follows, the total coefficient of shear viscosity
is denoted by W(r, z) = p VV™(r, 2) + Wuq(7, 2) for short)
can be reduced to

5@ = V- [u(r, 2)r’VQ(r, z,1)]
- (182)

—C72V . [VZQ(rs 2, t)qrad] =0

(where V - A = r19(rA,)/or + dA_/dz is the divergence
in cylindrical coordinates), describes the irreversible
change in specific angular momentum J(r, z, ¢) =
[?Q(r, z, 1)] through viscous friction and, in addition,
allows for the transfer of angular momentum by the
total radiative flux (4 (the second term on the right-
hand side of Eq. (179) allows for the loss of angular
momentum via the radiation emitted by rotating disk
regions). The deceleration by radiation is known (see,
e.g., Tassoul, 1982) to be stronger than the angular
velocity diffusion through viscosity if (T)/|V(T)| is
small compared to (Q)/|V(Q2)|, which is probably the
case only in the disk regions adjacent to its emitting
surface X.

Below, however, we will restrict our analysis to
steady or quasi-steady motions inside the disk, where, to
terms of the order of [{u)|/c, Eq. (182) can be reduced to

V- [u(r, 2)r’VQ(r, z)] = 0. (183)

Since the shear stress vector must become zero at the
outer disk boundary X, the following condition must be
satisfied

n-VQ(r,z) =0 on X,

where n is the outer normal to the disk surface.

Let us formulate one curious result pertaining to the
problem of a slowly evolving viscous disk in connec-
tion with Eqgs. (183) and (184). For this purpose, we

(184)
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will write the total dissipative function of the disk in the
steady state as

D(Q)= [@,dx= Jzuf) - Ddx

o o

= [4n(r (D7 + DI)dx (185)

o

= IM(r, z)rz{[a%ﬁ(r, z)}2 + [a%sz(r, Z)T}dx’
o

where £ is the disk volume (see Eqs. (B8) and (B.11)).
If we now consider an arbitrary disk rotation law,
Q(r, z) + 8Q(r, z, t), on which we impose only the con-
straint that the configuration surface ¥ and volume
are conserved, then the classical results(which, in
essence, was obtained by Helmholtz) is that each solu-
tion of Egs. (183) and (184) has the property that the
total power (185) dissipated by friction is an absolute
minimum compared to the power for any other motion
that agrees with the boundary X and the volume .

The conservation of energy. To model the internal
thermal structure of the protoplanetary disk around the
young Sun at the T Tauri stage, we must invoke the
energy equation (154), in which the dissipation of tur-
bulent energy is the main internal source of heating. If
we disregard the chemical reactions and the evapora-
tion and condensation of disk material, then this equa-
tion for quasi-steady axisymmetric motion takes the
form®?

turb turb

10 0
;g;[r(qr + Grad, r)] + é_z(qz + qrad,z)

= u(r, Z)r2{[§;§2(r, z)]2 + [%Q(r, z)}z} + 0o

or

turb

0
a_Z(QZ

x{[a%Q(r, Z)T " [a%sz(r, z)}2}+ Qo

since the radiation for a thin disk is directed mainly ver-
tically rather than radially (see also Eq. (198)).

In Eqgs. (185) and (186), the possible local heating
sources of the gas—dust cloud, which are related, in par-

+ g ) = W 2P

(186)

2The possible additional disk heating source related to the term

;. : D effectively acts only in the dust subdisk (i.e., in a vol-

ume small compared to the entire disk) and, therefore, was omit-
ted in Eq. (186).
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ticular, to the absorption of solar electromagnetic and
corpuscular radiation by the gas—dust disk components
and its subsequent transformation through various radi-
ative processes, reradiation, scattering, photochemical
and chemical reactions, etc., are denoted by Qq. The
complexity and multiplicity of chemical and photo-
chemical reactions in the protoplanetary disk medium
is generally attributable to the presence of basic chem-
ical elements of the Solar system that constituted the
initial gas-mixture components and to the existence of
ionization (dissociation) agents in the form of energetic
photons and photoelectrons (photolysis products) (see,
e.g., Willacy et al., 1998). Their absorption leads to the
dissociation, ionization, and/or excitation of rotational
and vibrational levels of the gas-mixture components;
each of these reactions can proceed in both forward and
reverse directions. In practical calculations, by no
means all of the elementary processes responsible for
the thermal balance of a disk medium can be adequately
taken into account in the corresponding models. For
this reason, when physically self-consistent problems
of modeling the evolution of the chemical composition
and hydrodynamics of a disk are formulated, one of the
most important problems is to accurately take into
account the contributions from the matter—radiation
interaction in the structure of the energy equation to
determine the so-called heating function of the material
that allows for the fraction of the absorbed solar radia-
tion transformed into heat (see, e.g., Marov and
Kolesnichenko, 1987). Estimating this function involve
well-known difficulties and requires concretizing the
chemical stage of the disk evolution.

The turbulent heat flux ¢ and the radiative energy

flux g4, . emitted by the disk are defined by Eqs. (127)
and (128)

turb
q;urb(r, Z) — _I:—) <Cp>\#
Sc
Q.
(2 + 2malDy ) (187)
p

0
qrad,z(r’ Z) = _Xrad(r’ Z)a_Z<T>’

where ¥,.q(7, 2) = 4cal{T)*/3%p is the coefficient of radi-

ative heat conductivity for the disk medium; K is the
total Rosseland mean opacity of the gas suspension (see
Eq. (72)), which depends significantly on the presence
and height distribution of dust particles in the pro-
toplanetary cloud (see, e.g., Pollack et al., 1985);
Wea(r, 2) = 4a{T)*/15¢Kp is the coefficient of radiative
viscosity. Equation (187) should be complemented by
the following boundary conditions in the midplane (in
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view of the disk symmetry) and on the upper surface of
the disk:

turb
Z

z=0

_ 9 Ca ™

turb L@ (%)

n(q +qrad) = G<T>4_f0

where © is the Stefan—Boltzmann constant; L, is the
solar luminosity), which allow for the heat balance at
the boundaries. The first term on the right-hand side of
Eq. @ allows for the blackbody radiation of the disk
surface, while the second term describes the attenuated
radiative flux from the protostar incident on the disk
surface; the attenuation factor (Kusaka et al., 1970)

_ I"a hdisk(ra Z)
5= 55 *

r 3nr

2Rprolo Lprolo
© ) LO (189)
©

depends on the disk geometry and the radius R%"° and
luminosity L%™° of the proto-Sun (in particular, for

LY = 7Ly and R%™ = 5R. (see Watanabe er al.,
1990), fo=0.1 at r = 1 AU).

The dust transfer equation. The averaged transfer
equation (92*) for the dust concentration (Cy) = py5/p
of the disk material should be used to model the evolu-
tion of a turbulized gas—dust cloud, particularly during
the formation of a dust subdisk (of thickness 2/, gisk»
where A4 1 the upper boundary of the dust subdisk,
hgisc > hgnaig) Near its midplane. If we disregard the

evaporation and condensation (G4, = 0) of solid parti-
cles, then there is a balance between the dust settling

turb

Jo = pawy = P, (CyW and the turbulent mixing J; =

turb

—pDy " V(Cy) in the steady state (see Eq. (86));
Eq. (92%*) then takes the form

— _ turb

‘;erbwca) (190)

V- (pu(caw-

or

(191)

where W = (uy — u,) is the averaged relative velocity

of the dust and gas defined by Eq. (101); in cylindrical
coordinates, it takes the form

PO (1, 2) 2 ()21 ) + 35
£ (192)
=Wo(r, 2)2 mia(r) — p_’”nQK mid(7)>
g
o 1_
pegdw(p(r’ Z) = _Ewr(r’ Z)Q(F, Z)
. (193)
= - § (I" Z)QK mld(r)
50 (re) = L= P2 (e (194)
P02 Py

The r, ¢, and z components of the averaged relative
velocity w derived using the equations of motion (176)
and (177) then appear as

\/_Vr(l", Z)E E—)ﬁ—n CC rQK mld(r)
3 2 (195)
We(r, Z)Nzi_g l-zi;-C K. mid
V_Vz(ra Z) = _CZQK, mid(r)’

where the parameter § = Qg /P 6,4 < 1, because the
time it takes for quasi-equilibrium motion of the dust
and gas to be established (1/p 6,4) in the disk is much
shorter than the Keplerian period (21/€2 ,4), Which
determines the slow variation time scales of the macro-
scopic flow parameters. Here, we used the following
approximate equality that follows from Eq. (176):

Q(r,z2) = Qg (M1 -1 = Qg nia(r).

In this equality, the small parameter is defined as®

12

(196)

N=—(rQy wap) 0p/Ir
43 (197)
Z

() 310
= _'Y(?) (f+q+—2 %)—362.)(10 VAU

where the second estimation representation was
obtained using Eq. (210) (cf. Nakagawa et al., 1986;
Takeuchi and Lin, 2002).

The diffusion equation (190) can be simplified
depending on whether the gas or dust component dom-
inates in the disk region under consideration.

931t can be shown that including the pressure of turbulent chaos,
U™ = 2/35 b, will not change Eq. (194) in the case of developed
turbulence.
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A formula for the coefficient of turbulent viscos-
ity in the disk. The coefficient of turbulent viscosity in
Egs. (179), (182), (187), and (190) is defined by rela-
tion (175). In the axisymmetric case under consider-
ation, the latter takes the form

v(r, 2)
_ ocl*zr/\/{[a%ﬁ(r,z)}2+[z%9(r, Z)T}, o
where
1%(z) = 1(2)[1 - (Ri + K)/Sc"™1"%, (199)
A(T)
RiEQi,;ﬂdz% 8z2 + 0. . (201)
r [a%g(r, z)} +[(%Q(r, z)}
Qp miaZ g_s_iaﬁlnﬁg
K=—(o)=3 — o S, (202)
[a—rQ(r,z)} +[a—ZQ(r,z)}
G= e __1 GJ(/LQZ(I 1_2)3’2
(e, (epy #* r (203)

is the adiabatic temperature gradient in the protoplane-
tary gas—dust disk; ¥ = {c,)/({c,) — (R)) and (R) =
QRgﬁg/ p are, respectively, the adiabatic index and the

“gas constant” for the averaged two-phase continuum.
We see from Eqs. (198)—-(201) that for an adiabatic tem-
perature distribution in height,

HTY (N _ Qmia(r)
9z ‘( 9z )ad‘ ey &

the Richardson number is Ri = 0 and the temperature
gradient in the disk has no effect on the turbulent trans-
fer coefficients. In the case of temperature-unstable
stratification (Ri < 0) of the gas—dust disk, where the
temperature gradients are superadiabatic,

(T) QzK,mid(”) _ (D)
aZ * (Cp> = az

(the factor f, which characterizes the excess of the ver-
tical temperature gradient in the disk above the adia-
batic one, can reach f=0.2 at r = 10 AU (see Makalkin
and Dorofeeva, 1995, 1996)), the turbulence energy
increases through the energy of instability in the direc-
tion perpendicular to the midplane of the disk (a con-
vective source of turbulence); the coefficient of turbu-
lent viscosity increases simultaneously. At the same
time, gas-suspension inhomogeneity always causes the

(204)

(205)
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turbulent energy to decrease, since the Kolmogorov
number is greater than zero, K > 0. The reciprocal
Schmidt number 1/Sc™® in Eq. (199) may be set equal
to unity when the shear stresses in the case of differen-
tial Keplerian disk rotation are the main turbulence
mechanism; however, it can be a factor of 2 or 3 larger
when thermal convection in the vertical direction is
responsible for the turbulence (see, e.g., Shakura et al.,
1978).

Let us now show that the vertical gradient in angular
velocity dQ(r, z)/dz in the dissipative function @, =

2pvuD : D of an axisymmetric disk may occasion-
ally be disregarded compared to its radial gradient
0Q(r, z)/dr for the following reasons. If we assume (for
our estimation) that the disk is isothermal in the vertical
direction and neglect the terms of order (z/r)? or higher,
then the following formula (known for a laminar flow)
can be derived for the vertical gas suspenswn den-
sity distribution in a turbulized disk® from Eq. (177):

_ — QK mld(r) 2
2) = p(r,0
p(r,z) = p(r )GXP{ 2<%>(<T>+T[urb }
(206)
2
= 5(r. 0 I
p(r )eXp{ 2%2}
where
g = ARUD LT & (207)
Qg mia(r) 'Y”ZQK,mid(V)

is the local scale height for the disk,
&= @B+ p"™)13p) (s = NT(RY(T) + T") (208)

is the isothermal speed of sound in the turbulized
medium. The density, pressure, temperature, opacity,
etc. in any accretion disk have different spatial distribu-
tions, depending on its nature and the distance from
protostar and/or from the midplane of the disk. We will
assume that the radial distributions of such structure
parameters follow a power law (this is a common
assumption in astrophysical literature (see, e.g., Takeu-
chi and Lin, 2002)); then,

Ef(r) = E?.AUrqAU’ qg =-05
P(r,2) = Payrhvexp{—z 123"}
Pav = 2.83x107"7 f=-225

H(r) =

X (209)
gcm 7,

(g+3)/2
AU”AU >

.y = 3.33%x 107 AU,

%The thermodynamic temperature T (g parameter characteriz-
ing the intensity of the noise of the subsystem of turbulent chaos
generated by its “thermal structure”) is related to the turbulence
energy b by 2/3p b = p™® = 5 (R)T™™ (see Kolesnichenko and
Marov, 1999).
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where r,y is the radius measured in AU. Using (206),
Eq. (176) can be rewritten as

Q(r,2) = O ] 1+ .

prQK m1d

52 a_
- QK mid 1+ —s_p
prQK m1da

(54" |

Y%( . +_3Z_)-
e
whence

Q(r, 2) = Q¢ mld[l +7(%) (f+ ‘1—;3;7)} (210)

It follows from Eq. (210) that

9

Jz
which allows the vertical angular velocity gradient in
the dissipative function @, to be disregarded.

Thus, the following approximate relation for the
coefficient of turbulent viscosity is valid for the bulk of
the disk (except the regions close to the proto-Sun):

= QK m1d|:1 +

Q(r,z)~ ?—eaﬁrﬂ(r, 2), (Hir<1), (211)

v¥(r, z) = al*’ rs;

Q(r,z) ,
F

(212)
I(z) = [(2)[1 - (Ri + K)/Sc™™1"™.

For Eq. (212) to be formally identical to the Shakura—
Sunyaev formula (160), which is valid for gas-phase
accretion disks, we must set K = 0 and Ri = 0 in
Eq. (212). If we now substitute the angular velocity
of Keplerian rotation Qg _4(r) = (G )22 (note
that 7|0Qg_ a(r)/0r| ==3/2Qx 1iq) in (212) and use [ =

haskc = J(P/P)|, -0/ mia as the turbulence scale

length (see footnote®'), then we will obtain v =
31200 p /P ) = 0/ €2, mias then,

R,, = ﬁvrr(BQK,mid(r)lar) = 9/4op|,_, ((213)

which is identical to Eq. (160) (since the dimensionless
parameter o, cannot be accurately calculated and
remains a free parameter in the disk structure equa-
tions, the factor 9/4 in Eq. (213) is of no fundamental
importance).

So, Egs. (55), (176), (177), (183), (186), and (190)
form a system of six equations with six unknown func-
tions, p (7, 2), p (r,2),{T)(r,2), 5, Py, and Q(r, 2). Thus,
in principle, the structure of a gas—dust disk with the
dust component is completely defined by these equa-
tions together with the boundary conditions and rela-
tions (198) and (21%*) for the turbulent transfer coeffi-
cients v and the coefficient of resistance 0y, for a

smooth spherical particle. A complete solution of the
formulated problem requires using numerical methods
and will be presented in a special publication.

The Regime of Limiting Saturation of a Gas—Dust Disk
by Fine Dust Particles

As a simple example that illustrates the potentiali-
ties of the approach developed here, let us qualitatively
consider the model problem of the height distribution
of suspended fine dust particles in a steady gas—dust
flow (for temperature-neutral disk stratification, Ri = 0)
in a thin layer of “cosmic fluid” located near a dust—gas
subdisk (a layer of enhanced dust concentration, but
lower than the critical value at which gravitational
instability arises). We will assume that the concentra-
tion of solid particles in the subdisk atmosphere and in
the subdisk itself is so high that the inverse eftect of the
disperse phase on the turbulent flow dynamics should
be taken into account to describe the gas-suspension
motion. Below, for simplicity, we assume the disk
material in the subdisk atmosphere to be isothermal and
the gas phase to be incompressible. In addition, we will
keep in mind that the sedimentation of solid particles
takes place without their large radial migration; there-
fore, the dust diffusion flux in the vertical direction

dPawy. /07 > dPgwy, /dr. For steady motion of the dust
component in the atmosphere, the regular gravitational
settling of particles to the subdisk (the value aSc"™,
where a = —w, is the gravitational settling velocity, is
assumed to be constant below) must then be balanced

by their upward turbulent transfer, i.e., Ja. + J5. = 0;

hence, using Eqgs. (96) and (190), we obtain for the rel-
ative velocity in the vertical direction

turb 81 -/— turb -
g Y 9In(s/py) _ v dlns 214)
SCturb aZ SClurb aZ

Since the additional stresses Il associated with
the relative motion of the gas and coarse dust effec-
tively act in the subdisk, the meridional ¢ component of
the Reynolds equation (178) for the inner subdisk
regions is reduced to the equation

%%{r[(R + ﬁrel)rq)]} + ag[(R + ﬁrel)z(p]
215)
+ - [(R + Hrel)(pr] =0,

where, in view of relations (195), the corresponding

components of the relative stress tensor Il =
—5pCy)WW take the form

(Hrel)z(p = gpd<Cg>aw¢
3 (216)
= 5Py ¢ "QK mid(7)>
2(1 + C )
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(M), =
= S__P_(lf_)_C3n2 rZQZK a(r).
P (148"

Since the main direction in the entire disk is radial
(see Safronov and Guseinov, 1990), we may set for the
subdisk

-5 P4 < Cg> Wr\/_t/(p
(217)

a —

3 [(R+ 1)l =0 (218)
Z

This equation shows that the flux density of the ¢

momentum component along the vertical axis will be

the same at all distances from the z = 0 plane to the z =

howaisk ~surface” of the subdisk: (R + M. )p = (R +

L. ):ol-=0 = const. Since near the midplane and at

moderately large z, in view of Eqs. (162) and (212),

= turl aQ 9

z=0

the Reynolds equation (215) for the subdisk atmo-
sphere can be taken in the form

g 9 [raQ(r 2)/9z] = (220)

where

PdC3n
2p(r, 0)(1+ &)

2 _
X rQK, mid(r) [ZS(I‘, Z)]Z = Rgupaisk?

i = (I_Irel)z(p|z = Mok =
(221)

V. is the so-called dynamic velocity (a natural velocity
scale for the flow near the subdisk “surface”). In
Eq. (220), we disregarded the contribution from the rel-
ative stresses compared to the Reynolds turbulent
stresses.

Eliminating the meridional velocity gradient
o[rQ(r, z)]/0z from the expression b = o?(1 —
K)[roQ(r, 2)/0z]* (see (173)) using Eq. (220) and the

relation v = /,./b , we obtain

b=oaV. /1-K,, (222)
where
K.= (o) GMoz  95/0z
T s A aQ(r 2)/02]
’ (223)
_ GM@Z (G)Sa

4

rVLIQ(r, 2)/0z

is the dynamic Kolmogorov number. Thus, the z distri-
butions of the disk structure parameters can be calcu-
SOLAR SYSTEM RESEARCH  Vol. 40
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lated using Egs. (214), (220), (222), and (223), which
we will write as

zﬁaﬁ[rag(r, 2)/9z] =
turbl'\/zas $=0, l(z) = 1/2Z(D(Kf)
(224)
b = ocV J1 -K;
G‘/M/QZ sa
K, = (o) :
r V*E)Q(r, 2)/9z

Here, the local turbulence scale length /(z) is expressed
(under the assumption of complete self-similarity in
local, Re = uyz/v, and global, Re,,, = uol/v, Reynolds
numbers) in terms of a universal function ®(Ky) of the
Kolmogorov number K; clearly, ®(0) = 1. Since the
turbulence scale length under the effect of the gas-sus-
pension dust component decreases (see Eq. (199)), the
function ®(K;) must also decrease with increasing
argument.

Let us now determine the z distribution of the dust
volume concentration and the angular velocity of a tur-
bulized flow carrying fine suspended particles for a
steady flow in the subdisk atmosphere. To integrate the
system of equations (224) generally requires knowl-
edge of the boundary conditions on the subdisk surface.
For example, if we eliminate v from (214) and (220),
then we will obtain

s S

(225)

where

turb

®=Sc (226)

is a dimensionless parameter. Integrating Eq. (225)
yields

aly*KV,

5(r,2) = 5(r,2)], 2,

X exp{ oy
V*

At the same time, system (224) has properties pecu-
liar to this type of gas-suspension flow that allow a self-
similar solution independent of the boundary condi-
tions to be found.® This is because it contains only the
angular velocity gradient rather than the velocity itself.
This, in turn, implies that for an unlimited store of par-
ticles near the dust subdisk, in view of the inverse effect
of particles on the flow dynamics, one might expect the
existence of a gas-suspension flow regime in it at which

subdisk

’”[Q(’” 2) = Qg mia(r, 2| 24

subdisk

} (227)

5The pattern of turbulent flows containing a solid admixture was
first studied by Kolmogorov (1954) when calculating the motion
of sediments and by Barenblatt and Golitsyn (1973) for atmo-
spheric problems.
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the turbulent flow absorbs the maximum possible
amount of dust at a given dynamic velocity and other
flow parameters (see Barenblatt and Golitsyn, 1974).
This regime, which was called the “regime of limiting
saturation” in the literature, must be described by a spe-
cial solution of system (224) that is defined by the
parameters appearing only in the differential equa-
tions (224) themselves.

A group analysis of system (224) shows that it has
the solution

0Q(r, 2)/9z = C,(r)lrz, § = Cy(r)lz’, (228)

where C; and C, are the z-independent functions of r to
be determined. Substituting these expressions in (224)
yields

¢ = Y 7 2>x<‘]/<>z)’ (229)
YE*KO(K ) (1 -Ky) Y
whence follows the functional equation
DK (1-Kp" = 0/2 (230)

intended to determine the specific (for the regime of
motion under study) Kolmogorov number K, (calcu-
lated at a given distance r from the protostar).

Since @ is a nonincreasing function of its argument,
®(0) = 1, and since the number K, by its physical
meaning, lies between zero and unity, the functional
equation at ® > 2 (which corresponds to a low flow
velocity or large particles) has no root; however, at ® <2
(the condition for the existence of the limiting satura-

tion regime), one root exists, K, = K;‘- . Given (229), it
follows from the first relation (228) (at ® < 2) that

Vi

Q(r,z2) = Qg mia(r) + YK%’IHZ' (231)

*
Using this relation and Eq. (226), we can easily obtain
the following limiting steady-state height distribution
of fine dust particles in the thin equatorial layer of the
subdisk:

__Cy(n) ViK* 1
s = = —2’

2 22
z (c)a QK mia 2

(232)

which the flow approaches for an unlimited store of
dust on the underlying surface.

Formula (231) shows that the z velocity distribution
in the “near-surface” subdisk atmosphere in a turbulent
flow heavily loaded with particles is logarithmic (as
must be the case in a turbulized fluid near a “wall”), but
the presence of dust seemingly results in a decrease in
the Karman coefficient k. This can be interpreted in
such a way that the gas-suspension flow under the effect
of dust particles for the same external conditions (the
same dynamic velocity V) is accelerated compared to
a flow of “pure” gas. In other words, the velocity gradi-
ents near the subdisk surface increase, which contrib-

utes to the saltation effect, the separation and rise of a
large number of fine dust particles into its atmosphere
In turn, the presence of such a dust cloud with an
enhanced concentration of suspended fine particles
contributes to the intensification of all the possible pro-
cesses of turbulent coagulation, which lead to an
increase in the inertia of solid particles and to their
effecting settling to the subdisk. Thus, the possible
regime of limiting saturation of a rotating gas—dust
cloud near the subdisk by small dust particles is an
additional mechanism that speeds up the formation of
the subdisk itself by relatively large solid particles on
which turbulent pulsations have a weaker effect.

CONCLUSIONS AND PROSPECTS

Studying the origin and evolution of the Solar sys-
tem and the emergence of various natural conditions on
the Earth and other planets is one of the most important
trends in modern science. This problem can be solved
by performing a series of investigations on the most
topical issues of astrophysics, geophysics, and cosmo-
chemistry based on the development of a theory, the
generalization and analysis of experimental data, and
mathematical modeling. In recent years, the impressive
progress in astrophysics, the discoveries of protoplane-
tary disks and extrasolar planetary systems, and the
rapid development of computational mathematics have
enhanced the possibilities for comprehensive studies of
the physical structure and evolution of the protoplane-
tary gas—dust disks around young solar-type stars from
which the planets are currently believed to be formed.

Adequate cosmogonic models can be constructed
by studying the dynamical and thermal evolution of the
heterogeneous gas—dust material of a differentially
rotating protoplanetary disk with the inclusion of mag-
netohydrodynamic, turbulent, and radiative effects as
well as with the involvement of phase transitions,
chemical reactions, and coagulation processes. The
aggregate state of the main components of the pro-
toplanetary material, the location of their condensa-
tion—sublimation fronts, and, hence, the chemical com-
position of the planets, their satellites, asteroids, and
comets depend on the space—time distribution of ther-
mohydrodynamic parameters for the disk medium. The
cosmochemical data obtained by directly studying the
extraterrestrial material serve as an important con-
straint in determining how realistic the models of this
kind are.

Unfortunately, a large number of problems related
to this trend in research are still outstanding. These pri-
marily include the questions of the early evolution of
the Solar system and the reasons why it is unique com-
pared to the known planetary systems near other stars.
Developing numerical models for such a dynamical
system in which the evolution of an initial protoplane-
tary cloud sequentially leads to the formation of an
accretion gas—dust disk around the young Sun and a
SOLAR SYSTEM RESEARCH  Vol. 40

No. 1 2006



FUNDAMENTALS OF THE MECHANICS OF HETEROGENEOUS MEDIA 49

compacted dust—gas subdisk is of greatest interest.
Thus, the problem of reconstructing the evolution of the
protoplanetary gas—dust cloud that surrounded the pro-
ton-Sun brings to the fore the following:

—constructing a numerical model for the formation
of a dust layer (subdisk) near the midplane of the proto-
Sun and studying its flattening mechanisms in a quiet
gas and in the presence of turbulence;

—modeling the growth of gravitational instability in
a rotating subdisk (when the density of its material
becomes higher than a critical value due to its vertical
and radial contraction) and the formation and evolution
of protoplanetary dust condensations for the zone of
inner planets and for the disk periphery;

—modeling the accumulation of the Earth and planets;

—assessing the consequences for the chemical com-
position of the Earth, planets, asteroids, and comets.

In this paper, the early formation stage of a planetary
system, the stage of a protoplanetary gas—dust cloud, is
considered as the first step in studying the complex
problem of planetary cosmogony. Clearly, numerical
simulations of such a cloud are primarily related to the
construction of a basic model for a continuum medium
with complicated physical-chemical properties that
includes, in particular, the magnetohydrodynamic and
heat and mass transfer processes simultaneously taking
places in a turbulized accretion disk with allowance
made for the inertial effects of solid cosmic material
particles, radiation, evaporation, condensation, coagu-
lation, and various chemical transformations. Certain
aspects of the development of precisely this continuum
medium were embodied in this paper, in which the effi-
cient methods of invariant modeling of turbulent flows
in multicomponent reactive gas mixtures developed
previously (Kolesnichenko and Marov, 1999; Marov
and Kolesnichenko, 2002) were further generalized to
heterogeneous media. In our view, this study offers
prospects for considerably more complete and more
realistic modeling of the various processes of the evo-
lution of a differentially rotating protoplanetary gas—
dust turbulized disk. Rational schematizations that lead
to manageable and solvable equations are particularly
needed here to obtain reliable results and to understand
them. Our main results include the following:

(1) The formulation of a complete system of equa-
tions of two-phase multicomponent mechanics includ-
ing the relative motion of the phases, coagulation,
phase transitions, and radiation intended to formulate
and numerically solve the specific model problems of
consistently modeling the structure, dynamics, and
thermal regime of a protoplanetary accretion disk.

(2) The Favre probability-theoretic averaging of the
stochastic equations of heterogeneous mechanics with
the goal of phenomenologically describing the turbu-
lent flow of the disk material and the derivation of the
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defining relations for various turbulent flows needed to
close the equations of mean motion.

(3) The development of a semiempirical method for
modeling the coefficient of turbulent viscosity in a two-
phase disk medium including the inverse effect of the
dispersed phase.

(4) The description of the influence of inertial
effects of solid particles on turbulence parameters in the
disk, in particular, on the additional generation of tur-
bulent energy by large particles, in terms of the model
of the medium under consideration.

(5) The development of a parametric method of
moments for solving the Smoluchowski intergo-differ-
ential coagulation equation for the particle size distri-
bution function based on the fact that the sought-for
distribution function belongs to a certain parametric
class of distributions.

(6) Analysis of the “regime of limiting saturation” of
the subdisk atmosphere by fine dust particles that con-
tributes to the effective settling of solid particles to the
midplane.

The results of our numerical solution of the specific
problems that reproduce the individual evolutionary
stages of a protoplanetary gas—dust cloud based on the
model of a disk continuum medium developed here
with complicated physical-chemical properties will be
presented in ensuing publications.
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APPENDIX A

Solving the Kinetic Coagulation Equation
by the Method of Moments

Let us consider the method of moments for solving
the kinetic coagulation equation (33) for the case where
the particle size distribution depends on one space
coordinate z. For the problem considered here, this cor-
responds to steady motion in a dust layer as particles
settle to the midplane of the disk under gravity.

The method of moments consists in reducing the
kinetic coagulation equation (33) to a system of ordi-
nary differential equations for the moments

oo

Mp:jU”f(U,z)dU (p=0,1,2,...), (A.D

0
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of the distribution function f(U, z). To derive such a sys-
tem, let us multiply both sides of the simplified equa-
tion (33)

W W, 2)

W jf(w Df(U-W,2)

x K(W, U—W)dW - f(U, z)jf(W, DKW, U)dW,
0

where w, is a constant velocity of dust settling from
height A4 to the midplane of the disk, by U” and inte-
grate the result over U from 0 to oo; As a result, we
obtain

oM, 0N,
wza—Z = Wza_z
Py (A.2)
- ‘%H’“U, W) f(U, 2) f(W,2)dWdU,
00
w9
9z 3z
1y (A.3)
- EH(W‘U)K(U’ W) f(U,2) f(W,2)dWdU = 0,
00
w My _ [[xw. wynnw +wy - v’ "

00

Xf(U,z2)f(W,z2)dWdU (p=2,3,...).

To express the right-hand sides of the equations of
this system in terms of the moments, we must specify
the coagulation kernel and make the assumption
regarding the form of the distribution function. Let us
consider kernels of the type

K
K(U, W) = Asz(U“‘“-fW“f+ Uw* ™My, (A.5)

j=0

where A is the factor determined by the external condi-
tions under which coagulation takes place. The kernels
for which the kinetic equation admits of exact solutions
belong to this class of kernels. In addition, formulas of
type (A.5) can approximate the kernels that correspond
to many coagulation mechanisms in a gas-dust disk, in
particular, those analyzed by Kolesnichenko (2001).
Indeed, all of the kernels considered by this author are
uniform functions for which we may write K(U, W) =
U°K(1, x), where o is the degree of uniformity, x =

W/U. It is well known that any such function can be
approximated by a polynomial:

K
KU, W) = AU*Y B,(x"+x" ) (A6)
j=0
to determine the unknown coefficients B;, we should
choose s (interpolation) points x; whose number is
equal to the number of unknown coefficients [3; and
assume that

K
K(1,x) = AY Bi(x +x ")
j=0
(i=1,2,..,5).

In order that no moments with an order higher than
the degree of uniformity of the kernel appear after the
subsequent integration of expansion (A.6), the quantity
o, should be defined by the equality o; = oy/(K + 1).
Different interpolation polynomials can be obtained at
different values of K.

Substituting (A.5) in (A.2)—(A.4) yields the follow-
ing infinite system of equations for the moments:

(A7)

oM, IN, £
W = Wegt = A Y BMo o My, (A8)
j=0
oM, _ 9s _
Za_Z = Wza—Z = O, (A9)
p-1 (A.10)

XZC (M(x o;+p- kMoc+k+Moc (x+kMoc+p k)
k=1

(p=2,3,...).

To solve this system, whose right-hand sides gener-
ally include fractional moments, we must complement
it by the coupling equations between the fractional and
integer moments. Here, different approaches are also
possible: an approach related to the approximation (by
Lagrangian polynomials) of fractional moments via
integer moments (se, e.g., Loginov, 1979) and a para-
metric method.

Below, we restrict our analysis to the parametric
method, which is based on the fact that the sought-for
distribution function f(U, z) belongs to a certain para-
metric class of distributions. Let us assume, for sim-
plicity, that the distribution f(U, z) remains in the class
of distributions to which the initial distribution belongs
after coagulation and that only its statistical parameters,
the mean, variance, etc., change (with height) as the
particles settle to the midplane of the disk. By analogy
with the atmospheric aerosol, we choose a two-param-
SOLAR SYSTEM RESEARCH  Vol. 40
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eter lognormal distribution as the initial dust particle
size (diameter o) distribution.

The probability density of the lognormal law
depends on the mean (Ind) and variance of the loga-

rithm of the diameter 6; = {(Ind — (Ind))?):

Ny (Ind — {Ind))
p(d; u* o) = —eXp{——
- G dA2m 2(5i
(A.11)
N 2
_ N exp{ In (d/zu*)}
oLdA2T 201

The median of the distribution is known to be
defined by the relation u* = exp({Ind)), while the mean
value of the diameter itself and its variance are, respec-
tively,

(d) = exp(%ci+ lnu*), (A.12)

o’ =((d-(d)’) = (d)’[expo;—1].  (A.13)

Using the above relations, we can derived formulas for

the statistical parameters (Gi and p*) of the lognormal

distribution (A.11) only via the mean particle diameter ()
and its relative variance B2 = ((d — {d)))/d)*:

or = In(1+P%), wu* = (d/J1+B.

To determine the density of the initial distribution of
the dust particle volume U = (1/6)d®, we use the for-
mula

(A.14)

f(U) = pld(U)]ldd/dU|

(which is valid for a strictly increasing function U =
U(d) of the random variable d (Khan and Shapiro,
1969)) and distribution (A.11); as a result, we obtain

(A.15)

fu; O M) =

In*(U/p)
18ci

Ny
exp , (A.16)
3.2n6.U { }
where [ = (T/6)*3.
Let the coagulation in the disk do not change this

distribution and only the parameters W(z) and Gi (2)

change with height. We introduce the moments of the
lognormal distribution

My(2) = ——8
) = ————
? 3.276,(2)
- X (A.17)
fop_lexp —w du.
0 1861.(2)
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According to Lee (1983), the following representa-
tion is valid for any moment of order p:

M, = Mp" 'exp[3/2(p° - 1)o1 ], (A.18)

M, = s = const, (A.19)

which allows the fractional moments in (A.8)—(A.10) to

be expressed in terms of M, W, and Gi . As aresult, we

obtain the following parametric system of two ordinary
differential equations (the number of equations must be
equal to the number of unknown coefficients) to deter-

mine the parameters 1(z) and Gi (z) from given bound-

ary values of W(hyqy) and Gi (hgig):

M, £
Wza_z = _A%BjMoc—ochoc/
j=

K
= —AMu*"?Y Bexpl3/2[0]

= (A.20)
+(o—0)’ -2]or ] =
K
= —Au"M; Y Bexpl3/2[0; + (o — )]0,
j=0
IM,(2) -
Wz az = 2AZ‘BjMoc—oc,+11Wozj+1
j=0
K
= 2AMu™ Y Brexpl3/2[ (0, + 1)°
j=0
+(0c—0cj+l)2—2]csf]
, & , (A.21)
= 2AM Y Biexp[3/2[ (o + 1)
j=0
+(o—-o;+ 1)2—2](53]
K
= 2Au°‘+22|3jexp[3/2[oc§+(a—aj)z]ci].
j=0
Ny=M, = su' exp(=3/20; ;
d 0 u p( L) (A22)

M, = spexp(9/261).

This parametric system of nonlinear equations can be
solved only numerically. Our numerical simulations for
the problem of dust settling to the midplane of the disk
will be presented in a special paper. Here, we note that
the change in the mean number of particles with height
Ny(z) can be estimated by assuming that the variance
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2 . . -
o1 remains constant. In this case, restricting our selves
to the first two moments, we find from (A.21) that

Wz—a—z—
K (A.23)
= —AU“NG Y Byexpl3/2[a + (a— o) ]or].

j=0

The solution of this equation obtained using the bound-

ary condition Ny(hyg) = Ny ., = /U (hgy) is

Ny(z) = : (A24)

‘ U(hdhk)l +ql(hgg —2)/w.I’ '
where

o S
q = AL =
U(hdisk)
K (A.25)

x Y Bexpl3/2[0] + (- a)’]oy].

Jj=0

Here, U (hgq) = (/6)X(d)* = W(hge)exp(3/261 ) is the
upper limit of the mean volume (this formula follows

from (A.14)). Thus, using the relation U (z) = s/Ny, we
can determine the change in the mean particle volume
with height. For relatively low z (i.e., when the particles
are already near the midplane of the disk), g[(fg4 —
2)/w,] = 1, it follows from (A.25) that

Nd(Z) = {Aua[(hdisk - Z)/Wz]
(A.26)

K -1

x ) Bexpl3/2[a + (0- o) o1 ]

j=0

We see from this expression that the mean number of
particles in the system for a fairly long coagulation time
ceases to depend on their initial distribution, i.e., as it
were, “forgets its past, and can be described by a uni-
versal function whose form is determined only by the
coagulation kernel. A similar analysis can also be per-
formed with other possible dust particle volume distri-
butions in a coagulating turbulent flow, for example,
with the Gamma distribution.

APPENDIX B
Cylindrical Coordinates

Here, for convenience, we present, in cylindrical
coordinates r, @, and z (for the axisymmetric case,
d/0¢ = 0), the expressions for the various operators in
the above equations of heterogeneous mechanics that
act on

(1) scalars:

d%B _ 0B 0B oRB oRB
+u- VB = — +u,=— +u,—~,
dr ~ or ot or ‘0z (B.1)
V& = i,%—g? +i2%,
2 19/ 0B\ 'R
VB = ;E(FW)-FB_ZZ’ (B2)
(2) vectors:
19(rsd,) 98,
VA= r (gr ! aZ (B.3)
oA, ; dA, aA W
VA_lrlra ””8 foar Y r
(B.4)
LO0A, . JA, .. 0A,
+l(pltp 11, a Zl(pa—Z +lzlza—z;
3) dyads.
P =iipP, +ii,P.,+1,i P, +iyiP, +iyi P,
+igh Py, +14,P,, +ii,P,+iiP,, (B.5)
la(’”Prr) aP P(pq)
voP= ’[?T_a_z_ }
o(rP ) P 19(rP ) (B ©
1 r re ~or r rz
+l‘°[r or BZ T r }-H‘"‘[r or az }

For the deformation tensors and the deformation rate
tensor, we then have

D= %(Vu + (Vu)™™P)
.. du, du, i, i u, +8u,
= Vgt ‘°2( or 7) 1 Zz(a a—z)
(B.7)
au
*igi ’2( or

i (8u+aur)+
Holar taz )t

D=1 (Vu+ (Va)™»)

AP 19u,
7)+1(p1q, +i,i 337
. 10u, ou,
9297 IZ“BZ

;IV u

=i du, du, u,
= (G- 1V )i G- )
(8 au) . (au uq,)
”2 Jdr 0z lq”2 or  r
u
+l‘°l‘°(r
Ju, du,\ .. 1du, du,
+“2(ar+a—z)+wza +11(aZ—§IV u)

2006

\S]

(B.8)

10u,
3IV u) + lq)l22 3z

SOLAR SYSTEM RESEARCH  Vol. 40  No. 1



FUNDAMENTALS OF THE MECHANICS OF HETEROGENEOUS MEDIA 53

The two-point Gibbs multiplication is an operator
that is widely used in hydrodynamics. According to the
Gibbs notation, if a, b, ¢, and d are arbitrary vectors,
then ab : ¢d = (a - ¢)(b - d). In particular, for unit vec-
tors, we can write

ijik D, = (ij (i - i,) = Sjlskm; (B.9)

for two dyads, we then have

pV . p@ = [zzijikD;l?] : (zzilingi)J
st b (B.10)

=33 )Y 88,00 D = > DYDY
ik oLom ik

or

SR 2 2 2 2 2
2D:D = 2D,,+2Dy,+ D, +4D,,+4D,, B.11)
+4D2,-2/3(V -u)’.
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