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ABSTRACT

Aims. We outline a numerical method to calculate spatially two-dimensional (2-D) reactive flows and mixing processes in preplanetary
accretion disks and present first results. The numerical efficiency and robustness is demonstrated by following the hydrodynamical
and chemical evolution of the disk from a highly non-stationary dynamical “switch-on” phase asymptotically into the quasi-stationary,
viscous accretion regime. One major question we address is the C-, H-, O-chemistry. The leit-motif of our investigation is the attempt
to preserve as much consistency as possible when modelling the hydrodynamical, chemical, transport/mixing processes and their
mutual interactions in preplanetary disks.

Methods. We use an explicit scheme for solving the Navier-Stokes equations combined with an implicit solver for the energy equation.
The viscosity coefficient is modelled according to the so-called S-prescription of “turbulent” viscosity. In contrast to the well-known
a-viscosity, the S-parameterization of the viscosity warrants physical consistency if self-gravitation of the disk material is to be taken
into account. However, up to now we have neglected self-gravitation. For the radiative energy transport we have adopted the (grey)
Eddington approximation. The opacity is assumed to be caused by microscopic dust particles. Diffusive mixing of the various chemical
species is modelled by taking the diffusion coefficient, D, proportional to the (turbulent) viscosity, V. For comparison purposes, we
have considered two extreme choices of the Schmidt number, S := vy /D, thatis, S = 1 (D = vyp) and S = oo (D = 0, i.e., no
diffusive mixing at all), respectively. We have not yet included coagulation processes and grain growth.

Results. The main outcome of the 2-D simulations so far carried out is a characteristic circulation pattern of the quasi-stationary
accretion flow: Near the disk’s equatorial plane which is assumed to be a plane of symmetry the material moves in the outward
direction, whereas the accretion flow proper develops in higher altitudes of the disk. Species that are produced or undergo chemical
reactions in the warm inner zones of the disk are advectively transported into the cool outer regions. At the same time, they either
diffusively mix up with the surrounding material or freeze out on the dust grains to form “ice”-coated particles. By virtue of the
large-scale circulation, which is driven by viscous angular momentum transfer, advective transport dominates diffusive mixing in the

outer part of the disk.
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1. Introduction

Existing disk models are based on several approximations, in
particular, if emphasis is laid on the investigation of the complex
chemical and mineralogical processes in protoplanetary disks.
One salient feature of accretion disks is the fact that they are
geometrically thin (“pancake”-like) objects. Hence, the simplest
way to construct disk models is to use quantities that are, to-
gether with the structure equations, properly averaged over the
vertical (z-) direction parallel to the axis of rotation in a cylindri-
cal system of polar coordinates (7, @, 7).

The simplest non-trivial disk models are the spatially 1-D,
one-zone models. Only the radial coordinate, r, is retained, the
z-dependence is completely eliminated and all relations referring
to the vertical direction are omitted. Since the viscous timescale
is, in general, orders of magnitude larger than the dynamical
(“Keplerian”) revolution time, the Keplerian rotation law can be
assumed to be established at every instant of time. This statement
remains true as long as the self-gravitation of the disk material
can be neglected. The slow radial drift is completely governed
by the efficiency of turbulent friction in redistributing angular
momentum. So, in the 1-D approach with a given viscosity
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parameter, only the detailed conservation of mass and angular
momentum has to be observed.

Nevertheless, assured a thermally steady state, it is even pos-
sible to define a radial distribution of an “effective” temperature
as an equivalent measure of the radiative flux by demanding the
flux emitted from the disk’s surface to be equal to the locally
dissipated energy within the disk. This temperature definition
in the 1-D approximation relies entirely on an energy balance
argument, no detailed radiative transfer needs to be considered.
Incidentally, here and in the following, too, it is tacitely assumed
that energy transport takes place exclusively in the vertical di-
rection where the gradients are much steeper than in the radial
direction.

Within the more general framework of the so-called
(1+1)-approximation the disk is assumed to be vertically in strict
hydrostatic equilibrium. The basic evolutionary equations are, as
in the pure 1-D case, the z-averaged equations expressing mass
and angular momentum conservation. The method of determin-
ing the hydrostatic vertical stratification of the density, tempera-
ture, and pressure at each radial distance is very much the same
as the one used for stellar structure calculations. Of course, to
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be able to proceed in this manner, gradients in the radial direc-
tion are neglected. The connection between the basic 1-D models
and the z-hydrostatic assumption is the obvious demand on the
z-integrated density, i.e., the column density, to be always equal
to the surface density which is known by solving the basic 1-D
evolutionary equations.

Preplanetary disk models based on the one-zone approx-
imation have been published by Ruden & Pollack (1991);
Cassen (1994); Schmitt et al. (1997); Gail (1998); more elab-
orate (1+1)-D model calculations have been carried out, e.g., by
Ruden & Lin (1986); Bell et al. (1997); Gail (2001, and fur-
ther references cited therein). With the exception of Gail (2001)
all other authors use analytic approximations to the (Rosseland
mean) extinction coefficient of the disk material. Here, the sit-
uation is most unsatisfactory and must be decisively improved
in the future, because it is difficult, if not impossible, to esti-
mate the errors that arise due to the use of inconsistent extinction
coefficients.

To our knowledge, global, fully 2-D models of preplanetary
accretion disks with axial symmetry have not yet been discussed
in the published literature. In this paper we present very first re-
sults pertaining to the mechanical, thermal, and chemical struc-
ture and evolution of such disks which are considered to be the
precursory sites of planetary formation. The guideline of our
approach is to preserve as much consistency as possible when
modelling the hydrodynamical, chemical, transport/mixing pro-
cesses and their mutual interactions in preplanetary disks. This is
the only way to interpret properly the exciting findings of recent
space missions like Star Dust or Deep Impact — clear imprints
of a past hot chemistry conserved in the cold cometary environ-
ment — and to arrive at a coherent picture of how, where, when,
and to which extent, mass transport takes place in preplanetary
nebulae.

The paper is organized as follows: Sect. 2 exhibits the set
of our model equations. For the sake of definiteness, we rewrite
them at full length with cylindrical (7, z)-coordinates. Section 3
contains a compilation and discussion of the material func-
tions (viscosity, equation of state, chemical network, opacity).
In Sects. 4 and 5 we outline the numerical strategy which we
adopted to conduct our calculations and present the results, re-
spectively. The final Sect. 6 is devoted to final remarks on the
most conspicuous achievements and to a short outlook for fur-
ther investigations.

2. Basic equations

‘We write our basic model equations expressing the conservation
laws of physics in cylindrical coordinates. With axial symmetry
the two independent spatial coordinates of the position vector
are the radius r and the vertical height z. Denoting by u, and u,
the velocity components in the radial and vertical direction, re-
spectively, the continuity equation which expresses bulk mass
conservation then reads

(9p 10

o T 7P+
Protoplanetary “fluids” are necessarily multi-component flows
consisting of many gaseous species and microscopically small
solid dust particles. In different parts of the disk the concentra-
tions of the various species will differ due to chemical reactions
and other processes like combustion of soot particles or conden-
sation and evaporation of other dust particles (silicates). Both
advective transport and diffusive mixing therefore play a fun-
damental role in the evolution of protostellar disks. Hence, in

(puz) =0. ey
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addition to the continuity Eq. (1), for each species, an advection-
diffusion equation with source term of the type

(pcl) (rpu,c,) + (puzci) =
0z
10 dc; 0 ac;
rar( DE)ﬁ'a—(Daz)ﬁ'R (2)

holds. c¢;, R; are the concentration per weight (3};¢; = 1) and
the source or sink (3; R; = 0) of the ith species, respectively,
and D is the diffusion coefficient. There is a qualitative relation
between the (turbulent) kinematic viscosity, v (cf. Sect. 3.1),
and the diffusion coefficient, D, which is expressed by the
Schmidt number,

Viurb

S:= D 3)
S is expected to be of the order of unity. In a recent local study of
turbulent mixing processes in the outer solar nebula, Turner et al.
(2006) suggest that the widely adopted “canonical” value, S =
1, would indeed be a realistic choice. This finding is based on
3-D MHD calculations in the shearing-box approximation with
vertical stratification. However, whether or not results of such
purely local investigations are really representative for the global
mixing patterns in the disk is an open question.

Large Schmidt numbers indicate substantially reduced diffu-
sive mixing, that is, D — 0 if S — co. In this asymptotic limit,
advection is the only mechanism to drive transport and mixing
of the disk material.

As long as relative flow velocities between the various
species — in particular, the dust grains — are either constant or
sufficiently small, conservation of momentum is expressed by
the minimum set of the three equations of motion in the radial
and vertical direction (linear momentum) and in the azimuthal
direction (angular momentum). Dust particles of (sub-)micron
size which we are dealing with are strongly coupled to the gas
and, hence, will exhibit only negligibly small drift velocities.

If ® denotes the gravitational potential, 7 := pvyp the dy-
namical viscosity, and u4 the azimuthal velocity, the Navier-
Stokes equations in the radial and vertical direction are given
in explicit form as

. (pur) + (”P”r ur) + (puz ur) =
uz o0\ oP
Ze 0P| _or ., pPK
'D( r 8r] or Er
SO0 5(”r)+%§ ur _ Ou;
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0 (u, 0 ou, Ou,
Zﬂa—r(?)+a—z["(az *E)] @
and
0 10 0
ot (ouz) + T or (rouy uz) + 8_Z (ouzuz) =
oD 8P PK
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N l 0 614,
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respectively. Though of minor importance for preplanetary
accretion disks, the radiation acceleration terms, p«F,/c
and pkF', /c, are included in the respective Navier-Stokes Eqs. (4)
and (5) for the radial and vertical direction. « is the (grey) extinc-
tion coefficient, c the speed of light. In principle, the vector of the
radiative force is given via the integral of the product of the (non-
grey) extinction coefficient, «,, times the radiative flux, Fiuq,
over all frequencies, v, i.e., the expression (1/c) fow Ky * Frygy dv
is the radiation pressure force per unit mass, with Fpg, =
(F}y,0, F,) having non-trivial components only in the r- and
z-direction by virtue of the assumed axial symmetry.

The third Navier-Stokes equation relates to the conservation
of angular momentum:

0 10 0
E(pru(,,) + T (rpu, ru¢) + % (puZ ru¢) =
105 0 (ug 0| 0
ror [r Tor ( r )] " 0z ["az (ru¢)]. ©

For the sake of completeness, if necessary, the self-gravitation
of the disk material is taken into account by solving Poisson’s
equation

19 ( d0gs) | P
—(r—‘“‘)+ S = 4nGp, @

7 or or 072

where G is the gravitational constant and @i denotes the grav-
itational potential of the disk. The total gravitational potential,
@, appearing in the Navier-Stokes Eqs. (4) and (5) is the sum
of both the central protosun’s and the disk’s potential, that is,
D = Oy + Dyisk.

Two energy balance equations, one for the matter and the
other one for the radiation, together with the equations of state,
complete the set of the basic equations. Let &, &9 be the spe-
cific internal energy of the disk material and the radiation en-
ergy density, respectively, Fq = (F,,Fy = 0,F) the (total)
radiation flux integrated over all frequencies, «, the frequency-
dependent extinction coefficient, and a,,0 < a, < 1, the albedo.
Both «, and a, depend, in general, on the frequency of the radi-
ation field, 1,(¢, x, k), which is a function of the time, ¢, the spa-
tial position, x, and the direction of the wave vector (=unit vec-
tor), k. However, in this study, we will deal exclusively with the
widely used, but rather crude, approximation of the frequency-
independent (grey) radiative transfer. To this end, appropriate
average values of the extinction coefficient, «,, and the “true ab-
sorption”, Kffbs = Ky (1 — a,), are adopted. In fact, in the calcula-
tions so far carried out, we go even further and neglect scatter-
ing, i.e., a, = 0, which is not too bad an approximation in the
low temperature regime (7 < 2000 K), and take the Rosseland
mean, kg, of the absorption coefficient plainly as the effective
opacity, K := kr.

For writing down the equations which couple the thermal and
radiative energy, it is, above all, more instructive and transparent
to retain the basic frequency-dependent quantities in the respec-
tive terms rather than to start with frequency-integrated quanti-
ties right from the beginning. In so doing — for the simplest case
of isotropic scattering — we start out with the source function of
radiation, S,, which is the sum of the albedo-weighted thermal
emission and pure scattering, that is,

sz(l_av)'Bv(T)+av'JV7 (8)
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where B,(T) is the Planck function at the temperature, 7', and J,
denotes the zeroth moment of the radiation field, 7, (¢, x, k), thus
Jy(t,x) = (1/4n) ﬁm I,(t, x, k) |dk|. Furthermore,

c

4 00
fad = = J= f 7, dv 9)
0

is the (total) radiation energy density. Analogously, the first and
the second moment, H, := (1/4n) ﬁm I, - k |dk| and K, :=

(1/4m) 554ﬂ I, - (k ® k) |dk|, respectively, relate to the radiation
flux vector, F,q, and the radiation pressure tensor, Py,q, by

Fog=4rH, H:= f H, dv (10)
0
and
4 0o
Pod= =K, K:= f K, dv. (11)
c 0

By introducing the frequency-integrated source function (ex-
actly valid for vanishing albedo, a, = 0),

S :=f s,dv=2714
0 T

(o denotes Stefan-Boltzmann’s constant) the first law of ther-
modynamics governing the balance of the internal energy is
expressed as

12)

ou,
0z
47TpK(J - S) + Qvis + Qchem« (13)

The source term on the right hand side consists of three contribu-
tions, the radiation term, the energy dissipation term, Qyjs, due to
(turbulent) viscosity and/or shock waves, and the “thermochem-
ical” term, Qcpem, arising from the chemical reactions. Note that
exothermal and endothermal reactions are, by definition, char-
acterized by Qchem < 0 and Qcpem > 0, respectively, so that the
rate of chemical heat, Qcpen, released/consumed per unit volume
reads

Qchem =- Z

all reactions, r

%(ru,) +

1
g(ps) + ;%(rpu,e) + a%(puze) + P

r

K

i,jL.1] (T)ni nj [l Qg}?em‘

Here, kﬁr;[ ; (T) denotes the temperature-dependent rate constant
of the rth reaction (three-particle-reactions are indicated by

square brackets) with n;, n;, [n;] being the respective number

densities of the reacting species and Q(C;)em the chemical heat per
reaction (cf. Sect. 3.3.1, Eq. (24), and Table 4). The two (alge-
braic) equations of state

P=Pp,T), e=¢c,T)

relate the gas pressure, P, and the internal energy, &, with the
mass density, p, and the temperature, T, respectively.

We have restricted ourselves to the Eddington approxima-
tion, that is, with E denoting the unit tensor, we have set K =
(J/3)E in our simulations. Expressed with cylindrical coordi-
nates, the balance equation for the radiative energy density, &4,
being proportional to J according to Eq. (9), then reads (see, e.g.,
Castor 1986) in explicit form

aJ 10 0
E + ;E(ru,.l) + a—z(uZJ) +

(14)

J
3

1 6( )+au1
~——(ru,
ror 0z

+c +cpk(J—8) = 0. (15)

16([_1)+8HZ
rarrr 0z
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H, and H, refer to the radial and vertical component of the first
moment of the radiation field, respectively. By definition of axial
symmetry, the azimuthal component, Hy, vanishes identically.
Then, the Eddington approximation is expressed as

1 aJ 1

- = 1
3pk Or’ : 3pk Oz (16)

In case the “Eddington-flux” as defined by Eq. (16) above for-
mally exceeds the radiative energy, we introduce an appropri-
ate limiting factor, 0 < 6 < 1, to make sure that the inequality
|H| < 6 - J holds everywhere. To stay on the safe side, we have
set @ = 1/3 throughout.

Aside from model-dependent initial and boundary condi-
tions (cf. Sect. 4 for details), the system of Egs. (1)—(6), (13),
(15)—(16), and the equations of state (14) plus the other consti-
tutive relations, e.g., the opacity and the rate coefficients for the
chemical reactions (cf. Sect. 3 for details) is now complete.

3. Constitutive relations

It has already been emphasized that, in addition to the system of
partial differential equations expressing the usual conservation
of mass, momentum, and energy, a series of functional relations
between the physical quantities must be taken into consideration.
They characterize the material properties and are necessary to
close the model equations. These “material functions” pertain
to the particular choice of the “turbulent” viscosity coefficient,
the equations of state (14), the rate constants of the chemical
reaction network, the vapor pressure of condensable species, and
the opacity.

3.1. Viscosity

Duschl et al. (2000) have shown that the classic Shakura &
Sunyaev (1973) a-prescription for the “turbulent” viscosity co-
efficient leads to a fundamental physical inconsistency when the
self-gravitation of the (stationary) disk is taken into account.
The authors propose a viscosity that should depend exclusively
on purely mechanical quantities. This assumption is a necessary
condition to avoid inconsistent physics and its validity is further
supported by the idea that the turbulence is driven essentially by
the (quasi-)Keplerian shear flow in accretion disks and not so
much by their thermal structure.

However, with regard to the great success of the @-disk mod-
els in other fields of accretion disk theory, e.g., cataclysmic vari-
ables, any other simple one-parameter viscosity model should in
some way or another approach the standard @-model for van-
ishing self-gravitation. According to Duschl et al. (2000) this
requirement can be fulfilled if the coefficient of the “turbulent”
dynamic viscosity, 7, takes on the form

ni=p-p-ro,

where (3 is a free parameter scaling with the inverse of the “criti-
cal” Reynolds-number, Re,,, which is expected to be in the range
10%#. Hence, we may justly define

a7

B:=Rey ! =~ 107472, (18)

A comparison with the a-prescription yields, after some simple
algebra, the relation

19)
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Thus, the p-viscosity is even identical with the classic
a-viscosity if the disk’s half-thickness, h := ¢;/Q, with ¢g and
Q = uy/r being the speed of sound and the Keplerian angu-
lar velocity, respectively, exhibits a strictly linear dependence on
the radial distance, r. Moreover, if we restrict ourselves to the
so-called dissipation limit by demanding that the turbulent ve-
locities must not exceed the speed of sound, it can be shown
that the more general S-prescription includes the more familiar
a-prescription as a special case in the limit of negligible self-
gravity. Again, details are given in Duschl et al. (2000).

The S-prescription for the turbulent viscosity is an important
generalization of the classic a-prescription. Already for appar-
ently low-mass disks containing only a few percent of the cen-
tral mass, M, that is, if the inequality Mg /M, =2 0.03...0.05
holds, the disk’s self-gravity in the vertical direction becomes
comparable to, or greater than, the vertical component of the
central star’s gravitational acceleration. In general, the transition
takes place for disk masses well below the limit at which self-
gravitation affects the radial disk structure, too. In that sense
“moderately” self-gravitating disks will still very nearly show
Keplerian rotation and may be referred to as self-gravitating
Keplerian accretion disks. It is our opinion that preplanetary neb-
ulae belong to this “intermediate” category of self-gravitating
disks, at least during their initial evolutionary stages.

This is the reason why we have favored the S-prescription
from the very beginning, although we have not yet implemented
an appropriate Poisson solver in the code. This will be done
in the next step. In our calculations we have set § = 107
throughout.

3.2. Equation of state

The main constituents of the material in preplanetary disks are
molecular hydrogen and helium (=98% per weight, cf. Table 2).
For the temperature and density range (7 2 20 K, p S
1078 g cm™3) we are dealing with here, the disk material can be
treated as an ideal gas. If n; denotes the number density of the ith
species, i = 1,...,L, and T the temperature, then the gas pres-
sure, P, is given by the sum of the partial pressures, P; = n;-kg T,
thus

L L
PZZP,'ZZH[‘]{BT.
i=1 i=1

Introducing the mean molecular weight by
. ZiLzl Ajn _ 1
L Zhim o Zia(a/A)

where A; and c¢; are the molecular weight of the ith species and
its concentration by weight, respectively, the equation of state
reads

(20)

P:ng, R=kg- A, 21)
u

where R and kg are the universal gas and Boltzmann’s constant,

respectively, and A denotes Avogadro’s number.

To calculate the internal energy of the gas, £, we have as-
sumed that the ratio of the specific heats, y := ¢, /c,, at constant
pressure and volume is a specific constant for every species
depending on whether it exists as a monatomic, diatomic, or
polyatomic molecule with 3, 5, and 6 degrees of freedom, that
is, ¥ = 5/3, 7/5, and 4/3, respectively. This is not too bad
an approximation for moderate temperatures, say, in between
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150...200 K and 1300 K, where the rotational degrees of free-
dom are excited. The relation between the temperature, 7, and
the specific internal energy, €, then is determined easily by sum-
ming up the relative contributions of the various species to the
internal energy according to their abundance, ¢;, i = 1,..., L.
This yields the desired relation

L
Ci
S_RT.;AL‘(%—U.

At decreasing temperatures (S150 K), the (diatomic) hydrogen
molecule — the most abundant species — starts quickly freezing in
its rotational degrees of freedom and tends to behave more and
more like a monatomic molecule. In fact, v becomes close to 5/3
already at a temperature of about 80 K. Since we are mainly in-
terested in the warmer regions of the preplanetary disk, we have
neglected such thermodynamical subtleties as well as the action
of the latent heat pertaining to the sublimation and condensation
processes of, e.g., water and silicates in our current calculations.
We shall remove all these relatively weak shortcomings in future
simulations.

(22)

3.3. Chemical reactions

For the sake of simplicity, we have restricted ourselves exclu-
sively to the gas-phase chemistry of neutral atoms and molecules
consisting of hydrogen, carbon, and oxygen. These are the most
abundant volatile elements which also provide the most abun-
dant molecules in the gas phase, except for nitrogen. The nitro-
gen chemistry and the chemistry of less abundant elements is
not yet implemented. Helium is treated as an inert species which
contributes to the pressure but is not involved in the chemistry.

The chemistry does not consider ion-molecule reactions be-
cause the model calculation presented later considers the disk
region between 0.8 and 5.8 AU where according to our previ-
ous results (Finocchi & Gail 1997) the chemistry is dominated
by reactions between neutral species. Also surface reactions on
dust grains, in particular catalytic reactions, are not implemented
(though they may be important, see the general discussion of the
chemistry in the Solar Nebula by Fegley Jr. & Prinn 1989).

Also the combustion of the microscopic graphite/soot par-
ticles have not yet been included in our explorative numerical
calculations. As a consequence, we have not yet dealt with the
formation of hydrocarbons, which is closely tied to the oxida-
tion of solid carbon (soot) by the hydroxyl radical (El-Gamal
1995). Otherwise there is no theoretical constraint to extend the
chemical network to arbitrary sizes except the actually available,
always finite computing power.

Concerning sublimation and condensation processes, we
have assumed that an equilibrium state according to the respec-
tive vapor pressure of the condensable species — water ice and
magnesium silicates (forsterite) in our case — is set up instanta-
neously. Again, the model assumptions can and will be refined in
future simulations. A way of how a more sophisticated approach
can be implemented is explained by Gail (2003, and references
cited therein) in a comprehensive treatise on the formation of
minerals in accretion disks and stellar outflow.

3.3.1. The chemical network

The present network for the C-, H-, O-chemistry comprises a set
of 90 gas-phase reactions between the 13 species, H, H,, O, O,
OH, H,0, HO,, H,0,, CO, CO,, HCO, H,CO, and (gaseous) C
from the elements H, O, and C. Figure 1 illustrates the network
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Fig. 1. Schematic representation of the reaction network considered in
the present work.

in a schematic way. This set of chemical compounds contain-
ing hydrogen, carbon, and oxygen comprises the most abundant
molecules, Hy, H,O, CO, and CO,, radicals (e.g., OH) and the
respective free atoms, according to a standard cosmic element
mixture. Because of the aforementioned reasons, hydrocarbons
are not yet included.

From the above set of atomic and molecular species, five of
them, i.e., H, H,, H,O, OH, and CO enter into the calculation
of the opacity coefficient for higher temperature regions in the
disk, where the refractory dust grains evaporate (cf. Sect. 3.4).
This subset of species covers the atomic and molecular species
that are the most important sources of extinction in the dust-free
region of the disk (cf. Fig. 7 of Alexander & Ferguson 1994) —
see also Ferguson et al. (2005) — except perhaps for TiO which,
however, is not the dominating sources of opacity for the still
relatively low temperatures (<1500 K) in our disk model.

Methane, CHy, may contribute to the gas-phase opacity at
temperatures <1800 K as it does in Brown Dwarf atmospheres
(cf. Geballe et al. 2002), but the total opacity at low tempera-
tures is dominated by dust, and methane has not proved to be
an important opacity source, for instance, in the opacity calcu-
lations of Ferguson et al. (2005). Likewise, neglecting nitrogen
compounds as possible contributors to the gas opacity is uncrit-
ical. This is because in the oxygen-rich environment only N,
is abundant, however, molecular nitrogen does not contribute to
the opacity. Other N-bearing compounds are rare and are at best
minor opacity sources in an oxygen-rich element mixture.

Despite the present limitation of the chemistry of the gas
phase to a rather small set of species this already accounts for
the full non-linear coupling between chemistry, radiative trans-
fer, the temperature structure of the disk, and the disks hydrody-
namic evolution, because all important gas phase opacity sources
are already included. Any future extension of the set of species
considered in the calculation of the gas phase chemistry will not
add any new aspects to the problem of disk structure and evo-
lution since no important new opacity sources will be added by
this. The only major shortcoming may be that the different ther-
mal behavior of ortho- and para-H; at temperatures of the order
of 100 K and Iess is not considered in the model since presently
the chemistry does not discriminate between ortho- and para-Hj.

We allow for reactions between two and at most
three species. The 90 respective temperature-dependent rate con-
stants, k = k;;i(T), i, j,I = 1,..., 13, are assumed to be express-
ible in terms of the three so-called Arrhenius parameters, A, b,
Ty, that is,

k=A-T"-exp(-To/T).
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The Arrhenius parameters and the amount of heat, Qchem, re-
leased/consumed by the respective exothermal (Qchemn < 0) or
endothermal (Q¢pem > 0) reaction are listed in Table 4. The num-
bers are compiled from various sources that are given at the end
of the table.

The net change of the number density, n;, of the ith species
per unit time results from balancing the individual constructive
and destructive reactions that raise and diminish, respectively,
the value of n;. Thus, the following set of 13 ordinary differential
equations for each of the 13 species listed above holds:

dn; i
m = Z k( )(T)n n; + Z k]lm)(T) 1Ny,
Jil=1 jlm 1
- Z KNT) nin; - Z KT minjn; (23)

Jil=1

i=1,...,13.

The label “— i indicates constructive reactions that build up
the ith species, “i —” marks destructive reactions. The solu-
tion of the system of Eqgs. (24) yields, at the fixed density,
p = Z‘SeciesAt n;/ A, both the change of the species concentra-
tions, i.e., the source term R; on the right-hand side of Eq. (2),
and the accompanied net rate of the reaction heat, Qchem, With
time, regarded as a function of the (variable) temperature. In this
sense, the right-hand sides of the equation of state, (21) and (22),
are then known functions of the two state variables, density and
temperature, which are for their part governed by the balance
equations for the mass (Eq. (1)) and energy (Egs. (13) and (15)),
respectively. The numerical strategy based on the method of op-
erator splitting (see Sect. 4.1) is perfectly adapted to transform
these theoretical considerations into an efficient and robust com-
puter code.

3.3.2. Sublimation and condensation processes

Among the many volatile species in the gas phase, which can
condense out to form “ice” mantles on the refractory grains (sili-
cates, soot/graphite, ... ), e.g., H,O, CO, CO,, NH3, only to men-
tion the most abundant molecules, up to now, we have only taken
the evaporation/condensation of water (H,O) ice and silicates,
however rather schematically, into account. It is assumed that
the partial pressure of the condensable species in the gas phase
amounts at most to its vapor pressure. Any surplus molecules of
this species are regarded to belong to the condensed phase.

Water ice. This is assumed to condense on top of the existing
dust grains of any kind. At the low pressures typical for preplan-
etary disks in the region at several AU distance from the star
water ice condenses at temperatures of about 150 K. The va-
por pressure of H,O over water ice at low temperatures (in units
dyn cm™?) is calculated from the analytical interpolation formula
of Lichtenegger & Komle (1991),

log;o(PE0) = ~2445.6/T + 8.23log;o(T) - 3.632

—~T(1.677x1072=1.205%x 107 7). (24)
The fraction fi.. of the water vapor condensed into ice is given by
fiee = max (1 - (PHO/PH0), 0), (25)

where P™20 corresponds to the totally available H,O.
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Silicates. The treatment of silicate evaporation is somewhat
complicated since silicates decompose on evaporation (cf. Gail
2003). Since solid iron disappears by evaporation under the pres-
sure conditions prevailing in a pre-planetary disk at almost the
same temperature as forsterite (Mg,SiO4) — the last stable of
the main silicate dust components upon heating — we calculate
the degree of condensation of iron and take this as a substitute
for the degree of condensation f; of silicate dust.

The equilibrium pressure Png of iron (Fe) (in units dyn cm™2)
is calculated from the analytical expression

logIO(P ) =

This follows from the expressions for the free enthalpy of for-
mation of solids given in Sharp & Huebner (1990). The degree
of condensation is given by

—21340.7/T + 13.7781 — 2.45567 x 1074 T. (26)

fa=max (1 - (PE/€re 2Py,).0). (27)

With respect to condensation of silicates there arises the prob-
lem that some kind of seed particle is required. While this poses
no problem for ice condensation since at the low temperatures of
ice condensation in any case some kind of dust is present which
may serve as condensation center, this is not automatically guar-
anteed for the high temperature condensates. We will assume in
this explorative calculation that there exist still more refractory
“seeds” consisting, e.g., of solid titanium oxide or some other ex-
tremely refractory compounds, onto which silicates will be able
to condense out again. A much more involved situation would
emerge if such seeds were completely absent and effective nu-
cleation processes had to be identified. The problem of calcu-
lating realistic nucleation rates is presently not yet solved and
recourse to rather crude approximations has to be taken in case
that no seed particles from external sources are available (cf. the
discussion by Patzer 2004).

3.4. Opacity

The effective opacity, «, results as the sum of the contributions
according to essentially three individual types of absorbers:

1. dust grains with water-ice mantles, k = K‘dce,
2. “naked” dust grains, k = kq;
3. gaseous species, kK = K.

Concerning the individual contribution of the two types of dust
particles to the opacity, we adopt the canonical! temperature
dependence, that is (Bell & Lin 1994),

K =2x 107472 (28)
and
kg = 0.1 VT, (29)

respectively. If fie and fy (with 0 < fice, fa < 1), denote the
fraction of ice-coated dust particles and “naked” dust particles,

respectively, the resulting total dust opacity, K(l;)t, is calculated as

K([jm = fice K]dce + fa - (1 = fice) Ka. (30

Water ice sublimates at much lower temperatures than the refrac-
tory dust grains. This is why the sublimation of the volatile dust

! Abundance of heavier elements according to Population I, size dis-
tribution of the dust particles according to Mathis et al. (1977); see also
Gail (2001).
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components at the so-called “snow line”, which is the relatively
narrow border between “cold” and “warm” zones of the disk
where water is frozen out on the silicate grains or is sublimated
in the form of water vapor, respectively, is also spatially well sep-
arated from the region where the refractory particles evaporate.
So, in Eq. (30), we can always assume fice = 0 when fg < 1.

As long as a population of dust grains exists the contribution
of the gaseous species to the effective opacity is negligibly small.
However, if the temperature rises above 1100-1200 K the dust
particles commence to decompose and, finally, will evaporate
completely. Then, the only sources of opacity are the remaining
molecules in the gaseous state. Molecular hydrogen, the most
abundant species, is only a weak absorber. Other molecules, for
instance carbon monoxide and water vapor, are more efficient
absorbers, but compared to dust their opacity is always relatively
small. As a consequence, the disappearance of dust grains opens
a deep “opacity gap” where the opacity drops several orders of
magnitude (more details are given in Gail 2001).

In our calculations, we have included the contribution of the
four molecules, H,, OH, H,O, CO, to the gas opacity,
Kg = KH, + KoH + KH,0 + Kco- (31)
According to Keeley (1970) and Marigo (2002) these various
contributions can be approximated in terms of the number den-
sities, n, of the molecules and the temperature, 7 (with the ab-
breviation T, := 107* T, as follows:

5.55x 1077 T}
1+107T8 +3.42x 103/T¢
1.4x 1072 79

0.1+7¢

p - ky, = (ng + ny,) -

P * KOH = NOoH *
2.6x 1077

423x 1074+ T

L 9723107 (32553
1+378070 P\ 7037+ 174

p - Kco = nco - 2.75 x 107%.

P KHgO = (1 - ﬁce) anO . |:

(32)

By combining Eqs. (28)-(32) we end up with the final
expression

K=Ky + Ky (33)

for the effective opacity, «. It is evident that the value of «, de-
rived in the straightforward manner as indicated above, is only
a very crude approximation to the true Rosseland mean of the ab-
sorption coefficient we ought to use in our calculations. Within
the framework of (1+1)-D models, an important step to over-
come this unsatisfactory situation has been made by Gail (2001)
in his successful attempt to treat self-consistently, by assuming
chemical equilibrium, the condensation and vaporization of the
minerals that dominate the absorption properties of the disk ma-
terial. How to derive reliable numbers concerning the optical
properties of (generally many-layered) ice-coated dust particles
and, even more intriguing, their agglomerates, is still an open
problem (see, however, Voshchinnikov et al. 2005, 2006). With
regard to our simplified treatment of radiative energy transfer
(Eddington approximation) we have restricted ourselves, for the
time being, to the approximate determination of the opacity, «,
according to Eq. (33) above.
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4. Numerical method

To begin with, it may be illustrative to make a few general state-
ments about why there is a need to consider spatially fully 2-D
and, eventually, 3-D models of protoplanetary disks.

Simplified radially 1-D, vertically one-zone models or more
elaborate (1+1)-D have proven to be very powerful for explor-
ing the overall features of disk evolution. With these approxima-
tions, the basic effects of turbulence within the disk, comprising
both an efficient redistribution of angular momentum and dif-
fusive radial mixing of the disk material, can be well studied.
However, there remain specific shortcomings which can be re-
moved only if the assumption of the disk to be strictly hydro-
static in the vertical direction is abandoned. For instance, within
the framework of the (1+1)-D disk models it is, by definition,
impossible to determine the real structure of the disk’s veloc-
ity field, e.g., its dependence on the vertical coordinate, z, nor
can mixing processes in the z-direction be described adequately:
only a z-averaged radial net “drift” of material — in the outward
or inward direction, depending on the radial distance from the
center — is available. In particular, the investigation of detailed
advective mass transport and mixing is clearly beyond the scope
of the (1+1)-D models.

Thus, in order to be able to describe the various physical
and chemical processes, being effective in protoplanetary disks,
in a more realistic way, honest 2-D models with axial symme-
try must be taken into consideration. This means, together with
solving the extensive chemical network including not only pure
gas-phase reactions, but also combustion, chemi-sputtering as
well as sublimation and condensation processes of microscopic
dust particles, to set about an extremely computer time consum-
ing exercise. It does not seem appropriate to aim at even more
involved, fully 3-D, disk models in the first step. At this point it
is worth emphasizing that, after all, we are going to present in the
following the outcome of the first pilot study for fully 2-D disk
models with axial symmetry.

4.1. Numerical strategy

Global hydrodynamical models of protoplanetary disks extend-
ing from about 0.1 astronomical units (AU) up to, say, 100 AU
would strictly demand the use of implicit numerical schemes,
owing to the fact that accretion disks exhibit largely dispersed
characteristic scales. This leads to prohibitively small Courant-
Friedrichs-Lewy (CFL-) timesteps, 6fcpL, wWhich set a severe
constraint for the efficiency of explicit schemes. If Ar; := r;—r;_j,
i = 1,...,1, and Azz = z — z-1, kK = 1,...,K denote
the spatial step sizes according to an appropriate discretisation
a useful estimate of 67cpr, for our purposes turned out to be the
expression,

. Aliy
OtcrL = min

ik ’
(c9)ik + A2 +u2)ig + 12(Vio0)ik [ Alik

As an abbreviation, we have set Af; ;. := min(Ar;, Azx) and vy 1=
Viurb + Vavis, being the sum of the turbulent and artificial viscosity
coeflicient; ¢s denotes the sound velocity.

However, implicit methods, which are not subject to the
restrictive CFL-condition on the timestep, are in general very
costly and have been successfully applied so far only to the
purely hydrodynamical aspect of accretion disks (Keller 2003).

As a compromise, mixed explicit-implicit numerical
schemes seem to be best suited for simulating selected parts

(34)
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of the disk at the expense of being forced to invent well-
educated, but inevitably somewhat artificial, boundary condi-
tions. Nevertheless, there is good hope that the general numer-
ical strategy just briefly outlined will translate into a robust
computer code that could serve as the working horse for many
years to come.

4.1.1. Discretisation

We use a finite-volume scheme and discretise the Navier-Stokes-
Egs. (1)-(6) for compressible fluids on a staggered (r, z)-grid of
a cylindrical coordinate system, where (7, ¢, z) denotes the radial,
azimuthal, and vertical coordinate, respectively. Scalar quanti-
ties are defined in the interior, the individual components of vec-
torial quantities are tied to the respective boundary surfaces of
the numerical cells. As we have already pointed out in Sect. 3.1,
turbulent viscosity is parameterized according to the 3-disk pre-
scription by Duschl et al. (2000). Self-gravitation, i.e., a suitable
Poisson solver, is currently not yet implemented in the existing
code.

Since we restrict ourselves to axially symmetric geometry,
shock fronts in the azimuthal direction (spiral- or bar-like struc-
tures) are excluded. The artificial tensor viscosity term is tailored
in a way as to smooth out shock fronts in the (r, z)-plane without
changing the local distribution of angular momentum. A chem-
ical network for the C-, H-, O-chemistry (“CHO-chemistry” for
short) is implemented and the various species undergo diffu-
sive mixing according to Eq. (2). Depending on whether the
dust grains are ice-coated or not, grey opacities are calculated
from respective fit formulae, the albedo is assumed to be zero.
To model the (grey) radiation transport (Eq. (16)) we employ
the Eddington approximation with flux delimiter (the absolute
value of the 1st moment |H| must not exceed the Oth moment J!).
Finally, we take the two energy balance Eqs. (13) and (15) into
account.

4.1.2. Two-step solution procedure

The equations are numerically solved by a two-step operator-
splitting procedure according to Norman & Winkler (1986). In
the first source step yielding intermediate updates of the various
physical variables — such as the velocity components, concentra-
tions, etc. — for the timestep, ¢ < dfcpL, only the source terms in
the equations are taken into account. In the second transport step
the remaining advection terms are evaluated to perform the final
updating. A nominal second-order van-Leer scheme is applied
to carry out the transport step.

As already mentioned, energy transport by radiation is mod-
elled according to the Eddington approximation. The energy
balance equation for the radiation field then reduces to a spa-
tially 2-D diffusion equation with a source term that couples to
the energy balance equation for the disk material. In optically
thin regions, where the density (or the opacity) is low and the
Eddington approximation becomes increasingly worse, the re-
spective “radiative” CFL-timestep,

in (Ar, A
~mm( 7, Z)AT

S rad ) (35)

IcpL = -
would easily become much lower than the usual “hydrodynam-
ical” CFL-timestep, dtcrr, as defined in Eq. (34). In (35), the
effective optical depth At = min(Ar, Az)kp, and min(Ar, Az)/c
is the minimum light travel time through the numerical cell of
size Ar X Az. As a consequence, the source step for the energy
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equation — with the mass density, p, kept constant by construc-
tion of the two-step algorithm — must be solved implicitly. The
combination of a Newton-Raphson scheme combined with the
GMRES algorithm to solve the linearized equation iteratively
turned out to be a very efficient strategy to determine the tem-
perature, pressure, and radiation energy density in a consistent
fashion.

4.2. Network of chemical reactions

The Eqgs. (23) of the chemical network are solved by a simple
backward Euler scheme for each numerical cell independently
during the source step. At that interface the code can easily be
parallelized. Moreover, this nice property does not touch upon
deciding whether or not a more accurate and/or efficient solver
ought to be implemented.

Sublimation and condensation of water ice and silicates are
outstanding test cases for the code with respect to their implica-
tions on the numerical stability of the radiative energy transport
term. For the sake of simplicity, we assume equilibrium between
the solid and the gas phase to be established instantaneously. In
the inner, hot zones of the disk where the silicates evaporate the
opacity drops abruptly several orders of magnitude, in this way
giving rise to dramatic changes of the radiation field. Likewise,
though to a much lesser extent, a similar situation is encoun-
tered across the “snow line”, where the temperature gradients of
the opacity become also very steep.

Particularly, the highly non-stationary initial “switch-on”
phase, during which the biggest changes in the physical quan-
tities take place, set the greatest standards on the numerical ro-
bustness of the code. Although the timesteps have become occa-
sionally quite short (around 1% of the CFL-timestep), they have
never dropped to extremely small values so as to cause a lethal
stop of the calculation.

4.3. Initial conditions

In order to test the robustness of our explicit-implicit 2-D ra-
diation hydrodynamical code we choose an initial configu-
ration which forces the “disk” to evolve into a pronounced
dynamical regime in the first place. Only after this non-
stationary “switch on” phase our disk model would asymp-
totically approach a quasi-stationary state that is assumed by
the (1+1)-D description from the beginning. This situation is
achieved by choosing an initially homogeneous distribution of
the disk material. Table 2 contains a compilation of the initial
data we used in the simulation.

We discretise the equations on a (48 x 64) Eulerian tensor-
product (r,7)-grid. In the z-direction the gridpoints z;, j =
0,1,2,...,64 with zop = 0 AU are chosen to be equally spaced,
ie., Az = const. =~ 0.0234 AU (because of the assumed
equatorial symmetry we need to cover only the “upper half”
of the disk); the distribution of the radial gridpoints, r;, i =
0,1,2,...,48 with ry = 0.8 AU, is tailored according to a ge-
ometrical law. The radial mesh sizes, Ar; := r; — ri_1, 1 =
1,2,...,48, expand monotonically from Ar; ~ 0.034 AU to
Arag ~ 0.235 AU (cf. Table 2 for the actual numbers inserted).

The cosmical abundances of the chemical elements, H, He,
C, O, N, Mg, Si, S, Fe, Al, and Ca, according to Population I is
adopted (cf. Table 1). The heavier elements, Mg, Si, S, Fe, Al,
and Ca, are tied up in solid grains (mainly in forsterite, Mg>SiOy,
troilite, FeS, and corundum, Al,O3) referred to as “dust” in
Table 2. In principle, 70% of the carbon would be present in the
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Table 1. Initial abundances, €, of the various gaseous, mantle, and
grain core species relative to the total number of hydrogen atoms
(Nyg = 1000). The initial gas temperature, T, = 20 K (cf. Table 2).

gaseous mantle grain core

species € species € species €
H, 499.762 H,O 0.238 Mg# 0.0720
He 97.500 Si 0.0358
CcO 0.355 Fe 0.0324
N, 0.047 (Ty; = 20K) S 0.0185
[C 0.355]* Al 0.0061
[O 0.746]7 Ca 0.0022

* Carbon is completely tied up in CO.

f Oxygen is completely tied up in CO, HO, Mg,Si04, AL, Os.

* Enhanced abundance of Mg, so that Si is completely in forsterite
(Mg>Si0y).

form of condensed soot/graphite particles, with diameters typi-
cally smaller than 0.1 ym, but since we have not yet addressed
combustion processes together with the ensuing chemistry of hy-
drocarbons in our calculations, we assume carbon to be already
entirely transformed into (gaseous) CO. The surplus of oxygen
is tied up in water, H,O. Thus, initially the gaseous component
is assumed to contain only the species H,, He, N,, CO, H,O;
helium and nitrogen do not participate in the chemical reaction
network. All other species listed in Sect. 3.3.1 above form later
in the evolution.

4.4, Boundary conditions

Besides axial symmetry, we also assume symmetry of the disk
with respect to the “equatorial” plane, z = 0. There, the
z-derivatives of the scalars like density, temperature, pressure,
etc., and the vertical velocity component, u,, must vanish. At
both the inner and outer boundary we fix the radial velocity com-
ponent, u,, by taking the respective stationary drift velocity as
a result of the redistribution of angular momentum according to
the S-viscosity (cf. Sect. 3.1), with 8 = 1073 in our simulation.
At the inner boundary material leaks out at a (computed) total
rate, Mj,, while at the outer boundary the net incoming mass
flux, My, = 107 Mg, yr™!, is kept constant throughout the sim-
ulation. It is worth noting that there, for any height z, only the
case of radial inflow of material is considered; it is assumed to
be chemically unprocessed with a composition equal to the ini-
tially chosen one (cf. Table 2). Mass infall from “above” the disk
is neglected.

The thermal boundary conditions are chosen as follows:
(1) The incoming radiation from “above” is assumed to have
an equivalent temperature of 20 K. Within the framework of the
Eddington approximation we have been using so far in our calcu-
lations, this radiative boundary condition is a rather crude sim-
plification of the true situation. A more accurate description is
possible, only if a more realistic radiation transport is taken into
consideration. (2) There is no radiative energy transport across
both the inner and the outer radial boundary. Note that the condi-
tion of neglecting radiative energy transfer in the radial direction
is a basic general assumption for the (1+1)-D disk models; in our
fully 2-D model this assumption is restricted just to the inner and
outer boundary of the disk.

Further refinements of the boundary conditions could be en-
visaged if the structure of both the transition zone between the
disk and the central star and the parent cloud in which the disk
is embedded were known in more detail.
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The “vacuum” density above the disk proper is given by
a fixed lower limit of py,c = 1.91 X 1071 g cm™? in our sim-
ulation (cf. Table 2). The velocity field is artificially reset to zero
after each timestep if the density shows a tendency to decrease
further below this lower limit. Briefly, this — physically moti-
vated — strategy is a simplistic way to successfully cope with
a “disguised” form of a mathematically rather subtle free bound-
ary value problem.

These particularly chosen boundary conditions allow for
stationary disk models where the equality My, = My, =
107® Mg yr~! holds. Numerical experiments have revealed that,
for practical purposes, a quiescent state, approaching the asymp-
totically steady state, adjusts itself already after 20—30 revolution
periods of the outermost part of the disk. Complete stationarity
is expected to be established only after 8~! revolution periods,
that is, after 1...2 x 10* yr.

5. Results

We start out from a highly artificial disk configuration which
is far off the mechanical equilibrium in the vertical direction
(cf. Table 2 for the actually chosen initial data). Driven by the
gravitational pull of the central sun the disk commences to col-
lapse. Typical dynamical timescales are of the order of the lo-
cal Keplerian revolution period being shortest — around 1 yr —
for the innermost part of our model disk. The main evolutionary
phases are the violent dynamical “switch-on” phase and the en-
suing quiescent accretion phase within which the flow is devel-
oping asymptotically into a stationary state. The first phase lasts
only a few revolution periods of its outermost part, that is, a few
tens of years. Heat and pressure waves travel through the disk,
shock waves transform kinetic energy into heat which is even-
tually radiated away. Radiative losses of the — due to our choice
of the initial data — surplus amount of energy have an efficient
damping effect on the disk’s internal motions. After a few tens
of revolution periods, that is, after several hundred years, a quasi-
stationary flow pattern emerges and the disk luminosity is sus-
tained just by the “slow” viscous energy dissipation. Evidently,
the final outcome is exactly what can be referred to as a fully
2-D model of a preplanetary accretion disk.

In the following Sects. 5.1-5.3, we first discuss the role of the
water-gas shift reaction for producing CO, in our model nebula.
How much CO, can actually be produced has become an impor-
tant question, since CO, has recently been observed in the in-
ner regions (S10 AU) of protostellar disks (Lahuis et al. 2006).
We then outline briefly the main results relating to the initial
“switch-on” phase. Finally, we discuss the role of the advective
material transport driven by large-scale circulations in the disk
as compared to the diffusive transport and mixing processes that
are expected to take place in turbulent media anyway.

5.1. The water-gas shift reaction

Among the various chemical reactions related to the basic chem-
istry of the molecules containing carbon, hydrogen, and oxygen
(except hydrocarbons) we focused our attention, in the first in-
stance, to the so-called water-gas shift reaction,

CO + H,0 & CO;, + Hy, (36)

comprising the forward and reverse reaction, reaction #55
and #54 in Table 4, respectively. If this reaction became effective
in preplanetary nebulae in some way or another, it could serve
as the most efficient source of carbon dioxide. It is well known
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Table 2. The initial data.

: 2-D preplanetary accretion disks. I.

Quantity Symbol Value Dimension
Central mass M, 1 M,
Disk mass M gisk 0.01 Mg
Radial extension r 0.8<r<58 AU
Vertical extension b4 -15<z<15 AU
Radial velocity u, 0 kms™!
Vertical velocity u, 0 kms™!
Azimuthal velocity Ug ~33...12 (Keplerian rotation) ~ kms™!
Density 0 1.91 x 107! gcm™3
Gas temperature Txin 20 K
Radiation temperature Trad 20 K
Mean molecular weight u 2371 -
Gas pressure P 1.336 x 1072 dyncm™
Minimum (“vacuum”) density = pyac 104 =191 x 1071 gcm™
Species Abundances (concentrations) per weight
Molecular hydrogen, H, CH, 0.708933
Helium, He CHe 0.274615
Molecular nitrogen, N, CN, 0.000920
Carbon monoxide, CO cco 0.006997
Water (ice mantle), H,O (solid) cu,0 0.003020
“Dust” ¥ Cdust 0.005515

Zxcex =1

 Dust grains consisting mainly of forsterite (Mg,SiOy4) with an admixture of corundum (Al,O3), Fe, S, and Ca.

that, at a temperature around 1100 K, the water-gas shift reac-
tion is used to produce, via carbon combustion, a mixture of Hy,
CO, and CO,, with a surplus of water vapor present, on a large
technical scale. This is why the chemical equilibrium constant
is of practical importance only in the high-temperatures range
of 800-2000 K (see, e.g., Giinther 1974; Kraus 2003); at lower
temperatures the water-gas shift reaction is becoming inefficient
for technical applications.

Above all, the equilibrium constant, K,, of an arbitrary
chemical reaction,

s(]r)Xl +... 450X, > s(lp)Y] +...+sPy,,

with n reactants, X;,...,X,, and m products, Yi,...,Y,,
and the respective stoichiometric coefficients, s(lr), cee, si,r) and
s s(,}f), is available for any temperature by making use of

the thermodynamic relation,

RT -In(K,) = — Z sUAGy, + Z SPAGy,. (37)

i=1 =1

The quantities, AGx, and AGy,, refer to the free enthalpy of for-
mation of the species, X; and Y, respectively. For a huge variety
of chemical compounds the necessary data to compute the AGy y
are compiled, e.g., in Chase Jr. (1998).

Whereas the equilibrium constant of the water-gas shift reac-
tion can easily be calculated, there seems to be an almost com-
plete lack of measurements and/or calculated numbers for the
rate coefficients. Until recently, there was only one — meanwhile
to be considered entirely obsolete — reference to the rate con-
stant of the reaction, H, + CO, — H,0O + CO (reaction #54 in
Table 4), in the UMIST data base (Le Teuff et al. 2000). The
Arrhenius parameters that were given there are of category “C”,
i.e., the rate constant itself ought to be accurate within a fac-
tor of two in the temperature range of 268-300 K. However,
based on quantum chemical investigations Talbi & Herbst (2002)
pointed out that the pure gas-phase reaction, CO, + Hy — CO +
H,O0, “...possesses an extremely large potential energy barrier,

Table 3. Properties of the model sequences.

sequence Schmidt water-gas shift reaction:
q number, S rate constants
A 1 realistic (Talbi & Herbst 2002)
Bl 1 obsolete (Le Teuff et al. 2000)
B2 00 obsolete (Le Teuff et al. 2000)

far in excess of the reaction endothermicity.” (cf. reaction #54 in
Table 4).

As a consequence, the water-gas shift reaction in the pure
gas-phase is ruled out as a main source of carbon dioxide in
preplanetary nebulae. However, the presence of an appropriate
catalytic agent, e.g., elementary iron (cf. Ford 1981), could
raise the efficiency of the water-gas shift reaction substantially.
In principle, micron-sized particles of pure iron are to exist in
preplanetary nebulae, unless there is a major contamination by
sulphuric compounds (e.g., H»S) so as to transform iron (Fe)
gradually into troilite (FeS), which would again turn down the
importance of the water-gas shift reaction.

With regard to the large uncertainties related to the water-
gas shift reaction, we conducted our simulations with the new
as well as with the obsolete rate constants. Altogether, we have
considered two distinct model categories, A and B, with charac-
teristics as listed in Table 3. In the category A the most realis-
tic rate constants according to Talbi & Herbst (2002) are used;
the two model sequences, B1 and B2, served as very first pilot
studies and are devoted to explore the effects of diffusive mix-
ing by choosing the Schmidt number, S = 1 and S = oo, re-
spectively. Hence, concerning the water-gas shift reaction, in the
model sequences of category B, we have still used the (obsolete)
UMIST rate constants as defined by (40) and (41) below.

In the sequel, we shall label quantities relating to the forward
and reverse reaction by “—” and “«<”, respectively.
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Table 4. The network for the gas-phase C-, H-, O-chemistry. The three Arrhenius-numbers, A (in cm? s™! and cm® s for two- and three-particle
reactions, respectively), b, and T, (in K), represent the respective rate constant, k(T) = A T? exp (~=T,/T), at the temperature, T. Qchen is the heat

of formation (in kJ/mol).

# chemical reaction A b To Ochem T-range source
1 H+H+H —-H, +H 8.82E-33 0.000 0. -433.52 50-5000K 3)
2 H+H —-H+H+H 4.50E-08 —0.100 52500. 433.52  600-5000 K 3)
3 H+H+H, - H, +H, 2.70E-31 -0.600 0. -433.52 100-5000 K 2)
4 H,+H, —-H+H+H, 1.50E-09 0.000 48350. 433.52  2500-8000K (2)
5 H, +OH - H,0+H 1.70E-16 1.600 1660. -62.82  300-2500 K 2)
6 H+HO — OH + H, 7.50E-16 1.600 9270. 62.82  300-2500 K 2)
7 H+ OH —-H,+0 8.10E-21 2.800 1950. -7.81 300-2500 K (13)
8 O+H, —- OH +H 8.50E-20 2.670 3160. 7.81 300-2500K )
9 OH+ OH - H,0+0 2.50E-15 1.140 50. -70.63  250-2500 K 2)
10 O+ H,0 — OH + OH 8.20E-14 0.950 8571. 70.63  250-2400 K ®)
11 O+ OH - 0,+H 2.40E-11 0.000 353. -70.16 1000-2000K  (2)
12 H+0, —-OH+O0 1.62E-10 0.000 7470. 70.16  300-5000 K 2)
13 H+HO, - H, + 0, 7.10E-11 0.000 710.  =220.09 300-1000 K )
14 H, +0, — HO, + H 2.41E-10 0.000  28505. 220.09  300-2500 K (13)
15 H,+0, — OH + OH 3.16E-10 0.000  21900. 77.97 800-1250 K (D
16 OH + OH - H, +0O, 8.90E-12 0.000 12520. -77.97 (cbr) to #15
17 O+ HO, — OH + O, 5.30E-11 0.000 0. -212.28 300-1000 K )
18 OH+ 0O, — O + HO, 3.70E-11 0.000  26500. 212.28  300-2500 K (13)
19 H+ HO, — OH + OH 2.80E-11 0.000 440. -142.12 300-1000 K )
20 OH + OH — H + HO, 5.81E-15 0.000 17530. 142.12 (cbr) to #19
21 H+HO, - H,0+0 5.00E-11 0.000 866. -212.74 300-1000 K )
22 H,0+0 — H + HO, 1.13E-13 0.000  26450. 212.74 (cbr) to #21
23  H+ H,0, — H, + HO, 2.80E-12 0.000 1890. -79.80 300-1000 K )
24  H, + HO, - H,0, +H 5.00E-11 0.000  13100. 79.80  300-2500 K (13)
25 OH + HO, - H,0 + O, 2.91E-11 0.000 200. -282.90 300-2500K (15)
26 H,O0+ 0O, — OH + HO, 7.72E-12 0.000  37300. 282.90 300-1000 K (10)
27 H+H,0, — OH + H,O 1.70E-11 0.000 1800. —284.72 300-1000 K )
28 OH+ H,0 — H + H,0, 2.85E-12 0.000  36040. 284.72 (cbr) to #27
29 O+ H,0, — OH + HO, 1.10E-12 0.000 2000. -71.99 300-500 K )
30 OH + HO, — 0+ H,0, 2.90E-13 0.000 10658. 71.99 (cbr) to #29
31 HO, + HO, — H,0, + O, 3.11E-12 0.000 775. -140.29 550-1250K )
32 0, +H,0, — HO, + HO, 9.00E-11 0.000  20000. 140.29  300-2500 K (13)
33  OH + H,0, — H,0 + HO, 1.30E-11 0.000 670. -—142.62 300-1000 K )
34 HO, + H,O — H,0, + OH 4.60E-11 0.000  16500. 142.62  300-1000 K 9)
35 H+H,0 —-OH+H+H 5.80E-09 0.000  52900. 501.29 2000-6000K  (2)
36 OH+H+H, —-HO+H, 2.30E-26  —2.000 0. -501.29 300-3000 K 2)
37 H, +H,0 —- OH+H + H, 5.80E-09 0.000  52900. 501.29 2000-6000K  (2)
33 OH+H+H, —-H,O+H, 6.10E-26  —2.000 0. -501.29 300-3000 K 2)
39 H+OH —-O+H+H 4.00E-09 0.000  50000. 430.66  300-2500 K (13)
40 O+H+H — OH+H 1.30E-29  —1.000 0. -430.66 300-2500 K (13)
41 H, + OH - O0+H+H, 4.00E-09 0.000  50000. 430.66  300-2500 K (13)
42 O+H+H, — OH + H, 1.30E-29  —1.000 0. -430.66 300-2500 K (13)
43  H, + H,0, —- OH+OH+H, 2.01E-07 0.000  22900. 216.56  700-1500 K 2)
44 OH+ OH + H, - H,0, + H, 8.00E-31 -0.780 0. -216.56 250-1400 K 2)
45 H+0, —-0+0+H 3.00E-06 —1.000 59400. 500.82  300-2500 K (13)
46 H+0+0 -0, +H 5.21E-35 0.000 -900. -500.82 200-4000K (13)
47 H, + 0O, - 0+0+H, 3.00E-06 —1.000 59400. 500.82  300-2500 K (13)
48 H, +O+0 - 0, +H, 5.21E-35 0.000 -900. -500.82 2004000 K (13)
49 H, + HO, -0, +H+H, 2.00E-05 -1.180 25400. 21591 200-2200K (13)
50 H,+H+0O, —>HO,+H, 5.80E-30 —0.800 0. -21591 300-2000 K )
51 H+O — OH + hy 9.90E-19 -0.380 0. -430.66 (12)

5.1.1. The equilibrium constant

We are now going to discuss in more detail how to derive the
missing rate constant, k_,, in the Arrhenius form if both k. and
the equilibrium constant, K,,, are known. By defin