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ABSTRACT

This study examines thermal stresses as one of the key physical mechanisms leading to the destruction of small Solar
System bodies as they approach the Sun. The thermal destruction mechanism and its evolution are investigated in
bodies of icy and silicate compositions of various sizes, along with their role in initiating cracking, fragmentation,
and subsequent mass loss. Analytical and numerical solutions of the heat conduction equation for spherical bodies
moving in highly eccentric orbits are used to describe temperature fields and resulting stresses. The analytical
approach is based on the assumption of constant thermal diffusivity, whereas the numerical model accounts for
its temperature dependence and the actual thermophysical properties of crystalline ice and meteoritic matter. A
systematic comparison of the two methods was conducted for bodies ranging in size from decimeter-sized meteoroids
to kilometer-sized cometary nuclei. It is shown that thermal stresses can exceed the material strength limits at
significant heliocentric distances that is, well before reaching the tidal disruption zone. It is also shown that the
analytical method performs effectively and exhibits minor discrepancies when compared with the numerical method.
It was found that intermediate-sized bodies are the most vulnerable, as strong temperature gradients form between
the cold core and heated surface layers. Small bodies heat up almost entirely and do not accumulate significant
internal stresses, while large objects maintain stability due to the low penetration of heat into the interior. The
results obtained confirm the significant role of thermal stresses in the evolution, activity, and destruction of both
cometary nuclei and small asteroid bodies.
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1 INTRODUCTION (2022). This indicates an increased probability of the destruc-
. . . tion of small nuclei during their approach to the Sun. In a
This chapter provides a general overview of the key aspects . .
lated to the disint p ¢ 11 Solar Svst (SS) bod number of works, the destruction of comets near the Sun is
related to the disintegration of small Solar System od- . .
. & Y attributed to breakup caused by the rotation of the nucleus
ies.
. Sekanina (1997). Additionally, other possible mechanisms of
Despite the large number of observed comets, the mech- .. . . . . . .
. . . . o . comet disintegration are discussed, including disruption by
anisms of their formation, evolution, and disintegration re- . . .
. . centrifugal forces, destruction due to internal gas pressure
main not fully understood. Agglomeration models suggest .. . . .. .
. . . . during intense sublimation, and collisions with other small
that comets are loose bodies with high porosity (up to ~80%) . .
. . 3 ) bodies Boehnhardt (2005). Collectively, these processes are
and low density of approximately 0.2 g/cm?® making them vul- . . .
considered the primary causes of comet decay in the Solar

nerable to destruction by tidal forces Sekanina et al. (1994).
At the same time, a number of studies point to higher density
values, reaching 0.5-0.6 g/cm? Solem (1995).

Significant discrepancies also exist in estimates of the ini-
tial sizes of cometary nuclei. A survey of long-period comets
shows that disintegrating nuclei have substantially smaller
sizes (average radius ~0.4 km) compared to surviving ones
(~1.6 km), as well as smaller perihelion distances Jewitt
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System.

Regarding small bodies composed of silicate rocks, the ori-
gin regions of most meteorites and kilometer-sized near-Earth
objects (NEOs), including some minor classes, have been
identified to date Broz et al. (2024). The authors of that
work examined 38 individual asteroid families, both young
and old, and determined their contribution to the popula-
tions of near-Earth objects ranging in size from meters to
kilometers using collision and orbital models. In work Broz
et al. (2024), three young asteroid families (Karin, Koronis,
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Massalia) were identified as the source of the majority of or-
dinary chondrite falls. The origin regions of various classes
of meteorites and near-Earth objects have been determined,
with an emphasis on various classes of carbonaceous chon-
drites. Some well-known annual meteor showers are formed as
a result of the destruction of comets or active asteroids such
as 3200 Phaethon, which is the parent body of the Geminid
meteor shower Jewitt (2010).

In this work, we propose a mechanism for the destruction of
small bodies made of crystalline ice and silicates due to ther-
mal stresses. As cometary bodies approach the Sun, surface
layers heat up, and heat is transferred inward. In bodies of
homogeneous composition, this process can generate strong
stresses exceeding the strength limits of the materials. This
process was examined in Shestakova & Serebryanskiy (2023)
for homogeneous bodies of water ice and with the inclusion
of silicate inhomogeneities composed of ice and silicates. An
analytical solution of the linear heat conduction equation for
spherical bodies approaching the Sun along parabolic orbits
was obtained in Shestakova & Tambovtseva (1997). Ther-
mal stress has emerged as a probable fragmentation mecha-
nism capable of operating far from the Sun without requiring
tidal forces; studies show that thermal stresses can exceed the
tensile strength of terrestrial materials. For small bodies of
cometary and asteroidal origin, this mechanism operates at
various heliocentric distances, which is due to significantly
different thermal and physico-mechanical properties. This
mechanism is responsible for the formation of near-surface
cracks followed by material release and even complete frag-
mentation. What might happen next? A cracked object may
enter the Roche limit and undergo complete disintegration,
(2025),
or in the case of dust clouds, enter the sublimation zone. In

as was the case with comet SL9 Shestakova et al.

such instances, thermal stresses determine the initial gradual
splitting of the body. The subsequent evaporation of small
bodies under the influence of solar heat allows for the acqui-
sition of information regarding their chemical composition
through infrared (IR) observations. Despite the unfavorable
conditions for the existence of crystalline ice in space, recent
spectroscopic studies of planetary satellites and Kuiper Belt
objects have revealed signs of its presence. According to Prial-
nik & Jewitt (2022), modeling has demonstrated the possible
crystallization of matter deep within the body under various
orbital parameters. The spectral band of crystalline ice at
1.65 pm was detected in the satellites of Jupiter (Europa),
Uranus Grundy et al. (2006); Guilbert et al. (2009); de
Bergh et al. (2009), and Charon the satellite of Pluto Brown
& Calvin (2000). Analysis of the spectrum of Phaethon
in the mid-infrared region, obtained from the Spitzer Space
Telescope, showed that Phaethon is associated with rare car-
bonaceous chondrites containing olivine, Mg-rich carbonates,
and Fe-sulfides MacLennan & Granvik (2023, 2024). These
minerals decompose at temperatures of approximately 1000
K, which 3200 Phaethon reaches at perihelion. The role of
thermal stresses in the physics of small Solar System bodies
has been studied by many authors Shestakova & Tambovt-
seva (1997); Tambovtseva & Shestakova (1999); Tauber &

Kithrt (1987); Capek & Vokrouhlicky (2010). We apply both
analytical methods Shestakova & Tambovtseva (1997) and
a new method for the numerical solution of the heat diffu-
sion equation with one initial and two boundary conditions.
The analytical approach assumes constant thermal diffusiv-
ity, whereas the numerical model accounts for temperature-
dependent thermal diffusivity. The remaining structure of the
article is as follows: the second section will consider the ther-
mal and elastic properties of crystalline ice and silicate rocks.
In the third section, a numerical model for the destruction of
small bodies will be proposed; the fourth section will present
the results of comparing the analytical and numerical models
along with a statistical analysis and the conclusion.

2 THERMAL AND ELASTIC PROPERTIES OF
CRYSTALLINE ICE AND SILICATE
MATERIALS FRAGMENTS OF SMALL
BODIES

Icy and silicate materials possess a diverse range of proper-
ties. Overall, they can be characterized by thermophysical
(v, k,a?) and physico-mechanical (E, i) parameters as they
vary with temperature. Here, ¢, denotes the heat capacity
at constant volume, and k represents thermal conductivity.
E is the Young’s modulus of elasticity (MPa), « is the coef-
ficient of linear thermal expansion (expressed in K 71), and
1 is Poisson’s ratio. These parameters allow for the determi-
nation of the critical value of the temperature function T,
and the corresponding onset of tensile stresses o™ . Similarly,
when using the compressive strength limit ¢~ , the critical
value of the temperature function T4, which is responsible
for compressive stresses, is defined. These stresses allow for
a quantitative assessment of the probability of failure in the
surface layers of small bodies. Below, Table 1 presents the
thermal and elastic properties of crystalline ice at low tem-
peratures.

In work Klinger (1981), the thermal conductivity of crys-
talline ice for temperatures above 25 K was defined as a
temperature function, while the heat capacity was deter-
mined from experimental data in the temperature range of
16.43 K < T < 267.77 K and is approximated by the ex-
pression provided in work Klinger (1980). Consequently, the
thermal diffusivity of crystalline ice can be obtained using
the formula a? = % and the final expression is written as a
temperature function:

o2 5.67
T 0.927(7.49 % 10—-3T + 0.09)

cmzsecfl, (1)

Subsequently, Table 2 presents the adopted values of the ma-
terial parameters and their corresponding temperature func-
tions for minerals, rocks, basalt, and chondrites Shestakova
et al. (2019).

In our research, the data for thermal conductivity and heat
capacity were sourced from the findings in Opeil et al. (2012),
where thermal conductivity was measured for seventeen stony
meteorites across a temperature range from 5 K to 300 K. The

Azerbaijani Astronomical Journal 21(1), 50-58 (2026)



52  R. Spassyuk et al.

Table 1. Material parameters for ice in SI units

Cy K a? o I E T_ o_ T, o4
T (K) erg/cm?3 K erg/(semK) cm?/s 1/K - MPa K MPa K MPa
30 0.3147 x 107 1.89 x 108 0.6 - - - - - - -
125 1.026 x 107 0.4536 x 105 0.0442 3.8x 107> 033 9x10®> -10 -5 4 2
Table 2. Physico-mechanical parameters of stone meteorites
Parameter a? a m E T_ o_ Ty ox
cm? /s 1/K - MPa K MPa K  MPa
Minerals 72000 -1300 -800 130 80
0.0058 0.15
Rocks 26000 -800 -180 90 20
5% 1076
Basalt 0.0167 75 0 -300 -160 7 4.5
Carbon chondrites 0.0118 0.25 7x10*  -86 -60 13 9
Ordinary chondrites ) -214 -150 36 25
'90.057 . |05 Angeles 3 NUMERICAL SOLUTION OF THE THERMAL
2 Frankfurt DIFFUSION EQUATION AND CALCULATION
E;, 0.04+ OF THERMAL STRESSES FOR SMALL
2 BODIES
2 0.034
é The boundary value problem for the thermal diffusion equa-
§ 0.02- tion (HDE) for a spherical body according to Shestakova &
T Tambovtseva (1997) is written as:
g 0.014
()
£
= : ; ; . . or  ,0°T | 24° 9T
500 400 300 200 100 o Yo T 2 o (4)
Temperature [K]
Figure 1. Thermal diffusivity a? for meteorite samples T(r,0) = To, (5)
dT(0,t)
selection of this specific rock type is based on the fact that, de 0, (6)
for instance, the Frankfurt meteorite (a howardite) serves as
a typical sample of the material found on the surface of the T
asteroid Vesta. The thermal conductivity of these meteorites, Ta(rity=—— Ot 1 (7)
as measured by Opeil Opeil et al. (2012), is described by a 1-5)s

fourth-order equation of the following form:

K = A+ BT +CT? + DT® + ET* (2)

The coefficients for the Frankfurt basaltic chondrite sample

at temperatures of 300 K and below were utilized Opeil et al.
(2012). The selected parameters are listed in Table 3.

For numerical simulations, data from the bottom row of
Table 3 for the Los Angeles sample is used, while analytical
calculations are based on Table 3. The temperature depen-
dencies are illustrated in Fig. 1.

Approximating a® (Los Angeles) by a polynomial, we ob-
tain:

a’(T) = (3.7404 - 10~ T* — 4.6002 - 10~°7° 4 1.9825 - 10~ °7T">

—3.5451 - 10T + 2.7446 - 10~ %) cm?s ™"
3)
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Equation 4 defines the initial condition for the surface tem-
perature at the initial moment of time. Expressions 6 and
7 represent the boundary conditions, where the former ac-
counts for the spherical symmetry of the heat flux, and the

latter 5 defines the surface temperature of the small body

/R .
5. Equation 4

in the blackbody approximation: To = Tk
is solved numerically, where T'(x,t) is the temperature, and
the thermal diffusivity a?(T'), is determined by empirical for-
mulas depending on temperature for crystalline ice Eq. 1 and
silicate rock Eq. 3. The numerical scheme employed is the ex-
plicit Euler method. After obtaining the temperature profile
T(z,t) = T(y) from the surface to the center of the spheri-
cal body, T'(y) is substituted into the expressions for thermal
stresses.

Toote) = 5 [T+ 3 [Ty -T@, ®)
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Table 3. Thermal parameters of meteorite samples Frankfurt and Los Angeles

Temperature (K) 500 400 300 200 125 100 50 40 30
k (W/m) Frankfurt 2 1,0 1,6356  1,2876  1,2648 1,2336  0,0214  0,7916 0,6305
k (W/m) Los Angeles 1,1 1 0,9204  0,7774  0,6284  0,5584  0,36209 0,310748  0,254429
cp (J/(kg K)) 900 850 780 575 370 290 120 80 50
a2 Los Angeles 0,00444 0,004706 0,00472 0,00541 0,0067 0,00770  0,0121 0,0155 0,0203
a2 Frankfurt 0,0088  0,0089  0,0083  0,0089 0,013 0,017 0,030 0,0395 0,0504

Stabilty control
1 o
a5 2

Figure 2. Block diagram of the numerical solution of the HDE
and calculation of thermal stresses

Trr(z) = % /OTT(y)yzdy - % /OT T(y)y’dy, (9)

By using temperature functions as analogues of thermal
stresses, we can readily convert them to the actual stresses
using the following simple relationship:

FEa Fa
046(2) = 7 NT@(J?), orr(z) = 37—

Trr(z), (10)

The notations are provided in Section 2, and the results for
the temperature profiles and stresses will be presented in Sec-
tion 3. Below is the numerical algorithm for solving Equa-
tion 4 using the explicit Euler scheme with the initial con-
dition Eq. 5 and two boundary conditions Equations 6 and
7, followed by the calculation of stresses using formulas 8, 9
and 10 Tambovtseva & Shestakova (1999); Boley & Weiner
(1960).

The analytical calculation of HDE and thermal stresses
is presented in Shestakova & Tambovtseva (1997). Further
in the next section, comparisons of analytical and numerical
approaches will be presented.

4 COMPARISON OF ANALYTICAL AND
NUMERICAL METHODS FOR SMALL
BODIES. DISCUSSION.

Analytical method: This method is based on a simplified
model where thermal conductivity and diffusivity are as-
sumed to be temperature-independent. It allows for the rapid
acquisition of temperature functions and thermal stresses.
The model accurately describes the behavior of temperature
and stress near the surface and in the center of the bodies.

The primary limitation is inaccuracy in the intermediate lay-
ers, particularly for large bodies (radius > 1 km).
Numerical method: This method solves the nonlinear heat
conduction equation with temperature-dependent thermal
diffusivity a®(T"). This approach is suitable for large bodies
as well. Below, the simulation results of both approaches for
bodies composed of crystalline ice and silicates are presented.
Crystal Ice: For the numerical calculation of crystalline ice,
the variable coefficient from Eq. 1 was used, while for the ana-
lytical solution, a constant a? was adopted according to Table
1. For small cometary bodies, the value of a? was taken at
T = 30 K; for large bodies, the value was taken at T' = 125 K;
and for medium-sized bodies, a® was averaged over the tem-
perature range T = (30 — 125) K. The calculated tempera-
ture and stress profiles are presented below in Figure 3.

As shown in Figure 3, when the radius of the ice bodies
reaches 1 km or 3.5 km, the results of the analytical and nu-
merical methods practically coincide. However, as the body
size decreases for instance, to 200 m and 30 m a certain diver-
gence in the results is observed, although the error remains
relatively small. Figure 3 presents a comparison of the nu-
merical and analytical solutions for bodies of various sizes.
For all bodies, a high degree of agreement is observed in the
near-surface zone. For a cometary body with a radius of 30 m,
the average discrepancy between the analytical and numerical
methods is 1.56 K, which corresponds to a 5% relative error;
the maximum discrepancy is 4 K near the center. Discrepan-
cies are minimal (less than 1 K) at a 10% relative depth x/r.
For a 200 m cometary body, the average discrepancy is 2.1
K, with a maximum of approximately 5 K near the center.
For a 1 km body, the average discrepancy is approximately
1.09 K, with a maximum of about 2.5 K near the center. For
a 3.5 km body, the discrepancy is negligible, remaining less
than 1 K across the entire profile. For small bodies (less than
30 m), discrepancies arise at depth due to the finite size of
the body and effects associated with rapid heating.

Subsequently, Figure 4 illustrates the dependence of radial
stresses at the center and tangential stresses at the surface
as a function of distance, obtained by both analytical and
numerical methods.

The solutions obtained for small bodies demonstrate good
agreement between the numerical and analytical approaches,
as only minor discrepancies in stresses are observed at dif-
ferent distances, as shown in Figure 4. For a cometary body
with a radius of 30 m, the discrepancies in radial stresses
at the center are less than 0.5 K from the starting position
to the final distance; however, at the final distance, a differ-
ence of approximately 5 K is observed. This result is consis-
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Figure 3. Profiles of temperature, as well as radial and tangen-
tial thermal stresses, from the surface to the center of the crystal
ice small bodies at a final distance of 4.95 AU, obtained by both
analytical (a® = const) and numerical methods.

tent with the stress discrepancies shown in Figure 3. For a
cometary body with a radius of 200 m, the average discrep-
ancy in stresses at the center is about 1 K from the start to
the final distance, while at the final distance the discrepancy
reaches approximately 4 K. For a cometary body with a ra-
dius of 1 km, stress discrepancies are observed at almost all
distances, with an average discrepancy of about 5 K and a
maximum discrepancy at the final distance of approximately
10 K. For a cometary body with a radius of 3.5 km, the aver-
age discrepancy is about 1.5 K, with a maximum discrepancy
at the final distance of approximately 2 K. Such minimal dis-
crepancies can be explained by the fact that, in the analytical
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Figure 4. Thermal stresses at the center of the body (x/r=0) for
the radial component (left) and at the surface (x/r=1) for the tan-
gential component (right), calculated by analytical and numerical
methods at various heliocentric distances from the initial position
of 86 AU to the final distance of 4.95 AU.

solution (HDE), a constant value of the a® parameter is used
at T = 30 K for bodies larger than 1 km, since they retain
an initially low temperature in their central regions up to
the moment of destruction. For bodies with radii of approxi-
mately 30 m, a” - constant value is used at T = (125-200) K,
corresponding to the blackbody temperature at the final dis-
tance, as heating in such bodies occurs throughout the entire
volume. However, for sub-kilometer bodies, this parameter is
averaged over the temperature range between the start and
final distances, T = (30 — 200) K, since pronounced tempera-
ture gradients are observed throughout the entire profile. Fur-
ther, Figure 5 show the temperature profile, thermal radial
and tangential stresses in the near-surface layer at a depth of
10 m.

As shown in Figure 5, heating occurs more effectively for
the cometary body with a radius of 30 m, while the results
for radii of 200 m, 1 km, and 3.5 km are comparable. The
temperature discrepancy at a depth of 10 m between the
two methods is approximately 10 K. The temperature dis-
crepancy at a depth of 10 m between the two methods is
approximately 10 K. For the stresses shown in Figure 5, the
discrepancy between the analytical and numerical methods
at a depth of 10 m is about 1 K for the 30 m and 200 m bod-
ies, whereas for the 1 km and 3.5 km bodies the discrepancy
is minimal (less than 0.1 K). For the stresses in Figure 5,
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Figure 5. Profiles of radial and tangential thermal stresses in the
near-surface layer at a depth of 10 m at a final distance of 4.95 AU,
obtained by analytical (solid curve) and numerical (dotted curve)
methods for cometary bodies of various sizes.

the discrepancy for the 30 m body is less than 1 K, while
for the 200 m, 1 km, and 3.5 km bodies it is approximately
10 K. It is also important to note with regard to Figure 5,
which is also applicable to silicate rocks, that at the surface
|x = r| the radial stress is T, = 0, whereas the tangential
stress is T,, < 0. However, as depth increases toward the
center, the stresses T, and T,, should begin to equalize,
a behavior that should be consistent for both methods. An
analysis of crystalline ice clearly demonstrates this trend for
a cometary body with a radius of 30 m, since a depth of 10 m
constitutes one-third of its profile. A comparison of the re-
sults shows that at a depth of 10 m T’ = Ty, with values of
approximately 5 K for the analytical method and 6 K for the
numerical method. For cometary bodies with radii of 200 m,
1 km, and 3.5 km, such equalization is not observed, because
a depth of 10 m represents only a small fraction of the total
profile. The analytical solution performs well for large bodies,
for which thermal diffusion does not reach the center and the
temperature distribution remains relatively stable. However,
for small bodies, where the entire volume heats up rapidly,
only the numerical model accurately reflects the temporal
and spatial variations in temperature.

Silicates: For the numerical calculations of silicate rocks,
the variable coefficient from Equation 3 was used, whereas
a constant value was adopted for basalt and chondrites in
the analytical solution in accordance with Table 2. Figure 6
illustrates the temperature profiles, as well as the radial and
tangential thermal stresses, within meteoroid bodies.

Figure 6 presents a comparison of the numerical and ana-
lytical solutions of the heat diffusion equation for small bodies
with radii of 10 cm, 50 cm, 1 m, 5 m, 10 m, and 100 m com-
posed of silicate chondritic and basaltic material. For a 100
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Figure 6. Profiles of temperature, as well as radial and tangential
thermal stresses, from the center (x/r=0) to the surface (x/r=1)
within bodies of various sizes at a final heliocentric distance of
0.0345 AU = 7.4 R for chondritic material, obtained by both an-
alytical (a? = const) and numerical methods.

m meteoroid, a nearly complete coincidence of the numerical
and analytical temperature and stress profiles is observed,
with differences of less than 1 K. For radii of 1 m and 5 m,
the average discrepancy is approximately 20 K. For bodies of
10 ¢cm and 50 cm, the average discrepancy is about 200 K,
which is considered a reasonable result given that the black-
body temperature at the final distance is 1500 K. The highest
level of agreement (with discrepancies of less than 20 K) oc-
curs in the near-surface region, extending up to 5% of the
total profile. However, the maximum discrepancies occur at
the center: 150 K for 10 cm, 300 K for 50 cm, 100 K for 1 m,
100 K for 5 m, 50 K for 10 m, and 5 K for 100 m. Significant
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Figure 7. Thermal stresses at the center of the body (x/r=0, ra-
dial component) and at the surface (x/r=1, tangential component),
calculated using analytical and numerical methods at various he-
liocentric distances from the initial position of 3.45 AU to the final
distance of 0.0345 AU = 7.4 R for chondritic and basaltic bodies.

discrepancies are observed throughout the entire volume for
bodies with radii of 10 cm and 50 cm. Due to their small size,
heating encompasses nearly the entire volume, and the tem-
perature gradient equalizes rapidly. Thus, as with icy bodies,
the analytical solution for silicate meteoroids proves accurate
only when there is a sufficient thickness of the uncooled layer,
whereas the numerical model is necessary for an adequate de-
scription of thermal processes in small bodies.

Subsequently, Figure 7 illustrates the dependence of radial
stresses at the center and tangential stresses at the surface
on the distance from the star, obtained by both analytical
and numerical methods. These dependencies are calculated
specifically for silicate bodies.

Analysis of Figure 7 shows that for bodies with radii from
1 m to 100 m, both stress calculation approaches at different
distances demonstrate good agreement, and discrepancies in
distances are minimal. For a body with a radius of 50 cm,
the average discrepancy is approximately 100 K; for 1 m, it
is 80 K; for 5 m, 20 K; for 10 m, 50 K; and for 100 m, 45 K.
The stresses at the final distance also differ for all sizes. The
discrepancy between the two methods varies: for 50 cm, it is
about 50 K; for 1 m, 100 K; for 1 m and 5 m, approximately
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Figure 8. Profiles of radial and tangential thermal stresses in the
near-surface layer at a depth of 1 m at a final heliocentric distance
of 0.0345 AU =~ 7.4 Re, obtained by analytical (solid curve) and
numerical (dotted curve) methods for meteoroids of chondritic and
basaltic material of various sizes.

100 K; for 10 m, 50 K; and for 100 m, about 10 K. Subse-
quently, Figure 8 presents the profiles of temperature, as well
as radial and tangential thermal stresses, in the near-surface
layer at a depth of 1 m for small silicate bodies. An analysis
of the near-surface layer presented in Figure 8 was carried
out in a manner similar to that described for Figure 5. The
main difference lies in the fact that the near-surface layer
was considered at a depth of 1 m, which is associated with
the lower thermal conductivity of silicates compared to crys-
talline ice. As shown in Figure 8, the temperature discrepan-
cies between the analytical and numerical methods are small:
approximately 5 K for a meteoroid with a radius of 1 m, 15 K
for a radius of 5 m, and 10 K for a radius of 10 m. Regarding
the stresses in Figure 8, the discrepancy is about 50 K for
the 1 m body, approximately 10 K for the 5 m body, and
about 30 K for the 10 m body. Furthermore, the equalization
condition 77, =~ Ty, occurs at a depth of 40 cm for a 1 m
radius meteoroid at a temperature of approximately 150 K
according to the numerical method, and at a depth of 50 cm
at the same temperature for the analytical method. For the
5 m and 10 m bodies, this equalization is expected to occur
at depths greater than 1 m from the surface. The numerical
model is applicable to silicate bodies and shows consistency
with the analytical solution. For large silicate bodies with
radii exceeding 10 m, the temperature distribution remains
stable in both the deep interior and near-surface layers, since
thermal diffusion does not reach the center due to the low
thermal conductivity of silicates, whose thermal diffusivity is
approximately an order of magnitude smaller than that of
crystalline ice. For this reason, a narrower size range from
10 cm to 100 m was selected, as even a 10 m fragment re-



THERMAL STRESSES IN SMALL BODIES APPROACHING 57

tains its initial temperature in the central region. For small
silicate bodies (less than 1 m), where the entire volume heats
rapidly, only the numerical model accurately describes the
temporal and spatial evolution of temperature. The proposed
numerical model is applicable to both silicate and icy bodies.
Similarities and discrepancies follow the same general trends
for both large and small bodies; the primary difference lies in
the selected size range: from 10 cm to 100 m for silicates and
from 30 m to 3.5 km for icy bodies.

To address the physical interpretation of the comparison,it
should be noted that the observed minor discrepancies be-
tween the two approaches are primarily driven by the tem-
perature dependence of the thermal diffusivity a®(T), rather
than numerical artifacts. In the numerical approach, the non-
linear heat conduction equation is solved using the explicit
Euler finite-difference scheme (first-order in time and secon-
dorder in space, FTCS) to account for the dynamically chang-
ing a®(T), and the resulting temperature field is subsequently
used to calculate thermal stresses. Despite the differences in
the mathematical treatment, the analytical method demon-
strates very good overall agreement. This is due to the care-
ful selection of the constant a? based on the physical char-
acteristics of the bodies. Specifically, for very large bodies,
a? was chosen at the initial temperature, since their internal
regions remain cold until the final distance. For small bod-
ies, which heat up entirely, a® was taken at the temperature
corresponding to the final distance. For medium-sized bod-
ies, an averaged a? between the initial and final temperatures
was used. Because of this size-dependent parametrization, the
analytical model successfully minimizes deviations from the
numerical solution, resulting in only slight differences in the
evaluated thermal gradients and stresses.

5 CONCLUSIONS

This study formulates and solves a comprehensive problem
addressing the mechanism of thermal destruction of small
bodies (SB) of various compositions (icy and silicate) during
their approach to the Sun.

Key Results

The following dependencies of destruction on the size and
composition of stony bodies have been established:

e Basaltic and carbonaceous bodies begin to disintegrate
at heliocentric distances between Earth’s orbit and Mars’s
orbit (1-2.5 AU).

e Ordinary chondrites disintegrate closer to Venus’s orbit
(~0.7 AU).

e Small stony bodies (< 10 m) disintegrate in the region
between the orbits of Mars and Mercury, while larger bodies
(~40-100 m) disintegrate between the orbits of Mercury and
Venus.

e Very large silicate bodies (> 100 m) disintegrate closer
to the Sun, producing dust clouds observable in the infrared
and optical ranges.

For cometary nuclei moving along highly eccentric orbits,
thermal stresses generated by the heating of surface layers
are shown to be a critical factor in their destruction. Bodies
with radii from 100 m to 3 km are most susceptible to in-
ternal cracking due to strong temperature gradients between
the cold interior and the heated surface. Small bodies (radius
up to 10 m) heat throughout their entire volume without ac-
cumulating significant internal stresses, whereas large bodies
(radius greater than 10 km) retain a cold interior and experi-
ence heating only in a thin surface layer, remaining resistant
to thermal destruction.

e For small bodies composed of silicates (0.1-5 m) and
crystalline ice (less than 30 m), the analytical solution may
significantly deviate in the central regions, whereas the nu-
merical solution accurately accounts for volumetric heating.

e For icy bodies (30200 m) and silicate bodies (10—
100 m), the analytical solution remains applicable in the near-
surface zone (up to 10-20% of the radius), but numerical
modeling is required at greater depths.

e For large bodies (1-3.5 km for cometary nuclei and
~100 m for silicates), discrepancies between the analytical
and numerical approaches are minimal throughout the entire
profile.

Both approaches complement each other effectively, and
their combined application provides a reliable and accurate
assessment of the stability of small bodies during solar ap-
proach.

In the long term, this research may be extended by incor-
porating elliptical orbits and modeling multiple orbital revo-
lutions up to the complete destruction and subsequent evapo-
ration of cometary nuclei. This would allow for consideration
of thermal stresses arising both during the approach to and
recession from the star. Future developments include more
detailed calculations of mass loss during stellar approaches
and subsequent material accretion. Additional modeling will
account for various heat balance boundary conditions, inter-
nal sublimation processes, and other relevant physical factors.
Further refinement may be achieved by integrating multiple
destruction mechanisms and orbital dynamics into a compre-
hensive simulation framework describing the environment of
both the star and the small body. The model is planned to be
extended to three dimensions with implementation of the full
thermal stress tensor. Moreover, diurnal rotation effects will
be incorporated, including azimuthal and latitudinal (equa-
torial) profiles and their influence on thermal stress distribu-
tion.
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