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Results are presented of numerical investigations of three-dimensional supersonic flows in a disturbed region
of jointly streamlined two identical bodies arranged in parallel which represent combinations of a cone with
a semivertex angle of 20o and a cylinder with a fineness ratio of 5. Longitudinal flow over bodies has been
studied numerically based on the Euler equation at a Mach number of incident flow equal to 4.03 and a zero
angle of attack. The effect has been shown of the distance between the axes of models on the flow structure
and disturbed and total aerodynamic characteristics of bodies. Calculated results have been compared with
data of the physical experiment.

When two bodies are simultaneously exposed to supersonic flow, an intricate flow picture is observed, which
mainly manifests  itself in the space between bodies, namely, in the intermodel space. In the vicinity of bodies occur
the interaction of shock waves with rarefaction waves, interference and refraction of shock waves, the formation of
secondary shocks, and reflection and diffraction of waves on the surface of the bodies. All these phenomena are ac-
companied by the origination, on the surface of bodies, of various-length regions of high and low pressures, which in
turn leads to a change in aerodynamic characteristics.

Supersonic interference of flow over a combination of bodies was considered in [1–8]. Thus, in experimental
studies [1, 2] with symmetrical flow over two identical bodies of revolution analysis is made of the effect of the de-
termining parameters, such as the Mach number of incident flow and the distance between bodies, on loads disturbed
over the surface of bodies and their total aerodynamic characteristics.

The effect of the Mach numbers and angle of attack on total loads of a body of revolution in its supersonic
interaction with a flat surface was dealt with in study [3].

Results of numerical calculations of supersonic interference are presented in [4], where consideration was
given to the problems of flow over a single body of revolution near a plane and a slightly curved surface, and the
effect of the curvature of a closely adjacent surface on gasdynamic parameters disturbed over the body surface.

A comparison of the calculated results and experimental data for loads disturbed over the surface of bodies
and for total aerodynamic characteristics with supersonic flow over a combination of two bodies of revolution is given
in [5]. It is shown that when use is made of the algorithm based on a stationary analog of Godunov’s difference
scheme, the maximum discrepancy between the experimental and calculated results is observed in the region of sepa-
ration where a conic front shock interacts with a turbulent boundary layer of the model.

Experimental investigations of the interaction of one or two bodies of revolution above a flat surface (a plate)
are presented respectively in [6, 7], where the emphasis was on the pressure distribution on the models.

Among the problems of the supersonic interaction of a group of bodies is that examined in [8]. Consideration
was given to the process of separation of the stages of carrier rockets arranged according to a longitudinal scheme.
Disturbed loads on the rocket stages and their aerodynamic characteristics were calculated for Mach numbers M∞ = 4
and different angles of attack.
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The numerical scheme used in the current work was verified in [9], where results are given of calculating
three-dimensional supersonic flows at M∞ = 4.03 in the vicinity of two identical bodies of revolution positioned above
a plate at a zero angle of attack. The bodies represented combinations of a core with the semivertex angles θ = 20o

(and 30o) with a cylinder with the diameter D and the fineness ratio λc = 5. The results, obtained for the distance of
the bodies from the plate ∆y = 0.96D and various distances ∆z between the bodies, were compared with numerical cal-
culations [7] and data of the physical experiment [2] on the gasdynamic structure, pressure distribution, and limiting
streamlines on the surfaces of the bodies and plate.

Notwithstanding the diversity of the studies made, the prediction of a wave structure in the disturbed region
and of aerodynamic characteristics with account for the effect of the characteristic parameters remains a topical prob-
lem. The increased capabilities of computer engineering for carrying out numerical calculations followed by processing
of the results allow a more detailed investigation of the effect of the determining parameters on the formation of a
wave structure of flow in the disturbed region when a group of bodies is simultaneously immersed in longitudinal
flow. The objective of this study is numerical calculation of the supersonic interaction of two axisymmetric bodies ar-
ranged in parallel. The effect of the distance ∆z between bodies on the gasdynamic structure of flow in the disturbed
region, loads disturbed over the surface of bodies, and their total aerodynamic characteristics is examined.

Formulation of the Problem. Consideration is given to supersonic flow of a viscous compressible gas over
two identical bodies of evolution. The solution is sought in a Cartesian system of coordinates xyz in the region
bounded by the surface of a body, the bow wave, and the plane of symmetry between the bodies.

The equations of unsteady motion of a compressible gas under the condition of absence of sources and drains
for a certain finite volume inside the disturbed region are of the form [10, 11]

∫∫∫ 

Ω

∂f
∂t

 dΩ + ∫∫ 
S

F (g) dS = 0 .

The region of solution is broken up into finite nonoverlapping volumes. Initial equations are approximated on
each elementary volume, and the values of gasdynamic parameters on the cell faces are redetermined linearly form
their magnitudes at nodal points.

A steady solution of the problem of flow over a body with a specified initial flow field is found using the
time-dependent technique in each section x = const. Here, the flow parameters in the first Marsh section are calculated
on the condition that flow in the vicinity of the tip of a body is conical. As the solution is established, the position
of the bow wave is corrected.

Boundary conditions are as follows: the condition of nonleak on the surfaces of a body and a plate, the con-
dition of flow symmetry with respect to the plane between bodies; on the surface of the shock wave; flow parameters
in the disturbed region are connected with parameters of the incident flow by the Rankine–Hugoniot relations; the con-
dition of "splicing" of the solutions over the circumferential coordinate is accomplished on the plane x0y corresponding
to ϕ = 0.

The employed numerical algorithm provides the calculation with an isolation of the bow wave during the so-
lution of the problem as well as using the through method. In the first case, the solution is carried out on an adapting
grid, which follows the position of the bow wave and is determined on each iteration time step. In the second case,
the calculation is performed on a fixed grid, and parameters of the incident flow are specified on the external bound-
ary. The preliminary stage in the solution of the problem of supersonic interaction of two bodies is the solution of the
problem of flow over an equivalent isolated body of revolution. At this stage, flow parameters in the disturbed region
are determined and the position of the external boundary of the calculation region is refined. Results of the solution
of this problem are used as the initial data for solving the main problem.

Calculated Results. The character and structure of flow in the vicinity of bodies depend on the Mach number
of the incident flow M∞, geometry of bodies, and distance between them ∆z. It should be noted that at the preliminary
stage the supposed structure of shock waves in the intermodel channel can be assessed using the laws of reflection of
geometric optics. In this case, the interaction of front shocks with the angle of inclination β begins near the section
x1 = ∆z/(2 tan β), and the first reflection and appearance of the region of elevated pressure on the surface of closely
spaced bodies are possible at x2 = x1 + (∆z − D)/(2 tan β). In accordance with this assessment, in the sections xk =
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x1 + (k − 1)∆x with the step ∆x = (∆z − D) ⁄ tan β in the intermodel space in sections xk = x1(k − 1)∆x a periodic inter-
action of shock wave is realized, and their reflection and diffraction set up the prerequisite for a periodic appearance
of the regions of elevated pressure on the surface of a body. The multiplicity of the series k of interacting and re-
flected shocks is determined from the condition xk ≤ L, and at k = [(2L tan β − ∆z)/(∆z − D)] < 1 the flow picture in
the vicinity of bodies corresponds to flow over a single body. We conventionally call the integral part of the quantity
k the interaction multiplicity. This assessment disregards the refraction of shock waves and the types of their interac-
tion and still, in the first approximation, gives an opportunity for evaluating the effect of the distance between bodies
∆z on the supposed flow structure in the disturbed region. At a fixed value of the Mach number of the incident flow
(β = const), the wave structure and flow character in the disturbed region are mainly determined by the distance be-
tween bodies ∆z.

We solve the problem of longitudinal flow over two identical axisymmetric bodies at zero angle of attack,
whose axes are parallel and belong to the plane x0z. The body of revolution represents a combination of a cone with
a semivertex angle of 20o and a cylinder with the fineness ratio λc = (L − xh)/D = 5. The spacing of bodies is deter-
mined by the distance ∆z between their axes. The plane x0y (∆z/2) is the plane of symmetry for two bodies (Fig. 1).
For the presented scheme, flow in the disturbed region is symmetric with respect to the plane x0y, and in this case the
problem is equivalent to the problem of flow over a single body in the presence of a plane.

A more detailed flow picture in the vicinity and on the surface of two bodies is afforded by the results of
solving the problem of joint streamlining of bodies at M∞ = 4.03 and ∆z = 1.8D.

A complete picture of the distribution of gasdynamic parameters over the surface of bodies and of their spa-
tial wave structure can be obtained by examining Figs. 1 and 2 together. Figure 1 shows the wave structure of flow
and the distributions of density (ρ) isolines over the surface of the main (B1) and auxiliary (B2) bodies and in the
plane x0z of the disturbed space, whereas Fig. 2 demonstrates the distribution of density isolines in the cross section
of the vicinity of the model B2, where the numbers of sections and their coordinates correspond to the sections indi-
cated in Fig. 1.

Fig. 1. Wave structure of flow in the vicinity of interacting bodies at M∞ =
4.03, θ = 20o, and ∆z = 1.8D.
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With specified geometry of bodies and flow conditions bow waves are attached to the nose of the cone. In
the section where the head adjoins the cylinder, an axisymmetric centered rarefaction wave is realized. The "opposing"
interaction of the axisymmetric bow waves I1 and I2 respectively from the main and auxiliary modes (see the boxed-
off enlarged fragment A in Fig. 1) occurs along the line of their intersection with the vertex in the section x1 = ∆z/(2
tan β) on the plane x0z. At the specified value ∆z = 1.8D, the vertex of the line of intersection of bow waves in the
plane x0z lies in the region of the influence of rarefaction waves, which leads to a decrease in their intensity and
angle of attack. The intensity and the angle of "encounter" ω C 2β < ωcr of the front shocks I1 and I2 corresponds to
the mode of normal regular interaction [12, 13].

The interaction of the front shocks I1 and I2 on the line of their intersection results in the formation of the
outgoing waves S1 and S2, respectively. The wave structure in the plane x0z with corresponding designation of waves
is shown in Fig. 1 and incorporates the propagation of outgoing waves, the interaction of shock waves in the disturbed
region, and the reflection and diffraction of shocks on the surface of bodies.

The sequence of formation of the shock-wave picture in the longitudinal direction of the intermodel channel
can conventionally be defined by the chains (Figs. 1, 2)

Fig. 2. Wave structure of flow in cross sections 1∗–6∗ at  M∞ = 4.03, θ =
20o, and ∆z = 1.8D: 1∗, x = 2.12D; 2∗, 2.76D; 3∗, 3.5D; 4∗, 4.2D; 5∗, 4.95D;
and 6∗, 5.97D.
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I1 f S1 f B2 f R1 f RS1 f B1 f RR1 f B2 , (1)

 I2 f S2 f B1 f R2 f RS2 f B2 f RR2 f B1 . (2)

Here, I stands for bow waves, S for outgoing waves, B for models, R for primary reflected waves S, RS for outgoing
waves with an "opposing" interaction of the primary reflected waves R, and RR for secondary reflected waves. Sub-
scripts 1 and 2 denote the sequence of the wave propagation, and the arrow indicates its direction. Since the wave
structure is symmetric with respect to the plane x0y, it is sufficient to trace dynamics of the propagation of an outgo-
ing wave relying on one of the chains.

The interaction of bow and outgoing shock waves with centered rarefaction waves is shown on the fragment
A in Fig. 1. Here, the outgoing waves S1 and S2 propagate downstream respectively in the direction of the models
B2 (S1 → B2) and B1 (S2 → B1), reflect from them, and interact with one another on the plane of symmetry x0y. The
outgoing wave S1 related to the model B2 is an incident wave. In this case, both reflection (S1 → B2 → R1) and dif-
fraction of the wave S1 can take place on the body surface. Reflection with the formation of the shock R1 occurs on
the body surface BS1 and is realized provided δ = arccos [wn(ϕ)] < 0. The diffraction phenomenon is possible with
angles δ > 0 [12, 13], i.e., shock waves propagate to the region of the surface BS2. Here, δ is the angle between the
velocity vector w behind the incident wave S1 and the body surface; BS1 is inside surfaces of the bodies B1 and B2
in the angle interval 90o < ϕ < 270o, which face one another; and BS2 is outside surfaces in the angle interval
90o > ϕ > 270o, which are opposite to them.

For the considered flow regime, on the surface BS1 of the model B2 cylinder a regular reflection of the wave
S1 proceeds along line 1 having the shape of hyperbola (Fig. 3a) with the vertex on the generatrix ϕ = 180o. Here,
the first horseshoe-shaped region of elevated pressure is formed on the surface of bodies behind the reflected wave
R1. The propagation of the reflected shock R1 to the model B1 (R1 → B1) is demonstrated in Fig. 1 and in sections
3∗ and 4∗ in Fig. 2. A regular secondary interaction of waves in the disturbed region occurs when the reflected shocks
R1 and R2 intersect on the plane x0y. Downstream, the outgoing waves RS1 and RS2 propagate correspondingly in the
direction to the bodies B1 and B2 (Fig. 2, section 5∗). The second region of flow reduction on the surface BS1 (Fig.
3a) is formed along line 2 under the effect of the reflected wave RS2. The reflected shock RR2 in turn results from
the secondary reflection of the outgoing wave S2 (Figs. 1 and 2, section 6∗).

As stated above, the propagation of shock waves in the disturbed region under the condition δ > 0 is accom-
panied by diffraction on the surface of bodies. The diffraction phenomenon is manifested when the outgoing shock
waves S1 and S2 propagate to the intermodel space. The sequence of the passage around the surface B2 by the shock
wave S1 as it propagates to the region of the surface BS2 is shown in Fig. 2 (sections 3∗–6∗). The track of diffracted
waves on the surface BS2 of the body B2 is indicated in Fig. 3b. It can also be seen here that diffracted waves inter-
act at the back of the body near the generatrix ϕ = 0.

The loads, distributed over the surfaces of bodies in transverse and longitudinal directions, are presented in
Figs. 4 and 5, respectively. It should be noted that, in Fig. 4, the distribution of the coefficients Cp(ϕ) in the interval

Fig. 3. Distribution of density isolines over the surfaces BS1 (a) and BS2 (b)
at M∞ = 4.03, θ = 20o, and ∆z = 1.8D: 1 and 2, tracks of shock waves.
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90o < ϕ < 270o refers to the surface BS1, and in the interval 90o > ϕ > 270o, to the surface BS2. The first horseshoe-
shaped region of elevated pressure on the surface BS1 is visible in the sections x = 3.5D and x = 4.2D. Here, peaks
of Cp(ϕ) correspond to the strength of the shock R1 on the line of reflection with a decreasing amplitude, according
to the condition δ < 0. The maximum strength of the reflected shock is realized at the vertex x1 = ∆z/(2 tan β) of the
line of reflection.

The pressure size accompanying the diffraction of waves on the surface BS2 is demonstrated by the Cp(ϕ)
distribution in the sections x = 4.95D and x = 5.97D. It should be noted that in the section x = 4.95D the increased
value of Cp(ϕ) in the interval 90o < ϕ < 270o results from the secondary reflection and refers to the second horseshoe-
shaped region on the surface BS1 (Fig. 3a). The comparison of calculated results with experimental data presented in
Fig. 4 indicates their qualitative agreement. The differences observed near the lines of reflection and diffraction of
shock waves on the body surface are attributed to the effect of the separation of the boundary layer or at least to sec-
ondary flows originating in it [8], which are not described within the framework of the employed model of a nonvis-
cous gas.

In Fig. 5, curves of the Cp(x) distribution for the considered variant ∆z = 1.8D are labeled 2. It is possible to
distinguish the following trends in the variation of the coefficients Cp on the body surface in the longitudinal direction.
On the generatrix ϕ = 180o, the dependence Cp(x) is a periodic sawtooth function with a decreasing amplitude in char-
acter. Here, the second peak of the values of Cp corresponds to the strength of the secondary reflected shock RR2
(Fig. 1). Its sharp decrease results from the effect of an axisymmetric rarefaction wave on intermediate shock waves
in the intermodel space. On the lateral generatrices ϕ = 90o (270o) diffraction of the outgoing wave S1 leads to a de-
crease in the amplitude of the peak of the coefficient Cp, and the monotonically decreasing form of the function Cp(x)
is due to the wave RS2 leaveing the body surface. The interaction of diffracted waves near the surface BS2 (Fig. 3b)
manifests itself in a pressure rise on the generatrix ϕ = 0 (Fig. 5, curve 2) at the front of the body x C 6.5D.

It should be noted that the first region of elevated pressure on the surface BS1 of the main model is formed
as a result of the effect of a bow wave of the closely adjacent auxiliary model. The presence of the second region of
elevated pressure is attributed to the effect of its own bow wave reflected from the auxiliary model.

As estimates showed, for the considered geometry of bodies at a fixed Mach number of the incident flow the
basic parameter affecting the wave structure and flow pattern in the disturbed region is the distance ∆z. It has an ap-
preciable effect on the variation in the step ∆x of periodicity of origination of interacting shock waves in the disturbed
region and of those reflected on the body surface, i.e., leads to a change in the interaction multiplicity k. Evidently, a
variation in the distance ∆z causes a displacement of the points of intersection of the front shocks x1 = ∆z/(2 tan β)
and a corresponding shift of horseshoe-shaped regions on the body surface BS1. Thus, with increasing distance the be-
ginning of the opposing interaction of bow waves shifts toward the nose of the body and is outside the region of in-
fluence of a centered rarefaction wave, which leads to a corresponding displacement of the entire wave structure and
a sharp increase in the amplitude of the first reflected wave. A multiple interaction of shocks is realized in the dis-

Fig. 4. Distribution of pressure coefficients over cross sections of a body at
∆z = 1.8D (1, calculation; and 2, experiment): 3∗, 3.5D; 4∗, 4.2D; 5∗, 4.95D;
and 6∗, 5.97D.
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turbed region, and horseshoe-shaped regions of elevated pressure appear on the body surface BS1. In turn, a decrease
in the periodicity step ∆x leads to an increase in the amplitude of reflected waves, to a diminishing of the size of
horseshoe-shaped regions on the surface BS1 in the longitudinal direction, and to a growing influence of the wave dif-
fraction on the load distribution over the surface of bodies. For example, at ∆z = 1.4D along the generatrix ϕ =
180o the Cp(x) distribution (Fig. 5, curve 1) takes the form of a periodic function, whose local maxima correspond to
the strength of reflected waves with amplitude decreasing as they propagate downstream. At the same time, the flow-
ing influence of the wave diffraction on local loads is illustrated by curve 1 (Fig. 5) along the generatrix ϕ = 0. Here,
in comparison with the variant ∆z = 1.8D, the region of pressure rise is markedly extended and the degree of flow
reduction is increased.

The pattern of the effect of the distance ∆z on the variation of the distribution of gasdynamic parameters over
the body surface is shown by an example of joint streamlining of bodies at ∆z = 1.2D. A series of reflected waves is
illustrated by the distribution of density isolines over the surface BS1 in Fig. 6a. In Fig. 6b the effect of the wave
diffraction on parameters distributed over the surface BS2 manifests itself much sooner than with the variant ∆z =
1.8D. The Cp(ϕ) distribution near the front of the body is shown in Fig. 6c where increased values of the pressure
coefficients in the interval 90o > ϕ > 270o are realized due to diffraction of shock waves with their propagation to the
surface BS2.

When the distance increases to ∆z = 2D, the vertex of the line of intersection of front shocks falls within the
region of influence of centered rarefaction waves. The displacement of the line of opposing interaction of bow waves
leads to a corresponding displacement of horseshoe-shaped regions. On the body surface BS1 at ∆z = 2D double re-
flection of outgoing waves is realized with the formation of two horseshoe-shaped regions. Secondary reflection occurs
at the front of the body at x C 6.5D. The growing influence of strong rarefaction waves leads to a marked decrease

Fig. 5. Distribution of pressure coefficients over generatrices of the body sur-
face at M∞ = 4.03, and θ = 20o: 1, ∆z = 1.4D; 2, 1.8D; and 3, 2.0D.
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in the strength of intersecting and outgoing shock waves, which in turn causes a decrease in the strength of the first
reflected wave. Secondary reflection manifests itself in the presence of the second peak in the Cp(x) distribution (Fig.
5, curve 3) along the generatrix ϕ = 180o. Here it should be noted that, in the vicinity of the body surface BS2, the
interaction of diffracted waves does not occur and the Cp(x) distribution on the generatrix ϕ = 0 corresponds to flow
over an isolated body.

Thus, with increase in the distance ∆z between bodies the effect of centered rarefaction waves on the strength
of bow waves becomes larger. In the disturbed region, the wave structure shifts downstream and the amplitude of re-
flected shocks decreases. The period of appearance of reflected waves on the surface of bodies increases, leading to
the extension of horseshoe-shaped regions of elevated pressure on the surface BS1 of bodies. Furthermore, the effect
of diffracted waves on loads distributed over the body surface diminishes.

The predominant factor of the effect of a closely adjacent body is the formation of the first horseshoe-shaped
region of flow reduction on the surface BS1 of the main model. It is precisely the degree of flow reduction in this
region and its size and location that will determine the overall aerodynamic characteristics arising in the joint super-
sonic flight of two bodies.

Fig. 6. Distribution of density over the body surface and of pressure coeffi-
cients over the cross sections at ∆z = 1.2D (1∗, x = 4.5D; 2∗, 5.47D; and 3∗,
6.5D): a, over the surface BS1; b, over the surface BS2; and c, over various
cross sections.

Fig. 7. Aerodynamic characteristics as functions of the distance between bodies
(1, calculation; and 2, experiment): a, coefficients of repulsive force; and b, co-
efficient of yaw moment).
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Figure 7 presents relations for the coefficients of lateral forces Cz and yaw momenta my in the distance range
∆z = 1.2D − 2D. The aerodynamic coefficients were calculated taking the diameter of the cylindrical part D and the
body length L as characteristic dimensions. Here pertinent experimental data are also presented. It should be noted that,
in the ∆z range considered, only repulsive forces act on the bodies. In this case, the variation in the coefficient Cz
with the distance is of nonlinear character with a minimum in the vicinity of ∆z = 1.6D. This is explained by the fact
that with short distances (∆z = 1.2D) the predominant effect on local loads is exerted by an increase in the strength
of reflected waves and their multiplicity on the body surface (Fig. 6a). With the distance ∆z = 2D, the decrease in the
amplitude of reflected shocks is compensated by an enlargement of the region of pressure rise on the body surface
BS1 in the longitudinal direction.

Variations in the coefficients of yaw momenta my with the distance ∆z are shown in Fig. 7b. Here, the point of
reduction of moments is located in the nose of a body. In the range of the distances ∆z considered, the dependence
my(∆z) is nonlinear and alternating, i.e., the values of my are positive (∆z < 1.3D) and negative (∆z > 1.3D). The region
of positive values my sets up the prerequisite for the approach of bodies, and the region of negative values, for their
drawing apart. The alternating character of the dependence my(∆z) is mainly determined by the location and intensity of
the zones of elevated pressure on the surfaces BS1 and BS2. Thus, while with ∆z = 1.2D diffraction of shock waves
significantly contributes to the distribution of local loads, with their drawing apart the effect of this process diminishes.
The moment characteristics are in this case more affected by the displacement of the wave structure toward the rear and
by the extension of the region of elevated pressure on the body surface BS1 in the longitudinal direction. The compari-
son of calculated results and experimental data in Fig. 7 indicates both qualitative and quantitative agreement.

Thus, for a Mach number of the incident flow M∞ = 4.03, the results have been presented of numerical in-
vestigations of joint streamlining of two identical axisymmetric bodies at zero angle of attack. The development of the
wave structure in the disturbed region and the formation of the regions of elevated pressure on the surface of bodies
have been demonstrated by the results of solving the problem for bodies drawn apart (∆z = 1.8D). The effect of the
distance ∆z between bodies on disturbed and overall characteristics has been analyzed in the range ∆z = 1.2D–2D. It
has been shown that, with ∆z < 1.3, a noticeable contribution to the formation of disturbed loads on the body surface
and of their moments is made by diffraction of shock waves. With increase in the distance ∆z, the basic factor deter-
mining total forces and moments is the enlargement of the first region of elevated pressure and its displacement to-
ward the rear of the body. Here, the supersonic interaction of two bodies in the distance range considered involves
repulsive forces with an alternating character of the moment. Comparison of calculated results with data of the physi-
cal experiment has indicated agreement in both disturbed load and overall aerodynamic characteristics.

The authors express their thanks to A. A. Zheltovodov and I. I. Mazhul’ for useful discussion and constant
attention to the work.

NOTATION

Cp = (P − P∞)/q∞, dimensionless pressure coefficient; Cz, coefficient of lateral (repulsive) force; D, diameter
of the midsection of the frame, m; E, total energy; f = [ρ, ρvx, ρvy, ρvx, E]t, transformed column of conservative vari-
ables; F(g), vector of stream functions; g, gasdynamic parameters; M, Mach number; my, coefficient of yaw moment;
L, body length, m; n(ϕ), vector of the external normal to the cylinder surface; P, static pressure, N/m2; q∞ = ρ∞W∞

2 /2,
velocity pressure, N/m2; S, vector of the area of the cell face; t, time; vx, vy, and vz, components of the vector of the
velocity w; W, flow velocity; xh, head length; β, semivertex angle of a bow wave; δ = arccos [wn(ϕ)], angle between
the velocity vector and the normal to the body surface; θ, semivertex angle of the conical head of a body; λc, fineness
ratio of the cylinder; ρ, density; Ω, cell volume; ω, angle of "encounter" of front shocks; ωcr, critical value of the
angle of "encounter". Subscripts and superscripts: h and c, head and cylindrical part of the frame; ∞, parameters of the
incident flow; cr, critical; t, transformation.
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