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Consideration has been given to a number of aspects of mathematical modeling of a high-velocity flight in the
earth’s atmosphere in a wide range of variation of the determining parameters. Super- and hypersonic gas
flow past flying vehicles has been investigated based on computer-aided calculations with allowance for its
actual properties. Data on the distribution of gasdynamic parameters in the flow field, including thermal and
force loads on the surface, have been obtained and analyzed. The issues of applying today’s information tech-
nologies to archiving scientific knowledge obtained in electronic databases of a specialized Internet center and
their dissemination via the Global Network have been discussed.

Introduction. Continuous and rapid progress in the development of computers engineering and the appearance
of multiprocessor systems with exclusively high technical data make it possible to substantially extend the mathemati-
cal modeling of complex theoretical and applied problems of physical gas dynamics. Today’s advances in the creation
of high-speed flying vehicles (aircraft and spacecraft) of a new generation and the beginning of their flights in the
upper troposphere going into circumferential orbits with altitudes of about 100 km make it necessary to use new
physicomathematical models and new algorithms, including parallel counting. Whereas before one has studied sub- and
supersonic gas flows under the assumption (model) of the invariability of the physical properties of the gas medium in
all the flow zones investigated, modeling in the region of hypersonic velocities requires that this model be extended
and the actual properties of the gas, in particular the earth’s atmosphere, be allowed for with their change due to dif-
ferent physicochemical processes [1, 2].

However a complete formulation of the problem leads, even now, to extremely high requirements on comput-
ers, which exceed today’s capabilities. Therefore, one can create universal algorithms and computer programs only
when the complete program is decomposed into a number of subproblems: "aerodynamics," "physical processes," and
"chemical reactions" (see [3, 4] for details). In addition to improving the efficiency of realization of such computa-
tional algorithms on single-processor computers, the structurization of the problem enables one to "parallel" it and to
ensure the application of multiprocessor systems to the solution of various gas-dynamic problems (see [4, 5]).

Aim of the Work. The present work is oriented to two aspects of scientific investigations. The first of them
is mathematical modeling of high-velocity gas flows: creation of efficient methods and models (reflecting, to a certain
degree, the actual processes), construction of computational algorithms, and development of computer programs and
obtaining and analyzing, based on them, a new knowledge. The other no less important aim of the work is to apply
today’s information technologies to support of basic research, to save results in electronic databases, and to disseminate
them via specialized scientific centers of the Global Network.

Physical Model. To allow for the physical processes in the gas medium one uses the model of the "effective
adiabatic exponent" [6–9]. This method has successfully been used for modeling of a wide range of aerodynamic prob-
lems [10–14]. It is based on three basic propositions. First, the problem’s "physics" is algorithmically separated from
"aeromechanics." Second, these segments (subproblems) in a software system are related by a special quantity — the
effective adiabatic exponent γeff which is a function of the pressure P and temperature T, i.e., a quantity variable through-
out the flow region (in a program sense, a 2D or 3D array depending on the dimensions of the problem). It is precisely
this fact that fundamentally differentiates γeff from the "regular" adiabatic exponent γ, a quantity constant throughout the
flow region (scalar in a program sense) and with time. Third, γeff is calculated, in one manner or another, in accordance
with the physics of the process (e.g., [15]) or is taken from any tables [16] or electronic databases [17].
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Computational Algorithm. In describing gasdynamics, one uses a nonstationary system of differential
Navier–Stokes equations that allows for the compressibility, viscosity, and thermal conductivity of the gas medium
with the temperature dependence of the corresponding coefficients. The system of equations is closed by the equation
of state (generally nonideal). The economical method of splitting by physical processes and space variables is used for
numerical integration of this system [3, 18, 19]. The distinctive features of modeling of high-velocity (hypersonic) flow
past flying vehicles of different configurations with a possible nonuniqueness (bifurcations) of numerical solutions have
been investigated in [10–14], whereas certain and interesting problems of hypersonic flows have been studied and ana-
lyzed in [20–22].

Field of Investigations. Computer modeling was carried out in a wide range of variation of the parameters
determining the thermogasdynamic structure of flow about a flying vehicle (flow past the bowpart and the lateral sur-
face and flows in the near and far wake). The main factors are flight altitude H and velocity V and the thermal con-
dition on the surface of a body. The quantity H was varied in the range from 0 to 100 km, and V was varied from
1 to 8 km ⁄ sec. It is noteworthy that the continuum model holds true nearly throughout this 2D range of parameters
(the Knudsen number is quite small), and we can speak of the transient (to a nearly free molecular) regime only when
H > 75 km. The continuum model is applicable with a sufficient degree of accuracy to correction of the boundary con-
dition in the computational algorithm: switching of the condition of sticking of the flow to the surface to the condition
of flow slip and temperature jump. This problem has been investigated in [3] in detail.

In the algorithm, we used two thermal regimes (models): a heat-insulated or isothermal surface of the body.
In the latter case, the surface temperature of the body Tw normalized to the stagnation temperature T0 varied from 0.1
to 1. Furthermore, the configuration of the body’s surface is a variable parameter. In this work, we present calculations
of flow past two shapes: a drop-shaped DR-6 recoverable orbital capsule and an HB-2 geophysical rocket.

Certain Investigation Results. Mathematical modeling of the process of high-velocity motion of flying vehi-
cles in the atmosphere results in tabular and graphical data on the distribution of the thermogasdynamic parameters in
the flow field and on the surface of a flying vehicle. A very wide range of variation of the determining parameters,
which is of both theoretical and applied interest, with a large volume of data (even for one variant) necessary for
analysis makes the presentation, in review form, of the material obtained optimum and makes it possible, if necessary,
to access information of interest and to obtain detailed data on a specific variant of computer-aided calculation.

Two variants of the pattern of flow past a DR-6 recoverable orbital spacecraft and an HB-2 geophysical rockets
are presented in Fig. 1 where the fields of the local Mach number in the perturbed flow region in the vicinity of the
flying vehicle are shown. In a journal version, only a qualitative analysis of the structure of the perturbed flow region,
all gasdynamic parameters, and aerodynamic characteristics of the vehicles is possible, whereas when the specialized
electronic databases of the "Ae′romekhanika" Internet center are accessed via the Internet (http://www.SciShop.ru), a
quantitative (in color) analysis is possible.

Table 1 gives the values of Mach numbers M of flight for prescribed H and V values for the actual (standard)
earth atmosphere. For the same velocity of flight, the M values are different, with a difference of 20–25%, because
of the different values of the velocity of sound at different altitudes. Just as in the case of supersonic velocities, for
hypersonic flows, M values can serve as a certain reference point of realizability of a certain flow scenario, al-
though the aeromechanics of flow is substantially related now to the physical processes in the gas medium; these
processes are interrelated not only with M but also with specific values of temperatures T and pressures P (and ac-
cording of density).

Table 2 gives the change in the values of Reynolds numbers Re∞ (calculated from the parameters of an un-
perturbed flow for a characteristic dimension of 1 m) as a function of the flight altitude and velocity. The values of

TABLE 1. Mach Numbers M of Motion of a Flying Vehicle as Functions of the Altitude H and Velocity V of Flight

V, km ⁄ sec
H, km

0 20 40 60 80 100

1 2.939 3.389 3.153 3.174 3.539 3.521

2 5.877 6.778 6.305 6.348 7.079 7.054

3 8.816 10.17 9.458 9.521 10.62 10.58

4 11.75 13.56 12.61 12.70 14.16 14.11
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Re∞ are a good reference point for prediction of the regime of flow past a vehicle: a laminar or turbulence, separation
or nonseparation regime. Needless to say, the flow regime is also substantially determined by the general shape and
type of surface of the vehicle, the level of actual perturbations in the atmosphere, and some other factors. Furthermore,
Re∞ values determine the validity of the employment of the continuum model. The value of Knudsen number Kn is
more customary for this purpose; however, Kn and Re∞ values can be mutually recalculated (see [1, 3, 6]). According
to the computational experiments in [3], the limit of applicability of the continuum model is Re∞ C 50. The region of
the transient regime is located in the Re∞ range from 50 to 10. We note that a decrease in Re∞ is determined by the
drop in the density of the gas medium rather than by the decrease in the viscosity of the gas. When Re∞ < 10 the
continuum model is inadequate to the actual physical processes and one must use other physicomathematical models of
a rarefied gas.

One major purpose of mathematical modeling is to obtain the maximum possible exact values of thermogas-
dynamic parameters in the perturbed region of flow past a flying vehicle. For the general "strategic" review, Tables 3
and 4 give the basic characteristics of flow — temperature Tw0 and pressure Pw0 at the nose point of a vehicle (at the
stagnation point of the flow) — that are of great practical interest for designing vehicles. It is precisely here that the

Fig. 1. Perturbed flow region (fields of values of the local Mach number) in
the case of flow past the DR-6 recoverable orbital spacecraft (a) and the NB-2
geophysical rocket (b): H = 70 km, V = 6 km ⁄ sec, and M∞ = 18.2 (on the
left) and H = 5 km, V = 2 km ⁄ sec, and M = 6.2 (on the right).

TABLE 2. Reynolds Numbers Re∞ of Motion of a Flying Vehicle as Functions of the Altitude H and Velocity V of Flight

V, km ⁄ sec
H, km

0 20 40 60 80 100

1 6.846⋅107 6.255⋅106 2.496⋅105 1.956⋅104 1.398⋅103 4.241⋅101

2 1.369⋅108 1.25⋅107 4.993⋅105 3.912⋅104 2.796⋅103 8.483⋅101

3 2.054⋅108 1.876⋅107 7.489⋅105 5.868⋅104 4.194⋅103 1.272⋅101

4 2.738⋅108 2.502⋅107 9.986⋅105 7.824⋅104 5.593⋅103 1.697⋅101
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thermal and force loads are maximum, and knowledge of exact numerical (quantitative) values is necessary for calcu-
lating the thermal-protection parameters and strength characteristics of structures (in a number of flow regimes, points
Tmax and Pmax either shift downstream over the surface or "rise" upstream along the line of stagnation of the flow).
The Tw0 and Pw0 values are actually identical for any dullings of the bowparts.

The first line of each table gives data for an unperturbed earth atmosphere at the corresponding altitude. It is
clear that the Tw0 and Pw0 maxima are attained for the maximum flight velocity (of those investigated). Temperatures
with a value of about 8000 K in the atmosphere lead to a complete dissociation of oxygen and nitrogen molecules and
a partial ionization of atoms to form a plasma sublayer near the bowpart of the vehicle. When V = 2 km ⁄ sec and tem-
peratures of 2000 K are attained, we have a substantial dissociation of just oxygen molecules and partially nitrogen
molecules; ionization is slight, particularly at small altitudes. Finally, in the region of regular supersonic velocities V =
1 km ⁄ sec (M D 3), neither thermal nor force loads are excessive.

It is noteworthy that for hypersonic velocities and large altitudes of flight, a specific flow structure — a
closed viscous shock layer — is formed instead of the comparatively "fine" structures in supersonic flow: the bow
shock wave and boundary (thermal and viscous) layers. It is natural that the basic processes determining the flow pat-
tern start and develop precisely in the closed bow viscous shock layer. We should note another flow structure formed
in hypersonic flow in the peripheral subrange of determining parameters (H > 80 km and V > 3 km ⁄ sec). Reynolds
numbers are quite small here, which is a certain analog of a "very viscous" medium with its own special properties of
flow. It is worth further note that the smallness of Re∞ = ρ∞VL ⁄ µ∞ values here is determined by the low value of the
density of the gas medium ρ∞ rather than the high value of the viscosity coefficient µ∞. However, in the mathematical
model (nonstationary system of dimensionless Navier–Stokes equations of a compressible viscous heat-conducting gas),
parameter Re∞ is one key parameter determining the solution of the system (both a continuous differential system and
a discrete finite-difference one), no matter how this value is attained (the influence of density and viscosity on Re∞ is
opposite). There, a certain enhancement of "quasiviscous" trends in the structure of the pattern of flow past a vehicle
should be expected. Thus, in the case of hypersound an insignificant region of recirculation flow near the body’s nose
occurs in numerical solutions in the peripheral parametric subrange (H > 80 km and V > 3 km ⁄ sec). Thus, whereas in
other parametric ranges, the stagnation point (the very nose of a body) is a point of spreading of the flow, in the
above subrange of variations of H and V, the spreading point "rises" toward the incident flow and is located at a cer-
tain distance from the body’s surface. This resembles the flow structure in ejection of a gas out of the hole in the

TABLE 3. Temperature at the Stagnation Point T (K) on the Surface of the Bowpart of a Flying Vehicle as a Function of the
Altitude H and Velocity V of Flight

V, km ⁄ sec
H, km

0 20 40 60 80 100

0 288 217 250 247 199 197

1 786 714 748 744 696 686

2 2279 2207 2241 2238 2189 2153

3 4767 4695 4729 4726 4677 4599

4 8013 8179 8213 8209 8161 8024

TABLE 4. Pressure at the Stagnation Point P (atm) on the Surface of the Bowpart of a Flying Vehicle as a Function of the
Altitude H and Velocity V of Flight

V, km ⁄ sec
H, km

0 20 40 60 80 100

0 1 0.5458⋅10−1 0.2835⋅10−2 0.2168⋅10−3 0.1039⋅10−4 0.3146⋅10−6

1 11.83 0.8521 0.3801⋅10−1 0.2918⋅10−2 0.1656⋅10−3 0.4053⋅10−5

2 40.18 3.302 0.1477 0.1139⋅10−1 0.6562⋅10−3 0.1585⋅10−4

3 102.1 7.387 0.3308 0.2548⋅10−1 0.1470⋅10−2 0.3571⋅10−4

4 181.3 13.09 0.5861 0.4498⋅10−1 0.2433⋅10−2 0.4124⋅10−4
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body’s nose toward the incident flow ("aerodynamic needle") with the aim of reducing thermal and force loads on the
bowpart. However, this issue (possibly associated with passage from the continuous differential problem to a discrete
finite-difference one (see also [3, 22]) calls for special study and is beyond the scope of the present work.

A strong shock wave is formed ahead of the vehicle in high-velocity flight. Its intensity ξ (ratio of the pres-
sures behind the front and ahead of it) is substantially dependent on V and to a lesser degree on H. The approximate
(somewhat overstated) value of ξ can be obtained from the data of Table 4: ξ(H, V) = Pw0(H, V) ⁄ Pw0(0, V). The ab-
solute values of P are largely determined by the flight altitude. Thus, pressure Pw0 attains more than 100 atm for
V > 3 km ⁄ sec only at small altitudes; thereupon it sharply drops. The absolute Pw0 values at large altitudes are very
low (compared to 1 atm) even for high velocities, but temperature loads (Tw0 values) are very high here.

Figure 2 gives, in an integrated manner, the structure of flow past the bowpart of the body and the depend-
ence and change in the flow scenario with variation of the three main parameters: flight numbers M and Re∞ and the
thermal condition on the body’s surface. Nine variants of organization of thermal fields, including thermal loads on the
bowpart of a vehicle with a spherically shaped dulling, are given here. The temperature distributions (topology of isoli-
nes) in the half-plane of symmetry of the problem bounded by the curvilinear surface of the bow shock wave (on top
on the left), the spherical dulling of the vehicle, the axis of symmetry of flow, and a certain outlet boundary (on the
right) are shown.

Variation of the determining parameters in a wide range (in actual practice, this range is even wider) shows
a high diversity of thermal structures. The temperature boundary layer formed along the body’s surface and determin-
ing heat fluxes into the casing of the flying vehicle can be formed as a layer very narrowly localized near the surface

Fig. 2. Change in the topology of temperature isolines in the case of flow past
the bowpart of the vehicle (spherical dulling) with variation of determining pa-
rameters. The first line: variation M = 2, 6, and 10 (from left to right), fixed
Re∞ = 104, and the condition of heat-insulation of the surface. The second
line: variation Re∞ = 103, 104, and 105 (from left to right), fixed M = 4, and
the condition of heat-insulation of the surface. The third line: condition of
isothermality of the surface with variation Tw

 ⁄ T0 = 1.0, 0.5, and 0.1 (from left
to right), fixed M = 6 and Re∞ = 104.
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(variants 1.1, 2.3, and 3.2 in Fig. 2) or occupy a substantial region of peripheral flow (variants 1.3, 2.1, and 3.1). The
temperature boundary layer can occur simultaneously along the entire surface (variants 3.2 and 3.3) or can begin to be
formed downstream of the stagnation point of the flow (variants 1.1–1.3, 2.1–2.3, and 3.1). Then a low-gradient zone
with high absolute values of temperatures exist near the stagnation point (see particularly variants 1.3, 2.1, and 3.1).

The Tmax values can be attained in the nose of the body on its surface (most of the shown variants) or can
"rise" upstream along the stagnation line (variants 3.2 and 3.3). A very important factor for organizing thermal protec-
tion is knowledge of not only the temperature distribution of the gas medium, that is perpendicular to the body’s sur-
face, but also longitudinal gradients determining longitudinal thermal loads and accordingly longitudinal stresses on the
casing surface (see [23]), particularly in the presence of the maximum heat fluxes (maximum transverse gradients) into
the casing against the background of high absolute Tw values. Thus, e.g., the topology of isolines of variant 3.2 dem-
onstrates the presence of a rather vast zone of "thermal rest" in the lower flow subregion in which both the longitu-
dinal and transverse temperature gradients are minimum (virtually zero ones). Such a structure of the thermal field can
have an unfavorable effect on the mechanical stresses in the casing due to its high heating in the nose because of the
large heat fluxes into the casing in the vicinity of the stagnation point and the minimum heating of the surface down-
stream with the corresponding occurrence of longitudinal heat fluxes in the casing due to the mechanisms of heat con-
duction of the material of the vehicle’s facing.

Detailed tabular-graphical information on the distributions of all gasdynamic parameters (density, pressure,
temperatures, velocity components, and others) in the flow field, including those on the surface of flying vehicles of
certain configurations, is available in the "Stream" and "Rocket" databases of the "Ae′romekhanika" Internet Center
[24–26]. These databases contain several databases (Stream-1, Stream-2, ..., Rocket-1, Rocket-2, ...) each storing 24 re-
cord files with the results of computer modeling of any one problem of high-velocity aerodynamics — different
classes of streamlined geometries of flying vehicles with variation of determining parameters (velocity and altitude of
flight and the temperature regime of the body’s surface).

Conclusions. Based on today’s computer technologies, we have created an information-computational system
of mathematical modeling of high-velocity (super- and hypersonic) flow of a compressible viscous heat-conducting gas
past flying vehicles of different configurations. The thermal and force loads on the surface of the dulled bowpart of a
body have numerically been investigated in a wide range of variation of determining parameters. A number of the dis-
tinctive features of the flow near the stagnation point at large altitudes have been analyzed. A specialized Web re-
source, the "Ae′romekhanika" Center, functioning in the Internet (http://www.SciShop.ru), has been created for
obtaining and disseminating a new scientific knowledge.
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NOTATION

H, flight altitude, km; Kn, Knudsen number; L, characteristic dimension, m; M, Mach number; P, pressure,
atm; r, ordinate of the cylindrical coordinate system, reckoned from the problem’s axis of symmetry, m; Re, Reynolds
number; T, temperature, K; V, flight velocity, km ⁄ sec; x, abscissa of the cylindrical coordinate system, reckoned from
the body’s nose, m; γ, adiabatic exponent; ξ, ratio of the pressures behind the shock and ahead of it; µ, viscosity co-
efficient; ρ, gas density. Subscripts: eff, effective; max, maximum; w, parameters on the vehicle surface; 0, parameters
of stagnation; ∞, parameters of the unperturbed incident flow.
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