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Abstract

It was developed a software capable of determining atmospheric entry trajectories of natural
meteoroids or anthropogenic objects, based on real data from previous observations, in order to
estimate the landing site or predict the body’s disintegration in the planetary atmosphere. The
simulator was written in the C++ language in order to increase speed and efficiency of numerical
calculations. Also, a graphical user interface was built using the Qt framework in order to provide a
better user experience. The trajectory is obtained by numerical integration of a bodys dynamic model,
based on the initial conditions provided by the user. Several gravity, atmospheric, fragmentation,
ablation and aerodynamic drag models were implemented and can be chosen according to the required
accuracy of the final result. The user may perform a preliminary analysis of the results or export the
output data for processing in external applications.
Keywords: Simulator, Atmospheric Entry, Numerical Integrator, Trajectories

1. Introduction
The entry of natural and man-made objects in the
Earth’s atmosphere occurs on a daily basis. The
smaller objects, with a few meters in size, do not
pose a great threat to the civilization due to the
disintegration in the upper layers of the atmosphere
or the high probability of falling in the ocean. The
larger ones penetrate further in the atmosphere and
can, inclusively, be able to reach the planet’s surface
and cause a significant damage in case of flying over
densely populated areas [1].

Nowadays, due to an increasing space exploration
and space devices launched into Earth’s orbit, there
are about 13 000 objects larger than a baseball or-
biting the planet and it is estimated that one of
them falls everyday [2]. The majority of falling
orbital debris burn totally in the atmosphere but
there are several examples that reached the Earth’s
surface, fortunately not causing major human or
material damage - like the Skylab and Mir space
stations or the ROSAT German satellite [3, 4, 5].
In order to prevent possible damage, study the en-
try of objects in the atmosphere but also to recon-
struct the trajectory and recover fragments of fallen
bodies, one needs adequate tools such as orbit prop-
agators, trajectory simulators and predictors.

In this work it was developed an atmospheric en-
try trajectory simulator, capable of propagate or-
bits around planets, not exclusively for Earth, and
simulate the atmospheric entry taking into account
fragmentation and ablation effects and using dif-

ferent gravity, atmospheric and aerodynamic drag
models that can be chosen according to the required
precision.

2. Physical models included
In this section, the physical models for gravity, at-
mosphere, aerodynamic drag, fragmentation and
ablation models included in the simulator are des-
cribed briefly.

2.1. Gravity
Three gravity models were included in the simula-
tor. The first and most simple one, approximates
the planet’s gravitational potential, U , by [6]

U =
µ

r
, (1)

where µ is the gravitational parameter and r is the
distance between the orbiting body and the planet’s
center, describing the planet as a point-like mass.
This is used in several studies about meteoroid
falls [7, 8, 9]. If the falling object remains in space
for more than a few minutes and completes several
orbits before the entry, this model introduces errors
over one kilometer in the final position due to the
asymmetrical planet’s mass distribution [6].

A more appropriate approximation is required,
which can be achieved by the spherical harmonics
expansion of the gravitational potential with coeffi-
cients Cn,m and Sn,m [6]. The notation Jn = −Cn,0

is commonly used and the most important harmonic
coefficient is the J2, therefore it was implemented a
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gravity model which joins the point-like mass with
the J2 harmonic term.

The third model implemented uses harmonic ex-
pansion coefficients up to order and degree 6. The
terms with higher orders and degrees are less signifi-
cant than Sun and Moon’s influences. The software
is designed to simulate bodies in close approxima-
tion to the planet, so perturbations by others celes-
tial bodies are neglected.

2.2. Atmosphere
Two models were included in the simulator for the
atmosphere.

On the first one, the air density is given by ex-
ponential layers, in which the user needs to specify
the start altitude, hi, the initial air density, ρi, and
the layer’s scale factor, H. The air density for the
height h in the ith layer is given by [6, 10]

ρ(h) = ρie
(h−hi)/H . (2)

In other hand, the air temperature is given by
linear layers. The user needs to specify the start al-
titude, hi, the initial air temperature, Ti and the
layer’s temperature derivative in order to height
dT/dh. The air temperature for the height h in
the ith layer is given by [10]

T = Ti
dT

dh
(h− hi) . (3)

The second model to be included was the
NRLMSISE-00 [11]. This model, based on older
models, is a major upgrade to the MSISE-90 in
the termosphere and incorporates recent data from
satellite and radar observations. The model extends
from the ground up to the exosphere [11].

2.3. Aerodynamic drag
Some authors consider a constant aerodynamic drag
coefficient, CD, for the entire flight of an entrying
object [7, 8, 9, 12, 13]. However, this is not a good
approximation and several experiments show that
a sphere’s CD is highly dependent on the Mach
number, in continuous flow regime, and Knudsen
number, in rarefied flow regime or free molecular
flow [13, 14, 15, 16, 17, 18]. Also, the CD of a cer-
tain body is highly dependent on its shape [19].

The simulator incorporates three possibilities of
modelling the aerodynamic drag coefficient. The
first asks the user to specify a constant CD value
for continuous flow and another constant value for
the free molecular flow. In the second one, the CD

value is given, for continuous flow, by sphere CD

curves found on Carter et al. [13], for free molecular
flow given by sphere values on [14, 18, 20] and for
the transition regime is given by the curve found
on Masson et al. [15]. A ratio for which the CD

value will be multiplied may be specified by the

user, in order to use the sphere values with a specific
offset.

The third model included is similar to the second
one, though the user has the ability to change the
CD sphere functions of Mach and Knudsen, modi-
fying the equations’ parameters, in order to adapt
them to bodies with different geometries.

2.4. Fragmentation
A meteoroid passing through the atmosphere be-
gins to fragment when the aerodynamic pressure
exceeds its material strength. The fragmenting ob-
ject acts aerodynamically as a single one until it has
expanded to the critical value where voids begin to
appear between the fragments. The expanding de-
bris cloud increases the aerodynamic breaking. At
some moment the fragments split up and follow the
descent path independently [7].

In the simulation, the user may ignore the frag-
mentation process, even if the pressure on the body
largely exceeds the material strength. There is also
the option of consider only the fragmentation pro-
cess without including fragments individual separa-
tion. With this option active, the body fragments
when the pressure rise above material strength and
a debris cloud appears, however the fragments never
split individually [7, 9].

The third option instructs the simulator to cal-
culate the fragmentation moment and, if the debris
cloud radius exceeds the critical value, the frag-
ments will follow independently. At this point, the
user is asked to specify the number of fragments
and the mass of the first two. If there are more
than two fragments, the simulator distributes the
remaining mass on the others. To accomplish the
linear momentum conservation, the fragments are
paired and follow opposite direction. Their veloci-
ties are dependent of each other’s masses, as done
in Artemieva and Shuvalov [21].

2.5. Ablation
A basic ablation model is described in Hills and
Goda [7]. The meteoroid’s mass decreases with time
as given by the equation

dm

dt
= −σρairAV 3 , (4)

where σ u 10−8s2m−2 is the ablation parameter [7].
Lyne et al. [9] describes a model that takes into

account the radiative flux from the gases of the
shock layer. Unfortunately, accurate calculation of
the aerodynamic heating and the rate of ablative
mass loss is extremely difficult since it requires a
knowledge of the temperature distribution in the
shock layer, the chemical composition of the me-
teor and the degree to which the ablation products
block radiative heat transfer to the body. Moreover,
this model is only valid in continuous flow.
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The two models were implemented in the simu-
lator. The user may choose to ignore the ablation
process, to activate the two models simultaneously
or one at a time for the available flow regimes.

2.6. Body dynamics
The differential equation of motion is given by

Ẋ =



v̇x
v̇y
v̇z
ẋ
ẏ
ż
ṁ

Ṙd


= f(X, t) =

=



ax +
FDx

m +
FWx

m + Ω2
px+ 2Ωpẏ

ay +
FDy

m +
FWy

m + Ω2
py − 2Ωpẋ

az +
FDz

m +
FWz

m
vx
vy
vz
dm
dt

Vdisp


(5)

where ax, ay and az are the gravitational accele-
ration in the Earth Centered Earth Fixed (ECEF)
coordinate system, FD is the drag force, FW is the
wind force on body, Rd is the body’s radius, which
can increase in case of fragmentation and Ωp is the
planet’s angular speed. The model is described in
the ECEF coordinate system, that rotates with the
planet. Although this adds some complexity due
to the Coriolis and centrifugal forces, no reference
system transformations are required to input data
concerning gravity and atmospheric models which
are easily and commonly formulated in this referen-
ce system [22].

3. Implementation
The simulator was implemented in C++ language
and the graphical user interface (GUI) was de-
signed with Qt 5.2.1 libraries. It was compiled with
MingW 4.8.0 and is compatible with Windows 7,
Vista and 8.

The software needed to achieve specific require-
ments such as saving and loading the input data
whenever the user needs to, and various integration
algorithms for flexibility in speed versus efficiency
and preliminary visualization of output data.

3.1. Numerical integration
Three different methods are included: Runge-Kutta
4 (RK4), Runge-Kutta Dormand Prince 5(4)-7M
(RKDP54), Runge-Kutta Dormand Prince 8(7)-
13M (RKDP87) [23]. The RK4 is the classic Runge-
Kutta method used in the majority of physics prob-
lems. The other two are adaptative Runge-Kutta

methods with step size control, providing greater
accuracy. The RKDP54 executes seven function
evaluations and the RKDP87 executes thirteen
evaluations per step [6, 23]. Using RK4 the user
will specify the time step and using RKDP54 or
RKDP87 indicate the initial time step, the maxi-
mum truncate relative error allowed and the step
size reduction factor.

The trajectory’s numerical integration is exe-
cuted in a different thread aside from GUI’s thread,
in order to give the user the ability to manipulate
the input data while integration is still running.

3.2. Initial conditions
The user needs to provide the software with body’s
initial conditions in order to propagate the trajec-
tory. In order to preserve flexibility, it can be done
in various reference systems such as Earth Centered
Inertial (ECI), ECEF, geodesic Latitude Longitude
Altitude, RADAR coordinates with observer posi-
tion specification and orbital elements. The input
can also be done with Two Line Elements set [24]
files, which the simulator reads and converts into
orbital elements. Before the numerical integration
begins, the input data is converted to ECEF coor-
dinates and velocity.

4. Results
Some tests were executed with the simulator in or-
der to validate the trajectory propagator and nu-
merical integrator and debug the software. They
are presented in the following sections.

4.1. Circular, low orbit, without atmosphere
The first test conducted consisted on the propaga-
tion of a circular orbit around the Earth, with an
altitude above the ground of approximately 400 km.
To achieve this orbit, the object was positioned in
the ECEF xx axis with the coordinate X = 6771.0
km and an initial velocity

v0 =

(√
µ

X
− ωX

)
~ey (6)

u 7.1788494807804~ey km s−1 (7)

written in the ECEF reference system. The vari-
ation of X coordinate in time obtained with the
simulator was compared to the analytical solution
given by

X = r cos(ωorbt) , (8)

where ωorb is the orbit’s angular frequency. If X is
written in the ECEF coordinate system, one needs
to deduct the planet’s angular speed ω to the ωorb

value.
The figure 1 shows the altitude error in meters

for 10 days of circular orbit without atmosphere.
The step size control system was deactivated in the
adaptive methods in order to compare the three
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Figure 1: Circular orbit altitude error with various
integration methods and time steps - h.

in the same conditions, only varying the step size.
The initial recommended step size h for this orbit is
about 55 seconds [6]. With h = 55 s, the RK4 pro-
duces an altitude error superior to 100 meters after
10 days. To achieve errors below 1 m, the step size
needs to be reduced to less than a half of the ini-
tially recommend value. Even using the RKDP54,
which employs a fifth order estimate to propagate
the integration, it is not possible to obtain errors
inferior than one meter with the recommended step
size.

The RKDP87 achieves altitude errors below 0.05
m after 10 days of circular orbits with a step size of
200 s, thanks to the eighth order estimate used to
continue the solution.
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Figure 2: Circular orbit X coordinate error with
various integration methods and time steps, h.

The figure 2 shows the error in the X coordinate
in kilometers for the same orbit, propagated with
the three integration methods after 10 days. The
RK4 method with h = 25 s shows an error of about

5 km in the X coordinate, while the RKDP54’s er-
ror, with h = 40 s, is below 2 km and the RKDP87
achieves an error less than one kilometer with a time
step of 290 seconds.

Comparing the same time step, the three integra-
tion methods show an altitude error in the order of
meters, while the error in the X coordinate reaches
several kilometers. This behavior shows that the
amplitude error is small compared to the phase-lag
error, which manifests as a delay in the numerical
solution in relation to the analytical. The phase-lag
error is a function of the time step size [25, 26].
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Figure 3: Circular orbit X coordinate error for var-
ious time steps and RKDP87 method.

The figure 3 shows the X coordinate error ob-
tained with RKDP87 method, for various time
steps. Decreasing the time step length causes the
error to decrease also, as expected. However, if the
time step decreases considerably the error begins to
rise: this is the phase-lag error, since the altitude
error is always decreasing with smaller time steps.
There is a compromise between the time step size,
the phase-lag error and the amplitude error. When
very small step sizes are used, the round-off errors
begin to accumulate significantly impairing the so-
lution’s accuracy.

There are Rung-Kutta methods specially de-
signed to minimize the phase-lag error that can
prove more efficient than the three used in this
work. However, minimizing the phase-lag error may
increase other error categories [26].

4.2. High eccentricity orbit, without atmo-
sphere

It was created an orbit with eccentricity e u 0.871
and a perigee altitude of 400 km. The numerical
solution was compared to the analytic one which is
obtained solving the Kepler’s equation

M = E − e sinE (9)
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in order to the eccentric anomaly E, where M is
the mean anomaly at time t since perigee. The al-
titude is then calculated from the position modulus
r, given by

r = a(1 − e cosE) (10)

where a is the orbit’s semi major axis.
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Figure 4: High eccentricity orbit altitude error per
day according to several integration methods.

The error is shown in the figure 4. The RK4
method, with a time step of 25 s, achieves a preci-
sion of about 1 km after ten days of simulation, sim-
ilar to the results of RKDP54 with a time step four
times larger. The RKDP87 propagates ten days of
orbits with errors below 50 meters in altitude with
time steps around 200 seconds.

4.3. Execution times and integration meth-
ods performance

Execution time (s), circular orbit, 20 days

Time step (s) RK4 RKDP54 RKDP87
5 1.478 2.379 3.951
10 0.697 1.191 2.069
15 0.481 0.838 1.342
20 0.364 0.615 1.034
22 0.329 0.563 0.911
40 0.336 0.528
45 0.284 0.473
150 0.148
200 0.119
250 0.082
290 0.072

Table 1: Simulation execution time in seconds, for
circular orbit, 20 days, with different integration
methods and time steps.

The table 1 presents the simulation execution
times for different methods and time steps. It is

shown that, for the same time step, the RKDP87
method is about three times slower than RK4 and
two times slower than RKDP54, due to the 13 func-
tion evalutions compared to 4 and 7 function eva-
lutions performed by the other two methods. How-
ever, the RKDP87 algorithm can achieve better ac-
curacy with much larger time steps. Also, for the
same accuracy level RKDP87 can be much faster
than the other two. When it is required a certain
level of accuracy and the user doesn’t know what
method to use, the best option is the RKDP87 that
guarantees higher accuracy with possibly less time
comparing with the other two methods.

4.4. Point mass plus J2 gravity model

Due to irregularities in the Earth’s internal mass
distribution, inclined orbits are subject to perturba-
tions. The most significants involves the rotations
of the argument of perigee and right ascension of
the ascending node (RAAN). There are equations
to compute the averaged perturbations value over
one orbit [6, 10].

d$/dt dΩ/dt

Theoretical values
rad/s 6.0498e-7 -5.7038e-7

degree/day 2.9948 -2.824
Simulation values

rad/s 6.0559e-7 -5.7209e-7
degree/day 2.9979 -2.832

Table 2: Orbital perturbations for inclined orbit.
Theoretical values and simulation results with point
mass plus J2 gravity model.

It was simulated an inclined orbit, with eccentri-
city e = 0.2 and 400 km of perigee altitude, without
atmosphere. The theoretical results are compared
with the simulation’s results in table 2.

4.5. Meteoroids fragmentation altitudes

The fall of a meteoroid was simulated with differ-
ent initial radius, an atmospheric entry angle of 45
degrees and 20 km s−1 of initial velocity. It was con-
sidered the entry altitude at about 300 km [7, 9].

In figure 5 it is represented the values obtained by
Hills and Goda [7] and figure 6 contains the values
obtained in these simulations. For stone and iron
materials the results are similar. For dust balls and
chondrite meteoroids Hills and Goda [7] obtained
higher fragmentation altitudes.

The simulations used the atmospheric model
NRLMSISE-00 and a CD value dependent of the
flow regime with a soft transition between free
molecular flow and continuous flow regimes. The
study of Hills and Goda [7] uses a single exponen-
tial layer to model the air density and a constant
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Figure 5: Hills and Goda [7] fragmentation alti-
tudes versus meteoroid’s initial radius for various
materials.
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Figure 6: Simulated fragmentation altitudes versus
meteoroid’s initial radius for various materials.

CD = 0.5 value. This atmospheric model is a sat-
isfactory approximation in the lower atmosphere,
where the harder materials are supposed to frag-
ment and disperse a large amount of their energy.
However, to be applied in higher altitudes, it needs
to be replaced by higher accuracy models [7]. This
explains the similar results with stone and iron ma-
terials, because they fragment lower in the atmo-
sphere than the dust balls and chondrite ones.

5. Conclusions
This work’s goal was to develop a software capable
of simulate atmospheric entry based on real data
from previous observations.

The simulator was developed in the C++ lan-
guage in order to achieve optimal computational re-
sources management and high efficiency. A graph-
ical user interface was constructed with regard to
flexibility and user-friendly software usage experi-

ence.
The software provides several gravity and atmo-

spheric models, in order to adapt the results’ ac-
curacy to the user’s requirements. It can simu-
late entry characteristic processes - fragmentation
and ablation - with some models used in the liter-
ature. Several physical models with different preci-
sions were included in order to try to limit the error
of the usually unknown parameters like the body’s
size and geometry.

A set of several tests and debugging sessions were
conducted. However, since the number of possible
models combinations is high, it may be necessary
further testing with unusual conditions and data in
order to verify all the implemented software fea-
tures.

A possible future improvement consists in incor-
porating a software module to run Monte Carlo
method. This will offer a probabilistic view of the
effects of unknown input data, such as the body’s
geometry, mass or CD in the output results. It will
be required a new graphical menu with increased
complexity and a control module to manage the in-
put data variation and the extensive output data
size produced.
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