N

N

Asymptotics for spherical particle motion in a
spherically expanding flow.
V. V. Zakharov, S.L. Ivanovski, Jean-Francois Crifo, V. Della Corte, A.
Rotundi, M. Fulle

» To cite this version:

V. V. Zakharov, S.L. Ivanovski, Jean-Francois Crifo, V. Della Corte, A. Rotundi, et al.. Asymp-
totics for spherical particle motion in a spherically expanding flow.. Icarus, 2018, 312, pp.121-127.
10.1016/j.icarus.2018.04.030 . insu-01781284

HAL Id: insu-01781284
https://insu.hal.science/insu-01781284

Submitted on 2 May 2018

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://insu.hal.science/insu-01781284
https://hal.archives-ouvertes.fr

Accepted Manuscript

- ICAR_ IS

International Iollmal of Solar System Studies

Asymptotics for spherical particle motion in a spherically expanding
flow.

V.V. Zakharov, S.L. Ivanovski, J.-F. Crifo, V. Della Corte, A. Rotundi,
M. Fulle

PIl: S0019-1035(17)30843-6
DOI: 10.1016/j.icarus.2018.04.030
Reference: YICAR 12886

To appear in: lcarus

Received date: 20 December 2017

Revised date: 23 February 2018

Accepted date: 26 April 2018

Please cite this article as: V.V.Zakharov, S.L.Ivanovski, J.-F. Crifo, V. Della Corte, A. Rotundi,
M. Fulle, Asymptotics for spherical particle motion in a spherically expanding flow., Icarus (2018),
doi: 10.1016/j.icarus.2018.04.030

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service
to our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and
all legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.icarus.2018.04.030
https://doi.org/10.1016/j.icarus.2018.04.030

ACCEPTED MANUSCRIPT

Highlights

e Asymptotics for spherical particle motion in a spherically expanding flow

N
Q
&

Q%
Yv
&
&

K



Asymptotics for spherical particle motion in a spherically expanding
flow.

V. V. Zakharov®*, S. L. Ivanovski®d, J.-F. Crifo®, V. Della Corte™d, A. Rotundi®4, M. Fulle®

@ Laboratoire de Métérologie Dynamique, Université Pierre et Marie Curie, 4 place Jussieu, 75252 Parisy Erance
YINAF - Istituto di Astrofisica e Planetologia Spaziali, Area Ricerca Tor Vergata, Via Fosso del Cavdliere 100,
00133 Rome, Italy
¢LATMOS, CNRS/UVSQ/IPSL, 11 boulevard d’Alembert, 78280 Guyancourt, France
& Universita degli Studi di Napoli Parthenope, Dip. di Scienze e Tecnologie, CDN IC4, 80148 Naples,»taly
¢INAF - Osservatorio Astronomico, Via Tiepolo 11, 34143, Trieste, Italy

Abstract

In the context of an increasing number of complex multiparametricidust coma models it was found
convenient to construct an elementary model with a minimum.number of parameters selected to
represent the key processes acting on the dust. The models ‘outputs can be used as a reference
evaluation of these processes with rough estimates of the resulting dust properties e.g. velocity.

The present work introduces three, universal, dimensionless parameters which characterize the
dust motion in an expanding flow, and computes'as a function of these parameters the dust terminal
velocity, the time it takes to acquire it,,and the distance at which it is acquired.

The motion of dust grains is presented as/a system of dimensionless ordinary differential equa-
tions the solution of which depends pon the above mentioned three parameters. The numerical
integration of this system was performed over a wide range of parameter space covering the whole
range of physically possible conditions.

Precomputed results of dust terminal velocity, time and distance where it is reached are presented
in dimensionless form..To obtain dimensional values for a particular case it is sufficient to perform
algebraic operations.
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1. Introduction

The study of dust-gas outflow from cometary nuclei has a long history and has now reached a
remarkable degree of sophistication. The pioneering dust coma studies (Whipple (1951), Dobro-
volskiy (1961), Dobrovolskiy (1966), Probstein (1969 ), Shulman (1972), Wallis (1982), Gombosi
(1986)) tried to derive analytical expressions keeping as much as possible a meaningfaliphysical
description, but often using exceedingly crude simplifications (e.g. omitting of gravity and/or solar
pressure, assuming constancy of gas expansion velocity etc.).

More recently, numerical models of much higher complexity for the description of dust dynamics
in the cometary coma appeared (e.g. Crifo (2006), Rodionov et al. (2002)).These models either
solve a system of differential equations describing the dust motion, or, perform a numerical simula-
tion of the process. To predict the spatial and temporal distribution of physical variables (density,
velocity etc.) in the coma, such models introduce a large numbeér, of governing parameters charac-
terizing processes. Therefore the relative role of these processes is not easy to ascribe and relevant
intercomparison of model results becomes difficult.

Our present work may look surprising. Following elder, models, we study the motion of a single
spherical particle in a spherically expanding flownof an ideal perfect gas. However, contrary to
previous models, we always keep in mind.that, injall possible cases, the motion of the particle is
governed by at least three forces: the derodynamic drag, the nucleus gravity and the solar radiation
pressure force. The aim of this Study is t0 reveal the general properties of dust motion in an
expanding flow and to reveal the relative influence of the three principal forces — drag, gravity and

radiation pressure.

2. The model

The nucleus gravity and solar pressure force acting on a grain have simple classical expressions
(see below) — as long as we assume the nucleus to be a homogeneous sphere.

The assessmient of the aerodynamic drag force on the grain is more complex. It requires, first,
computing the whole gas flow field. In general, the gas expansion from a spherical source into vacuum
has three characteristic regions (see Lukianov and Khanlarov (2000)). The non-equilibrium near-
surface layer (Knudsen layer), where initially non-equilibrium flow (due to the boundary conditions)

relaxes to an equilibrium state, then a region of equilibrium flow, and finally once more a region
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Figure 1: Flow structure in the source (A«, Ak, are the thickness of subsonic layer, non-equilibrium or Knudsen

layer) .

of non-equilibrium flow resulting from the lack of intermolecular‘eollisions. This scheme is shown
in Fig. 1. The sizes of these three regions depend on the gas production of the source and may
vary considerably. In the present study, we simplify the problem by assuming that the Knudsen
layer is thin and the rest of the flow is in equilibrium. Thesgas flow is postulated as an adiabatic
expansion of ideal perfect gas from a sonic spherical'sourcey which means that on the nucleus surface
we assume that the gas velocity is equal to theJeeal\sound velocity (\/m where T} is the
gas temperature, m, is the mass of the molecule, £kp7is the Boltzmann constant and « is the specific
heat ratio). This assumption about sonie conditions on the initial surface is justified by the fact that
the expanding flow into vacuum is{always supersonic and therefore irrespective of the conditions of
gas production, the sonic surface surrounds the nucleus.

This approximation hasythe merit of having a fully analytical solution (Landau and Lifshitz
(1966)), which we useshere:

In conclusion, the motion of a particle with invariable size and mass under the influence of

aerodynamic drag, nucleus gravity, and solar pressure forces is described in our model by:

dvg (Ug — 'Ud)2 2 Ty GMnymg 2 QafC@
_— —_—) — — 1
ma- 5 pgma-Cp (s, Tg) 2 Ta or? cos(zp) (1)
dr
= = 2
dt Vd ( )

where a, mgq, vq, Ty are the particle radius, mass, velocity and temperature, pg, vy are the gas

density and velocity, My is the mass of the nucleus, G is the gravitational constant, Q. is the
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Figure 2: Variation of the drag coefficient Cp for 1072 < s < 102 and 7 = T4/Tg=0.1, 1 and 100.

radiation pressure efficiency, ¢ is the velocity of light, ¢ is the solar energy flux, zo is the solar
zenith angle, rp, is the heliocentric distance (in AU), Cp is the drag.coefficient, and r and ¢ are radial
distance and time, respectively. To use once more an existing analytical expression, we assume that
the particle size a is everywhere much smaller than the\meanrfree path of the gas molecules. The
drag coefficient Cp is then given by the “free-molecular’ expression for a spherical particle (see

Bird (1994)):

Ty 252 + 1 4s* +4s% — 1 27 | Ty
C L) == )+ —erf =~ == 3
b ( Tg) a5+ —— el + 5 7 (3)

where s = |7, — ﬁd|/\/m 1sha speed ratio. The variation of Cp in a wide range of s for
three ratios of Ty/T, is shown in'Fig. 2.

In order to let chacteristic dimensionless parameters appear, let us rewrite the governing dust
equations in dimensionless form, introducing the following dimensionless variables: 0 = Ty /T, 9y =
Vg VT, Bg = P [V =1 /Ry, T =t/At, T =Ty/Ty, pg = pg/p«. Here v]"** = ,/fy%%T* is
the theoretical ' maximal velocity of gas expansion, p. and T, are the gas density and temperature
on the sonic surface (i.e. on the surface of the nucleus) and At = Ry /v

Then equations (1) and (2) can be rewritten as:

dvg

dt

™

9(Ug —94)?Cp(s,7)-Iv — Fu- 7% —Ro - cos(zg) (4)
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=g (5)
60 Where 94, 7, 7 and s in adiabatic spherical expansi and Lifshitz (1966)) are:

00 e \\\\\le n 79
10 10 r/RN 10 10

: (= )M\ T
P~ v+1 > @
/ ’Y
s - d| 5 (8)
24+ (
Q/” (s ) .
1
. 2 +(y—1)M2\ 1
oo Here M YTyky/mg is the Mach number. An example of the spatial distribution of gas
e para or y=1.33 is given in Fig. 3.
63 Therdimensionless parameters are:
1 ps
Iy — Lpeoalin 3991y (11)

2 my _32RNapd7r\/T*fka/mg
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and
Fu = %(%ﬂ%)z (12)

and

fo= md(vzm“”)2 N Ud%;zf -
Here Q) is the total gas production rate, o4 and pq are the particle cross-section and sp nsity
respectively.

We note that the theoretical maximum velocity of gas expansion could also in
terms of a stagnation temperature 7y and a heat capacity C), as vg"** = /@ his way the
ct kg m=2 s71] is

gas velocity on the sonic surface is v, = /2C,Tp4/ gﬁ and the gas préié

q = pxVs«. Therefore we can rewrite Iv as: Q
1
v=, | 2* Sqfin :E (14)

The second term in this equation is the reciprocal o imensionless similarity parameter char-
acterizing the ability of a dust particle to adjust
(1969 ).

the local gas velocity introduced in Probstein

the particle within the gas flow (i.e. the ability of a dust
particle to adjust to locity);

2. Fu represents t of the comet surface gravitational potential to the flow thermody-

namic poten y, CpTy). This parameter characterizes the efficiency of gravitational
attraction;

3. Ro e ratio of the specific work done by the solar pressure force on the charac-
teristic length Ry to the flow thermodynamic potential. This parameter characterizes the

ibution of solar radiation pressure.

In orderto define Iv, Fu, Ro it is necessary to know: mg, v, Q4 (or p.), Ti, Ry, My, a and pg (or

o4 and mg), Qcp and 7p,.
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3. Results

The present study covers the range of Iv = 10°-1071% Fu = 0.1-107!°, Ro/Fu = 1.0-0.0 and
~v = 1.33 and = 1. For simplicity, we study only the case when cos(zp)=1 (i.e. sunward direction).
The gas velocity is permanently increasing — initially rapidly and then quite slowly. For v=1.33"1%
reaches 0.9 and 0.99 of v;*** at 7=6.4 and 185 correspondingly (see fig. 3). Therefore we, limited
the radial size of the computational domain to # < 103. For numerical integration of the system
defined by equations (4) and (5) we used the Bulirsch-Stoer method (Press (1986)).

The condition that the grain could be lifted from the surface is:

%CD(\/W,(;) ‘Tv > Fu+ Ro (15)

For =1, v=1.33 and Ro = 0 this condition is: 0.794 Iv > Eu.

If we neglect the solar pressure force (i.e. Ro = 0), the maximum liftable size a4, is:

~3QymyCp(\/7/2. 0] ek /mg (16)

@maz = 32pd7TMNG
and amqy = 1.075 - 1072Qg/Tumy [ (paMndufor 0=1p~=1.33.

3.1. Case when Ro=0

Let us first study the case when/the solar/pressure force could be neglected (i.e. Ro = 0). The
accelerating aerodynamic force decreases with the same rate as the decelerating gravity attraction
and therefore if a particle ds lifted from the surface then it is continuously and monotonously
accelerating.

Fig. 4 shows the particlewvelocity ¥4 and transit time # at the distances 7=10, 10? and 103 (the
particle velocities"at 7= 10% and 10° are practically indistinguishable and therefore shown only for
7 = 10%). For the maximum values of Iv the grain velocity at # = 10 and the gas maximal velocity
are very [close. For Iv > 1 the velocity of a particle at # = 10% is practically the same for any
Fu < 1. Ferlv’< 1 the velocity of the particle is very sensitive to Fu and is considerably smaller
then the gas velocity. This is intuitively correct from inspection of equation (14), which shows that
Iv is préportional to ¢/a.

Though the gas and dust velocity permanently increase at large distance their acceleration is

very small and therefore as a terminal velocity of the particle (v]***) we take vq at 7 = 103. Fig. 5
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Figure 4: Particle velocify 94 at =10 (top left), particle velocity 74 at # = 103 (bottom left) and transit time ¢ (top
right) for = 1.33 and 6=1.0 (color numbers indicate the corresponding log;y(Fu)).
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Figure 5: Distance (left) and time (right) when the particle reaches 0.9 and .0.99 of the terminal velocity for v = 1.33

and 6=1.0 (color numbers indicate the corresponding log;q(Fu)).

shows the distance and transit time when @4 reaches 0.95and 0.99-0f the velocity at # = 103. For the
maximum values of Iv the particle reaches 0.9 and 0.99 of‘the’terminal velocity at 7 = 6 and 116.5,
correspondingly. For Iv > 1 this distance does not depend-on Fu (for Fu < 1) but for Iv < 1 it is very
sensitive to Fu. It is interesting to note that the distance where the particle acceleration practically
finishes (i.e. vg =~ const) has three charactetistic ranges of Iv. For Iv > 10%, it assymptotically
approaches 7 &~ 6 for 0.9 of v (et"7 ~4116.5 for 0.99 - v7'%%). For Iv < 1072 it assymptotically
approaches 7 & 5.6 (or 7 ~ 51.740r'0.99 - »7%). In the range 1072 < Iv < 10* the variation of this
distance is non-monotonic with ‘minimum 7 ~ 3.5 (or 7 ~ 30 for 0.99 - v]***) at Iv =~ 3.162.

In the above discusséd cases the initial velocity of the particle was 99=0. Now we study the
cases when the particle has initial velocities from 0 up to 0.5. For a sonic source the gas velocity on
the surface is: U= \/—% = 0.376, for yv=1.33. Note that we included also the case when the initial
particle velocity is gréater than the gas velocity at the surface (case 9} = 0.5). Fig. 6 shows the
particle velocity 94 at the distances =10 and 103 and it allows us to estimate the influence of the
initial veloecity=at various Iv and Fu. For Iv > 1 a non-zero initial velocity is undetectable already
at 7 =A0.7But for Iv < 1, depending on Fu, the non-zero initial velocity may affect the particle
velocity up to the external boundary of the region. The lower is Fu, the more noticeable is the

influence of an initial velocity; this is particularly evident for the low values of the initial velocity.

10

t/At
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The color of the lines and labels corresponds to log;y(Fu), the pattern of lines andwvalues of labels correspond to fzg.

For example, at Iv < 107 and Fu < 10~ the initial welocity f)g > 1072 (and at Iv < 1072 and
Fu < 1072 the initial velocity 09 > 0.1) remains practically constant until exiting from the region.
In the case Iv < 1072 and Fu = 107! the particle withyan initial very high velocity 95 = 0.5 even

decelerates.

3.2. Case when Ro >0

Here we study only the case whenos(2g) = 1 (i.e. sunward direction) and Fu > Ro. To simplify
results representation, we express the solar pressure force as a fraction of the gravity force on the
surface, which is equivalent to Ro/Fu. Since gas and dust velocity for 7 > 6 vary not much and the
first term in eq.4 decfease asyi~ 2, the ratio Ro/Fu allows one to estimate the distance at which the
solar pressure forée starts to be sizeable.

The presence of non-zero solar pressure force, which does not decrease with distance, leads to
a final deceleration of the particle motion. Fig. 7 shows the particle velocity 04 at distances #=10
and 103, the transit time ¢ at distances 7=10, 10% and 103, the particle maximal velocity, and the
distance and time when it is reached. For this figure, if the particle did not start deceleration before
7 = 103y 'the particle velocity at the exit of the region is taken as the maximal velocity D

At the distance 7=10 there is no remarkable variation of velocity for 0 < Ro/Fu < 0.1. But

at the distance #=103 the distinction in velocity increases with increase of Fu. It should be noted
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that since we use same ratios Ro/Fu in all cases, withyincreasing of Fu grows Ro as well. Fig.
7 shows the distance where 97'%% is acquired (for Ro/Fu£0 this is 7 = 10%) and the transit time

»Hmax

required to achieve The transit time depends weakly on Iv < 1 for the given Fu and Ro.

Note also that the transit times and the distances, where 0'" is acquired are similar for the same
Ro independently on Fu.

Fig. 8 shows the distance and titne when/the particle decelerates down to zero velocity. With
growth of Iv the distance and transit time to the apex of the trajectory (where 93 = 0) become

similar for the same Ro irrespective of Fu (since the value of Fu relative to Iv decreases).

4. Conclusion

The dust flow presenves typical general features regardless the particular coma model and the
characteristics of theseal cometary coma. We have presented an elementary model of particle motion
in a spherically expanding flow parametrized by three dimensionless parameters (Iv, Fu, Ro). This
model“éould be used as a reference model for the comparison of more sophisticated cometary dust
coma models. It can also be used for rough estimations of the asymptotic behaviour of particle
motion (terminal velocity, and distance and time when it is reached).

We intentionally skip the processes in the layer close to the surface since they are strongly

13
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dependent on the local properties (irregularity and inhomogeneity of the nucleus). For the same
reasons, in the case when dust grains have an initial velocity, we have omitted any discussion of the
reasons how such an initial velocity might occur.

For evaluation of the aerodynamic force we used a spherically expanding flow of an ideal perfect
gas. This idealized model of the flow practically never happens in real cometary atmosphére (non-
equilibrium and rarefied) but it physically preserves integral properties of the real flow, on a large
scale correctly.

We would like to emphasize that the model, being oversimplified, cannot be*used,as a cometary
coma model. But, based on the results presented, it is possible to estimate the relative influence
of the main factors (aerodynamics, gravity, solar pressure, initial velocity).affecting every dust flow
and reveal processes similarity.

OSIRIS data constrain the dust acceleration limited withinfsix auclear radii for a broad range

of particle sizes (Gerig et al., 2018), in agreement with ourmodels
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