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Summary:

Introduction/purpose: To study the dynamics of launchers with sources of
high-energy gas jets, it is relevant to calculate shear forces from the action
of a high-temperature supersonic jet on the inner surface of a cylindrical
channel and the temperature of the channel walls. The aim of this work is
to develop a comprehensive method for calculating aerodynamic friction
and heating on the inner surface of a tubular guide of a rocket.

Methods/results: The research method is based on the theory of
supersonic gas flows in cylindrical channels and the theory of the
boundary layer. The gas jet is considered continuous, stationary and
axisymmetric. The system of differential equations of motion of the
projectile in the gquide integrates numerically over time. The flow
parameters in the pipe sections are found according to the dependences
of the theory of supersonic gas flows, taking into account friction losses.
To calculate shear stress on the guide wall, we use the relations of the
asymptotic theory of the turbulent boundary layer, the theory of turbulent
spots of Emmons of the transition boundary layer, and data on the
Reynolds numbers of the beginning of the laminar-turbulent transition in
wind tunnels. At the same time, the differential equation for heating the
thin wall of the guide in the range of contact between the surface of the
guide and the jet is numerically integrated. The calculations of the
distribution of flow parameters, friction force and the temperature of the
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wall of the tubular guide during the movement of the projectile inside the
Jet from the moment the engine is started to the moment the shell exits
completely from the guide are performed and graphically presented.
Conclusions: This method of calculating aerodynamic friction and heating
on the inner surface of a tubular guide of a rocket due to a high
temperature supersonic gas jet - taking into account the effects of
nonisothermality, compressibility and laminar-turbulent transition in the
boundary layer - can be used to study the dynamics of the launch of
rockets from launchers equipped with tubular guides.

Keywords: launcher, tubular guide, rocket, engine jet, boundary layer,
friction force of the jet, heating the tubular guide.

Introduction

The movement of certain mechanical objects in cylindrical channels,
for example, rockets in tubular guides of launchers (Fig. 1), occurs under
the influence of a high-temperature supersonic gas jet. To ensure
strength from power and thermal load of the jet, to create physical and
mathematical models of the dynamics of propulsion systems with
sources of high-energy gas jets, it is relevant to calculate the normal and
tangential forces from the action of a high-temperature supersonic jet on
the inner surface of the cylindrical channel and the temperature of the
channel walls.

Many publications devoted to the oscillations of launchers at the
launch of rockets from tubular guides do not take into account the action
of gas-dynamic friction forces on the inner surface of the tubular guide
from the side of the high-energy high-temperature jet of gases from the
rocket engine during its movement inside the tubular guide (Svetlickij,
1986), (Somoiag et al, 2007, pp.95-97), (Dziopa et al, 2015, pp.72-73).
Some of these publications (Antunevich et al, 2017, pp.209-210),
(Svetlickij, 1986) contain an indication of the need to use the pressure of
the gas jet in the calculations of launcher oscillations. At the same time,
the content embedded in this concept is not disclosed and the method for
calculating the force is not described.

In his work, Bogomolov (2003, pp.89-97) describes in detail a
method for calculating the friction force of a gas jet of a jet engine on the
inner surface of a tubular guide. The disadvantage of the described
method is that the calculation of the friction force is based on the
equations of an incompressible fluid, without taking into account the
compressibility of the jet and heating of the guide wall.
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Figure 1 — Mobile launcher with a tubular guide
Puc. 1 — MobunbHas rnyckosasi ycmaHoeka ¢ mpybyamou Harnpaensouwel
Cnuka 1 — CamMox00HU 8UWIEUEBHU pakemHU flaHCcep

Purpose of the research

This work aims at developing a comprehensive method for
calculating aerodynamic friction and heating on the inner surface of a
rocket tubular guide from the action of a high-temperature supersonic
gas jet. The calculation method should take into account the effects of
non-isothermality, compressibility and laminar-turbulent transition in the
boundary layer on the streamlined inner surface of the tubular guide. The
aim is also to perform and graphically present the calculations of the
distribution of flow parameters, friction force, and the temperature of the
wall of the tubular guide when the projectile moves inside the tubular
guide from the moment the engine starts and until the projectile
completely leaves the guide.

Presentation of the main material

In this paper, we consider the methodology and the results of
calculating the time-variable total friction force on the inner surface of a
cylindrical channel and heating a thin channel wall from the passage of a
source of a high-temperature supersonic gas jet. The calculation is
performed under the following assumptions: the gas jet is continuous,
stationary, one-dimensional and axisymmetric; the parameters at the
beginning of the jet are determined by the parameters in the outlet
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section of the nozzle of the jet source and are constant over the pipe
section. Constant along the pipe cross section, the average flow
parameters in the channel are found according to the dependences of
the theory of adiabatic supersonic gas flows in cylindrical channels of a
constant cross section, taking into account friction losses.The calculation
of the friction force and heating of the wall of the tubular guide is carried
out using the calculation model of the translational motion of the
projectile in the guide (Fig. 2).

The system of differential equations for the accelerated motion of the
center of mass of the projectile takes into account the action of the

engine’s traction force P, the force of gravity M—g the friction force FT,

the support reaction R, and the components of the helical groove
reaction NX and Ny. The system of equations is solved numerically by

the Runge-Kutta method. At each next step of numerical integration,
there is an elementary movement of the projectile inside the tubular
guide and the flow parameters are calculated in the interval between the
engine nozzle cross section and the cross section of the tubular guide
exit. At the same time, the numerical integration of the differential
equation for heating the wall of the tubular guide in this interval occurs.
The calculations occur in the following sequence.

Figure 2 — Calculation model of the movement of the projectile in the tubular guide
Puc. 2 — Pacuemnasi Moderib d8uxeHusi cHapsida 8 mpybyamol Hanpasnsouwed
Cnuka 2 — Moden npopayyHa Kpemarba rpojekmurna y naHcUpHoj yesu

The gas flow velocity at the nozzle exit of the jet engine will be found
by the dependence (Abramovich, 1991)
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where A, — the relative velocity at the nozzle exit of the engine,

T

— the critical velocity of the gas stream; "x— the temperature in the

Agp
engine chamber; k— the adiabatic index; and R, - the specific gas
constant. The pressure, density and temperature of the gas at the nozzle

exit of the jet engine will be found from the corresponding known
dependencies for the adiabatic flow:

k 1
k-1 _5\k-1. k—1 _2\k-1.
R~ R =
k-1
TazTK-(l—m-xﬁ) (2)

The relative velocity A, at the nozzle exit of the engine is obtained
by solving the A, equation (Abramovich, 1991)

1 1
k+1)\k-1 k=1 5 \k-I
A | — Jl-——2 =q(l 3
a ( 5 j [ P aj q( 4, ) (3)

In this case, the reduced mass flux density at the nozzle exit q(X,)
is equal to the ratio of the mass flux density (p, -V,) at the nozzle exit to
the mass flux density in the critical nozzle section. For the known areas
of the critical S, and output S, sections of the nozzle, we perform a
calculation from the dependence q(),) = SKp/Sa (px» Vi — the density and
velocity of the gas flow in the critical section of the nozzle, respectively).

The relative velocity A; in the section is related to the relative
velocity in the previous section A;_; by the specific work of the friction
forces with the following dependence (Abramovich, 1991):
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The friction drag coefficient of the elementary region §; is determined

by the Nikuradze formula for the turbulent adiabatic flow of an
incompressible fluid in a technically smooth cylindrical channel

& =0.0032+0.221/ R, (5)

where the local Reynolds number Re; =V;-D/v;; V;,u; — average
velocity and kinematic viscosity of the flow in the elementary region. In
the future, when calculating all other parameters of the gas jet, we will
consider them as the average cross section. Due to the constant braking
temperature, the critical velocity along the pipe also does not change. In
connection with this, the ratio of the relative velocities in the pipe sections
is equal to the ratio of velocities and, based on the continuity equation,
the inverse ratio of densities. The velocity and density in an arbitrary
section is related to the velocity and density in the previous section of the
pipe by the given velocities as follows:

R ©)
i—1 j

1

In this case, the static pressure in an arbitrary section of the tubular
guide p; is expressed through the pressure p;_; in the previous section,

the relative velocity in this and the previous section of the pipe in this way
(Abramovich, 1991)

R I S NPT _k=1 2 ) Ay
bi =Di-] (1 k+1/1’j/(1 i+l ﬂv—]j 7 (7)

1

where A; — the relative velocity in the tubular guide section, and A;_;—
the relative velocity in the previous tubular guide section.
The dependence of the kinematic viscosity coefficient v; (m?/s) on

pressure is taken into account using the dependence (Bogomolov, 2003)
v; =5.35/p; (8)

where p; is the static pressure p according to (7) in kgf/m?.
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The elementary friction force is determined using the theory of the
boundary layer. Depending on the values of the Reynolds number
calculated from the average values of the flow parameters in the channel,
the flow in each elementary section of the pipe is considered laminar,
transitional or developed turbulent. The calculated value of the Reynolds
number of the beginning of the laminar-turbulent transition is taken from
the given experiments on the transition in supersonic wind tunnels. The
average values of the flow parameters in the guide tube calculated from
dependences (6)+(7) are taken as the values of the flow parameters at
the outer boundary of the boundary layer (velocity ue = V,, static pressure
Pe = pi, density pe = pi).

To determine the local coefficient of friction in the boundary layer on
the inner surface of the tubular guide in the case of a laminar boundary
layer, the known dependences are used for the longitudinal flow around a
flat plate taking into account non-isothermality (Kutateladze, 1979)

Cp=Cpop "M y” 701 )

where \y,\y* are the parameters that take into account the non-
isothermal flow around the flat plate with the laminar boundary layer;
v=T, /T, — the temperature factor, v =T, /T, — the kinetic
temperature factor; T, — the temperature of the surface of the channel
wall; T,— the temperature at the outer boundary of the boundary layer;
T,. — the temperature recovery boundary layer; c;,— the local coefficient

of friction for the laminar boundary layer of an incompressible fluid on a
flat longitudinally streamlined plate with the same Reynolds number on
the outer boundary of the boundary layer, which can be calculated, for
example, according to the Blasius formula (Kutateladze, 1979)

0661, Rey =Pt (10)

x,e

Ree /ue

Cfo =

where X is the distance from the nozzle exit of the gas stream source to
the place of determination of the Reynolds number of the elementary
section of the channel and . is the dynamic coefficient of viscosity of

fuel combustion products at the outer boundary of the boundary layer.
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The recovery temperature T,. calculated from the parameters T,

and M, at the outer boundary of the laminar boundary layer
(Kutateladze, 1979) is

7}6=T6~(1+rﬂk;]~M§j ; r,=Pr (11)

For gases, the Prandl number practically does not change with
temperature (for diatomic gases Pr>0.72, for triatomic and polyatomic
gases 0.75<Pr<1). We find the Mach number M, at the outer boundary
of the boundary layer by recalculating relative velocity in the elementary
section ;, determined by dependence (4), into the Mach number in this

section, assuming the indicated gas flow parameters to be constant
along the length of the guide elementary section:

22 2 52 _k=1 o2
Me =M _(k+1 & j/(] k+1 & j (12)

The non-isothermal flow of a high-temperature supersonic gas
stream around the inner surface of the tubular guide is taken into account
using the temperature of the guide wall, which is included in the
expressions for the temperature factor v =T,, /T, ., using the differential

heat balance equation for a thin wall (Leontiev & Pavlyuchenko, 2008):

dT,
pw'cw'éw'd_:}:a'(Tr,e_Tw) (13)

where T, - the wall temperature; t- the time; p,,c,.5, - the wall
density, heat capacity and thickness; o — the heat transfer coefficient for
external laminar or turbulent flow.

In the case of a laminar flow regime, the heat transfer coefficient ¢,
according to the formula containing the Stanton number St (Kutateladze,
1979) reads:

o) =St Pyt ¢ (14)

pe’
where

0,22 . * 0,08

0332 v
Stl = ' 2/3 ’ WZ :V/
Re Pr

178
PesUesCpe — the density, speed and heat capacity, respectively, of the

fuel combustion products in the solid propellant rocket engine at the outer
boundary of the boundary layer in the guide tube at constant pressure.
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To calculate the local coefficient of friction and the heat transfer
coefficient in the boundary layer on the inner surface in the guide tube in
the case of a turbulent boundary layer, we use the results of the
asymptotic theory of the turbulent boundary layer by academicians S.S.
Kutateladze and A.l. Leontiev. The theory is valid both for Reynolds
numbers Re >« and for their arbitrarily large finite values. Based on this
theory, the method of calculating heat transfer and friction has
demonstrated its effectiveness in solving complex problems of heat
transfer and turbulent friction both in internal flow conditions (nozzles,
heat exchangers, etc.) and in solving aerodynamic problems in external
flow. An important advantage of the method is its efficiency and, to a
certain extent, universality, which is determined by the possibility of
separately accounting for the influence on heat transfer and friction of
compressibility, non-isothermal and longitudinal pressure gradient by the
corresponding relative laws of friction when calculating heat transfer and
surface friction resistance in a boundary turbulent layer.

In accordance with (Kutateladze et al, 1985), the local coefficient of
friction for a non-isothermal compressible turbulent boundary layer can
be calculated from the dependence:

02 0,2 Pe Uy X
CAfT=Cf0’(\PM"Pr)OYX(MJ » Cr0=0,0576-Re, ;" Re,, = e,ue - 19

e

C;, — the local coefficient of friction for a turbulent boundary layer of an
incompressible fluid on a flat plate is the same Re, .; u,,, . — the value
of the dynamic viscosity coefficient of the liquid at the wall temperature
T, and the flow temperature at the outer boundary of the boundary layer
T, , respectively; Re, .~ the Reynolds number at the outer boundary of
the boundary layer, which is determined taking into account the
dependence of the velocity u, on the longitudinal pressure gradient
gradP ; ¥ and ¥, — relative laws of friction resistance, taking into

account compressibility and non-isothermality in the boundary layer,

respectively
2 2
arctg{Me~ Ip kz_l}
N 2

Py = ; = =, 16
y — T (16)
Ty T

r,e




T, .— the recovery temperature calculated by the parameters T, and M,

at the outer boundary of the turbulent boundary layer; r =3/Pr —the

coefficient of temperature recovery for a turbulent boundary layer; Pr —
the Prandtl number; k = 1.25 (Bogomolov, 2003) is the adiabatic index of
the propellant products of solid propellant combustion. The Stanton
number, which determines the heat transfer in a non-isothermal
compressible turbulent boundary layer to the surface of the streamlined
body, in accordance with (Kutateladze et al, 1985), can be calculated
from the following relationships:

0,2
StT:StO.('{/M‘l}/t)OrS.(MV] ; Sty =0,0288- R - Pr?3, (17)

e

In this case, the heat transfer coefficient for a non-isothermal
compressible turbulent boundary layer has the expression:
(18)

ar = SIT “Pe U, Cpe

The calculation of the local values of the coefficient of friction and
the heat transfer coefficient on the inner surface of the tubular guide
under conditions of laminar-turbulent transition is carried out using the
theory of turbulent spots of Emmons (Emmons, 1951, p.490). According
to Emmons, the transition region is characterized by the alternating
appearance of turbulent spots which do not interact with each other and
which, expanding along the flow, merge to form a turbulent boundary
layer. The intermittency of turbulent spots relative to a streamlined
surface is characterized by the alternation of laminar and turbulent flows
in the transition zone. This process is quantified using the intermittency
coefficient y. The expressions for y, which varies from 0 to 1, are used in
calculating the coefficients of friction and heat transfer resistance in the
region of the laminar-turbulent transition using the values of the friction
and heat transfer coefficients for the laminar and turbulent flow regimes
under given conditions at the outer boundary of the boundary layer.

In (Chen & Thyson, 1971, p.821), on the basis of the theory of
Emmons's turbulent spots and the established relationship between the
spot formation rate and the Reynolds number at the beginning of the
transition zone, an expression was obtained for the intermittency
coefficient which is valid for a laminar-turbulent flow around a thermally

insulated surface:
G
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y=10-exp| -G (x5, fu. ] (19)
3 2
G1:3,507.Re_1,34_“e'pe , ,4:60+4,68']V[¢}’92
A2 tr IUZ

where G,- the velocity of formation of turbulent spots; x,—the
longitudinal coordinate of the point of the beginning of the laminar-
turbulent transition in the boundary layer; Re,, — the Reynolds number at

the beginning of the transition zone.

In the case of the laminar-turbulent transition in the supersonic
boundary layer, the heat balance equation for a thin wall under the Biot
criterion BilJ 1.0 has the form (Leontiev & Pavlyuchenko, 2008)

dT,,
Py Cy Oy '7=[0!1'(1—7)+0!T'7]'(Tr,e—Tw) (20)

where a; and o are the heat transfer coefficients for laminar and

turbulent flows in the boundary layer, respectively, according to
dependences (14) and (18).

If the Reynolds numbers at the points of the streamlined surface
reach the beginning of the laminar-turbulent transition Re,, the
calculation of the local friction coefficient in the transition zone should be
carried out according to

Cr=Cp-(1=y)+Cyr-y> (21)

where ¢, and ¢, are the local friction coefficients for the laminar and
turbulent boundary layer and y is the intermittency coefficient according
to dependence (19). The elementary friction force of a gas jet in a section
of a rocket tube guide with a diameter D is determined by the local
coefficient of friction, the velocity-head of the stream, calculated from the
parameters at the outer boundary of the boundary layer, and the area of
the elementary section of the inner surface of the tubular guide:

2

F;.:cf- 1 (22)
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Using the above dependencies, the distribution of the average
parameters of the gas flow from the jet engine inside the tubular guide,
the friction force on the inner surface of the tubular guide, and the
temperature of the wall of the tubular guide from the action of a high-
temperature gas jet were calculated for the following parameters: the
inner diameter of the guide D = 0.122 m, the length of the guide L = 3.0
m, the estimated time of the projectile in the guide t=0.131s., the critical

sectional area of the nozzle of the solid propellant motor S, =19.6-10*

m?, and the cut-off area of the nozzle of the solid propellant motor

S, =752-10" m% The pressure in the chamber of the rocket engine
p. =13mPa, the temperature in the chamber of the rocket engine
T, =2200K, the density of the products of combustion of rocket powder
in the combustion chamber of the engine p, =17.06 kg/m®, the specific

gas constant for the products of combustion of rocket powder
R, =346.42 J/(kg°K), the adiabatic index for the products of combustion

of rocket powder k=1,25, the Prandtl number Pr=0.75, and the Reynolds
number at the beginning of the transition zone Re,, =5-10°.

The relative velocity at the nozzle exit of the engine is found from
equation (3) by the method of successive approximations. The average
flow parameters over the pipe cross section are found according to the
theory of supersonic one-dimensional adiabatic gas flows in cylindrical
channels of constant cross section, taking into account viscous friction
losses in accordance with the Darcy-Weisbach formula and the friction
coefficient calculated by the Nikuradze formula (5). The relative velocity
at each elementary section of the tubular guide is found from equation (4)
by the method of successive approximations. The friction force is
calculated on the basis of the theory of a compressible boundary layer
taking into account the non-isothermal flow around the inner surface of
the tubular guide, the use of relations for friction and heat transfer of the
laminar boundary layer, the asymptotic theory for the turbulent boundary
layer S. S. Kutateladze and A. |. Leontyev, the theory of turbulent spots
of Emmons of the fransition boundary layer, and the data on the
Reynolds numbers of the beginning of the laminar-turbulent transition
obtained in wind tunnels.

Fig. 3 shows the results of the calculations of the friction force of a
gas jet on the inner surface of a tubular guide.

o
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Figure 3 — Calculated dependences of the friction force F of the gas jet on the inner
surface of the tubular guide on the displacement X of the nozzle of the projectile’s engine
inside the guide (the projectile moves from left to right)

Puc. — 3 PacuemHas 3agucumMocms cusibl mpeHusi F 2zazoeol cmpyu Ha éHympeHHel
rnosepxHocmu mpybyamou Hanpasnsowel om nepemeuw,eHusi X cpe3a conna
dsuzamerisi cHapsida sHympu Hanpasnsouel (cHapsd dsuxemcs criega Harpaso)
Cnuka — 3 MspauyyHama 3agucHocm curne mpersa F mnasa 2aca Ha yHympauwr-ojf
Mos8pwuHU naHcupHe yesu 00 Kpemarba X npeceka MriasHuye Momopa npojekmurna
yHymap eodusnuue (rmpojekmuri ce rnomepa ca siege Ha OecHy cmpaHy)

In Fig. 4, the calculated dependence of the Mach number and the
relative flow velocity A along the length of the tubular guide at the
moment the projectile leaves the guide is shown. The dependences for
the velocity and density of the gas flow along the length of the pipe are
shown in Fig. 5. Fig. 6 shows the calculated distribution of the
dependence of the intermittency coefficient y along the tubular guide
length. Fig. 7 presents the calculated dependence of the tubular guide
length on its wall temperature calculated using the differential equation
for a thin wall, taking into account fluid compressibility and non-
isothermality in the boundary layer. The temperature distribution
corresponds to the moment the projectile leaves the guide.
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Figure 4 — Calculated dependence of the Mach number M (1) and the relative velocity of
the gas stream A (2) along the length of the tubular guide at the moment the projectile
leaves the guide (the flow moves from right to left)

Puc. 4 — Pacuemmnas 3asucumocms qucna Maxa M (1) u omHocumernbHOU ckopocmu
2a308020 nomoka A (2) no dnuHe mpybyamou Hanpasnsauwel 8 MOMEHM 8bixo0a
CHapsida u3 Hanpasnsuwel (Momok 08uxemcs cripasa Haseso)

Cnuka 4 — WspayyHama 3asucHocm maxogoe 6poja M (1) u penamusHe 6p3uHe
npomoka 2aca A (2) dyx naHcupHe uesu y mpeHymky udbayueara npojekmuria us yesu
(mpomok ce Kpehe ca OecHe Ha riegy cmpaHy)

3
P, kgm” V, m/s
1.368 - 1900
1.364 — )
- 1890 AN

1.356 -{ 1880 ><
1.352 | /
1870

1.344 = 1860 T T
0 1 2

P
L
g

~
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Figure 5 — Calculated dependence of the velocity V (1) and density p (2) along the length
of the tubular guide at the moment the projectile leaves the guide (the flow moves from
left to right)

Puc. 5 — PacuemmHasi 3agucumocms ckopocmu V (1) u nnomHocmu p (2) no dnuHe
mpyb4yamodl Hanpaernsouwel 8 MOMeHM 8bixoda cHapsida u3 Harnpassnsouwel (Momok
dsuxxemcs criega Harpaso)

Cnuka 5 — [lMpouyereHa 3agucHocm 6p3uHe V (1) u eycmuHe p (2) Oy naHcupHe yesu y
mpeHymKy udbayuearba npojekmurna u3 yesu (Mpomok ce rnomepa ca siege Ha 0ecHy
cmpaHy)
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0.2 i /
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Figure 6 — Calculated dependence of the intermittency coefficient y along the length of
the tubular guide at the moment the projectile leaves the guide (the flow moves from left
to right)

Puc. 6 — PacuemmHas 3asucumocms KoaghghuyueHma nepemexaemocmu y rno OnuHe
mpy6yamol Harpasensawel 8 MOMEHM 8bixo0a CHapsida u3 Harpasnsawel (Momok
dsuxxemcs criega Harpaso)

Cniuka 6 — lNpouer-eHa 3agucHocm KoeguyujeHma ucnpekudaHocmu Oy naHCUpHe
uesu y mpeHymky udbayusara npojekmursa u3 yesu (MpomokK ce rnomMepa ca yiege Ha
OecHy cmpaHy )

T,K

380

360 \
340 \

I N

“ \\

280 T T T

Figure 7 — Calculated dependence for the temperature of the wall T,, of the tubular guide
along its length at the moment the projectile leaves the guide (the flow moves from right
to left)

Puc. 7 — PacyemHble 3Ha4yeHUs1 memrepamypbl CmeHKU mpybyamod Hanpasnsowel T,
o ee OriuHe 8 MOMeHM 8bixo0a CHapsida u3 Harpassswel (Momok dguxxemcs cripasa
Hareeo)

Cnuka 7 — lNpopavyHame spedHocmu memmnepamype 3uda naHcupHe uesu T, Oyx uesu
y mpeHymky usbayusarsa rpojekmuria u3 yesu (npomok ce kpehe ca decHe Ha iesy
cmpaHy)
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Conclusions

1. A complex method has been developed for -calculating
aerodynamic friction and heating on the inner surface of a rocket-guiding
tube due to the action of a high temperature supersonic gas jet, taking
into account the effects of non-isothermality, compressibility and laminar-
turbulent transition in the boundary layer on the streamlined inner surface
of the tubular guide.

2. The developed method is based on the use of relations for the
laminar boundary layer, the asymptotic theory for the turbulent boundary
layer of S.S. Kutateladze and A.l. Leontyev, the theory of turbulent spots
of Emmons of the transition boundary layer and the data from the
Reynolds numbers of the beginning of the laminar-turbulent transition
obtained in wind tunnels.

3. The obtained numerical results show calculating the friction force
of a high-temperature gas jet on the inner surface of the tubular guide
and the temperature of the thin-walled tubular guide when moving inside
the guide of a missile with a working engine in real time.

4. The results of the calculations of the gas jet friction force,
obtained on the basis of the developed method, can be used to study the
dynamics of the launch of rockets from launchers equipped with tubular
guides.
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PACYET C/NOBOI0O U TEPMUYECKOIO BO3OENCTBUSA CTPYMU
OBUTATENA PEAKTMBHOIO CHAPAOA HA BHYTPEHHIOKO
MOBEPXHOCTb TPYBYATOW HAMPABAIOLLEN

AnekcaHdp H. LWuiko, koppecnoHaeHT , AHamonut M. MNasnioyeHko?,
Anexkceli A. O6yxos®

¥ HauuoHanbHbI arpapHbii yHuBepcuteT, CyMbl, YkpanHa
o Hay4Ho-1ccneoBaTenbCkuii LIEHTP pakeTHbLIX BOWCK U apTunnepuu,
Cywmbl, YkpauHa

PYBPUKA TPHTW: 78.25.16 BoopyxeHne 1 TeXHVKa pakeTHbIX BOWCK;
78.25.17 BoopyxeHue n TexHuka Bovick NBO

BWO CTATbW: opurmHanbHasa HayyYHas ctatbsl

A3bIK CTATbW: aHrnuinckmn

=



Peswome:

BeedeHue/uens: [na uccredosaHusi QuHaMUKU yCKOBbIX YCMAaHOBOK C
UCMOYHUKaMU B8bICOKOIHEP2eMUYECKUX 2a308bIX cmpyl akmyarsbHbIM
sensiemcsi  pacyem  KacameribHbIX  ycunud — om  Oelicmeusi
8bICOKOMEeMepamypHOU  C8epx38yKO8OU CMpyu Ha 6HYMPEHHIOK
M10BEPXHOCMb  UUIUHOPUYECKO20 KaHara U memrepamypbl CMEHOK
kaHana. Llenbto  daHHOU  pabombl  s.ensemcs  pa3pabomaka
KOMIISIEKCHO20 Memoda pacdema aspoOuHaMUYecKo20 mpeHUsl U
Hazpesa Ha 6HympeHHel rosepxHocmu mpybuyamol Hanpaesnsowed
peakmusHo20 cHapsioa.

Memoodbi/pesynsmamel: Memod uccriedogaHusi OCHO8blIBaemcsi Ha
meopuuU C8epX38YKOBbIX 2a308bIX MeYeHUU 8 YUMUHOPUYECKUX KaHarax
U meopuu roepaHu4yHo2o crios. [a3oead cmpyd c4yumaemcs
HerpepbIgHOU, cmayuoHapHol U  ocecummempuyHol. Cucmema
OugbghbepeHyuarnbHbIX ypasHeHul O8uUXeHusi cHapsida 8 Harpaesnsouwel
UHMeespupyemcsi 4ucrieHHo o epemeHu. [lapamempbi nomoka 8
ceyeHusix mpybbl  pacriofioXeHbl M0 3a8UCUMOCMSM  meopuu
CBEPX38YKOBbIX 2a308bIX MeYeHUl C y4emom romepb Ha mpeHue. s
pacyema KacamesibHO20 HarpskeHUusl Ha CMmeHKe Harpasnsouwel
ucrosnb3yromcesi COOMHOWEHUS acumnmomuyeckol meopuu
mypObyreHmMHO20 Mo2paHUYHO20 Crlosl, meopusi mypOyneHMHbIX NmeH
OMMOHCa repexoOHo20 MoepaHUYHo20 Crios U OaHHble O Yucriax
PeliHonbOca Havama  namuHapHo-mypbyrneHmHoz20 repexoda 8
aspoduHamu4eckux mpybax. B mo xe epems YucrieHHO UuHmezpupyemcsi
OuchbcbepeHyuanbHoe  ypasHeHUe  Hagpeea - MOHKOU  CMEeHKU
Harpaernsowel 8 UHMepsasie KoHmakma rnogsepxHocmu Harpaesnsouwel
co cmpyeld. BbinonHeHbl u epagpuyecku npedcmasrieHbl pacyemal
pacrnpedesieHus1 napamMempos MomokKa, Cusibl MPEeHUs U memrepamyps!
cmeHKu mpyb4amod Harpasnsowel npu 08uwxeHuU cHapsida eHympu
Hanasnsowel ¢ MomMeHma 3arycka dguzamerisi u 0 MOMeHMa MosIHO20
8bIxo0a cHapsida u3 Harpasssawed.

Bbigodkl: [aHHbIlU mMemod pacyema aspoOuUHaMU4ecKo20 mpeHus U
Hazpesa Ha 6HympeHHel rosepxHocmu mpybyamol Hanpaensaowed
peakmusHo20 cHapsida Om 6bICOKOmeMnepamypHoU C8epx38yKo8ol
eazogoll cmpyu € yd4emom 3¢hheKkmos  Heu3omepMUYHOCMU,
CcXXuMaemMocmu, JlaMuHapHo-mypbyneHmHozo rnepexoda 8 rnogpaHu4HoOM
crioe, Moxem Obimb UCMOMb308aH rMpu uccrnedosaHuu OuUHaMUKu
cmapma  peakmueHUX  CHaps0o8 U3  [YCKOBbIX  yYCMaHOBOK,
060pydo8aHHbIX MpybYyambiMu HarpasIsoWUMU.

Knouesnie crnoea: nyckoeasi ycmaHoeKa, mpybyamasi
Hanpaenswas, pakema, peakmueHbIl 0suzamerib, no2paHuyHbIl
crol, cuna mpeHusi cmpyu, Hagpee mpybyamol Hanpasnsrowed.
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MPOPAYYH CUINE TPEHA U TOMNOTHOT YTULAJA MIA3A
MIA3HOT MOTOPA HA YHYTPALLHY MOBPLWWHY NAHCUPHE
LEBU

AnekcaHOap H. LIJMJSKO, ayTop 3a npenucky®, AHamoriuj M. MaBrby4eHKo?,

Anekcej A. O6yxoB

@ HaumoHasiHu norbonpuepeaHn yHueepauteT, Cymu, YkpajuHa

® HayyHO-MCTPaXMBaYKM LIEHTap apTUILEPU]CKO-PaKETHIX jeaMHNLA,
Cymu, YkpajuHa

OBNACT: mexaHuka, apTUIbepUjCKO-pPaKeTHO HaopyxaHe
BPCTA YJTAHKA: opyruHanHu Hay4Hu pag
JESNK YJTAHKA: eHrnecku

Caxemak:

Ye0d/yurn: 3a npoyvyasar-e duHaMuKe flaHcepa ca uU3gopuMa mrasesa
eaca eesiuKke eHepauje 8aXHO je u3payyHamu cusie cMuuarba ycred
dejcmea  cynepcoHuU4YHo2 Masa 8UCOKe memrepamype Ha
YHympalwry [oepwuHy UuinuHOpUYyHoO2 KaHana u memnepamypy
3udoea kaHana. Ljurb osoe pada jecme pa3ssujame ceeobyxeamHe
memode u3padyHaearba aepoOUHaMU4YKo2 mpera U 3azpesarba Ha
YHympalwH-0j MogplUHU 8UWIEUE8HO2 pakemHoe fiaHcepa.
Memode/pesynmamu: Memoda ucmpaxueara 3acHoeaHa je Ha
meopuju cmpyjaba eaca [pu  CYyrnepcoHUYHUM Op3uHama Yy
UUNUHOPUYHUM KaHanuma u Ha meopuju epaHu4yHoz croja. lNonasu ce
00 npemnocmaske Oa je mra3 2aca HenpekudaH, cmauyuoHapaH U
ocHocumempudaH. Cucmem dugbepeHuujanHux jeOHaqyuHa Kpemarba
npojekmurna y JfiaHcepy HyMepu4ku ce UHmeepuwe C 8pPeMEHOM.
lNMapamempu cmpyjara y 0erioguma yesu ymephyjy ce y 3agucHocmu
00 meopuje cmpyjakba 2aca npu CcynepcoHUYHUM 6p3uHama,
y3umajyhu y 063up eybumke 3602 mpera. [a 6u ce uspadyyHao HaroH
cMuyarsa Ha 3udy naHcepa, Kopucmusu cy ce: 0OHOC acuMIImOMCKe
meopuje mypbyneHmHoe epaHu4YyHoe croja, EmoHcoea meopuja
mypbyrneHmHuUX maJyaka rpesa3Hoe 2paHu4yHoe crioja, Kao u nodayu o
PejHondcosum  bpojesuma  rnodemka  r1iaMuHapHO-mypbyrneHmHe
mpaH3uyuje 'y aepo-myHenuma. VicmospemeHo ce uHmezpuwe
OugpepeHyujanHa jeOHaqyuHa 3agpesarba maHkoea 3uda JlaHCUpHe uesu
y pacrioHy KoHmakama u3mehy nosplwuHe JlaHcepa U Mrasa.
UspauyHama je pacnodena rnapamemapa cmpyjarba, cuia mpema u
memnepamypa 3uda naHcUpHe Uesu MOKOM Kpemarba rnpojekmurna 00
mpeHymka nokpemara mMomopa 00 mpeHymka kada rpojekmurl
omryHo u3nasu u3 aHcepa, Wwmo je u e2pacghuydku rnpedcmassbeHo.
Bakmbyqyu: Ysumajyhu y o63up egekme HeuzomepmudyHocmu U
cmuwJsbugocmu fpu fpesasy U3 naMuHapHoe y mypOyrneHmHu
epaHu4yHuU csoj, oga Memoda fpopadyyHa aepoOuHaMu4yKoe mpera U
3aepesara Ha yHympawrb0j MOSPUWUHU pakemHoe JfiaHcepa, ycred
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Oejcmea cyrnepCcoHUYHO2 Mria3a 2aca 8esfluke eHepauje, Moxe Oa ce
Kopucmu 3a npoydyasarbe OuHamuke JflaHcupara pakema U3
pakemHux fiaHcepa Koju Cy orpemMsbeHU 1aHCUPHUM uyesuma.

KrbydHe pedqu: naHcep, naHcupHa yee, pakema, MfasHu Momop,
2paHUYHU Cr1oj, cuna mpera Masa, 3azpegar-e flaHCUpHE Ueau.
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