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Heat and mass transfer processes at the most heat-stressed
areas of the surface of the descent module
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Abstract. The study presents the results of the research of heat and heat exchange processes on the heat-stressed
elements of the structure of an advanced TsAGI descent vehicle. The studies were carried out using a mathematical
model based on solving discrete analogs of continuum mechanics equations. Conclusions were drawn about the
correctness of the model and the dependence of the intensity of heat and mass transfer processes on the most heat-
stressed sections of the apparatus surface on its geometry and the catalytic activity of the surface.
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1. Introduction

One of the most important tasks in designing a descent vehicle, the results of which largely
determine its flight performance, is the task of determining the parameters of heat exchange on its
surface. In this case, the thermal design of the vehicle usually contradicts the requirements of
aerodynamic design and in some cases can make significant adjustments to the aerodynamic
layout of the vehicle. This is because as a result of aerodynamic heating the temperature of the
most thermally stressed elements of the structure can exceed the maximum allowable level and
lead to the destruction of the structure. That is, the heating would become catastrophic. Therefore,
when creating a descent vehicle it is necessary to determine in advance the parameters of heat and
mass transfer on its surface, because in this case already at the design stage it will be possible to
optimize its geometric, trajectory, weight, and other characteristics, which largely depend on the
parameters of necessary thermal protection of the airframe.

For aircraft-type vehicles, it is especially important to determine the thermal conditions of such
most heat-stressed areas of the vehicle surface as the fuselage nose and the leading edges of the
wings. The maximum temperatures of the outer and inner surfaces of the applied thermal
protection coating must not exceed the permissible values. Thus, the thickness of the thermal
protection coating depends on the geometry of the apparatus and the trajectory of its re-entry into
the Earth's atmosphere.

Since the effective experimental study of high-altitude high-speed viscous gas flows under
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ground conditions is severely limited, and conducting flight experiments is economically
expensive and often simply impossible, the need for reliable methods of mathematical modeling of
the thermogasodynamics and heat and mass exchange processes is particularly acute in the
development of a descent vehicle (Formalev and Kolesnik 2007, Formalev and Kolesnik 2019a,
Formalev et al. 2009, Formalev et al. 2019d, Formalev et al. 2020c, Formalev et al. 2022, Hein et
al. 2020). Solving this problem using theoretical approaches is quite difficult since in the high-
speed flow near the surface of the apparatus, atomic-molecular high-temperature physical and
chemical processes, including relaxation of the intemal degrees of freedom of particles,
multicomponent diffusion, dissociation, recombination, and ionization in nonequilibrium
conditions are fully manifested (Astapov et al. 2019, Astapov and Pogodin 2021, Bulychev 2019a,
Bulychev 2019b, Bulychev 2019c, Bulychev 2021d, Bulychev 2021e, Bulychev 2022f, Bulychev
20229, Bulychev 2022h, Bulychev2022i, Bulychev and Burova 2022, Bulychev and Ivanov 20193,
Bulychev and Ivanov 2019b, Bulychev and lvanov 2019c, Bulychev and Kolesnik 2022, Bulychev
and Rabinskiy 2019a, Bulychev and Rabinskiy 2019b, Burova 2021, Butusova 2020a, Butusova
2020b, Butusova 2020c, Butusova 2020d, Formalev and Kolesnik 2019b, Formalev et al. 20193,
Formalev, et al. 2019b, Formalev et al. 2019¢c, Formalev et al. 2019e, Formalev et al. 202043,
Formalev et al. 2020b, Goncharenko et al. 2022, loni 2020a, loni 2020b, loni 2020c, loni and
Butusova 2021a, loni and Butusova 2021b, Kalugina and Ryapukhin 2021, Kaptakov 2020a,
Kaptakov 2020b, Kaptakov 2020c, Kaptakov 2021, Kaptakov et al. 2021, Kolesnik 2021a,
Kolesnik 2021b, Kolesnik and Bulychev 2020, Kolesnik et al. 2019, Kurchatov et al. 2019a,
Kurchatov, et al. 2019b, Lifanov et al. 2019, Lifanov et al. 2020, Perchenok et al. 2021a,
Perchenok, et al. 2021b, Pogodin et al. 2019, Pogodin et al. 2020, Rabinskiy and Sitnikov 2018,
Radaev 2021a, Radaev 2021b, Radaev 2021c, Sun et al. 2020, Tarasova 2020a, Tarasova 2020b,
Tarasova 2020c). This set of physical phenomena manifests itself, in macroscopic form, as a wide
range of changes in the defining similarity criteria: Mach, Reynolds, Knudsen, Damkeller,
Schmidt, Lewis, etc.

In the present work, we performed a numerical simulation of the heat-exchange processes of
the most heat-stressed surface areas of a promising small-size winged re-entry vehicle with a mass
of 9 t, the layout of which was developed at TsAGI (Bobylev et al. 1971). For this purpose, a
mathematical model based on solving discrete analogs of the equations of continuum mechanics
was used.

2. Task statement

The descent vehicle of TSAGI was chosen as the object of the study (Bobylev et al. 1971). This
apparatus (Fig. 1) is designed as a “no-tail” with a low-lying double sweep wing.

The apparatus had the following geometrical parameters: length-10.2 m, wingspan-10.3 m,
fuselage nose radius Ro=0.451 m, a radius of the wing leading edge in the terminal section
Ro=0.078 m, wingtip angle y; = 77°, wing sweep angle y, = 50°.

For the layout of the small vehicle described above, TSAGI specialists carried out a series of
calculations (Bobylev et al. 1971), the purpose of which was to find the optimal trajectory that
achieves the maximum lateral range for a given limitation of the maximum temperature on the
surface of the vehicle. For this purpose, a technique based on the well-known Fay-Riddell relation
for equilibrium flow was used (Fay and Riddell 1958).

For those sections of the trajectory where the maximum thermal load was detected, the authors
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Fig. 1 Exterior view of the TSAGI small-size reentry winged vehicle (Bobylev et al. 1971)
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Fig. 2 The trajectory of the descent of the vehicle in the range of heights from 90 km to 20 km
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Table 1 Parameters of the incoming flow
Point of trajectory Altitude H, m Mach number M,,  Static pressure p., Pa  Static temperature T.,, K

1 83150 27.80 0.6160 1925
2 80425 26.75 0.9804 197.8
3 77774 25.33 1.523 203.0
4 73330 22.34 3.114 211.7
5 62675 16.51 15.19 239.7

performed a series of calculations of the two-dimensional nonequilibrium flow around the heat-
stressed elements of the apparatus structure using a mathematical model of the viscous boundary
layer (Dorrance 2017, Kovalev 2002). These calculations were performed for the case of zero
surface catalytic activity.

Fig. 2 shows the extreme heat stress trajectory of the spacecraft's entry into dense layers of the
atmosphere (Vaganov et al. 2009).

In this study, a series of calculations were performed for five points of the trajectory of descent,
located in the region of maximum aerodynamic heating, to compare them with the calculated data
of (Bobylev et al. 1971). The parameters of the incoming flow for these five points of the
trajectory are presented in Table 1.

Since the actual flow parameters realized in front of the leading edge of the wings after passing
through the leading shock wave are unknown, it was assumed that the wings, as well as the nose of
the fuselage, are flowed by the undisturbed flow. That is, in this formulation, as well as in
(Bobylev et al. 1971), the braking of the flow due to passage through the head shock wave was not
taken into account. The calculations also did not take into account the possible interference of the
head shock wave with the shock wave in front of the wing.

Two limiting cases are considered in the study:

« the absolute catalytic activity of the surface of the descent vehicle: k,, — o.

* zero catalytic activity on the surface of the descent vehicle: k,, = 0.

3. Properties of chemical components

Air was considered as a mixture of 11 components: Nz, Oz, NO, N, O, NO+, N2+, O2+, N+, O+,
e.

The density of the mixture was calculated as a function of pressure and temperature as follows.
The density of the mixture as a function of pressure and temperature was calculated using the ideal
gas formula

Pem = LC (1)
RT. 7

where Pg; -local static pressure; R, = 8,314 /(K- mol) -universal gas constant; T -local static
temperature; C;-mass concentration of the i-th component; M;-a molar mass of the i-th component.

The specific isobaric heat capacity ¢, ; of each i-th component was given by the piecewise
linear law as a function of temperature (McBride et al. 2002). The average specific heat capacity




Heat and mass transfer processes at the most heat-stressed areas of the surface... 497

of the gas mixture was calculated using the ratio

Coom = ZCi Cpi- )
i=1

The thermal conductivity coefficient A: of each i-th component was calculated using the relation
from the kinetic theory of gases (McBride et al. 2002) by the formula

R c,; M,
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4M, 15 R 3

n

where y;-dynamic viscosity of the i-th component, function y; (T).
The effective thermal conductivity of the gas mixture was calculated by the formula:

7\’cm = icl '7\’i . (4)

The dynamic viscosity of each component was calculated as a function of static temperature
according to the well-known Blottner correlation (Millat et al. 1996), and then the dynamic
viscosity of the gas mixture was calculated

Hcm = ZC. ”i : (5)

The molar masses of all components, entropy, and enthalpy values under normal conditions
(P = 101325 Pa, T = 298.15 K) are taken from (Vaganov et al. 2009).

4. Chemical kinetics

Taking into account the characteristic timing of chemical processes, the model of
nonequilibrium chemistry, consisting of 11 nonequilibrium chemical reactions of dissociation,

Table 2 Parameters of chemical reactions

Number of reaction Chemical reaction equation A¢r , m3/(kmol -s) Prr Etr, J/ kmol
1 0+M<20+M 2.0e+18 -15 4.9471e+08
2 No+M<2N+M 7.0e+18 -1.6 9.4120e+08
3 NO+M<N+O+M 5.0e+12 0.0 6.2774e+08
4 N2+O<NO+N 6.4e+14 -1.0 3.1928e+08
5 NO+O<=0,+N 8.4e+09 0.0 1.6172e+08
6 No+e<>2N+e 3.0e+21 -1.6 9.4120e+08
7 N+e<>N*+2e 2.5e+31 -3.82 1.4018e+09
8 O+es0*+2e 3.9e+30 -3.78 1.3178e+09
9 N+O<NO*+e 5.3e+09 0.0 2.6523e+08

10 2NNy +e 2.0e+10 0.0 5.6123e+08
11 200, +e 1.1e+10 0.0 6.7015e+08
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recombination, and ionization, three of which are realized with the participation of third bodies
(M) (Table 2), was used in modeling. The empirical coefficients of the kinetics of chemical
reactions were taken from (Blottner et al. 1971).

For each component of the gas mixture, a separate mass transfer equation was solved in the
form

%(pici)+V~(piuCi)=—V-gi ro,, ©)

where g;-diffusion flux of the i-th component; and w:-the rate of formation of the i-th component
in chemical reactions, which was calculated by the formula

Ngr
w; = Mw,iz Ri,r , (7)

r=1

where M,, ;-a molar mass of the i-th component; Nz-the number of chemical reactions involved in
the process and the calculation; ﬁi,r' is the molar rate of formation (decay) of the i-th component
in reaction 7, calculated using the chemical kinetics equation for the rate of formation of the i-th
component during a nonequilibrium chemical reaction. The rate ﬁi,r in the nonequilibrium
chemical reaction r was represented as

N . N v,
Rir =I'(v}, —v;,r)(kf,,]‘[[xj,r]””' - kb]rH[Xj,r] ' ] (8)
=

j=1

where X, -molar concentration of component j in reaction 7 (Kmol/m®); #’~degree index for
reagent j in the reaction r; v’ -the stoichiometric coefficient for reagent j in the reaction r; v ”;-the
exponent for product j in reaction » (always equal to the stoichiometric coefficient of the reaction
product); I'-coefficient taking into account the effect of third bodies on the reaction rate; ky ,-rate
constant of direct reaction; ks -rate constant of the reverse reaction.

The rate constant of each direct reaction » was calculated using the Arrhenius expression
(McBride et al. 2002)

K, = A Thre =BT ©)

where Ay .-pre-exponential factor; S ,.-temperature index; Ef ,-reaction activation energy.

The rate constant of each reverse reaction ks, in Eq. (8) was calculated through the Gibbs free
energy change (Landau and Lifshitz 1980).

The efficiencies of each chemical component as the third body (parameter I in Eq. (8)), were
specified according to (Scalabrin 2007) and presented in Table 3.

5. Calculation grid construction peculiarities

The problem of flow around the surfaces of the fuselage nose and the leading edge of the wing
of the investigated apparatus was solved in the three-dimensional formulation.

To save computational resources, the flow around only one-half of the fuselage nose was
simulated. In this case, the symmetry boundary condition was set on the OXY plane, which is
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Fig. 5 Variation of the surface temperature of the fuselage nose and the leading edge of the aircraft along the
flight trajectory at heights of 90+50 km

quite acceptable for the glide angle § = 0. The computational grid for the fuselage nose of 6.6
million cells is shown in Fig. 3, and the grid for the leading edge of the wing of 4.7 million cells is
shown in Fig. 4.

6. Calculation results

Fig. 5 shows the temperature dependences of the surface of the fuselage nose and the leading
edge of the wing during the flight of the aircraft in the atmosphere along the descent trajectory for
the case of absolute catalytic surface activity (k,, = o) and the case of zero catalytic surface
activity (k,, — 0). The results obtained for the surface with k,, — oo were compared with TsAGI
calculations (Bobylev et al. 1971) performed using the well-known Fay-Riddell relation
(equilibrium model).

For the surface with k,, = 0, the results obtained were compared with calculations by TsAGI
(Bobylev et al. 1971) carried out both by the Fay-Riddell formula and by a nonequilibrium
mathematical model based on the solution of the full system of viscous boundary layer equations.

The data presented in Fig. 5 show that the catalytic activity of the surface has a strong influence
on the temperature levels obtained in the calculations. The temperature of the absolutely
catalytically active surface is much higher than the temperature of the surface with zero catalytic
activity, especially at the descent altitudes of the apparatus from 90 km to 60 km. This can be
explained by the fact that at flight altitudes higher than 60 km, a mostly “frozen” boundary layer



Heat and mass transfer processes at the most heat-stressed areas of the surface... 501

C, Co
0,236 0,220

*_*—'\Q 0,200+ ———n
0234 F\\\
17— 0,180 \\

0,232 \‘\\ _

| N 0,160
0,230

\ 0,140 \
0,228 H,km 0120 H,km

T T T T T T

60 70 80 90 60 70 80 90
(a) fuselage nose (b) the leading edge of the wing
#————= TsAGI nonequilibrium model [8] (k, — 0)

+————= Numerical (this work) (k, —0)
Fig. 6 The concentration of atomic oxygen on the surface of the fuselage nose and wing leading edge

and a partially nonequilibrium boundary layer are realized on the surface of the apparatus. It also
follows from the data presented in Figs. 5 and 6 that the results obtained are in satisfactory
agreement with the results of calculations using the Fay-Riddell ratio (Bobylev et al. 1971) (the
maximum deviation does not exceed 7%). At the same time, in some parts of the trajectory, both
for the fuselage nose and the leading edge of the wing, the obtained temperature was slightly
higher than the data of (Bobylev et al. 1971). The reason for this discrepancy is because the Fay-
Riddell relation was obtained for an equilibrium chemically active boundary layer and does not
take into account the influence of chemical non-equilibrium reactions in the boundary layer on the
temperature level of the aircraft surface.

The discrepancy between the data of the present work and the data of calculations using the
nonequilibrium mathematical model of TsAGI is obviously due to the difference in the number of
nonequilibrium chemical reactions considered. It is known that different formulations of the
mechanisms of chemical kinetics can lead to ambiguous results in terms of the apparatus' surface
temperature. For example, it was shown in (Landau and Lifshitz 1980) that consideration of
chemical nonequilibrium leads to a decrease in the temperature on the surface of the vehicle during
flight at an altitude of 22 km in the Mach number range of 6.3+18.5 compared to the calculation
by the Fay-Riddell formula. However, the same work shows that when flying at an altitude of 37
km at a speed corresponding to the Mach number M., = 17, 6, taking into account the chemical
non-equilibrium reactions, on the contrary, leads to an overestimation of the surface temperature of
the vehicle.

Nevertheless, it should be noted that the results of calculations of the apparatus surface
temperature using mathematical models of different authors have a qualitative correspondence.
The quantitative discrepancies do not exceed 10%.

Fig. 6 shows the distribution of atomic oxygen concentrations on the surface of the fuselage
nose and the surface of the wing leading edge in the end section. The obtained results are
compared with the data of (Scalabrin 2007) for the case of zero surface catalytic activity.

Fig. 6 shows that the obtained results are in satisfactory agreement with the data of (Bobylev et
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al. 1971), but the concentrations of atomic oxygen at the nose of the fuselage and the leading edge
of the wing are somewhat underestimated compared to the TSAGI calculations. The reason for
these discrepancies is probably the difference in the rate of chemical reactions occurring in the
compressed layer. The reaction rate is known to be determined by the values of the constants in the
Arrhenius expression. The fact that the concentrations of atomic oxygen at the fuselage nose and
the leading edge of the wing are lower than the concentrations obtained in (Bobylev et al. 1971)
partially explains the observed overestimation of the surface temperature. Since the dissociation
reactions are endothermic, the understated values of atomic oxygen concentrations indicate that the
dissociation reactions of oxygen molecules in the boundary layer proceed less intensely than in the
calculations of (Bobylev er al. 1971) and, therefore, less thermal energy is spent on their
realization.

7. Conclusions

A study of heat and mass transfer processes on the most heat-stressed elements of the structure
of a small-size winged re-entry vehicle: the nose of the fuselage and the leading edges of the wings
was carried out.

It is found that the obtained results are in satisfactory agreement with the calculations according
to the Fay-Riddell formula and by solving the equations of the viscous boundary layer.

The dependence of heat fluxes to the surface of the aircraft on its geometric parameters and the
catalytic activity of the surface is revealed.
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