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Results of experimental and theoretical 
investigation are presented of UV radiation in-
tensity from plasma structure during the re-
entry of descending space vehicle “Soyuz-
TM” in the Earth atmosphere. 

Radiation in UV range from re-entry 
space vehicles moving in the Earth atmosphere 
has been experimentally investigated at veloci-
ties 3.5 [1] and 5 km/s [2]. Theoretical analysis 
of radiation for conditions of these experi-
ments has been made in [3] and [4]. In the lat-
ter paper shock tube experiments have also 
been used. 

The measurements of UV radiation from 
plasma structure over re-entry vehicle (RV) 
“Soyuz-TM” described in this work have been 
carried out 24.10.04 onboard International 
Space Station (ISS) in night conditions with 
the use of high sensitive radiometric UV-
camera “Fialka-MV-Kosmos”. The compari-
son of theoretical predictions and experimental 
results is made on radiant intensity from 
plasma structure over the space vehicle in the 
range of spectrum 230–370 nm. 

Experiment description 

During realization of the “Relaxation” 
Space Experiments Series onboard ISS ex-
perimental investigation has been carried out 
in night conditions of radiant intensity in UV 
range of spectrum 230-370 nm from plasma 
structure over space vehicle “Soyuz-TM” in 
the Earth atmosphere. For the measurements 
of absolute intensity along the vehicle re-entry 
trajectory the high sensitive optical system 
“Fialka-MV-Kosmos” installed on the ISS was 
used. The system is analogous to the one in-
stalled onboard “Mir” orbital station [5], but one 
order of magnitude more sensitive. The meas-
urements were made using high sensitive solar-
blind UV-camera with MCP image intensifier 
with threshold sensitivity ~ 1.7⋅10–17 W/cm2, a 
field of view – 10.5 degrees and a pixel instant 
field of view – 2⋅10-4 radians.  

The RV “Soyuz-TM” is a blunt segment-
cone body – a combination of a spherical 30o-
degree segment with a sphere radius 
R = 2.32 m, and a reversed cone with a half 
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angle 7о. A tangent line of the segment and the 
cone is rounded with a radius r/R=1/50. 

The absolute calibration of apparatus sen-
sitivity was made on base of star radiation 
measurements used as a calibrating source. A 
temporal dependence of radiant intensity was 
obtained beginning from the height ~ 99 km 
and down to 25-30 km. Space vehicle velocity 
along the trajectory is listed in Table 1. An an-
gle of attack of the space vehicle in the con-
sidered range of altitudes was approximately 

constant and equal to 22о. Changes of some 
other parameters along the trajectory are pre-
sented in Table 2. Designations correspond to 
a scheme shown in Fig.1. Here LH RV and LH 
ISS – local horizons in RV and ISS positions, 
НRV и НISS – altitudes of RV and ISS, S – 
ISS – RV distance, β – observation angle (be-
tween S and RV axis) , η – angle between RVV

r
 

and S, α – angle of attack (between RVV
r

 and 
RV axis), (XYZ) OCS – orbital coordinate sys-
tem at ISS position. Also in Table 2 results of 
measurements of absolute radiant intensity Iexp 
(W/sr) are presented in sensitivity range of 
UV-camera, shown in Fig.2. 

Numerical method 

Radiation measurements from plasma 
structure over space vehicle “Soyuz-TM” 
descending in the Earth atmosphere have 
been carried out in the near ultraviolet. The 
main contribution in this range of spectrum 
is made by the radiation of a high tempera-
ture shock layer on the forward side of the 
space vehicle. 

The shock layer on the side surface and 
the wake behind the vehicle practically do 
not radiate in the ultraviolet because of com-
paratively low values of temperature which 
take place there. For the same reasons in cal-
culations of UV radiation one can omit from 
consideration the boundary layer. Therefore 
computations have been made only for the 
forward side and a small part of the side sur-
face of the vehicle (0.15 R), in order to ob-
tain supersonic flow on the exit boundary of 
the computational domain and thus eliminate 
upwind influence of the rest flow. 

For numerical simulation three dimen-
sional Euler equations have been e used sup-
plied with mass conservation equations for in-
dividual chemical species. The equations are 
cast in arbitrary curvilinear coordinates in the 
conservative form. Calculations are made us-
ing an implicit iterative LU-SGS (Lower-
Upper Symmetric Gauss Seidel) scheme [6]. 
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More details on the numerical method used 
can be found in [7]. 

In computations a thermo-chemical model 
of nonequilibrium radiating air is used [8, 9] 
which has been tested, in particular, by compari-
son with flight measurements on electron num-
ber density in the shock layer over experimental 
RAM-C vehicle. Briefly, the model is as follows. 
Air is supposed to consists of 9 chemical species: 
N2, O2, NO, N, O, N2

+, O2
+, NO+ and e-. Rota-

tional temperature, vibrational temperatures of 
molecular ions N2

+, O2
+, NO+ and the tempera-

ture of free electrons are assumed equal to trans-
lational temperature. Generally for neutral mole-
cules N2, O2 and NO conservation equations of 
vibrational energy are solved (vibrationally non-
equilibrium model with different vibrational 
temperatures). But preliminary calculations have 
shown that at the considered conditions vibra-
tional temperatures of molecules N2, O2 и NO 
are very slightly differ from translational tem-
perature. Therefore the temperatures of their vi-
brational excitation are also assumed equal to 
translational temperature. 

Table 1 

Н, km V∞, m/s Re∞,Rb Р∞, atm Т∞, K
80.5 7604 2.61·104 1.00·10-5 184.9
70.1 7510 1.06·105 5.67·10-5 218.7
60.7 7109 3.00·105 2.17·10-4 251.0
52.6 6116 6.17·105 6.07·10-4 274.0
45.6 4537 1.09·106 1.43·10-3 272.3

 
Intensity of UV radiation has been calcu-

lated in the following molecular bands; N2 (2+), 
N2

+ (1-), O2 (SR) and NO (β,γ,δ,ε). Populations 
of electronic excited levels of molecules are 
determined by solution of a conservation equa-
tion for each level with account of the proc-
esses of convection, collisional formation and 
disappearance and finite radiative life time [9]. 
Calculations of electronic level populations 
have also been made in the approximation of 
thermodynamic equilibrium with local transla-

tional temperature. In computations of radia-
tion spectroscopic data on molecular constants 
and probabilities of vibrational and electronic 
transitions taken from [10, 11] are used. Spec-
tral distribution of radiation intensity is deter-
mined using the “just overlapping” approxi-
mate model [10]. An approach of thin optical 
layer is assumed in calculations of radiation 
from the whole shock layer.  

Calculations have been carried out on a 
grid 50×30×40 (in longitudinal, transverse 
and circumferential directions respectively). 
The bow shock wave is fitted supposing that 
the Rankine-Hugoniot jump conditions take 
place across it. On the vehicle surface non-
permeable condition (velocity normal to the 
wall Vn = 0) is used. Along the symmetry 
axis conditions of evenness and oddness of 
flow parameters are employed. On the exit 
boundary an extrapolation of first or second 
order of accuracy is used. 

Results and discussion 

Calculations have been made for a part of 
the entry trajectory of the space vehicle 
“Soyuz-TM” into the Earth atmosphere in the 
altitude range 80.5 – 42.6 km when the proc-
esses of dissociation, ionization and excitation 
of internal degrees of freedom have a type 
transitional from a strongly nonequilibrium to 
a nearly equilibrium state. At lower altitudes 
these processes are in equilibrium, at higher al-
titudes they are very slow (frozen). Trajectory 
parameters and characteristics of the Earth at-
mosphere are presented in Table 1. 

In Fig.3a isolines of temperature are 
shown with a step of ∆T = 500 K in the shock 
layer on the forward side and on a part of the 
side as well as near the surface of the space 
vehicle “Soyuz-TM” for a trajectory point with 
a higher altitude (Н = 70.1 km). It is seen that 
temperature in the shock layer on the forward 
side abruptly decreases from shock wave to 
the vehicle surface which is the consequence 
of the processes of dissociation and ionization. 
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For example along the stagnation line tempera-
ture diminishes approximately from 21000 to 
6200 K, the main temperature decrease being 
occurred just after the shock wave – by more 

than 10000 K on the distance of 0.1 of the 
shock detachment thickness. 

On the contrary, in the longitudinal direc-
tion temperature gradients in the shock layer 
are considerably less. For example, on the ve-
hicle surface temperature changes from 6200 
to 5000 K. Near the corner edge where the 
flow turns temperature diminishes, particularly 
on the leeside (about 5 times – from 5000 to 
1000 K). On the forward side due to a large 
angle of attack temperature decreases not so 
abruptly – approximately by a factor of 1.5. 

An analogous picture of temperature isoli-
nes with a step of ∆T = 400 K for a lower alti-
tude (Н = 45.6 km) is presented in Fig.3b. The 
values of temperature in the shock layer in this 
case are notably less as a result of velocity di-
minishing from 7.5 to 4.5 km/s. In contrast to the 
case of an altitude of 70.1 km, temperature in the 
main part of the shock layer on the forward side 
is almost constant normal to the vehicle surface 
except in the nearest vicinity of the shock wave. 
This implies that the processes of dissociation, 
which are strongly nonequilibrium and result in 
temperature decreasing across the shock layer at 
higher altitudes, are in equilibrium at lower alti-
tudes. Temperature decreasing at the turning 
point near the corner edge on the forward side is 
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about 1.5 times, i.e. approximately the same as 
for an altitude of 70.1 km. Diminishing of T near 
the corner edge on the leeside is about 2 times 
which is considerable less than at 70.1 km where 
it is equal to about 5 times. This discrepancy is 
probably caused by the less level of dissociation 
at the lower altitude. 

Isolines of pressure P/ρ∞U2∞ and mass con-
centrations of molecules N2 at an altitude of 
70.1 km are shown in Fig.4. It is seen that on the 
forward side from the stagnation point to the 
corner edge pressure decreases approximately 
two times – from 0.95 to 0.4. The change of 
pressure across the shock layer along almost the 
whole of forward side is several percents. Only 
close to the corner edge on the leeside it reaches 
20 – 30%. At the turning point near the corner 
edge pressure decreases down to 0.1 and 0.01 on 
the forward and lee side respectively. In the 
range of considered conditions the distribution of 
pressure in the shock layer depends very slightly 
on altitude (especially on the forward surface). 

In Fig.5 the distributions of mass concentra-
tions of excited electronic levels N2(C3Πu), 
second positive band system, and N2+(B2Σu+), 
first negative band system, across the shock 
layer along the stagnation line at an altitude of 
Н=70.1 km. Solid and dotted curves correspond 
to calculations in nonequilibrium and locally 
equilibrium approaches. It is seen that at the con-
sidered conditions the nonequilibrium popula-
tions of the above electronic levels significantly 
lower than the populations determined using the 
local equilibrium approach. The difference is 
about one and two orders of magnitude for 
N2+(B2Σu+) and N2(C3Πu) levels respectively. 

The spectral radiant intensity Iλ, 
W/mkm·sr, from the whole of the shock 
layer on the forward side of the space vehi-
cle “Soyuz-TM” at an altitude of 70.1 km in 
nonequilibrium and locally equilibrium ap-
proaches is presented in Fig.6a and 6b. 

In the case of nonequilibrium the main 
contribution in the considered range of spec-
trum is made by the following molecular 
band systems: NO(γ), N2(2+) and N2+(1-). 

In the range 230-300 nm the band systems 
NO(β) and O2(SR) are also significant. In 
the case of local equilibrium approach the 
relative contribution of band systems is re-
tained on the whole except the band system 
N2+(1-) the contribution of which is negligi-
ble. But the absolute values of radiant inten-
sity are about three orders of magnitude 
higher than for nonequilibrium approach. 

Table 2 

Н, 
km 

S, 
km 

η° Ieq,W/sr Inon-

eq,W/sr 
Iexp,W/sr

70.1 405 129 1.9·104 117 113 

60.7 390 129 2.1·104 143 115 

52.6 390 103 2.3·104 182 93 

45.6 390 103 1.3·104 81 68 
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In Table 2 numerical results of radiation 
in nonequilibrium and equilibrium approaches 
are listed with correction for spectral sensitiv-
ity of UV camera shown in Fig 2. Also there 
are given the flight radiation measurements. It 
is seen that taking into account the processes 
populating and depopulating excited electronic 
levels of molecules are very important at the 
considered conditions – the difference between 
theoretical radiant intensity obtained in non-
equilibrium and equilibrium approaches are 
about two orders of magnitude. From analysis 
of the presented data also follows that satisfac-
tory agreement takes place between numerical 
results obtained in nonequilibrium approach 
and experimental data if one takes into account 
that measurement accuracy is about 30%. 
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