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AERODYNAMICS AND THERMAL FEATURES OF REENTRY SPACECRAFT
WITH BLUNT BODY CAPSULE

By introducing the idea of “Controlled Re-entry of Spacecraft” (CSR), we can avoid the future space debris.
Control re-entry is the process of retrieving the Spacecraft safely after its operational life with Spacecrafi cap-
sule. The basic idea behind this project is providing the capsule for every Spacecrafi carrying nuclear power
source onboard and spacecraft performing high speed reentry after the interplanetary missions. In this paper
we Will discuss the aerodynamic analysis performed analytically and experimentally, in Continuous and New-
tonian flow. Analysis of aerodynamic characteristics at wide Knudsen and Mach number range of body is
done. Thermal loads and kinematic parameters of vehicle are determined. And results of wind tunnel test of the
blunt capsule performed in wind tunnel T-5 are also discussed.
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Introduction

Planetary exploration demands critical technologi-
cal operation in different phases, this paper is a initial
phase of the high speed planetary reentry of spacecratft.
Revealing the best reentry trajectory for the spacecraft
allows a designer to consider the aerodynamic and
thermal loads for the structure designing and also it re-
veals the spacecraft propulsion system requirements.
Hypersonic deceleration design which is dominated by
aerodynamic surface heating, where reduction of heat
transfer rate plays an important role. The aecrodynamic
drag coefficient is inversely proportional to the heat
load. Therefore, the blunt body configuration which has
a detached shock wave experiences less heating than the
traditional shape with its attached shock wave the
choice of the hypersonic vehicle. Spacecrafts for the
Mercury, Gemini, and Apollo programs were designed
using this concept. However the maximum temperature
that a space vehicle experiences in its hypersonic flight
is far above the maximum sustainable temperature of
any material. Hence, a proper heat shield should be de-
signed to withstand the heating loads. Consequently
nose bluntness increase the aerodynamic drag experi-
enced by the body. Increase in wave drag is useful dur-
ing reentry of the spacecraft for aero breaking.

Generalities

Three phases of the mission are:
— launch phase;
— mission phase;
— reentry phase.

It starts from launch pad to the end of mission as-
signed to launch vehicle. From this phase Spacecraft
will be attached to the Capsule which allows Space-
crafts linear moment in and out of capsule.

At the end of launch phase begins the mission

phase where the spacecraft fulfills its mission. In this
phase Spacecraft will extend out of the capsule attached
to it and perform its function during its operational life.
After its useful life Spacecraft will retract inside the
capsule.

Spacecraft capsule will correct its attitude for the
de-orbit and reduce its altitude to 160 km with specific
inclination and by using the onboard thrusters. Fuel
should be reserved for the de-orbit.

With successful controlled de-orbit to desired alti-
tude, Spacecraft will prepare for its reentry. Capsule is
designed to resist the extreme environment forces dur-
ing its orbital life and during the controlled reentry into
the earth’s atmosphere.

In past many spacecraft’s have been deorbited af-
ter its operational life which provides a feasibility of the
CRS with present technology. The technical feasibility
of a controlled targeted deorbit into a remote ocean was
found to be possible with Russia's assistance. The Rus-
sian Space Agency has experience from de-orbiting the
Salyut 4, 5, 6, 7 and Mir space stations, while NASA's
first intentional controlled de-orbit of a Spacecraft (the
Compton Gamma Ray Observatory) occurred in 2000.

Controlled atmospheric reentry is relatively mature
and well understood today it remains true that any earth
orbital mission for the payload must be recovered or
interplanetary mission targeted for planet with an at-
mosphere must address the issue of how to get up as
well as how to get down.
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Atmospheric entry system must provide controlled
dissipation of combined kinetic and potential energy
associated with the vehicle’s speed and altitude at entry
interface. By control entry we imply that both dynamic
and thermal loads are maintained within acceptable lim-
its during entry. This requires a carefully designed flight
trajectory and often a precision guidance to achieve a
desired result. Control of vehicle in response to guid-
ance system implies control of lift and drag throughout
the flight.

Initial parameters

For the velocity of the capsule, we consider the
Soyuz TMA velocity throughout its reentry phase from
160 to 10 km of range (fig. 1) Diameter and length of
the capsule is 2.2 meters with 1000 kg mass. In figure
10, is scaled model of the capsule with 0° reentry angle.

During reentry of capsule blunt face is in the for-
ward direction so our interest to find the maximum
aerodynamic and thermal distribution over the blunt
shape of the capsule.
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Fig. 1. Soyuz TMA reentry data

Extraction of the velocity vs. altitude data of cap-
sule from Fig 1 is shown in the fig 2.
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Fig. 2. Velocity of the capsule taken from
the Soyuz TMA reentry data

Aerodynamic calculations

The dynamic characteristics of the capsule during
its operational life and while reentry is calculated theo-
retically and experimentally.

We consider the drag, thermal and pressure force
distribution over the surface of the spacecraft capsule.
The maximum aerodynamic force acting over the cap-
sule surface at the altitude of continuous region and
Newtonian region is discussed.

Experimental approach for calculating the maxi-
mum drag over the surface of the Spacecraft capsule
with Venera at different angle of attack in the T5 study
wind tunnel is also carried out for proper understanding
of the angle of reentry.

Dimensional analysis of the theoretical flow equa-
tions shows the number of parameters can be considera-
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bly reduced by the use of dimensionless “similarity pa-
rameters.” In our case, the hypersonic aerodynamics
coefficient most commonly used parameters is Knudsen
number average free path of gas molecules.

For better understanding of the flow at different al-
titudes, Knudsen number is calculated. As the air mole-
cules behavior at different altitudes are not uniform

(fig. 3).
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Fig. 3. Knudsen number at different altitudes

By the fig. 2, it is clear that the air flows from the
0 km to 75 km range are in continuous flow and from 75
km to 110 km are in Transient flow and above 120 km it
is in Newtonian flow. By analytical and experimental
method aerodynamic characteristics can be determined
for continuous and Newtonian flow. Theories are inap-
propriate to determine accurately the aerodynamic char-
acteristics in transient flow, so experimental approach is
more preferable than analytical calculations. We ignore
the transient regime flow and our interest is in analysis
of Continuous and Newtonian flow regime.

Aerodynamic and thermodynamic
parameters of capsule in continuous flow

In continuous mode we must examine the model of
aerodynamic coefficient, coefficient of pressure and
thermal distribution over the capsule. The atmospheric
density in the continuous flow is more as compared to
the Newtonian flow so the loads acting are high in this
region. It is important to understand the maximum load
acting over a capsule for further structure designing of
the capsule.

Mach number.

Below the 10 km altitude, velocity and Mach
number decrease sharply under drag effect, we observe
the behavior at Mach lower than 2 by the evolution of
base drag with Mach number [6].

Pressure distribution.

The compression ratio of air in front of the capsule
may cause structural deformation which will be consid-
ered while designing the aerodynamic profile of the
capsule. Blunt shape will increase the compression ratio
whereas the sharp profile increases temperature gradi-
ent. So achieving the equilibrium is necessary.

Formula for pressure coefficient in continuous
flow (inversed motion):

C =p_p00 , (1)

where p — local pressure on the capsule;
p — atmospheric density;

v — velocity of the capsule at different altitude;
Ps — atmospheric pressure.
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Fig. 4. pressure distribution
over surface of capsule at altitudes

Instead of coefficient of pressure we have plotted
pressure graph as maximum (see fig. 4).

¢, value in continuous flow equals to 1. Com-

pared to atmospheric pressure air around the capsule is
nearly 500 times compressed at the altitude of 70 km
and as the altitude drops gradually the compression ratio
decreases.

Maximum coefficient of drag (Cd).

Considerable amount of energy is dissipated dur-
ing reentry so at lower altitude coefficient of drag is
less.

Coefficient of drag (fig. 5) is maximum at 80 km,
sufficient drag force is required to reduce the velocity of
the capsule during reentry as it poses more kinetic en-
ergy which should be dissipated in acceptable limit and
if it dissipates fast it can burnout the vehicle before
reaching the surface of earth. We have to choose the
blunt profile because it induces required drag to slow
down the velocity of the capsule and it forms the bow
shock wave which prevents the high temperature at-
mospheric air to come in contact with the blunt profile
of the vehicle.
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Fig. 5. Coefficient of drag over
the surface of the capsule

While considering the coefficient of drag of the
Capsule in continuous flow for initial phase of the re-
search, we considered the coefficient of drag of the
Soyuz TMA because the geometry is similar to it. Work
is in progress to find the coefficient of drag more pre-
cisely with Navier stokes equation in continuous regime
and verification with CFD package.

Maximum thermal distribution.

The flow field around hypersonic vehicle is char-
acterized by strong shock and very high temperature as
a consequence of large thermal fluxes requiring a proper
designed thermal protection system. For these reason
estimation of reentry environment and correct design of
thermal protection system is essential. Formula for
thermal distribution in continuous flow.

c~§-TS4+TS—Tr=O, )

where T — surface temperature. (k);
h — coefficient of heat transfer

Kear )
m?-h -degree

h=2700-p,, -M,,,(

>

M, —mach number;
p-o : : 2 4.
o —Atmospheric—density - (Kgf -sec”)/m™ ;

T,, — atmospheric temperature (k);
€— emissivity;
T, — reduction temperature

T. =T, -(1+0.18+*M2);

o — Stefan Boltzmann constant (6 =4.9-¢—18).

In the continuous flow, thermal distribution gradu-
ally increases from 70km to 40 km (fig. 6).
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Fig. 6. Maximum Thermal distribution over the surface
of the capsule with altitude variation.

The maximum temperature is experienced at 40
km because of relatively high ratio of velocity and the
density at this altitude. Energy is dissipated with the
thermal heating of the blunt profile and below 40km
thermal distribution falls relatively.

Aerodynamic and thermodynamic
parameters of capsule in Newtonian flow

From the Knudsen number analysis (see fig. 2) it is
clearly mentioned that with the design specifications of
the capsule, from the altitude 110 to 160 km is under
Newtonian flow. So for this flow, continuous flow ana-
Iytical theory is not applicable. Different analytical for-
mulas are used as mentioned below.

Coefficient of drag.

Coefficient of drag (Cd) distribution over the sur-
face of capsule blunt face is calculated at different alti-
tudes in Newtonian region (fig. 7).
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Fig. 7. Maximum coefficient of drag over the surface
of the capsule in Newtonian flow

Formula for coefficient of drag in Newtonian flow

Cq=2-% sin’y, 3)
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2
D
where s — Area = nT ;

C4 — coefficient of drag;
dA — differential area;
v — angle of orientation for differential area;

§ — cross section area.
Drag force acting in this flow with low density re-
mains nearly constant as long as the high velocity is
sustained.

Maximum coefficient of Pressure.

Maximum coefficient of pressure (Cp) distribu-
tion over the surface of the blunt face of capsule is cal-
culated at different altitudes in Newtonian region.
Formula for coefficient of pressure in Newtonian flow

(O =2-sin2y; 4

where G, - coefficient of pressure;
q,, — dynamic pressure;
v — angle of orientation for differential area;

v — velocity of the capsule;
p — density of the air.

Formula for pressure definition

pch'qooa (5)
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Fig. 8. Pressure coefficient
over the surface of the capsule

With decreasing altitude pressure increases due to
dense atmosphere with the altitude drop. Pressure coef-
ficient results from linear momentum normal and paral-
lel to wall by unit of area per unit of time. In Newtonian
flow maximum pressure distribution over capsule oc-
curs at 120 km altitude (see fig. 8).

Thermal distribution over the capsule.

Maximum thermal distribution over the surface of
the blunt face of the capsule is calculated at different
altitudes in Newtonian region.

3
T, =ﬂ’ (6)
2-0-¢

where T, — maximum thermal distribution over the

surface of the blunt face of capsule;
V,, — velocity of the capsule;
€— emissivity;
o -Steffen Boltzmann constant.
Thermal distribution gradually increases with de-
creasing altitude because of the increasing density of
atmosphere (fig. 9).
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over the surface of the capsule

At the point of atmospheric impact of the capsule
surface thermal shocks reaches its peak, as in Newto-
nian flow the maximum thermal distribution occurs at
the 120 km altitude.

Test of the Damru capsule in
study wind tunnel T-5

This primarily consists in measuring aerodynamic
characteristics of the model in a wind tunnel. Wind tun-
nel test is performed to understand the flight path angle
of the capsule with the change in angle of attack under
acceptable loading. Test was performed with the 10% of
full scale wind tunnel models for entry of capsule with
angle of attack from -10 to +40 for low Reynolds num-
ber. Figure 10 is the scaled model of the Venera capsule
used for the flow analysis in the wind tunnel (fig. 10).

Coefficient of drag.

The coefficient of drag is the key parameter for de-
termining the deceleration load, trajectory of the flight
and the total heat load for an entry vehicle.

Coefficient of drag is maximum at the 0° AOA
(fig. 11), it is 1.03 and it is minimum around 0.8 at 40°
AOA. To avoid the hypervelocity impact appropriate
AOA is important during reentry as the drag force
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decelerates the vehicle with altitude drop. A more rapid
high drag entry usually reduces the total energy input at
the expense incurring at very high local heating rate and
may in addition result in unacceptable dynamic loads.

Fig. 10. Venera 4 Scale model used for flow analysis

1.2

‘hu-—-rf
0.8

0.6

Cxa

0.4

0.2

=20 -10 0 i0 20 30 40 50
Angle of attack

Fig. 11. Coefficient of drag of Damru capsule

With the above result of the T-5 windtunnel it is
understoood that the small variation of the AOA during
reentry is on symmetrical body with the coefficient of
drag for AOA between -10° to 10°. The above result of
varying drag with the wide AOA will be considered for
the trajectory deisgning while considering the heat
transfer within limits.

Conclusions

For understanding the dynamics of capsule in Low
earth Orbit (LEO) and forces experienced by spacecraft
during reentry are found and the experimental data in
low Reynolds number is found reasonable. Aerody-
namic analysis of the capsule will be considered for
trajectory designing with minimum thermal distribution
for different masses after verification of the result in the
CFD package.

Maximum temperature within the blunt end was
found to be 1593 K in continuous region if compared
with the orbital temperature during reentry is 530 K at
120 km in Newtonian region.

It is interested to find the value of the spacecraft
capsule average heating rate as well as altitude and ve-
locity at which this rate occurs. This maximum heating
rate often constrains the entry trajectory. Future research
will be focused on designing minimum energy trajec-
tory with active and passive propulsion along with the
reentry forces which will be further considered for
structural analysis of the capsule.
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AEPOJJUHAMIYHI TA TEPMIYHI BJJACTUBOCTI KAIICYJIN
KOCMIYHOI'O AITAPATY ITIOTAHOOBTIYHOI ®OPMM, 11O IIOBEPTAEThCS

P. Paoaceopacine, IO. I'ipvka, B. 3axapeunko, B. Mannikaposcyna, A. Bynamipaooaica

Y po6oTi pO3IIIIHYTO OCHOBHI CTa[il POLIECY KEPOBAHOTO MOBEPHEHHS 3 OPOITH CYIYTHHUKIB ITiCIIs 3aKiHUEH-
HS TepMiHY iX eKcIuTyaralii, HaJlaHO OCHOBHI XapaKTEepHUCTUKH aTMOC(EpH B 3aJISKHOCTI BiJl BUCOTH TPAEKTOPIi.
Hanano pesynbraTé aepoAMHAMIYHHX JIOCHIPKEHh BUKOHAHUX aHAJITHYHUM Ta €KCIIEPUMEHTAIbHUM METOJOM Y
HENepepBHOMY Ta HBIOTOHOBOMY CEpEJOBHUIAX. BH3HAUEHO TepMiuHI Ta aepoAWHAMIYHI MapaMeTpH JITaIbHOTO
amapary y HMpOKoMY Aiara3oHi uyncen Maxa ta Knyncena. Hanano pe3ysibpraTi eKCliepUMEHTAIbHUX JOCTIKEHb
aepoJMHAMIYHHUX XapaKTEPUCTUK MOJIEIi KallCylu, IO MOBEPTAETHCS B aepoAauHaMiuHii Tpyoi T-5 XAL

Karwu4oBi cioBa: miTanbHWi anapat, TpaekTopis, JIOOOBH OIp, TEpMidHI HaBaHTa)KEHHS, aepoJMHAMiuHa

TpyOa.

ASPOJMHAMUNYECKUE U TEPMUYECKHUE XAPAKTEPUCTHUKHU KAIICYJIbI
BO3BPAIIIAEMOI'O KOCMHUYECKOI'O AIIIMAPATA IIJIOXOOBTEKAEMOM ®OPMBbI

P. Paosceopacune, IO. I'upvka, B. 3axapenko, B. Mannukaposcyna, A. Bynamupaoica

B pabore paccMOTpeHBI OCHOBHBIE CTa MU IPOLEcca YIIPaBIIsieMOro BO3BpAILEHNs] ¢ OPOUTHI CIYTHUKOB 11OCIIE
OKOHYAHHUS CPOKa MX HKCILTyaTalluy, NPUBEICHBI OCHOBHBIE XapaKTEPUCTHKU aTMOC(Ephl B 3aBUCHMOCTH OT BBICO-
THI TpaeKTopuu mnonera. [IpuBeneHbl pe3ynbTaThl a3pOANHAMHYECKUX HCCIIEJIOBAHUI BBINOJHEHHBIX aHaJIHTHYe-
CKUMH ¥ SKCIIEPUMEHTAILHBIMA METOJ[aMU B HenpepbiBHOM u HploToHOBOM cpenax. OmnpeneneHsl TepMUYECKHE U
a’poMHAMMYECKHE XapaKTepPUCTHKH JIETAaTeIbHOIO amapara B IIMPOKOM Auamna3zoHe uucendl Maxa u Kuyzacena.
[TpuBeneHs! pe3ynbTaThl KCIIEPUMEHTAIBHBIX HCCIIEI0BAHUI a9pOJMHAMHYECKUX XapAKTEPUCTHK MOJIENHN KarCyJIbl
B a’poanHaMuyeckoit Tpyoe T-5 XAU.

KnaroueBsble ci1oBa: jeTaTeNbHbIN anapaT, TPaeKTOpHsl, IOOOBOE CONPOTUBIICHHE, TEPMUYECKUE HATPY3KH, ad-
poauHaMuYecKas Tpyoa.
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