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Numerical Study of Behavior of Outgas
from Heat Shield of Solar Probe
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When a solar probe penetrates into the solar corona for in-situ observation of the solar wind, the graphitic heat
shield temperature is expected to increase to over 2000 K and surface sublimation will occur. The sublimation
gas is numerically studied by using the direct simulation Monte Carlo method. The length scale and the Knudsen
number are evaluated with respect to the interaction phenomena between the solar wind and the outgas from
the heat shield. When the total sublimation rate and the number density of the solar wind are large, the velocity
distribution function of the solar wind around the probe is expected to become quite different from that of the
undisturbed freestream due to molecular collisions. Numerical results indicate that the total sublimation rate
must be 10−6 kg/s or lower to avoid serious errors in the solar wind measurements. Thermal analyses show that
the inclined graphitic disk heat shield can satisfy this requirement. Detailed rarefied flow simulation is also made
around the spacecraft consisting of the heat shield and the main body. Favorable location for the sensor is discussed
from a viewpoint of the solar wind observation.

Nomenclature
cav = average molecular speed
cmp = most probable molecular speed
d = molecular diameter
J = mass flux per unit time and unit area
K n = Knudsen number
L = length scale for interaction between solar wind and

sublimation gas cloud
M = molecular weight
m p = particle mass
n = number density
peva = equilibrium vapor pressure
q = solar radiative heating per unit area
R = universal gas constant
Rs = solar radius
S = area of heat shield
T = temperature
x = distance between solar probe and heliocenter
λ = mean free path

Subscripts

i = i th species
sub = sublimation gas
w = condition at wall
∞ = freestream condition of solar wind

I. Introduction

T HE mechanism of the acceleration and heating of the solar wind
in the corona is one of the most important unsolved problems

in space science. Close-approach in situ observations are expected
to give us a key to solve the problem. Though the solar probe mis-
sion has been studied for more than two decades,1−7 technical and
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financial difficulties have prevented its realization. However, recent
technological advancements in the trajectory design, down-sizing
of the spacecraft instruments, thermal protection, and so on, enable
one to plan a low-cost small solar probe mission.4,5

One of the most critical problems of the solar probe is the de-
sign of the heat shield to protect the instruments of the spacecraft
from severe heating of the solar radiation at close approach to the
sun. When its scientific objectives are considered, the probe must
penetrate into the solar corona and the minimum distance from the
heliocenter is expected to be 3–5 solar radii Rs. In the case of 4Rs,
the heat flux of the solar radiation will become about 4 MW/m2,
which is in the same order as the aerodynamic heating of Earth’s
re-entry. At present, a heat shield fabricated from carbon–carbon
(C/C) or graphitic material seems promising from the viewpoints of
thermal resistibility and low mass density.4 During the solar flyby,
however, the heat shield temperature is expected to increase to over
2000 K and outgassing from the heat shield will occur due to sur-
face sublimation. When the sublimation rate is high, a thick cloud
of the sublimation gas will be formed around the spacecraft. It will
significantly interact with the solar wind through molecular colli-
sions. For this situation, the properties of the solar wind detected
by the sensors on the probe are expected to be quite different from
those of the undisturbed freestream, becoming a major problem for
the solar probe mission. Consequently, the effect of the outgassing
on the coronal environment must be evaluated in the design of the
solar probe. In the previous studies of solar probe design, it has
been pointed out that the total sublimation rate from the heat shield
must be limited to limit interference with science instruments.4,5

However, the main concern was in the measurement error due to
the presence of the sublimation gas in the vicinity of the scientific
sensors. The behavior of the outgas from the heat shield in the solar
wind has not been well understood. The effects of the sublimation
gas should be qualitatively and quantitatively investigated by rar-
efied gasdynamics analyses from the viewpoints of 1) the interaction
between the solar wind and the sublimation gas and 2) their behavior
around the spacecraft.

In the present study, the rarefied flows of the sublimation gas and
the solar wind are numerically studied with the direct simulation
Monte Carlo (DSMC) method, because the number density of the
solar wind is quite low even in the corona. The research objectives
are as follows: 1) to identify a favorable configuration for the solar
probe heat shield from the viewpoint of reducing the sublimation
rate; 2) to clarify the feature of the rarefied flow environment around
the solar probe; 3) to investigate how the solar wind properties are
affected by the interaction with the sublimation gas cloud around
the probe, and to determine the maximum allowable sublimation
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Fig. 1 Design concept of heat shield with elliptic and circular disks.

rate from the viewpoint of the solar wind observation; and 4) to ob-
tain the detailed flow structure around the spacecraft configuration,
and to identify the location of sensors suitable for the solar wind
observation.

II. Shape of Heat Shield for Solar Probe Mission
For the solar probe, two types of heat shield configuration have

been proposed, that is, the conical type1,3,6,7 and the dish type.4,5

In the present study, we consider the heat shield consisting of two
disks as shown in Fig. 1. Note that this is an outdated design and that
the conical geometry is currently considered for the solar probe.7

The primary shield (disk 1 in Fig. 1) is an elliptic disk inclined at
angle θ to the solar direction. It is set in front of the secondary shield
(disk 2) at distance h measured along the centerline of disk 2. The
secondary shield is a circular disk with radius r2. Behind disk 2, the
main body of the spacecraft is located. For simplicity of analysis,
these disks are assumed to be flat. We set the allowable solar angle
β considering the viewing angle of the edge of the photosphere
from the spacecraft at the closest approach to the sun. In the present
study, we assume that r2 and the length of the main body are 0.5
and 1 m, respectively, after the studies in Refs. 4 and 5. The angle
β is set as 15 deg, assuming that the distance between the probe
and the heliocenter is 4Rs at the closest approach. Once the values
of θ and h are given, the configuration of disk 1 is automatically
determined so that the whole body is in the umbra of half-angle β.
On the backside of disk 2, no heat transfer and no sublimation are
assumed.

The radiative heating per unit area from the sun is predicted by
the relation3

q = q0(Rs/x)2, q0 = 6.24 × 107 W/m2 (1)

where Rs and x are the solar radius and the distance from the he-
liocenter to the probe, respectively. When it is assumed that the
temperature is uniform on each disk due to high thermal conduc-
tivity of the graphitic material, the shield temperature is predicted
by considering the energy balance of the incoming solar flux, the
radiative cooling, and the radiative heat transfer between two disks.
The radiative heat transfer is calculated by using the configuration
factor,8 which represents the ratio of the radiative flux reaching one
disk to the total heat flux radiated from the other disk. The con-
figuration factor is calculated by numerical integration considering
the geometric relation between these disks. The ratio of the solar
absorptance to emittance is set as unity, which is a good approxima-
tion for the graphitic material at around 2300 K (Ref. 9). The latent
heat of sublimation is ignored because it is much smaller than the
solar radiation and the reduction in the heat shield temperature by
the latent heat is smaller than 1%, even when the probe is located
at 2.5 Rs and the sublimation rate is much larger than the nominal
case.

When the temperature of the graphitic material becomes high at
close approach to the sun, sublimation occurs and the gases of C ,
C2, C3, and so, on are injected at the surface to the ambient. The
sublimation rate is estimated from the wall temperature Tw by the

Fig. 2 Effects of disk distance on inclination angle and temperature of
heat shield.

Hertz–Knudsen–Langmuir relation,10

Jsub =
∑

i

αi peva,i√
2π(R/Mi ) Tw

, i = C, C2, C3, . . . (2)

where α, M , and peva are the sublimation efficiency, molecular
weight of the sublimation gas, and the equilibrium vapor pressure,
respectively. In the present study, the sublimation parameters in
Ref. 10 are used. The dominant species of the sublimation gas is
monatomic carbon for temperature lower than about 2500 K. The
effect of the ambient pressure on the sublimation rate is ignored
because the wall pressure induced by the molecular collision in the
vicinity of the surface is much smaller than the equilibrium vapor
pressure under the heating environment at the perihelion. In fact,
the rarefied flow analyses show that the reduction in the sublima-
tion rate due to the wall pressure is smaller than 3% even when the
probe is at 2.5Rs.

We assume that the minimum distance between the solar probe
and the heliocenter is 4Rs in the nominal case. Considering the
effects of interaction between the solar wind and the sublimation gas
cloud, as discussed later, we set the limit for the total sublimation rate
as 2 × 10−6 kg/s, which seems consistent with the design constraint
(2.5 × 10−6 kg/s) in the study at NASA Jet Propulsion Laboratory
(JPL).4 Figure 2 shows the variation of the minimum inclination
angle θ and the temperature of disks 1 and 2 with the distance h
for this constraint to be satisfied at 4Rs. The temperature of disk
1 and the sublimation rate are reduced by inclining disk 1. The
total sublimation rate is given as the product of the sublimation
rate per unit area and the heat shield area. The latter increases and
the former decreases more rapidly with the increase in the angle θ .
Hence, the minimum inclination angle is calculated for distance h.
When the distance h increases, the temperature of disk 2 decreases
because the solid angle of disk 1 viewed from disk 2 becomes small.
However, the area of disk 1, the length of supporting rods (Fig. 1),
and, consequently, the mass of the heat shield increase. In the present
study, we assume the maximum allowable temperature of disk 2 to
be 1500 K. To minimize the heat shield mass, the values of θ and h
are determined as 38.5 deg and 2.3 m, respectively. In this case, the
semimajor and semiminor radii of disk 1 are 1.5 and 1.15 m. The
spacecraft shape in Fig. 1 is drawn assuming these values. The flow
analyses in the present study are made for this configuration, which
is similar to the solar probe considered in the study at JPL.4

III. Method of Analysis for Rarefied
Flow Around Solar Probe

To investigate the effects of outgassing from the heat shield, the
rarefied flow enveloping the solar probe is numerically analyzed.
There are two length scales associated with the outgassing. In the
near-field analysis with a length scale of the spacecraft size, our
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main concern is to clarify the rarefied gas environment in the vicin-
ity of the solar probe, for example, determining the location of the
sensors for solar wind observation. On the other hand, the inter-
action phenomena between the solar wind and the sublimation gas
cloud are expected to occur for a length scale larger than the space-
craft size because the velocity of the solar wind is extremely high
and the distance between collisions may be quite large. To clarify
such phenomena, the far-field analysis with a large length scale is
necessary. In the present study, two types of rarefied gas simulations
are conducted with two different length scales as discussed in the
following sections.

A. Near-Field Analysis
1. Length Scale Consideration

In the near-field analysis, the length scale of the phenomena de-
pends on the behavior of the sublimation gas near the surface of the
heat shield. In this section, we only consider a flat graphitic disk set
normal to the solar direction. To judge whether the flow of the subli-
mation gas is free molecular, it is necessary to calculate the smallest
mean free path, which is obtained for this condition. The equilib-
rium temperature is calculated as a function of the distance from
the heliocenter, by considering the solar radiation given by Eq. (1)
and the radiative cooling from both sides of the heat shield. As the
sublimation gas species, only monatomic carbon is considered be-
cause the wall temperature is lower than 2500 K in the nominal
case and the dominant species of the sublimation gas is monatomic
carbon in such temperature region. When it is assumed that the sub-
limation gas is injected with the Maxwellian velocity distribution
at the wall temperature Tw , the number density of the sublimation
gas at the surface is predicted by using the mean injection velocity
vw as11

nw = (Jsub/m p)/vw, vw =
√

(R/MC )Tw/2π (3)

where m p is the mass of the sublimation gas particle and the sub-
limation rate per unit area Jsub is given by Eq. (2). In the present
study, the hard sphere model12 with the constant particle diameter
d of 3.4 × 10−10 m is used for monatomic carbon.13 Then the mean
free path is calculated by the relation14

λ = 1
/√

2π d2nw (4)

The variations of the equilibrium wall temperature and the mean
free path with the distance between the probe and the heliocenter are
shown in Fig. 3. When the distance from the heliocenter becomes
smaller than 3.5Rs, the mean free path is smaller than 3 m, which is
almost the same as a length scale of the spacecraft. In the near-field
analysis, the Knudsen number is defined as the ratio of the mean
free path to the spacecraft size. Consequently, in the case of close
approach at smaller distance than the nominal (4Rs), the Knudsen

Fig. 3 Variations of equilibrium wall temperature and mean free path
with distance from heliocenter.

Fig. 4 Comparison of various types of forces acting on heat shield per
unit area.

number becomes smaller than unity. In such a case, the flow around
the spacecraft cannot be taken as free molecular, and the collision
between particles must be considered in the analyses.

When the sublimation gas is not free molecular, the heat shield
surface pressure is enhanced due to the molecular collision. The
wall pressure is compared with the solar radiation pressure, thrust
due to the mass injection of sublimation, and the dynamic pressure
of the solar wind in Fig. 4. To calculate the wall pressure, two-
dimensional flow of the sublimation gas around a heat shield is
analyzed by the DSMC method. As the heat shield, a flat plate
of width 1 m is assumed to be set normal to the solar direction.
Detail of the analysis is described in Ref. 15. In the present study,
we assume that the solar wind is in the same direction as the solar
radiation, though the direction of the solar wind does not necessarily
coincide with that of the solar radiation due to the effect of the sun’s
rotation. The oblique impact of the solar wind at the heat shield
may occur even when the heat shield is set normal to the solar
radiation. The dynamic pressure of the solar wind is so small that
the impact pressure is negligible in comparison with the other types
of forces. When the distance from the heliocenter is smaller than
3Rs, the injection thrust becomes the largest force. The wall pressure
is smaller than the injection thrust, but it increases more rapidly than
the injection thrust with the decrease in the distance from the sun.
The wall pressure also depends on the size of the heat shield. Larger
wall pressure will be generated for larger heat shield because the
Knudsen number decreases and the molecular collision becomes
more frequent. Consequently, the wall pressure and the injection
thrust are negligible unless the solar probe flies at smaller distance
from the heliocenter than the nominal (4Rs).

2. Method of Numerical Simulation
To describe the three-dimensional complicated configuration of

the solar probe (Fig. 1), we use the overset grid system shown in
Fig. 5a. It consists of the background grid and four subgrids, each of
which is generated around each part of the spacecraft body. Though
the heat shield has circular or elliptic shape, orthogonal rectangular
prism cells are used to keep the cell volume and shape uniform in
each subgrid.

To simulate the rarefied flow of the solar wind and sublimation
gas around the spacecraft, we use the DSMC method12 with the
modified Nanbu scheme.16 In the DSMC method, the calculation
at each time step is divided into two procedures, that is, update
of the particle position by the translational motion and update of
the molecular velocity by the collisions between particles. In the
modified Nanbu scheme, the velocity of all of the test particles is
updated once in each time step, after all of the collisions in the
computational domain are calculated. Such an explicit procedure in
the collision calculation is suitable for the overset grid system. To
avoid double counting of the collision both in a subgrid and in the
background grid, collisions of particles located in the overlapped
region are calculated only once in a subgrid at each time stepping.
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a)

b)

Fig. 5 Overset grid system around solar probe with inclined primary
heat shield disk: a) subgrids in background grid and b) multilevel back-
ground grids for near-field analysis with solar wind.

Monatomic carbon is considered as the sublimation gas. When
the sublimation rate is assumed, the sample particles for the subli-
mation gas are injected uniformly from the heat shield surface with
the Maxwellian velocity distribution function at Tw . In the case
with solar wind, we also consider monatomic hydrogen as the solar
wind particles. The direction of the solar wind relative to the space-
craft is determined considering the attitude of the spacecraft and
its trajectory is explained in Sec. IV.C and shown in Fig 5a. In the
present study, the electromagnetic effects on the charged particles
are not considered, although the dominant compositions of the so-
lar wind are proton and electron. Chemical reactions including the
electron impact ionization are also ignored. Consideration of these
effects is left for future work. However, such a simplified model is
expected to be capable of describing the essence of the phenom-
ena, that is, the interaction between the solar wind and sublimation
gas cloud though molecular collisions. For further simplification,
the hard sphere model with the constant diameter of 3.4 × 10−10 m
is used for both species. The effect of the molecular diameter is
discussed in the far-field analysis. At the collision calculation, the
difference in the particle mass between the solar wind and the sub-
limation gas is taken into account. The solar wind particles coming
into the computational domain are given by the Maxwellian distri-
bution function for the freestream condition. The sample particles
going out of the computational domain are deleted from the calcu-
lation. For the gas–surface interaction, a diffusive wall is assumed
for both species. Although there are a wide range of uncertainties in
the gas–surface interaction model, their effects are expected to be
negligible on the observation of the energetic particles in the solar
wind because the velocity of the reflected particle is much lower
than the freestream velocity and the molecular collision is not sig-
nificant even in the vicinity of the surface in the present cases. In the

case that only the sublimation gas is considered, the time step size is
determined to be 40% of the mean collision time. In the case with the
solar wind, the timescale for translation motion is much smaller than
that for the collision because of extremely high velocity of incoming
solar wind particles. The time step size is determined by setting the
Courant number for the mean freestream velocity as 0.5. For the
case without the solar wind, the size of the computational domain
and the number of the computational cells are 20 × 20 × 20 m3 and
50 × 50 × 50, respectively. The total number of the sample particles
in the computational domain is about 600,000. For the case with the
solar wind, the size of the computational domain is 60 × 60 × 60 m3,
which is sufficiently larger than the length scale of the interaction
between the solar wind and the sublimation gas. When the uniform
grid is used, it is difficult to have a sufficient number of test parti-
cles in each cell of the background grid especially in the far field
because the number density of the solar wind and the sublimation
gas rapidly decreases with the distance from the spacecraft. To over-
come this problem, the background grid is divided into three levels
as shown in Fig. 5b. At each level, the computational domain is
uniformly divided into 36 × 36 × 36 cells. The total number of the
sample particles in the computational domain is about 900,000.

To assess the credibility of the present overset grid method, we
have solved a test problem beforehand. As the test problem, the
rarefied flow around a circular disk with the sublimation gas in-
jection in the solar wind is solved. The radius of the disk is 1.5
m. The freestream condition, the wall condition, the cell size, and
the number of the test particles are the same as those in the near-
field analysis with the solar wind except the body shape. For this
configuration, the flow can be solved by either the single (equal to
the nonoverset) grid or the overset grids. In the single-grid case, the
Cartesian grid is used. The disk is set normal to the x axis and the
solar wind comes in the x direction. In the overset grid case, the sub-
grid generated around the disk is put in the background Cartesian
grid at 45 deg inclined to the x axis. The direction of the freestream
is also inclined at 45 deg to the x axis. If the solution by the present
overset grid method is correct, its solution will coincide with that of
the single grid by rotating the coordinates by 45 deg because both
the single-grid case and the overset-grid case essentially describe the
same flow. We compare the density distribution of the solar wind
along the centerline of the disk and evaluate their agreement by the
integrated-and-normalized density difference, which is defined as∫ |nsingle − noverset| dxC∫

nsingle dxC

where xC denotes the coordinate along the centerline. The integra-
tion is numerically calculated by the linear interpolation method.
When the size of the subgrid cells around the body is 0.25 m, the
integrated-and-normalized density difference is 0.031. When the
statistical error inevitable to the DSMC method is considered, this
value is sufficiently small and it is confirmed that the present overset
grid method works well for the rarefied flow conditions considered
in the present study.

To check the convergence of the solution, the effect of the cell
size is investigated. The effects of the number of time steps for data
sampling and the number of test particles are discussed in the far-
field analysis in Sec. IV.B. The same flowfield as in the credibility
check is solved by the overset grid method varying the cell size of
the subgrid from 1.0 to 0.2 m. The grid convergence is evaluated by
the integrated-and-normalized density difference, which is defined
as ∫ |n − n0.2| dxC∫

n0.2 dxC

where subscript 0.2 denotes the solution by using the finest grid.
The integrated-and-normalized difference decreases with the cell
size, and it becomes 0.04 for the cell size of 0.25 m. For the near-
field analysis around the solar probe, the cell size of the subgrids is
determined to be 0.25 m.
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B. Far-Field Analysis
1. Length Scale Consideration

In the far-field analysis, the interaction between the solar wind
particles and the sublimation gas particles is considered. At present,
the properties of the solar wind in the corona are not well understood.
However, according to the semiempirical model of the environment
in the solar corona,17 the mean velocity V∞ and temperature T∞ are
around 100 km/s and 106 K, respectively. The number density n∞ is
expected to be in the range between 1012 and 1014 m−3. To consider
a severe case with respect to the interaction between the solar wind
and the sublimation gas cloud, we assume 1014 m−3 as the number
density in the corona because higher coronal density results in more
significant interaction as explained later. Hence, the mean velocity,
the temperature, and the number density are set as 100 km/s, 106 K,
and 1014 m−3, respectively, for the nominal freestream condition of
the solar wind in the corona. In the present study, we assume that the
solar wind is in the same direction as the solar radiation, although
the direction of the solar wind does not coincide with that of the
solar radiation due to the effect of the sun’s rotation.

To begin with, the length scale of the phenomena must be deter-
mined. The sublimation gas injected from the heat shield spreads
around the spacecraft and forms a cloud. When the size of the cloud
and the number density in it are large, the solar wind particles will
collide with the sublimation gas particles many times before they
have passed through the cloud. Although the solar wind is a plasma,
the neutral monatomic hydrogen is assumed as the component of the
solar wind. The effects of charged particles and the presence of
the electrons are ignored. Monatomic carbon is considered as the
sublimation gas in the same way as in the near-field analysis. For
simplicity of formulation, the hard sphere model is used for both
the sublimation gas and the solar wind particles. The diameter of
the solar wind particle is assumed to be the same as that of the sub-
limation gas (3.4 × 10−10 m), although the molecular diameter of
monatomic hydrogen is 2.7 × 10−10 m in Ref. 13. The effect of the
use of the equal cross section diameter is discussed later.

We consider that the sublimation gas is injected at the rate Jsub

from the area S as shown in Fig. 6. Also, we assume that the sub-
limation gas is free molecular because the mean free path is larger
than the spacecraft size in the nominal case as shown in Fig. 3. We
consider the balance of mass flux between the sublimation gas in-
jection and the outflow through a hemisphere with radius r (Fig. 6).
When the radius is much larger than the size of the heat shield, it
can be taken as a point source of gas injection. The number density
at radius r and zenith angle φ is proportional to cos φ and inversely
proportional to the square of r . Consequently, the number density
is obtained as

n = Jsub S cos φ

m pπr 2Cav

(5)

where Cav is the average molecular speed14 of the gas in equilibrium
at temperature Tw ,

Cav =
√

8(R/MC )Tw/π (6)

In the far-field analysis, we assume that the heat shield is set normal
to the solar direction. The results of the far-field analysis are not
sensitive to the angle of the heat shield to the solar wind because the
sublimation gas forms a cloud enveloping the spacecraft. The length
scale L is defined as the distance between the source of gas injection

Fig. 6 Schematic of sublima-
tion gas injection model.

and the point at which the number density of the sublimation gas is
equal to that of the solar wind on the centerline, φ = 0. The length
scale L is calculated by setting φ = 0 and n = n∞ in Eq. (5) as

L =
√

Jtotal

8πn∞m p

√
2π

(R/MC )Tw

(7)

where n∞ and Jtotal are the number density of the solar wind and the
total sublimation rate, respectively. When it is considered that the
sublimation gas is injected to both sides of the heat shield, the total
sublimation rate is evaluated as 2 Jsub S. The mean free path is defined
as the product of the mean collision time and the average traveling
speed of the molecule. To make a more severe evaluation with re-
spect to the collision effect, we should choose the formulation to give
a smaller value for the mean free path. When the collision between
the high-speed rarefied gas (solar wind) and low-speed dense gas
(sublimation gas cloud) are considered, the mean collision time and
the average traveling speed are calculated based on the velocity of a
quickly moving particle (solar wind) and on the velocity of a slowly
moving particle (sublimation gas), respectively. When the reference
velocities for the solar wind particle and the sublimation gas are
evaluated as the mean velocity V∞ and the most probable molecu-
lar speed14 Cmp, respectively, the mean free path for the interaction
between the solar wind and the sublimation gas cloud is obtained as

λ = 1
/(

πd2V∞n∞
) × Cmp, Cmp =

√
2 (R/MC )Tw (8)

The Knudsen number referred to the length scale L in Eq. (7) is
given by

K n = λ

L
=

√
2(R/MC )Tw

πd2V∞n∞L
= 2

7
4

π
3
4

1

d2V∞

(
R

MC
Tw

) 3
4
√

m p

n∞ Jtotal

(9)
As seen in Eqs. (7) and (9), the length scale and the Knudsen

number depend on the wall temperature of the heat shield, the num-
ber density of the solar wind, and the total sublimation rate. The
Knudsen number also depends on the mean velocity of the solar
wind. Figure 7 shows the variations of the length scale and the Knud-
sen number with the total sublimation rate for various freestream
conditions of the solar wind. The wall temperature is set as 2500 K.
The effect of the wall temperature is much smaller than the other
factors. The number density of 1014 m−3 corresponds to the nomi-
nal coronal condition, and 1016 m−3 corresponds to an unexpectedly
high-density condition, for example, the case of solar flare. Though
the nominal solar wind velocity in the corona is considered as

Fig. 7 Variation of length scale and Knudsen number with total sub-
limation rate for interaction between solar wind and sublimation gas
cloud.
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100 km/s, the speed of the incoming solar wind relative to the space-
craft motion becomes much higher because the flyby speed of the so-
lar probe at the perihelion is planned to be about 300 km/s according
to the trajectory analysis.7 Equation (9) tells us that high flyby speed
of the solar probe results in more severe interaction between the so-
lar wind and the sublimation gas cloud because the Knudsen number
decreases with the increase in the solar wind velocity. When the total
sublimation rate increases, the Knudsen number decreases and the
interaction becomes more significant. The length scale increases
with the total sublimation rate. In some cases, the length scale is
much larger than the spacecraft size. The increase in the number
density of the solar wind also results in more significant interaction
with smaller Knudsen number. However, the length scale of inter-
action decreases with the increase in the freestream number density.

The Knudsen number is inversely proportional to the cross sec-
tion, and the evaluation of the cross section shows the first-order
effect on the magnitude of the interaction between the solar wind
and the sublimation gas. In the present study, we use the constant
and equal cross section diameter. The present assumption is ex-
pected to result in an overprediction with respect to the collision
effect between the solar wind and the sublimation gas for two rea-
sons: 1) The molecular diameter of monatomic hydrogen is smaller
than that of monatomic carbon. 2) The effective cross section of real
molecules decreases as the relative speed of the colliding molecules
increases.12

With regard to the first point, the molecular diameter of
monatomic hydrogen is 2.7 × 10−10 m in Ref. 13. In the hard sphere
model, the effective cross section diameter is obtained by averag-
ing the cross section diameters of colliding molecules. For collision
between monatomic hydrogen and monatomic carbon, the effective
cross section diameter is 3.05 × 10−10 m and the Knudsen number
becomes 1.24 times larger than that for the equal cross section di-
ameter. The assumption of the equal cross section diameter yields a
smaller Knudsen number and more significant collision effect. From
Eq. (9), the use of the equal cross section diameter is equivalent to
the consideration of larger total sublimation rate by a factor of 1.54.
In other words, the use of the equal cross section diameter corre-
sponds to the consideration of the safety margin of 54% in the total
sublimation rate.

The use of the constant cross section diameter results in con-
siderably severe limitation for the total sublimation rate. When the
variable hard sphere (VHS) model is used with regard to the second
point, the effective molecular diameter is given by12

dVHS = dref

[
(cref/cr )

ω − 1
2

/√
	
(

5
2

− ω
)]

, cref =
√

2kTref/mr

(10)
where mr and cr are the reduced mass and the relative speed, re-
spectively. 	 is the gamma function. The reference temperature Tref

is 273 K. The temperature exponent of the viscosity ω is calcu-
lated as 0.92 and 0.63 for monatomic hydrogen and monatomic
carbon from the data in Refs. 18 and 10, respectively. This means
that the effective cross section diameter for monatomic hydrogen
decreases with the relative speed much more rapidly than that for
monatomic carbon. For the collision between monatomic hydrogen
and monatomic carbon, the relative speed is expected to be as high
as the freestream velocity of the solar wind because the speed of the
sublimation gas is negligible. For such high relative speed, the effec-
tive cross section diameter of monatomic hydrogen is much smaller
than that of monatomic carbon. Consequently, the effective cross
section diameter for the collision between monatomic carbon and
monatomic hydrogen is smaller than the constant and equal cross
section diameter by a factor of 0.5(cref/V∞)0.13 (cref = 2.4 km/s).
This factor becomes 0.31 for V∞ = 100 km/s. From Eq. (9), the use
of the constant and equal cross section diameter is equivalent to the
consideration of about 100 times larger total sublimation rate in the
VHS model. Because the Knudsen number is inversely proportional
to d2V∞ in Eq. (9), the Knudsen number is proportional to V −0.74

∞ for
the VHS model. The trend that the Knudsen number decreases with
the freestream velocity as seen in Fig. 7 is still observed even when
the VHS model is used. However, the difference between the results

of V∞ = 100 and 300 km/s becomes smaller than the hard sphere
model. When the wide range of uncertainties in the analysis model is
considered, the assumption of the constant and equal cross section
diameter makes the evaluation of the allowable total sublimation
rate to be severe enough to meet various unexpected situations.

Figure 7 is very convenient for rough predictions about the extent
of the interactions between the solar wind and the sublimation gas.
We consider the interaction effect to be intolerably severe for solar
wind observation, when the Knudsen number is smaller than unity.
To determine the maximum allowable total sublimation rate with
some safety margin, the freestream density of the solar wind is set as
1016 m−3, considering the case of unexpectedly high density. From
Fig. 7, the maximum allowable total sublimation rate is determined
as about 10−5 kg/s.

2. Method of Numerical Simulation
To simulate the interaction between the solar wind and the sub-

limation gas, the DSMC method with the modified Nanbu scheme
is also used in the same way as in the near-field analysis. In the far-
field analysis, the solar probe is described as the point-source lo-
cated at the center of the computational domain with the size
10L × 10L × 10L (L is the length scale of the phenomena given
in Eq. (7)). The computational domain is uniformly divided into
40 × 40 × 40 cells. The sample particles for the sublimation gas are
injected at a specified total sublimation rate with the Maxwellian
velocity distribution function from the point-source in both the so-
lar direction and the opposite direction. The solar wind particles
coming into the computational domain are given by the Maxwellian
velocity distribution function for the freestream condition. The time
step size is determined with the Courant number for the freestream
velocity at 0.5, which corresponds to about 20–60% of the mean
collision time. The total number of the test particles in the compu-
tational domain is about 500,000–700,000.

IV. Results and Discussion
A. Near-Field Analysis Without Solar Wind

Figure 8 shows the number density distribution of the sublimation
gas around the solar probe on the plane of symmetry. In this case,
the solar wind is not considered. The distance between the probe
and the heliocenter is 4Rs, and the radiative heating from the sun
is 3.9 MW/m2. The temperatures of disks 1 and 2 are calculated as
2279 and 1500 K, respectively. The wall temperature of the main
body is assumed to be constant at 300 K. The total sublimation rate
is 1.96 × 10−6 kg/s. The sublimation rate from disk 2 is negligible
in comparison with that from disk 1. The thin dashed lines in Fig. 8
represent the interface lines between a subgrid and the background
grid shown in Fig. 5a. The fact that the contour lines are smoothly
drawn across the interface lines indicates that the present overset grid

Fig. 8 Number density distribution of sublimation gas around solar
probe on plane of symmetry: ——, DSMC results and - - - -, free molec-
ular results.
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system works successfully. It is clearly seen that the sublimation gas
spreads smoothly from the heat shield to the ambient vacuum and
forms a cloud around the solar probe. The maximum number density
is obtained in the vicinity of the wall of disk 1 as 7.3 × 1015 m−3,
which is almost 100 times larger than the number density of the
solar wind in the nominal coronal condition. The Knudsen number
based on the maximum number density and the major diameter of
disk 1, 3 m, is calculated as 85 by Eq. (4). Consequently, the flow
of the sublimation gas around the spacecraft is considered to be free
molecular. The amount of the sublimation gas reaching the base
region behind the main body is quite small. To avoid the measure-
ment noise due to the sublimation gas particles, the sensors should
be located in the base region behind the main body.

The number density distribution of the sublimation gas can be
predicted more easily under the assumption of free-molecular flow.
When Eq. (5) is rewritten in integral form, the number density at an
arbitrary point with radius r and zenith angle φ (Fig. 6) is calculated
as

n =
∫

field of vision

Jsub cos φ

m pπr 2

√
π

8(R/MC )Tw

dS (11)

where the integral is made over the whole surface of the heat shield
in the field of vision from the point. The result of this method is
also plotted by thick dashed lines in Fig. 8. The result by the DSMC
analysis agrees quite well with the result by using Eq. (11) because
the flow of the sublimation gas is almost free molecular, as already
discussed.

B. Far-Field Analysis
Figure 9 shows the number density distribution of the solar wind

particles on the plane of symmetry at freestream velocity 100 and
300 km/s. The freestream temperature and the number density of
the solar wind are 106 K and 1014 m−3, respectively. To clarify the
characteristic features of the interaction phenomena between the
solar wind and the sublimation gas cloud, the total sublimation rate
is set as 2 × 10−2 kg/s, which is much higher than the allowable level.
The sublimation gas is injected in both the solar direction and the
opposite direction with the Maxwellian distribution at temperature
3000 K. When the pattern of the number density distribution is
considered, the length scale of the phenomena is estimated as about
1 km for both cases. This length scale is almost the same as predicted
from Fig. 7. In the case of 100 km/s, the number density of the solar

a)

b)

Fig. 9 Number density distribution of solar wind particles at
freestream velocity a) 100 km/s and b) 300 km/s.

Fig. 10 Effect of freestream velocity and total sublimation rate on
velocity distribution function observed at solar probe.

wind increases by about 5% in front of the probe due to the collision
with the sublimation gas cloud. In the wake region behind the solar
probe, the number density decreases by 7–8%. Such flow features
are also observed in the case of 300 km/s. However, the density
decrease in the wake region becomes more significant than in the
case of 100 km/s.

The velocity distribution function of the solar wind is one of the
most important measuring items for understanding the mechanism
of the coronal acceleration and heating. The velocity distribution
function of the solar wind particles is calculated at the probe loca-
tion, for various conditions. Sampling of the test particles is made in
a 0.5L cube around it. In the present study, the distribution function
with respect to only the velocity component in the solar direction is
considered. Figure 10 shows the effects of the total sublimation rate
and the freestream velocity on the velocity distribution function. The
distribution function is normalized by the peak value of the distri-
bution function in the freestream. The horizontal axis is the thermal
velocity, which is defined as the difference from the mean velocity.
The number of particles at lower velocity increases and that at higher
velocity decreases in comparison with the distribution function of
the freestream. This fact indicates that the solar wind is deceler-
ated by the molecular collision with the sublimation gas cloud. The
properties of the solar wind observed at the probe become different
from those of the undisturbed freestream due to the presence of the
sublimation gas cloud. To obtain almost the same distribution as the
undisturbed freestream at the probe, the total sublimation rate must
be reduced to 2 × 10−4 kg/s. In the case of the freestream velocity
300 km/s and the total sublimation rate 2 × 10−2 kg/s, a plateau is
clearly seen in the left foot of the distribution function. The plateau is
still observed even when the total sublimation rate is 2 × 10−4 kg/s.
Such a pattern is observed only in the case of supersonic inflow. It
disappears when the flow is subsonic at Mach number 0.85 for the
case of 100 km/s.

The accuracy of the solution by the DSMC method depends on the
number of time steps for data sampling, the number of the test parti-
cles, and the cell size. In the present study, these parameters are deter-
mined after a series of test calculations. As a test problem, the solar
wind flow shown in Fig. 9b is selected. The freestream velocity, den-
sity, temperature, and total sublimation rate are 300 km/s, 1014 m−3,
106 K, and 0.02 kg/s, respectively. We compare the integrated-and-
normalized difference in the velocity distribution function of the
solar wind at the probe location for various computational parame-
ters. The integrated-and-normalized difference, which is defined as∫ | f − fref| dc∫

fref dc

(where fref and c are the result shown in Fig. 10 and the molecular
velocity, respectively) becomes smaller than 0.02 when the number
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Fig. 11 Effect of freestream number density and total sublimation rate
on velocity distribution function observed at solar probe with freestream
velocity 100 km/s.

of time steps for data sampling becomes larger than 5000. As for
the number of the test particles, we found that the averaged parti-
cle number per cell must be larger than 3 for the integrated-and-
normalized difference to be smaller than 0.03. When the cell size
becomes smaller than 0.3L , the integrated-and-normalized differ-
ence becomes smaller than 0.03. Further reduction in the integrated-
and-normalized difference is not obtained by increasing the number
of time steps, the number of test particles, or decreasing the cell
size because of a statistical error in the DSMC method. In the far-
field analysis, the computational parameters are set to satisfy the
preceding convergence criteria.

Figure 11 shows the effect of the freestream number density of the
solar wind and the total sublimation rate on the velocity distribution
function. The freestream velocity is 100 km/s. The distribution func-
tion at the total sublimation rate 10−4 kg/s and the number density of
the solar wind 1016 m−3 is similar to that at 10−2 kg/s and 1014 m−3.
With regard to the interaction between the solar wind and the sub-
limation gas cloud, the increase in the freestream number density
causes the same effect as the increase in the total sublimation rate.
This fact is already predicted in Eq. (9), where the Knudsen number
depends on the product of n∞ and Jtotal. When it is considered that
there is a large uncertainty in the number density of the solar wind
in the corona, it is recommended that the maximum allowable value
for the total sublimation rate should be in the order of 10−6 kg/s
or lower for the sensors to still work in unexpectedly high-density
corona such as 1016 m−3.

We evaluate the difference in the velocity distribution function of
the solar wind from the undisturbed freestream by the observation
error defined as

observation error =
∫ | f − f∞| dc∫

f∞ dc
(12)

where f∞ is the Maxwellian distribution function in the freestream
and the integral is made over the whole velocity space. The variation
of the observation error with the total sublimation rate is shown
in Fig. 12 for various freestream conditions. The observation error
mainly depends on the total sublimation rate and the coronal density.
The error also increases with the increase in the freestream velocity,
but its effect is not so large as that of the other factors. From Fig. 12,
the total sublimation rate should be smaller than 2 × 10−6 kg/s for
the observation error to be smaller than 5% even in the case of high
density corona at 1016 m−3.

C. Near-Field Analysis in the Presence of Solar Wind
To find an appropriate location for the sensors, the near-field anal-

ysis is made in the presence of the solar wind. Figure 13 shows the

Fig. 12 Variation of observation error in velocity distribution function
of solar wind with total sublimation rate.

Fig. 13 Number density distribution of solar wind particles around
solar probe.

number density contours of the solar wind on the plane of symme-
try. The spacecraft shape, the distance from the heliocenter, and the
total sublimation rate are the same as in the case shown in Fig. 8.
The spacecraft is shown to be moving from the top to the bottom of
Fig. 13: At 300 km/s, disk 1 collides with the solar wind at veloc-
ity of 316 km/s, and the incidence, which is the angle between the
freestream vector and the normal vector of disk 1, is 33 deg. Such
high incidence is caused by the high flyby speed and the spacecraft
attitude pointing to the sun. The freestream number density and tem-
perature are set as 1014 m−3 and 106 K, respectively. In this case, the
near-field analysis can detect the interaction phenomena between
the solar wind and the sublimation gas cloud because the length
scale for the interaction is estimated as about 10 m from Fig. 7. Two
types of phenomena are expected in the result, that is, the interaction
between the solar wind and the sublimation gas cloud and the gas–
surface interaction for the incoming solar wind particles. However,
the former is not remarkable because the total sublimation rate is
lower than the allowable level. In the windward side of both disk 1
and the main body, regions of very high density appear. Such re-
gions are not observed in the far-field analysis. They are formed by
reemission of the slowly moving particles reflected at the surface of
the body. In the leeward region, the number density decreases and
the wake is formed behind the spacecraft.

Figure 14 shows the velocity distribution function in the solar
direction at points A–C indicated in Fig. 13. Sampling of the test
particles is made in a 0.83-m cube around each point. Both the so-
lar wind particles and the sublimation gas particles are taken into
account in the distribution function. The sublimation gas particles
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Fig. 14 Effect of measurement location on velocity distribution
function.

are quite slow in comparison with the solar wind particles and are
observed only in the velocity region from −50 to +50 km/s. In the
other velocity regions, the solar wind particles are only observed.
At all of the observation points, a steep peak is seen in the velocity
region around 0 km/s. This peak is formed from the sublimation
gas particles and the slowly moving solar wind particles reflected at
the diffusive wall of the spacecraft. At points A and C, the obtained
distribution function is almost the same as that of the freestream,
except this peak. For particle velocity higher than 50 km/s, no signif-
icant discrepancy from the freestream condition is observed. This
fact indicates that the presence of the high-density regions in the
windward side of the spacecraft does not affect significantly the
measurement of the energetic particles in the solar wind. However,
at point B, which is located in the wake as shown in Fig. 13, the
distribution function is much different from that of the freestream
because some amount of the solar wind particles cannot reach point
B due to the presence of the spacecraft body in front of it. Points A
and B correspond to the case where the sensors for the solar wind
observation are put at the top of the boom and extended sideways
from the base of the main body. Point C corresponds to the case of a
boom extended on the centerline. In the former case, careful control
of the roll angle is always necessary during the solar flyby for the
sensors not to be in the wake of the spacecraft. Consequently, the
sensors for the solar wind observation should be put on the top of
the boom extended from the base of the spacecraft on the centerline
as shown in Fig. 1. For reduction in the observation error caused by
the presence of the sublimation gas particles and the solar wind par-
ticles reflected at the wall, the boom length should be large enough
under the constraint that the boom and the sensors must be in the
shade of the heat shield. In the present case, the boom length of 1 m,
which corresponds to point C, is appropriate.

V. Conclusions
The major conclusions of the present study are as follows:
1) The multiple-stage graphitic disks with the most forward pri-

mary disk inclined to the solar direction are promising for the heat
shield configuration of the solar probe from the viewpoint of reduc-
tion in the shield mass and total sublimation rate.

2) The method to evaluate the length scale and the Knudsen num-
ber for the interaction phenomena between the solar wind and the
cloud of the sublimation gas is proposed. The increase in the subli-
mation rate results in smaller Knudsen number and more significant
interaction. The increase in the freestream number density of the
solar wind also produces a similar result. When the sublimation rate
is large, the interaction occurs at length scales larger than the size
of the spacecraft.

3) The properties of the solar wind observed by the solar probe
in the corona may be disturbed due to the molecular collision with
the sublimation gas cloud injected from the probe itself. The DSMC

analyses assuming a point source of sublimation gas injection in the
solar wind show that the velocity distribution function of the solar
wind obtained by the solar probe may be different from that of the
undisturbed freestream. The difference becomes significant when
the total sublimation rate of the heat shield and the freestream num-
ber density of the solar wind are large. Consequently, the maximum
allowable value for the total sublimation rate is about 2 × 10−6 kg/s.

4) To find an appropriate place for the sensors of the solar wind,
the rarefied flow of the solar wind and the sublimation gas around
the solar probe is numerically analyzed by the DSMC method. The
spacecraft configuration consisting of the heat shield and the main
body is described by the overset grid technique. For reduction in the
observation error due to the presence of the sublimation gas particles
and the slowly moving solar wind particles reflected at the surface,
the sensors for the solar wind observation should be put on top of the
boom extended from the base of the spacecraft along the centerline.
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