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Abstract. Cometary activity arises from the sublimation of surface ices into the gas phase. Dust is entrained in the gas
and is accelerated by gas drag as the gas escapes into interplanetary space. Previous observations [1, 2] of cometary
nuclei have shown remarkable, diverse structures in the near-nucleus dust distribution. The gas from the comet expands
into vacuum and the flow therefore passes through a wide range of densities and pressures and hence though different
flow regimes. While a direct simulation Monte Carlo (DSMC) simulation [3] should give, in all cases, accurate results if
applied correctly, the calculation becomes slow in denser regions. Solving the Euler equations (EE) is in these cases
faster, but they are only an approximation for dilute gas. A direct comparison between DSMC and EE was made by
Lukianov et al. [4] for water vapor subliming from an ice sphere into vacuum. He found that the Euler equation with
correct boundary conditions gives a good approximation to the velocity and density field in the supersonic region even at
global Kn > 10~.We have performed further comparisons of the DSMC and EE methods for a case with an ‘active cap’:
A region with a half opening angle of 10° has twice the production rate compared with the rest of the sphere. We found
that far away from the active cap, the flow is like one from a sphere and our results are in a very good agreement with
Lukianov et al.‘s [4]. However the Euler equations start to fail close to and at the sides of the jet produced by the active
area at lower Knudsen numbers.
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INTRODUCTION

In 2014 the European Space Agency spacecraft Rosetta will arrive at comet 67P/Churyumov-Gerasimenko.
Onboard is a camera system OSIRIS, which will observe the nucleus and the surrounding dust coma at spatial scales
down to 2 cm/px [5]. The near nucleus gas distribution will be observed by a combination of experiments including
MIRO, a microwave spectrometer [6] and the mass spectrometer ROSINA [7].

Cometary nuclei are small having a typical diameter of a few kilometers and irregular shapes. From Hubble
observations [8], diameters of 3-5 km are estimated for 67P/Churyumov-Gerasimenko. For ground-based
observations, the nucleus is difficult to observe directly because of dust emission. This leads to the need for
spacecraft observations in situ such as those that will be provided by Rosetta. Our aim is to interpret the appearance
of structures in the dust and gas coma and to prepare for the data analysis phase of Rosetta starting in 2014. We
particularly wish to understand the relationship between surface activity and the gas and dust distribution in the inner
coma.

The activity of a comet is produced by the sublimation of water ice and therefore depends strongly on the
distance to the sun which provides the energy source to drive the sublimation. Dust is entrained in the gas and is
accelerated by gas drag as the gas escapes into interplanetary space. The dust acts to (partially) obscure the surface
from view. The Rosetta spacecraft will go into orbit around the comet and accompany it from 4 astronomical units
through to perihelion. To plan the observations it is necessary to understand and interpret observations quickly so
that the results can be used to plan follow-up sequences. It is also a special situation because the boundary
conditions are not well known: E.g. there are contradicting interpretations regarding the thermal conductivity of the
surface [9, 10] and it is unclear where exactly the sublimating ice is. There may be regions which are enriched in
water or CO ice or the observed structures in the gas flow may be an effect of the surface topography [11, 12]. From
observations of other comets it is also known that nuclei have irregular shapes and that their surfaces have a very
low albedo (about 4%). Hence, precise determination of outgassing characteristics prior to arrival at the comet is
hardly possible. In order to give an order of magnitude estimation for the sublimation rate of comet
67P/Churyumov-Gerasimenko, we use here the model cases defined by Tenishev et al. [13]. All instruments on



Rosetta should be switched on once the comet reaches 3.25 AU. A dayside water outward flux of approx. 10"’ m?s™
is assumed at this time and on the nightside 5x10"° m™s” with surface temperatures of 182 K and 139 K,
respectively. Perihelion is at 1.29 AU. At this time the water flux is assumed to be 3x10*° m™s™ and 10" m™s™ on
the dayside and nightside respectively with temperatures of 196 K and 172 K.

MODEL DEVELOPMENT

The goal of this work is to find a way to simulate the dusty gas flow in the near nucleus region. Because of the
ill-defined conditions at the surface, there is no need for accurate specification of input parameters. However, the gas
and dust flow structures which one might predict could, even at this stage, provide constraints for the mission. We
are interested in the region from the surface, out to about one nucleus radius above the surface.

As a first step we calculated the axially symmetric flow from spheres with regions with different activity using
the DSMC program DS2V written by G.A. Bird [3] (Version 4.5.05). We have compared this to an Euler equation
solver [14].

Typically the sublimation flow from a sphere is characterized in terms of the (global) Knudsen number Kn.
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Here A is the mean free path calculated from the number density »,, and the temperature 7,, given as boundary
conditions and L the radius of the sphere. The formula for the mean free path given here is for VHS (variable hard
sphere) molecules [15]. The reference diameter (aln?f,=6.15)(10'10 m) at the reference temperature (7,,=300 K) and
the exponent of the temperature in the viscosity law (w=1.1) are the model parameters. The given values are for
water vapor [16].

Directly over the surface the gas is assumed to have a half space Maxwell-Boltzmann distribution with
temperature 7,, and number density n,. The outflow from the surface is then according to the Hertz-Knudsen
equation
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(Q: particle flow [m™s™], m=18 u=3x10° kg, molecular mass for water, k=1.38x10 J/K Boltzmann constant)

This results in number densities between n,=5x10" m>, Kn=4 (at 3.25 AU, night side) and n,=3x10"" m>,
Kn=9x10" (at 1.29 AU, day side). Note that this formula gives only the outflow part. If the flow is not free
molecular, there is backscattering and the net outflow as well as the velocity is reduced. This point will be discussed
in more detail in the next section. Although the global Knudsen number is, in the present case, not a good criterion
for the choice of the simulation/calculation method the number gives an idea about the density regime close to the
surface. A traditional way to estimate the region in a comet coma where the gas can be described by fluid dynamics
models is the “collision zone”: This is the region around the nucleus where the local mean free path of the gas is
smaller than the distance to the centre of the nucleus. Assuming that the density is inversely proportional to the
radius squared the radius of the collision zone (expressed in units of nucleus radii) is inversely proportional to the
global Knudsen number.

ANALYTICAL RESULTS FOR THE FLOW FROM A SPHERE IN THE FREE
MOLECULAR AND THE FLUID CASE

The formulae given in this paragraph are taken from Sone [17].
In case of the free molecular flow (Kn = ), the distribution function of the gas is known:
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The v(6) are the velocities which are on a circular cone with an opening angle of 6. L is the radius of the source
sphere. The macroscopic variables can then be calculated in the usual way by solving the moment integrals:
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In the case of a fluid flow (Kn = 0), one uses the law for adiabatic expansion, energy and mass conservation over
each sphere and the definition of the Mach number, M, to get the following results:
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y is the ratio of the specific heats for the given gas. The index * is used for the parameter values at the M = 1
surface. Note that there is a subsonic region around the sphere even in the case of a small Knudsen number: L«> L.

The values of T, n« and the fraction of backscattered molecules (b) for polyatomic gases were calculated by
Cercignani [18]. For a gas with 3 internal degrees of freedom he finds: 7T, = 0.814, n+/n,,= 0.299, b = 0.219. The
idea behind these values is that the velocity distribution function in the Knudsen layer is a linear combination of the
half space Maxwellian close to the surface and an equilibrium distribution at an infinite distance. In the evaporation
flow from a sphere, the existence of an equilibrium region depends on the global Knudsen number.

Looking again at the problem to estimate the initial number density n, from a measured flux at an arbitrary
distance, in Eq. (2) the backscattered molecules were neglected. If one corrects for this effect, the number density is
about 30% larger than without.

TEST CASES AND METHODS

Two different flow fields, homogeneous sphere and “ActiveCap”, were simulated with two different methods:
DSMC and the Euler equations solver (EE). Considerable effort was invested to ensure compatible simulation
conditions. We took advantage of rotational symmetry in both programs.

In the DSMC simulation, the gas leaves the surface of the sphere with a half space Maxwellian with the
parameters n,, and T,,. All molecules hitting the surface are adsorbed. The gas is assumed to have 3 internal degrees
of freedom. The energy transfer between internal and translational degrees of freedom is calculated with the Larsen-
Borgnakke model [19] and a rotational relaxation collision number of 1 [20]. The total simulation region has a size
of 5 km x 10 km and the sphere of 2 km radius is located at the origin. The situation is shown in Fig. 1. The lower
boundary is here the rotation axis. The boundary on the left side is a plane of symmetry which reflects all simulation
molecules specularly. All molecules are removed from the simulation if they cross one of the other two boundaries
(vacuum).

In the EE calculation, the simulation region is larger, going out to 20 km from the center of the sphere. The
entering gas is calculated as if it would come through a nozzle having sonic speed at the surface. The boundary
conditions are given by a gas production rate and the temperature of the imaginary subsurface reservoir.
Cercignani’s temperature and density ratios were used to calculate the matching boundary conditions.

In a first step, the flow from a homogeneous sphere was calculated. This was mainly done to understand and
match the boundary conditions of the two programs and to check for numerical artifacts along the rotation axis.
There were no significant errors found. The results from these tests will not be described in more detail here.
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FIGURE 1. The DSMC simulation result for the ActiveCap case. In black: density contours with n= (1, 0.18, 0.32 and 0.56) 10"’

m. In gray: temperature contours with T = (140, 120, 100, 80, 60) K. The circle segment represents the nucleus, the black
triangle in the upper right corner is a region which was excluded from the simulation region.

Both codes were used with grid sizes successfully tested in [14] for the EE code and in [3] and [21] for DS2V,
respectively.Here, the “ActiveCap” case will be discussed: Around the symmetry axis, there is an active area with a
half opening angle of 10°. In this active area the number density #,, is twice as large as on the rest of the sphere. (see
Fig. 1 for typical density and temperature contours). In order to cover the possible flow regimes at comets
representing different distances from the sun, the flow was calculated with different densities (see Table 1). The
number in the test case name indicates by which factor the density is lower compared to the “ActiveCap” case: e.g.
the initial gas density in “ActiveCap-2” if 2 of the one in “ActiveCap”. Everything else is the same for all cases:
The initial gas temperature is T,,=195.5K and the sphere a radius of L=2 km.

RESULTS

The “ActiveCap” case allows us to study the flow from a homogeneous sphere in addition to the effects of the
active cap itself: We look at the flow far away from the active region (i.e. close to the plane of symmetry or the y-
axis in our simulations). The gas flow in this region allows us to evaluate different boundary matching strategies.

Gas sublimating from a sphere into vacuum, when close to the surface, is never in a local thermal equilibrium
(LTE) and always subsonic. On expansion, it becomes supersonic and may relax towards LTE which is lost again
further out (depending on Kn). [4][17]

The analytical EE solution as well as the EE solver cannot describe the subsonic region. Therefore the gas
parameters at the sonic line have to be used as boundary conditions. There are two possibilities shown and discussed
here: On the one hand we use Cercignani’s [18] results (used in the EE solver, too), on the other hand the results of
our DSMC simulation. Both can be found in Table 1. Cercignani’s values are given in the first line. For each of the
“ActiveCap” cases, number density, translational temperature and distance to the center of the “nucleus” were read
out along the sonic line between 0°-5° to the rotational axis for the cap and 20°-90° to the rotational axis for the flow
from a sphere. The averages of these two groups are given in Table 1.

The number density ratio depends only very slightly on the Knudsen number. In the case of the translational

TABLE 1. The different DSMC cases and the calculated parameter ratios. The left value in each column is the one for the active
area and the right hand value is that of the rest of the surface. n,: initial number density (parameter of the initial VDF); Kn:
Knudsen number, see Equ. (1); T,=195.5 K; L=2 km; Index * for values at the sonic surface; L./L-1: width of the subsonic
region in units of the nucleus radius.

Name n, [1018m'3] Kn n./n,, T+/T,, L+/L-1
(transl.)

Fluid ([18]) 0 0.299 0.814

ActiveCap 1/0.5 2.3e-4/4.6e-4 0.31/0.31 0.78/0.78 0.017/0.011
ActiveCap-2 0.5/0.25 4.6e-4/9.2¢e-4 0.30/0.30 0.78/0.78 0.024/0.016
ActiveCap-5 0.2/0.1 1.2e-3/2.3e-3 0.30/0.30 0.78/0.78 0.037/0.024
ActiveCap-10 0.1/0.05 2.3e-3/4.6e-3 0.30/0.30 0.78/0.77 0.048/0.031
ActiveCap-100 0.01/0.005 2.3e-2/4.6e-2 0.32/0.32 0.72/0.70 0.077/0.049
ActiveCap-1000 0.001/0.005 2.3e-1/4.6e-1 0.34/0.34 0.65/0.64 0.063/0.048

Free molecular 00 0.351 0.643 0.0474
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FIGURE 2. The number density in cases a)ActiveCap and b)ActiveCap-100 (small dots) along a line with a 85°angle to the
rotation axis.
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temperature the differences are larger (see Table 1). This was also found for the gas over the active region and is in a
very good agreement with Lukianov et al.’s [4, 22] results. The main difference between the parameters over the
active cap and the rest of the surface is in the thickness of the subsonic layer (L+/L-1 in Table 1). Note that while the
density and temperature ratios have values between the two “extreme” cases (fluid and free molecular flow) the
subsonic layer is thicker at Kn ~ 107 than in the free molecular case ([17] and [4], Fig. 10). This is because the
density, velocity and temperature ratios at a fixed point close to the surface are not a monotonic function of the
initial number density

Figure 2 shows the number density as a function of the radius in the region where the flow is like the flow from a
homogeneous sphere (85° angle to the rotation axis). The simulation results are shown with dots for the DSMC
(“DSMC Sim.”) and squares for the EE (“EE Sim.”) while the analytical results are given as black lines. The dashed
lines show the results for the free molecular flow (Eq. (4)) (“free flow”), the solid ones the result of Eq. (8) and (10)
with y=8/6. This is the analytical Euler solution with 3 internal degrees of freedom (“EE (f=3)”). Grey are the lines
where n,, T\, resp. n«, T+ and L+ were chosen to produce the DSMC results at the sonic line.

Figure 2a) shows the situation for ActiveCap where the (global) Knudsen number is small enough that one
expects some agreement with the fluid solution close to the nucleus. From r = 2500m (1/L=1.25) on outwards the
numerical results show this expected agreement. Closer to the nucleus, there is the small subsonic layer in the
DSMC result (22 m, see Table 1), for which the EE cannot give a useful result. In the region in-between, the
agreement can be improved if results from the DSMC solution are used to calculate the boundary conditions.

In Fig. 2b) the same curves are shown for the ActiveCap-100 case. As expected the DSMC results are close to
the free molecular solution. However in the subsonic region the DSMC results are larger than both analytical
(“extreme”) cases. This is the result of the local maximum in the thickness of the subsonic layer. If one uses again
results from the DSMC simulation as boundary conditions for the calculation, the free flow solution shows, as
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FIGURE 3. The velocity parallel to the surface of the sphere in different distances to the surface (at 2000 m). Figure a) shows the
situation for the ActiveCap case, figure b) for ActiveCap-5. Note that the values are normalized to the maximum value in the EE
solution at the given radius and for each radius a different offset is added (always +1). A positive velocity points away from the
active region, a negative one into it. With the added offset, a negative velocity is here one that it below its offset level (e.g. values
lower than 6 in this figure represent negative velocities in a distance of 4515 m from the centre of the nucleus).



expected, a slightly higher density.

The result from the analytical solution of the EE and the EE solver agree in both cases perfectly as expected.
Note that the differences in density and velocity between the two analytical solutions is, in the shown region, less
than 20% (for the temperature the difference is up to 50%) if they have the same parameters at the sonic surface.
This is probably better than the uncertainties in our knowledge of the boundary conditions at present.

Structures in the dust distribution appear mostly where the gas flow has a velocity component parallel to the
surface. This velocity component is shown for different distances to the centre of the nucleus, r, in Fig. 3.

The solid lines are the numerical results of the EE and the dots represent the DSMC results. The maximum value
in the EE solution with which both results (DSMC and EE) are normalized is 40 m/s at r=2015, 70 m/s at r=2515 m
and drops to 17 m/s at 4515 m.

Figure 3a) shows the results of the case ActiveCap, Fig. 3b) the ones of ActiveCap-5. Although the density
difference is only a factor 5, the consequences are obvious: While there is a quite good agreement between the two
solutions in the first figure this is not the case in the second one: There is no velocity back to the jet axis and also
most of the other structures are lost. A quite good agreement between DSMC and EE exists in the case ActiveCap,
but when the density drops the mean free path increases, the local Knudsen number increases and one can observe
the rarefaction effect.

CONCLUSIONS

The subsonic region close to the nucleus needs to be simulated with DSMC. In the case of a fairly homogeneous
flow, one can estimate the gas parameters at the sonic line but differences are largest close to this surface and in our
case, this is most probably the region where the dust is influenced the most.

Without larger gradients than simply the ones due to the expansion, the supersonic flow can be calculated to the
first approximation by using either a free molecular approach or the Euler equations. This fails as soon as smaller
scale structures in a rarefied gas appear. In this case the local Knudsen number increases and the theoretical non-
usability of the Euler equations becomes obvious. The Navier-Stokes equations may extend the region where a fluid
solution gives acceptable results for us. In the future, we will need to calculate in 3-D because of the detailed shape
of the nucleus and will also have to include gases other than H,O as well as dust.
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