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Abstract: A numerical model to calculate the heat transfer and resistance coefficients near the bodies
of complex geometric shapes moving at high velocity is formulated. The processes of heat and mass
transfer and flow around aircraft elements are considered. An algorithm for calculating heat fluxes
and the heat transfer coefficient is proposed. The developed numerical technique can give an idea of
the essential features of the flow, heat transfer at the end keels of the wings, and integral layouts of
high-speed aircraft. An approximate mathematical model for calculating the heat transfer processes
and resistance coefficients near the bodies of complex geometric shapes moving at high speed in the
Earth’s atmosphere is formulated. The calculated results for convective heat transfer and friction
coefficients for the X-33 and X-43 vehicles are obtained.

Keywords: aerodynamic computation; convective heat transfer; high-speed aircraft; turbulent bound-
ary layer; aerospace

1. Introduction

The design of new aerospace aircraft (including those designed for cruising flight
within the Earth’s atmosphere) for aerospace purposes requires the fundamental experi-
mental and theoretical calculations of aerodynamic characteristics, heat and mass transfer
processes, and features of flow around integral assemblies of high-speed aircraft. It should
be noted that knowledge of the aerodynamic coefficients makes it possible to calculate
the trajectory of a high-speed aircraft in the Earth’s atmosphere, as well as validate the
computational codes being developed. Experimental studies in this case are expensive,
and in many cases (underground conditions) modeling the physicochemical processes
accompanying high-speed aircraft (HSA) flights is fundamentally impossible.

At the same time, the object of numerical research can be simplified (for example, a
schematized shape of the keel, wing, and nose of the HSA), and a computer model of a high-
speed aircraft close to the real one, designed taking into account the general principles of
the integration of aerospace objects. The calculation of the fields of gas-dynamic parameters
for a time-averaged flow also makes it possible to study the transition to the turbulent
regime of airflow in the boundary layer, the stability of which is very sensitive to changes
in flow characteristics.

To obtain a sufficiently high lift-to-drag ratio, it is also noted that the HSA should
not have significant resistance, in particular, its supporting and stabilizing organs should
be thin. However, in order to be able to remove a sufficiently large amount of heat from
the leading edges of the wings and keel, these edges must be blunted. In this case, the
absorption effect of the entropy layer by the boundary layer is of interest, which occurs
when flowing around blunt bodies. This effect can be singled out as the main effect of all
the second-order effects of the boundary layer theory.

Thus, an important practical element of such research is the search for ways to reduce
heat fluxes and drag, as well as stabilize the flight of HSA when high-speed aircraft are
moving in the range of trans- and supersonic speeds. In addition, knowledge of the
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aerodynamic coefficients in a wide range of Mach numbers and angles of attack makes it
possible to calculate the trajectory of a high-speed aircraft in the Earth’s atmosphere, as
well as to validate the developed computational codes.

Many physical problems arise when designing HSA integrated circuits. For example,
the flow of gas (plasma) in the shock layer is complicated due to the development of several
phenomena specific to HSA.

First, the flows behind intense shock waves are very inhomogeneous and contain
sharp gradients of vorticity, pressure, temperature, entropy, etc. The interaction of these
subregions (entropy and vortex layers) with a viscous boundary layer significantly affects
the heat transfer and frictional resistance to HSA motion.

Secondly, at high speeds and flight altitudes, the air in the shock layer can no longer
be considered a perfect gas, and its real properties must be taken into account. At the same
time, at the Mach number, the shock layer is strongly compressed due to intense plasma-—
chemical reactions (mainly due to nonequilibrium reactions of dissociation, recombination,
and ionization of molecules in a compressed and chemically active boundary layer), leading
to a decrease in the effective adiabatic exponent.

Thirdly, it is necessary to evaluate the effect of the possibility of cooling the surface of the
wings, keel, and body of the HSA on the flow characteristics in a laminar boundary layer flown
by a high-speed viscous gas (plasma) flow in the regime of strong viscous—inviscid interaction.

Fourthly, at high angles of attack, the central keel (such an arrangement of the keel
facilitates the solution of the problem of its thermal protection), streamlined by a detached
stream of rarefied air, is ineffective and is used for stabilization and control purposes only
at the end of the descent trajectory, when the flight passes at a low angle of attack. In this
case, the use of end keels is often envisaged (the numerical technique proposed in this
paper allows one to study heat transfer on the surface of the end keel and in the zone of its
interface with the wing), which are effective both at low and at high angles of attack.

A lot of physical problems arise when developing HSA [1-9], of which we single out
the following two (this paper is devoted to these problems): the calculation of viscous shear
stresses (and coefficient of friction Cy) on an aircraft surface and heat flow g, ;. The direct
way to quickly estimate the friction coefficient and heat fluxes by numerically integrating
the complete system of Navier-Stokes equations is problematic. This is because the size
of the body (about ten meters) is much larger than the characteristic size of the boundary
layer (about 1 mm), and the need to resolve the boundary layer near the surface of the
streamlined body leads to the fact that the computational grid will require large sizes of
random access memory (RAM).

Therefore, one of the objectives of the research is to develop a simplified (operational)
method for assessing convective heat fluxes and drag coefficients for bodies of complex
spatial shapes. The estimation (based on the simplified method) of heat fluxes and drag
coefficients should be preceded by the calculation, using the Euler equations.

Focusing on the related achievements that are used as reference data [10,11] for the
proposed work, [10] provides an overview of hypersonic computational fluid dynamics
research conducted at the NASA Langley Research Center to support the Phase II devel-
opment of the X-33 vehicle. The X-33, which is being developed by Lockheed Martin
in partnership with NASA, is an experimental single-stage-to-orbit demonstrator that is
intended to validate critical technologies for a full-scale reusable launch vehicle. Laminar
and turbulent predictions were generated for the X-33 vehicle using two finite-volume
Navier-Stokes solvers. Inviscid solutions were also generated with an Euler code. Compu-
tations were performed for Mach numbers from 4.0 to 10.0, at angles of attack from 10 deg
to 48 deg, with body flap deflections of 0, 10, and 20 deg. Comparisons between predictions
and wind tunnel aerodynamic and aero-heating data are presented in this paper.

In paper [11], computer modeling of the aerodynamic coefficients of a model of a
high-speed aircraft similar to the X-43, moving with a Mach number M = 7, was performed.
Devices with arbitrary geometry in three-dimensional unstructured tetrahedral meshes.
A cross-verification of these computer codes was carried out based on a comparison of the
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distributions of aerodynamic parameters, and values of aerodynamic characteristics. It is
shown that these computer codes give a fairly reliable picture of the distribution of the
fields of the sought values, and also calculate the aerodynamic characteristics with high
accuracy relative to each other.

2. Mathematical Model for Assessing Convective Heat Fluxes near the Surface of
Bodies of a Simple Geometric Shape

This section provides a brief 2D description of an approximate method for estimating
heat fluxes in key elements (hull and wing edges, nose fairing, etc.,) of an aircraft that have
the simplest spatial forms, for example, in the form of a sphere or a wedge associated with
a cylinder, etc. Note that in the situation under consideration, compressed and heated (in
a shock wave) to a high temperature (>1000 K), air convectively transfers energy into the
wall material of the HSA head. This energy is further redistributed along the walls of the
working compartment of the HSA. At the same time, it is in the key elements and the head
part that the wall material experiences the maximum thermal load.

In the general case, to solve such a problem it is necessary to carry out a computational-
theoretical study of the features of the structure and the spatial distributions of the gas-
dynamic parameters of the flow near the HSA surface, and, based on this study, evaluate
the convective heat fluxes.

It follows from the formulas below that the heat transfer coefficient at the critical point
is inversely proportional to the square root (proportional in the turbulent case) of the blunt
radius. Therefore, at high flight speeds and, accordingly, high stagnation temperatures,
with a decrease in the bluntness radius at the critical point, the values of convective and
radiative fluxes, as well as the magnitudes of thermal deformations, sharply increase (i.e.,
the geometric shape of the streamlined body changes).

The mathematical relationships of the 2D model follow from the relationships of
the 3D model. The mathematical model of thermophysical processes that occur when
flowing around bodies of simple geometric shapes is based on multicomponent Euler
radiation equations. Note that the calculation of heat fluxes in the case under consideration
is always preceded by the determination of an external inviscid flow near the surface
of the streamlined body. Calculations of this kind were performed using the 2D Euler
radiation equations and using a nonlinear quasi-monotone compact-polynomial difference
scheme [3,12]. The calculation of the optical parameters of the working media included in
this system of equations was carried out using the ASTEROID computer system [13].

3. Mathematical Model for Calculating Convective Heat Fluxes for HSA of Complex
Spatial Shape

In references [3,14], a version of the effective length method is proposed, which
allows the finding of the different coefficients. The area of applicability of the effective
length method is of the flows at relatively large Reynolds numbers (Re > 10* = 10°). This
approximate method is applicable only in flow regions with low-pressure gradients along
the streamline and in the absence of separation zones.

The effective length is determined on the HSA surface (here the symbol denotes the
length of the curve along the streamline) as:

X
| [T2R2 R HopoUoC2 (T, — Top)*Pry*/? | ds
0

Coff = (1)

PR K popoUoC2(Te — Tu)*Pry )|

Under the integral are the variables varying from the beginning of the formation of
the boundary layer (the critical point is the stagnation point of the flow incident on the
HSA) to the considered section.

The integrand values are variables that vary from the beginning of the formation
of the boundary layer (the critical point-braking point flux incident on the HSA) before



Appl. Sci. 2022,12,11011

40f13

the section under consideration, where IT = R,f(s) is the metric coefficient and average
radius of curvature (for a non-axisymmetric body), respectively, determined and serving
to take into account the increase or decrease in the thickness of the boundary layer due
to runoff or spreading of streamlines; 1, po, Uy, Mo, Pro—dynamic viscosity coefficient,
density, velocity, local Mach, and Prandtl number, respectively, taken at the outer edge
of the boundary layer, at the point coordinate of the current line; Ty, T, are the body
temperature and wall temperature, respectively:

-1
Te = TO <1+1”Y > M%), r = \/PT’O (2)

where r is the recovery factor.
K7 and K (effect of compressibility) are introduced as:

1/2
Ky = 1—|—0.16(1+T5) (m—i—l) (3)
1/3
K — ( Poko ) )
PwHw
The dimensionless velocity gradient can be expressed as:
X BVO
The Reynolds and Stanton numbers are determined as:
Stepp = 0.332(m +1)"*Re,7Pry 2K - Ky ©6)
Vot
Re,ff = PwVoTeff @)
Hw
Convective heat can be found as follows:
Ju,L = (Cp):pPOVO(Te - Tw)Steff 8

The effective length for the turbulent regime can be obtained as follows:

x 0.1375
‘Of HH5/4 (1 + rvalM%) POUOPIOO‘7125V8'25C:,%5] (Tw/Te)O'5(Tg _ Tw)l'ZS] ds
Ceff = 0.1375
|: |:H5/4 (1 + T%M%) pOUOPrO—O.7125H8.25C}J.’%5:| (Tw/Te)O'S(Te o Tw)l.25:|
)
where ¥ = ¥/Prg, and the heat flux is determined as follows:
1Y be
oL = (Cp):pPOVO(Te - Tw)Sfeff, Re,rr = ngff (10)
w

In Equations (1) and (9), the parameter I1, in the case of plane flow, [T = R,y = 1, and

for the cylindrical case in Equation (1), [T? = R? fr and in Equation (9), [T°/4 = RS]&'
The Stanton number is written as follows:
1 o5y T\ 1\ 00

eff

Re.rr = 10° + 10° or our flow conditions [15].
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A fairly accurate way to describe the thermodynamic properties of individual chemical
components is the approximation by polynomials of the form [16]:

de = Q1+ P2, Inx + (p3,jx72 + <p4,]-x71 + 5% + (pérsz + (p7,jx3

do _ _ 1
(dx) = (92 = 293% % — @ax T+ @5 x4 206 %7 + 3907,]‘363);
j

d’o _ _ 1
(dxz > = (—(pz,j + 6q)3,]-x 24 2(;)4,jx 14 24)6,]'x2 + 6(p7,jx3)ﬁ
j

4o ,
h] = xT(dx)] + (PS,]' x 10 I]/mOII

dd o [(d?®
Cpj = Zx(dx)j +x <dx2>]«']/m01’

where Py = 101325, and Pa, x = T x 10~% K. Approximation constants in the temperature
range 298-20,000 K are presented in [17]. The reduced Gibbs energy is the number of
chemical components of the gas mixture, the mass fraction of the i-th component of the
mixture, and the specific heat capacity at constant pressure, enthalpy, and density of the
i-th component of the mixture.

When calculating flow parameters with high Mach numbers and at high altitudes, the
properties of equilibrium dissociating and chemically nonequilibrium air should be taken
into account [18]. In such a gas, both molecular dissociation reactions and recombination
reactions are realized. The presence of these reactions changes the mechanism of heat and
mass transfer in the boundary layer, i.e., the processes of heat and mass transfer between
the gas flow and the surface of the body are intensified. The level of the Mach criterion (M),
at which these processes are realized in the compressed and boundary layers, determines
the gas-dynamic nature of the flow, transferring it from supersonic to hypersonic. The
beginning of such a transition corresponds to a flow with a value of M > 10. From the
point of view of heat fluxes and ballistics, in this case, calculations of a free molecular flow,
and a transitional regime, both laminar and turbulent regimes are necessary. Note that
in this case, it is preferable to use a different formulation of the thermodynamic model,
separating the translational, electronic, vibrational, and rotational components of the total
and internal energy, that is, using the Born-Oppenheimer approximation or the model of
chemical kinetics, as described in [17].

Note that in the practical use of these relationships, it is necessary to be able to calculate

S
with the required degree of accuracy, an integral [ p*u*|V|r?ds for the laminar flow and
0

S
J p*(p*)"|V|r¢sds for the turbulent flow, where s is the distance along the streamline; r is
0

the distance along the streamline in the direction of flow on the surface of the streamlined
body; the distance along the current line in the flow direction on the body surface is the
distance (axisymmetric case) from the axis x to a point on a streamlined body or the metric
coefficient [19]. The calculation of these integrals makes it possible to find the thicknesses
of the impulse loss g1, and g7, which have zero value at the stagnation point and which
increase along the length of the aircraft (assuming that the calculation is carried out from
the stagnation point).

Instead of direct calculation, for an arbitrary facet placed in a viscous turbulent flow,
the local friction coefficient can be found using the general approximating dependence
proposed in [20]:

Crm o147 00e) T p 12
f=Crl|1+r——Mp , 1= +/Prg (12)
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where ¥ = % is the ratio of specific heat capacities; My = “;—0 ratio of specific heat capacities;
is the local Mach number on the streamlined body, V), ay are the flow and sound velocities.
For the laminar case, the evaluation procedure is carried out as follows:

1 ~0.15
Cr = Cro <1 107207 Mg) , Cpo = 0.646Re [}, r = \/Prg (13)

After finding the local coefficient of friction at each point on the HSA surface
‘v Tw

C f= ovzia the total coefficients of friction C Far C fy have the form:

H (Vgx) "7 w ds = 51 f <ij) Cde,

Siid ‘ ‘ pmvo%/2 mid S ‘V
o L (14)
1 <Ve}, ‘V Tw 1 (Vey)
ny = Smid SI ‘9 pooVozo/Z dS = Smid Sf “7‘ Cfds

The Cy of in the turbulent case can be calculated using a number of empirical depen-
dences, for example, Cry = 0.059 Re;f}z, Reerr = poVoZers/ po- This dependence gives the
most acceptable results in the considered range of Mach numbers, which is confirmed by
numerous calculations.

It is most widespread when used in the range of Reynolds number from 10° to 108.

For the range of Reynolds numbers from 10° to 10'%, various simple formulas can be
used to determine the local coefficient of friction, Cy, depending on the local Reynolds
number:

10° < Rep < 10% Cpp = 0.042Re '8, 10° < Re ;< 107; Cp = 0.0322Re, 16

off ff
107 < Regpy < 105; Cpp = 0,023Re, ;7 (15)
9. — —0.12 9 10. —0.1
10° < Reyp < 10% Cpo = 0.016Re, 312, 10° < Repry < 101%; Cro = 0.011Re,

Using this approach in some cases allows you to get a more accurate result.

In addition to estimating the coefficient of friction drag on the body, within the
framework of the approximate semi-empirical approach presented above, it is possible to
determine at each specific point the characteristic parameters of the boundary layer (BL),
such as BL thickness 6 and integral thicknesses of BL—the displacement thickness 6 * and
the thickness of the momentum loss 6 **. The displacement thickness & * is a measure of
the decrease in flow through the section due to the velocity decrease. The thickness of the
momentum loss § ** characterizes the decrease in the momentum in the section due to the
deceleration of the flow.

A scheme for computing the characteristic boundary layer thickness at the point on
the body in the case of a turbulent boundary layer is as follows: for each point of the body,
the effective length is calculated; the calculated 7,¢¢ determines the effective Reynolds
number; further, for the incompressible case, the thickness 8, displacement thickness & *,
and momentum loss thickness & ** are determined as follows: éy = 0,37 - ¢, & Re;ﬁ;z,
05 = 0,125 6y, 077 = 0,097 éy; after their determination, the characteristic thicknesses
(compressible layer) are calculated using the following relations:

0.34

dcse = on(1+ 0.72rL‘1M3) ) 850 = 0 (14 072025203
—0.66

68 = o1 (140720 M3) 7, v = /PR

For the case of a laminar flow, a similar approach is used with the replacement of the
corresponding relationships: first, for the incompressible laminar BL, the quantities dy, d7;,
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Off: 6y = 4.64 - Coff - Re;f(}S, 01y = 0.376 8y, 87 = 0.14 6y [21], then a set of characteristic

thicknesses in compressible gas flow:

5C9:c—5H(1+0727’ 1M2) 089 r_\/TrO, (1+072r 1M2)085,

65 = 057 (1+ 072075 Mz) P

4. Results and Discussion

Only the main points of the computational algorithm for calculating aerodynamic
heating and the friction coefficient are given here. A more detailed description can be found
in the references [3,14].

In this work, a calculation technology based on an unstructured surface mesh was
used to estimate heat fluxes and drag coefficients [22-25]. The calculation of the integrals
included in expressions (1)—(16) requires finding the metric coefficients (local mean radius
of curvature) included in the integrand.

In this case, when the aircraft surface is locally specified, the calculation of the local
mean radius of curvature R,y is based on the following symmetric form [19]:

<1+ L%)fvv_zfufvfuv+(1+f§)fuu Rf:l (16)

P
) 3/2 7 e
2 1+ f2+f2) K

The partial derivatives fy, fo, fuo, fuu, foo included in this relationship are:

f(u,v) %f(uj,v]-) + fu(u —uj) +fv(v—v»)—|;

u—u v—0 (17)
+fuu( /) +fuv(1/l—1/l])(v—z))+fvv( ]) .

The calculation of an external inviscid flow (based on the Euler equations) near the sur-
face of a streamlined body was performed using unstructured grids and the computational
code from [17].

It is also noted that in the practical use of the developed methodology, it is necessary
to be able to calculate the integrals of the form with the required degree of accuracy

(above 2nd): f p*u*|V|r?ds—for the laminar flow; f *(u*)"|V|resds, for the turbulent

flow, where s 1s the distance along the streamline in the direction of flow on the surface of
the streamlined body; r is the distance (for the axisymmetric case) from the axis Ox to a
point s(x,y,z) on the surface of the streamlined body F(x,y,z), or the metric coefficient
(the local average curvature radius of the HSA surface R,f [19]).

For the purposes of 2D validation and the verification of the mathematical model of
heat transfer in a high-velocity flow around blunt axisymmetric bodies, the calculated and
experimental data given in [18] were used. According to the graphical dependences of
work [3], the following error estimate for the 2D calculation of the convective heat flux
gw can be made: 20-37%. Testing the numerical method for solving 2D Euler equations
is based on the calculation and comparison of vector and scalar fields of gas-dynamic
parameters, the estimation of the shock wave receding A, and the value of the radius of
curvature of the shock wave R; on the axis of symmetry for a sphere or cylinder [3,26]. This
testing showed that the gas-dynamic characteristics error is 5%; the error in the retraction
A and the curvature of the shock wave R; is 9% and 8.5%, respectively.

A comparison between the proposed mathematical model, experiments, and calcu-
lations [6,27-29] was made for the geometric model HSA X-33 (geometric scaling factor
is 0.0132), as well as for the model created by Lockheed Martin for the aircraft demon-
strator X-33 single-stage-to-orbit (SSTO). The studies were carried out for different attack
angles [26,30-32]. In addition, a comparison was made for the HSA X-33 model [33].

The following parameters of the air flowing onto the vehicle were used (Table 1).



Appl. Sci. 2022,12,11011 8of 13

Table 1. Main parameters of the oncoming flow.

Parameter X-33 X-43
Mach number in the oncoming flow M=6 M=7
Pressure in the flow p=1120Pa p =1410 Pa
Velocity in the oncoming stream V=945m/s V =1807m/s
Temperature in the flow T=621K T=227K
The composition of the gas flowing onto the body Air Air
Height from the Earth’s surface H=25km H =30km

In the performed calculations, the impingement angle (from 0 to 40 degrees) of the
oncoming airflow (angle of attack) was used.

In addition, in [24] (for the geometric model of HSA X-33), a comparison was made
between the calculated data obtained using the LANCH USA code [1] and an approximate
mathematical model.

The value of the relative root-mean-square error is 29%. Here, it is also noted that the
relative root-mean-square error for the heat flux at the “wing edge” is 5.7%. Figures 1 and 2
show the distributions of the convective heat flux for the upper and lower parts of the X-33
aircraft, and Figures 3 and 4 presented for the X-43 type respectively.

I}
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Figure 1. Convective heat distribution g, (kW/m?) for X-33 upper part, Mach number M = 6, height
H =25 km, attack angle a = 10°.
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Figure 2. Distribution of convective heat flux g, (kW/ m?) for the lower part of the X-33, Mach
number M = 6, height H = 25 km, attack angle & = 10°.
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Figure 3. Convective flux g, (kW/ m?) distribution for X-33 upper part, Mach number M = 6, height
H =25 km, attack angle & = 10°.
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Figure 4. Distribution of convective heat flux g, (kW/ m?) for the lower part of the X-43, Mach
number M = 6, height H = 25 km, attack angle « = 10°.

In Table 2, the aerodynamic lift coefficients Cy,, drag forces Cy,, as well as the aerody-
namic quality K = Cy,/Cy, are shown for the X-33. Amendments have been introduced in
the far right of the column which allows the evaluation of the accuracy of the performed
calculations of the aerodynamic coefficients.

Table 2. Aerodynamic coefficients for the X-33 model.

Cya Cya

Attack Angle (Calc./Exp [10]) (Calc./Exp [10) K Comparison [%]
o =0° 0.3828 0.1173 3.26
a = 20° 0.3386/0.3102 0.2267/0.2539 1.49 10.7
a = 30° 0.605/0.567 0.461/0.47 1.31 2
a = 40° 0.798/0.76 0.7952/0.788 1.003 1

In Table 3 similar aerodynamic coefficients are presented for the X-43 vehicle.

Table 3. Aerodynamic coefficients for the X-43.

C C
ya ya i i %
Attack Angle (cale./Exp [11]) (Calc./Exp [11]) K f.i. Comparison [%]
a=0° 0.2725 0.1223 2.23

n=2° 0.3134/0.2985 0.1891/0.1775 1.65 6.1
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Here, some discrepancies are noted (5-8%) in the aerodynamic coefficients (Tables 2
and 3) obtained using the above method, and the results of works [10,11] are mainly due
to the approximation (in relation to the geometry of real devices) of the geometric models
X-33 and X-43, as well as inaccuracies in the gas-dynamic calculation of the airflow around
the external surfaces of these devices.

5. Conclusions

Of all the above problems, the following two were singled out and this work was
devoted to these problems: the calculation of viscous shear stresses (and friction coefficient
Cy) on the surface of a streamlined body, and the calculation of convective flow g, to the
surface of a streamlined body.

The direct way to quickly estimate the friction coefficient and heat fluxes by numer-
ically integrating the complete system of Navier-Stokes equations is problematic and is
accompanied by serious difficulties and computer computing resources. This is because the
characteristic size of the streamlined body (about ten meters) is much larger than the char-
acteristic size of the boundary layer (boundary layer thickness: 6 ~ 5- (u¢/ pU)0'5 ~ 1mm,
where y is the dynamic viscosity of the gas; # is the characteristic length of the streamlined
object; is the characteristic density of the gas; U is the characteristic velocity of the incoming
flow), and the need to resolve the boundary layer near the surface of the streamlined body
leads to the fact that the computational grid will require large amounts of random access
memory and high-performance processors.

Therefore, one of the goals of the work was to develop a simplified (operational)
method for estimating convective heat fluxes and drag coefficients for the bodies of simple
and complex spatial shapes moving in the Earth’s atmosphere. Thus, the method for
assessing heat transfer near the HSA surface was formulated based on two physical and
mathematical models: a 2D engineering—physical-mathematical model using bodies of
simple geometric shapes, and a 3D numerical technique designed to calculate the complex
geometric shapes of HSA using unstructured meshes [34].

An approximate mathematical model for calculating the friction coefficient and con-
vective flux in the boundary layer [35-40] was built in this study. A novel computational
method for the evaluation of the effective length effects was presented. Calculations based
on the proposed mathematical model were carried out and compared with the experiments.
Based on both experiments and calculations, the proposed mathematical model was Suc-
cessful validation and verification of the proposed mathematical model was carried out on
the basis of experiments and calculations carried out earlier. Successfully validated and
verified. The heat flux g, and the aerodynamic coefficients, C,x and Cyy, are given for the
geometric X-33 and X-43 models.
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Nomenclature

C, Aerodynamic coefficient
Cr Friction coefficient

Cp Heat capacity (kJ/kg K)
819 Pressure coefficient

Fy Friction force

H Height (m or km)

h Heat transfer coefficient
Hy Enthalpy (J/kg)

HSA High-speed aircraft

q Convective heat flux (kW/m?)
leﬁ: Effective length

M Mach number

m Dimensionless velocity gradient
n Normal

P Pressure (Pa)

Pr Prandtl number

r Temperature recovery factor
Re Reynolds number

S Surface area (m?)

s Streamline coordinate (m)
St Stanton number

T Temperature (K)

1% Velocity (m/s)

X Abscissa

y Ordinate

Greek symbols

o Angle of attack

o Thickness

P Density (kg/m?)

u Dynamic viscosity (Pa s)
Tw Frictional stress

Y Adiabatic exponent

IT Metric coefficient (m)

A Error

0 Outer border

o0 Undisturbed gas

conv Convective

L, lam Laminar

mid Midplane
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