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AERODYNAMIC CALCULATION
OF THE ULTRALIGHT SUBORBITAL ROCKET K110 SU

Calculation of aerodynamic characteristics of aircraft is an important stage in solving the tasks of their design and refinement.
Aerodynamic computations are required to determine the optimal aerodynamic shape, conduct ballistic computations, develop the
control system, strength calculations, and solutions for other tasks arising in the design of aircraft. In this study, the aerodynamic
characteristics of suborbital rocket K110 SU were analyzed using the method of three-dimensional Navier-Stokes equations averaged
according to Reynolds. For closing up the system of equations, the SST k-w model of turbulence was chosen. A numerical solution of
the Navier-Stokes equation was obtained with the help of the control volume method. In calculations, the method of the 2nd order of
approximation in spatial variables was used. Verification of this method was done by comparison of the obtained computational results
with known experimental data. For the developed structural and compositional layout of the rocket, the dependence of the frontal drag
on the Mach number and roughness of the surface was investigated. Peculiarities of the structure of the flow with consideration of the
shape of the fairing and aerospike were determined, and their influence on the aerodynamics of the vehicle was analyzed. Dependences
of aerodynamic properties on the velocity of flight at subsonic, transonic, and supersonic modes of the airflow were obtained. Based
on the obtained results, recommendations for the choice of geometric parameters of ultralight suborbital rockets were developed from
the point of view of minimization of the head drag factor during the flight on a given trajectory within the determined range of Mach
numbers. The obtained results can be used in designing new and improving existing samples of ultralight suborbital rockets.

Keywords: aerodynamics, computational fluid dynamics, numeric methods, aerodynamic coefficients, suborbital rocket.

Introduction. Calculation of the aerodynamic char-
acteristics of flying vehicles is an important stage in
the process of their design and refinement. Aerody-
namic computations are necessary for determining
the optimal aerodynamic shape of the rocket, car-
rying out ballistic computations, the development of

the control system, strength calculations, and solv-
ing other tasks arising in the design of flying vehicles.
Besides, each rocket has its peculiarities and moves
on its own flight trajectory and, therefore, requires its
own aerodynamic computations. Numerical meth-
ods based on the Navier-Stokes equations are often
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used to determine aerodynamic properties, along
with experimental studies in wind tunnels.

For suborbital rockets, the share of energy losses
due to head aerodynamic drag is higher compared to
conventional launch vehicles. This is because tradi-
tional launch vehicles have a much larger liftoff mass
necessary to obtain the velocities required to reach
orbits. Besides, we should note that most of the tra-
jectory of suborbital rockets lies in the dense layers of
the atmosphere.

Thus, in designing suborbital rockets, acrodyna-
mic issues should be given special attention.

At Noosphere Space Lab Engineering School, since
2018, works on the development of a Ukrainian family
of ultralight suborbital rockets have been carried out
[4, 7—9]. One such project is the design of the K110
SU ultralight suborbital rocket. This rocket is designed
to reach an apogee of over 10 km and will be used to
test an advanced control system in the future.

The purpose of this work is to develop a method
for determining the aerodynamic characteristics of
suborbital rockets on the example of K110 SU.

Physical formulation of the problem. A one-stage
suborbital rocket, from the aerodynamic viewpoint,
is a body of revolution with large elongation. The
aerodynamic flow, in which a body of revolution
moves, can be considered as a sum of two flows: lon-
gitudinal and transversal. For suborbital rockets, a
typical flight is one with small angles of attack; there-
fore, the airflow is predominantly determined by the
longitudinal direction of the flow.

At a zero angle of attack, for bodies with circular
cross-sections, a peculiarity of the structure of the
flow around the object is the change of thickness
and state of the borderline layer of the flow along the
surface of the object. The thickness of the borderline
layer tends to increase along the body, and its state
tends to transit from laminar to turbulent.

The aerodynamic characteristics of the rocket
bodies depend on their geometric parameters and the
conditions and modes of the flow along them. In the
process of designing the rocket bodies, it is necessary
to ensure the lowest aerodynamic drag and to mini-
mize the harmful interference with the aerodynamic
stabilizers.

The drag experienced by the rocket bodies de-
pends on a number of aerodynamic and geometric

parameters. Geometric parameters include, first of
all, the outer shape of the rocket body, and the na-
ture of processing of the surface of the streamlined
body. Aerodynamic parameters include the Reynolds
number Re and the Mach number M_, and also the
angle of attack a. Analysis of the resistance of bod-
ies of rotation is done by separate segments — nose,
central (which is usually cylindrical), and stern parts.

At small subsonic velocities, the head drag coef-
ficient almost does not depend on M_ numbers and
rather strongly depends on the angles of attack. With
the increase of M_ numbers, the drag increases due
to the appearance of wave resistance, which is related
to the formation of local supersonic zones and com-
pression shocks. The smoothness of the contour and
increase of elongation of the nose part knp decreases
depression on the larger part of its surface.

The nose part of the rocket body substantially in-
fluences the overall aerodynamic characteristics of
the rocket. The simplest form of an axial-symmetric
body is a combination of the nose part in the shape of
a cone, an ogive, or more complicated solids of rota-
tion with a cylindrical part behind it. In the area of
the nose part and its transition into the cylinder, the
most significant changes in the distribution of pres-
sure are observed, which are influenced by the vis-
cosity and compressibility of the gas; therefore, their
consideration is of particular interest.

In turn, the drag of the nose parts strongly depends
on their elongation and, at a given elongation, on
their outlining shape.

One of the methods for reducing the aerodynamic
drag at the nose parts of the rockets is the use of aero-
spikes. Aerospikes are effective predominantly in the
range of supersonic speeds. Their presence shifts the
location of the shockwave formed by a forward-mov-
ing flying vehicle in such a way that the shockwave
does not touch the nose part of the vehicle. There
are examples of the use of such structural elements
on some American ballistic missiles and Soviet man-
portable surface-to-air missile 9K38 Igla.

Losses in the speed of suborbital rockets due to
aerodynamic drag can be significantly influenced
by the roughness parameter, which quantitatively
represents the nature of the streamlining surface. To
estimate the influence of roughness, equivalent equi-
granular roughness is used, as the actual roughness
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Figure 1. Design and composition diagram of the K110 SU rocket: 7 — aerospike, 2 — aerodynamic fairing, 3 — onboard elec-
tronic equipment bay, 4 — control system bay, 5 — parachute bay, 6 — solid propellant rocket motor

can vary in nature, density, and shape of irregulari-
ties. The size of the granules of roughness is chosen
such that the created drag is equal to the drag created
by the surface with the actual roughness.

This work considers the influence on the nature
of airflow around the K110 SU ultralight suborbital
rocket of such factors as:

* shape and elongation of the nose section;

 presence of the aerospike;

* roughness of the surface of the external contours
of the rocket.

The geometry of the K110 SU rocket in its initial
variant is shown in Figure 1. A preliminary ballistic
calculation yielded the estimated flight and technical
characteristics provided in Table 1.

Mathematical formulation of the problem. Calcula-
tions of the external incidence airflow were done for
the subsonic, transonic, and supersonic flow with the

Table 1. Indicative flight and technical data

of the K110 SU rocket
Characteristic Value

Apogee altitude, m 12650
Maximum velocity, m/s, (Mach) 932 (2.864)
Maximum g-force, units of g 23.27
Time to the apogee, s 43
Time of operation of the engine, s 8
Altitude at the end of the boost path, m 4410
Total mass, kg 19.136
Dry mass, kg 9.469
Diameter, m 0.11
Full length, m 2.199
Elongation, units 20
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use of Navier-Stokes equations averaged according
to Reynolds. The governing equations can be written
in a three-dimensional form as [1, 3, 10]:

‘Z‘Z+v-(§ﬁ)=0, @
6(§£ﬁ)+v.(ﬁw):_gi+v-a, @)
é‘(;@)w.(@ozj):_gﬁw-@, 3)
6(2;@)+V.(,5m):_21;+v@, o)

@W.(ﬁw):q_v.(w)w-(ﬂ?), (5)

where u, v, w are components of the vector of velocity
inx, y, and z directions; p, p are density and pressure,
other designations are commonly accepted. Here,
density is modeled by the state equation of ideal gas.
Shear stress is modeled by Stokes’ hypothesis. And
viscosity is modeled by Sutherland’s law. Noted the
hat “[J” in the equations denotes that the corre-
sponding variable has dimension, whereas symbols
without the hats in this paper denote dimensionless
parameters.

For closing the system of specified equations (1)—
(5), the turbulence model SST k-w was chosen. A
numerical solution of the Navier-Stokes equations
was obtained with the help of the control volume
method. In computations, methods of the second or-
der of approximation of spatial variables were used.

The proposed model of the computational area is
a combined ellipsoid (Figure 2). The use of this geo-
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metric shape permits a reduction of the number of
nodes for further building of the computational mesh.
Inside the ellipsoid, the geometric model of the K110
SU suborbital rocket is placed in accordance with its
above-described geometry.

An unstructured computational mesh, a structure
formed by polyhedral cells, was used (Figure 3). This
made it possible to reduce the total number of cells
compared to the tetrahedron or hybrid meshes. The
use of polyhedral cells helped to increase the accu-
racy of the solution and improve convergence of the
computational process in comparison with the trian-
gular mesh, which resulted in shortening the time of
computation.

The computational mesh was condensed around
the surface of the object in the airflow to ensure that
the minimal step of the near-wall mesh satisfied the
condition y* <1, where y" is the dimensionless
thickness of the viscous sublayer

y+ — u‘rAyl N (6)
v

u = [Tw.
p

— is the friction velocity,

where

C,pU}’
T, = (M
is the wall shear stress,
0.058
=R ®

is the skin friction coefficient, U_ is the velocity of
incoming flow, Ay, is the absolute distance from the
wall, v is the kinematic viscosity [2, 5].

Results and discussions. Verification of the chosen
computing model and mesh convergence study of the
solution. In this work, for evaluation of the obtained
results of numerical calculations, an analysis of the
mesh convergence was performed to confirm the
sufficiency of the selected dimensions of the finite
element mesh. The dependence of the drag coef-
ficient on the number of elements was investigated
(Figure 4). The corresponding calculations were car-
ried out for M_ = 0.8, which matches the transonic
flow mode characterized by the greatest complexity
of aerodynamic processes. The results showed a per-
centage decrease in the value of the drag coefficient
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Figure 2. Spatial model of the area of calculation

Figure 3. Computational mesh

with an increase in the number of elements of the
finite element mesh. In particular, for the number
of elements more than 3.5 million, a level of conver-
gence is observed, which is expressed in the percent-
age deviation of the drag coefficient at the level of
ACp<0.3 % (Figure 4, b).

To verify the chosen computational model, ex-
perimental studies were conducted on the drag co-
efficients of the nose parts of conical and ogive
shapes (including hemisphere as a particular case
of the ogive) at zero angle of attack [6]. Experi-
ments in wind tunnels were carried out at subsonic
(from M = 0.6) and supersonic (up to M, = 4)
speeds. The range of the Reynolds numbers was Re =
= 6.65-10°...19.5-10°. Behind the nose parts, the cy-
lindrical part with elongation of A ,=L /D=7
was placed. Experimental data were obtained for the
following elongations of conical and ogive nose parts
(NP) %, =L, /D=[2.57,154,1.07 ] and the ogive
NP in the shape of a hemisphere with elongation
A, p= 0.5.
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Figure 4. Evaluation of the mesh convergence depending on the number of elements of the the finite element mesh: a — C, =

=fIN); b — AC, =f(N)
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Table 2. Parameters of nose parts [8]

A, = 1.54

np

A, = 0.5

np

by = 1.07

Elongation of the NP (except the hemisphere) was
chosen so that the contours of the cones were fully
inscribed into corresponding ogives (Figure 5). Pa-
rameters of the nose parts are shown in Table 2.

Calculations according to the proposed compu-
tational model based on the CFD analysis preserved
correspondence with the data obtained in real exper-
iments in the Reynolds numbers criterion and geom-
etry of the studied objects. Calculations were done
in the range of Mach numbers exceeding those ob-
tained in real experiments: M_ = 0.4...5. As a result,
the dependences of the nose drag coefficient at zero
angle of attack on the Mach number were obtained:
C,=f (Mw ) , which were compared with the data of
real experiments, as shown in Figure 6 and Figure 7.

As the obtained data demonstrate, the proposed
method based on CFD analysis provides a sufficiently
high level of matching the results with experimental
data. The largest deviation for solids of rotation with
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<« Figure 5. Considered shapes of nose parts

conical nose parts is observed in the zone of transonic
velocities and does not exceed 20 %.

The value of the drag of the nose parts increases
with the increase of the M number, at which the at-
tachment of the main shockwave occurs. With a fur-
ther increase of M_, the drag decreases monotonical-
ly due to the rising slope of the attached shockwave
and the decrease in energy loss in it. This statement is
not extended to the nose part in the shape of a hemi-
sphere, where attachment of the shockwave does not
occur (Knp = 0.5, Figure 7).

Given an equal elongation, the nose part of the
conical shape has a sharper tip than the ogive one.
Because of this, with the ogive part, attachment of the
head shockwave occurs at higher values of M_, caus-
ing the maximum of the dependence ¢, = f (Mw)
to shift to the higher values of M_. The drag with the
ogive nose part is lower than the conical one. This dif-
ference in drag is especially large with the nose parts
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Figure 6. Dependence C), = f{M_) for a conical nose part of
various elongations
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Figure 7. Dependence C, = f{M,) for an ogive nose part
of various elongation (2.57, 1.54, 1.07, 0.5; lines — CFD
analysis, symbols — experimental data)

of small elongation in the area of transonic speeds.
An explanation of a lower frontal drag of ogive nose
parts can be as follows. A higher value of pressure ap-
plied at the initial area of the nose (the angle at the tip
is less acute) is spread over a smaller surface area, and
lower pressure applied to the rest of the ogive (with a
more acute angle relative to the incidence flow than
in a cone) is spread over a larger area. For M_ num-
bers, at which attachment of the head shockwave
occurs, the difference of drag between conical and
ogival shapes gradually reduces. This occurs because,
at transonic and low supersonic speeds, the pressure
at the tip is highest and gradually decreases along the
rest of the contour.

Also, with the purpose of verification of the com-
putational model, peculiarities of the structure of
flow were analyzed in the combination of the conical
and cylindrical parts at M = 1.84 (Figure 8, a) and
the combination of the ogival and cylindrical parts
at M_ = 2.58 (Figure 9, a). The structure of flow for
the mentioned cases was compared with experimen-

Figure 8. Structure of flow around a cone combined with a
cylinder at M = 1.84: a — CFD analysis, b — experiment
(Schlieren photography [9])

Figure 9. Flow structure around ogive-cylinder combination
at M = 2.58: a — CFD analysis, b — experiment (Schlieren
photography [9])
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Figure 10. Formation of local supersonic zones in the flow around objects with different shapes of the nose part at M_ = 0.9:
a — for the hemispheric NP, » — for a conic NP at an= 3, ¢ — for an ogival NP at knp= 3

tal data in the form of shadow images obtained with
Schlieren photography [11] (Figure 8, b and 9, b, re-
spectively). Figure 8 shows the wave structure of the
formation of the compression shocks at the joining of
the conic and cylindric parts. The development of a
near-wall layer of a similar thickness is observed. The
compression shock can be characterized as attached;
the angles of the Mach cone coincide. At the bot-
tom cross-section, a couple of oblique compression
shocks form. Figure 9 shows the absence of a com-
pression shock at the junction between the ogival and
cylindrical parts. An increase in the boundary layer
thickness is observed along the cylindrical part.
Influence of the shape of the nose part on the fron-
tal drag coefficient. Since this work aims to study the
aerodynamic characteristics of the K110 SU ultra-
light suborbital rocket with an apogee height of about
10 km, further studies were performed for conditions

0.8
0.6

0.4
0.2

1 2 3 4 M,

Figure 11. Dependence Cp, = f{iM_) for an ogive nose part of
different elongation (3.0, 1.54, 1.07, 0.5): solid lines — with
aerospike, dashed lines — without the aerospike
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characterized by dense layers of the atmosphere.
Let’s consider images of flow around the nose part of
various shapes for the K110 SU rocket.

As shown in Figures 6 and 7, a sharp increase in
the frontal drag coefficient of objects with hemi-
spheric and conic nose parts is observed at M ~ 0.7.
At the same time, for an object with an ogival nose
part of large elongation, the wave drag appears at
high subsonic speeds M_ > 0.9. Its increase occurs
less steeply in comparison with conic nose parts of
similar elongation. The process of formation of su-
personic areas and compression shocks forming be-
hind them is shown in Figure 10.

In a combination of a conical nose part with a cyl-
inder at the place of their joining, a local increase in
flow speed is observed with the formation of a spike
of depression. In general transonic flow modes, local
supersonic speeds are achieved in these areas, cre-
ating a supersonic zone with a straight compression
shock locking it. These circumstances create prereq-
uisites for the separation of the boundary layer.

At high subsonic speeds, flow separation occurs
from the ridge of the contour. At that, initially, a lo-
cal supersonic zone does not form, but as the speed
increases, it becomes more pronounced. With the
increase in speed, the supersonic zone expands with
the weakening of the closing compression shock,
and the zone of separation moves down the flow.
At speeds exceeding the speed of sound, supersonic
flow around the object sets in, with no flow separa-
tion.
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Figure 12. Image of the flow around ogive nose parts of different elongation (knp=3.0,
1.54,1.07, 0.5): a — with aerospike, b — without the aerospike
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Figure 13. Dependence C, = f{iM) for the K110 SU rocket
with an ogive nose part for different heights of surface
roughness

Behind the place of transition of the conical part
into the cylinder, the pressure quickly equalizes,
tending to the level of pressure in undisturbed flow.
At M > 2, pressure at the rear part abruptly transits
to the pressure on the cylindrical part.

The nature of pressure distribution along the object
with a hemispheric nose part, just like for a combina-
tion of cone and cylinder, has a peak of low pressure
at the place of joining of the nose part with the cy-
lindrical part, with abrupt gradients at the beginning
of the cylindrical part. These circumstances can also
cause separation of the flow at high subsonic speeds.

In smoother nose parts with greater elongation,
the nature of flow around the object changes substan-
tially. Large pressure gradients are absent in this case,
and peaks of depression reduce substantially. There-
fore, for such objects, separation of the flow does not
occur.

Influence of the aerospike on the frontal drag coef-
ficient of the K110 SU rocket. For estimation of the
influence of the presence of an aerospike on the head
drag coefficient of the K110 SU rocket, a combina-
tion of cylindrical and ogive parts was chosen (Fig-
ure 12). The diameter of the acrospike was 11 mm,
and its total length was 143 mm. On a real rocket,
this aerospike is an air velocity sensor (Pitot-Prandtl
tube), which can be used as the main or additional el-
ement of the control system. Ogive nose parts of dif-
ferent elongations were considered knp =3,1.54,1.07.
The obtained results are shown in Figure 11. As can
be seen, the mounted aerospike shows its effective-
ness, which manifests in the reduction of the fron-
tal drag coefficient only in the zone of supersonic
speeds. At M < 1, the presence of an aerospike re-

28

sults in an extremely small increase in aerodynamic
drag due to the heightened friction drag from the in-
creased surface in the flow. Analysis of Figures 11, 12
brings to a conclusion that reduction of the frontal
drag coefficient occurs due to two factors: the forma-
tion of a separated shockwave at the tip of the aero-
spike and the development of zones of recirculation
flow around the place of attachment of the aerospike
to the nose part.

For ogive nose parts of small elongation, the
formed recirculation zone, in which the speed of flow
is much lower than M_, acts as an additional compo-
nent of the nose part as if it “sticks” to the solid wall.
Owing to this, such a nose part represents a profile
of a more streamlined shape. The reduction of effec-
tiveness of aerospikes with the increase of elongation
of ogive nose parts (knp =3.0,2.54, Figure 12) is be-
cause they, on their own, are bodies of more stream-
lined shape. This is why the formation of the zone of
recirculation flow does not occur here. From this, it
follows that the use of acrospikes for the reduction of
the frontal drag for objects with the elongation of the
nose parts A, » > 2.0 is not justified. At the same time,
mounting of aerospikes that can accomplish addi-
tional functions (e.g., as an airspeed sensor) practi-
cally does not change the strength of the frontal drag.

Influence of roughness of the surface on the fron-
tal drag coefficient of the K110 SU rocket. The in-
fluence of roughness was studied for the variant of
the K110 SU suborbital rocket with an ogive nose
part with Knp = 3 and an attached aerospike. The
height of the equal-grain roughness 4 was varied
from 0 to 0.1 mm and was set over the entire sur-
face of the rocket except the aerospike, the surface
of which was assumed to be absolutely smooth. The
obtained results (Figure 13) show that the rough-
ness factor substantially influences the magnitude
of the frontal drag of a streamlined object. This in-
fluence manifests especially strongly in the zone of
subsonic speeds, where the increase of the frontal
drag coefficient at the height of roughness of & =
0.1 mm is over 30 %. On the contrary, roughness’s
influence on the rocket’s aerodynamic properties
substantially decreases at supersonic flow with the
increase of the Mach number. In general, increasing
roughness nonlinearly influences frontal drag while
the increment of the frontal drag reduces.
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Scientific novelty. With the help of the developed
method, for the K110 SU ultralight suborbital rocket,
the influence of the shape of the nose part, the pres-
ence of an aerospike, and the roughness of the sur-
face on its aerodynamic properties were studied. This
makes it possible to obtain optimal combinations of
these factors from the point of view of achieving the
maximal altitude of the apogee and/or the mass of
the payload.

Conclusions. A method of determination of aero-
dynamic properties of suborbital rockets based on the
CFD was developed.

The proposed method was verified by compar-
ing the calculation results with known experimental
data. Deviations from the real experimental data do
not exceed 20 %.

The nature of flow for nose parts of different
shapes was analyzed. The lowest aerodynamic drag
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! THinpoBcbKuit HatlioHanbHMI yHiBepcuTeT iMeHi Onecst ToHuapa
npocrekT [arapina 72, [Aninpo, Ykpaina, 49010

2 HanioHanbHuMii TeXHiYHMI yHiBepcuTeT «/IHINpOBChbKa MOMiTeXHiKa»
npocrekT Amurpa SABopHuiipbkoro 19, Hinpo, Ykpaina

AEPOJMHAMIYHUW PO3PAXYHOK HAJUIETKOT CYBOPBITAJIbHOI PAKETH K110 CY

Po3paxyHok aepoarHaMiyHUX XapaKTEPUCTUK JITAJbHUX arapaTiB € BaXXKJIMBUM €TAllOM IMPU BUPIlLIEHHI 3aBAaHb iXHbOTO
MPOEKTYBAHHS Ta BiAMpaIloBaHHS. AepOANHAMIYHI pO3paxXyHKU HEOOXiMHi 1T BUBHAYEHHS ONITUMAIBHOI aepOANHAMIUYHOT
¢dopmu, MpoBeAeHHS 0aTiCTUYHNX PO3PaXyHKiB, PO3POOKM CUCTEM KepyBaHHSI, PO3paxXyHKiB Ha MIillHiCTh Ta BUPILIIEHHS iH-
ILIUX 3a7a4, 1110 BUHUKAIOTh MPU MPOEKTYBAHHI JTiTAIbHUX anapatiB. Y poOoTi TOCTiIKEeHHS aepOAMHAMIUHUX XapaKTePUCTUK
cybopbitanbHOI pakeTn Haierkoro kiacy K110 CY BUKOHaHO Ha OCHOBI METOAMKH i3 3aCTOCYBaHHSIM TPUBUMIPHUX Yyce-
penHeHux 3a PeitHonbacom piBHsiHb Hap’e — Crokca. [1pu 3aMuKaHHi cucTeMU piBHSIHb 00paHO MOJENb TypOYyJIeHTHOCTI
SST k-®. YucenvHe po3s’s3anHs piBHSAHb HaB’e — CrTokca OTpUMaHO 3a TOTIOMOTOI0 KOHTPOJIBHO-00’€MHOTO MeTomy. Y
pO3paxyHKax BUKOPUCTAHO METOMIU, 110 MAIOTh APYTHil MOPSIIOK allpoKCHMallii 3a MPOCTOPOBUMHM 3MiHHUMMU. Bepudikariito
METOJMKHM BUKOHAHO LUTSIXOM MOPiBHSIHHS OTPUMAaHUX PO3PAaXyHKOBUX PE3yJIbTaTiB i3 BIIOMUMU eKCIIEPUMEHTATbHUMM J1a-
HUMU. /1151 po3p0o061eHOI KOHCTPYKTUBHO-KOMITOHYBAJIbHOI CXeMU paKeTH AOCIIIIKEHO 3aJIeKHICTh JIOOOBOTO OTOPY Bill Yuc-
Jla Maxa Ta 110pCTKOCTi MoBepxHi. Bu3HaueHO 0co0IMBOCTI CTPYKTYpHU Teuii 3 BpaxyBaHHSIM (hOpMU TOJIOBHOTO OOTiYHMKA Ta
aepoIMHAMIYHOI TOJIKU, NTPOaHaTi30BaHO IXHill BIUIMB HA aepOAMHAMIKY JliTaJlbHOrO anapara. OTpMMaHO 3aJIeXXHOCTI aepo-
MWHAMIYHUX XapaKTepUCTUK BiJl IIBUAKOCTI TOJBOTY Ha TO3BYKOBOMY, TPAaHC3BYKOBOMY Ta HA/I3BYKOBOMY pexKMMax OOTiKaH-
Hs1. Ha OCHOBi oTprMaHUX pe3ynbTaTiB po3po0IeHO peKOMEHIallil 111010 BUOOPY ONTUMAaJIbHUX TEOMETPUYHMX MTapaMeTpiB
cy0opOiTaIbHOT paKeTH HAJIETKOTO KJIacy 3 TOYKM 30pY MiHimizallii KoedilieHTa 1000BOro onopy mpu IMojboTi M0 3alaHiit
Tpa€eKTOpii y BU3HAUEHOMY Jiana3oHi yuces Maxa. OTpruMaHi 1aHi MOXYTh OyTUM BUKOPUCTaHi MpU MPOEKTYBAaHHI HOBUX Ta
BJIOCKOHAaJICHHI HasiBHUX 3pa3KiB cyOOpOiTaIbHUX PaKeT HaIJIerkoro Kjiacy.

Karouoei caosa: acponrHaMika, 00YMCTIOBaIbHA TiIpOAMHAMIKA, YMCEbHI METOIU, acpOAMHAMIUHI KoedillieHTH, cyoopoi-
TaJbHa pakeTa.
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