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A new approximate method to determine the aerodynamic coefficient and the convective heat transfer
coefficient is presented. A simplified mathematical model is constructed of heat exchange processes in
a laminar and turbulent boundary layer, which appears near the surface of an aircraft moving with
hypersonic velocity. This mathematical model makes possible the calculation of the enhanced heat
and mass transfer on the surface of a hypersonic aircraft of a complex geometric shape, including at
low temperatures.
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1. INTRODUCTION

Hypersonic tunnels and planes (HP) have many special dpsidrlems. Two specific physical
problems are 1. friction coefficient effects on movementygieisonic speed and also viscous
tangent tension on the surface of a streamline body at varimades of a current; 2. effects of
a convective stream on thermo-physical characteristivg,determination of external thermal
loads of a design of hypersonic aircraft. Various methodbkapproaches have been applied for
hypersonic flows and aerodynamic applications (Terekhat.£1997; Simon and Jiang, 2009;
Ghosh and Goldstein, 2014; Kuzenov and Ryzhkov, 2017, 2018)

Both specified problems are associated with thermal andrdignlaoundary layers that ap-
pear on the external surface of a hypersonic aircraft mowirggcontinuous environment. In an
aircraft moving at a hypersonic speed, the speed gradientssaathe boundary layer increase
noticeably (together with frictional forces) if they arengpared to a vehicle at supersonic speed.
In a narrow (compared with the characteristic size of a sttie® body) hypersonic boundary
layer, the friction forces lead to intensive energy rele@se, a boundary layer can be consid-
ered as a narrow space area adjoining the surface of a stneabddy in which there is an
intensive allocation of heat at the expense of energy ditisip). These processes of dissipation
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are followed by a strong change in all physical (densityspuee, temperature, viscosity, heat
conductivity, etc.) and dynamic properties of gas and disohal streams directed to the surface
of the aircraft. These processes require analytical ancenigal analyses.

The aim of the current study is the development of a methodgtimating convective heat
streams and the friction coefficient by engineering metHodbodies of complex shape. The
main part of such research is based on the mathematical robtieé boundary layer (the ef-
fective length method) (Abramovich, 1973; Avduevsky anteBloaev, 1991; Avuduevskii et al.,
1992; Alekseev and Zhurin, 2006; Lunev, 2017). In this cémmjnar and turbulent boundary
layer models are used (laminar-turbulent transition issuere not considered). It is important
to note that the calculation of the heat stream must be peecbky calculation of the external
flow. Determination of external thermal loads is an imparteap in determining the tempera-
ture conditions of the HP design. At present, there are abapproaches to the calculation of
convective heat transfer near the surface of hypersonicleeh

The first method is numerical integration of the Navier-&®lequations. In this case, the
problems of calculating convective heat transfer on bodfesomplex shape and in the sepa-
ration zones are also solved (Bauer, 1991; Voinov, 1997zt8kmv, 2011; Zheleznyakova and
Surzhikov, 2014). The results of the calculations are indgagreement with the results of both
natural experiments and those obtained on the shock tulés difection of development of
computational hydro and gas dynamics is the most promidihg. solution of such tasks re-
quires a large cost of computer time. The results of calaratcan strongly depend on the
structure of the computational grid, the size of the cakeulaarea, the input parameters, and
the particulars of the calculation algorithm. Thus, the ia6tokes equations for the primary
evaluation of heat fluxes are problematic enough.

The second method of calculating heat streams is to cadctilatstructure of the boundary
layer on the basis of the Prandtl equations (Lunev, 201%)ldfge Reynolds numbers (Re
10*-1(P) and in the absence of flow separation zones, the flow aro@ndatiies can be divided
into two areas: an inviscid, the main on volume, in which th#eE equations are described,
and the wall boundary layer (Abramovich, 1973; Avduevskgt Boleshaev, 1991; Avuduevsky
et al., 1992; Alekseev and Zhurin, 2006; Lunev, 2017). Thieong estimate of the thickness
of the boundary layer iss ~ 5- /u¢/(pU), wherep is the dynamic viscosity of the gaéijs
the characteristic length of the streamlined objeds the characteristic gas density, alids
the characteristic speed of the incoming flow. From this it ba seen that the thickness of the
boundary layeb ~ 5- é/ReO’5 with Re = pU//n ~ 1 is a small part of the characteristic
size of the streamlined body. Thus, in the first approxinmfiocan be neglected and an inviscid
flow field can be obtained within the framework of the Euleratuns system. The gas dynamic
parameters on the surface of the body can be also considepedameters at the outer boundary
of the boundary layer. Methods for calculating the planatthnee-dimensional boundary layers
were developed by Lunev (2017). The task is divided into shstages of calculation, setting
of boundary conditions, and conjugation of computationadgy However, such a method of
estimating heat fluxes is also quite time consuming.

A third estimation of heat flows assumes the determinatidghemain characteristics of the
boundary layer without determining its structure by thehmods of local similarity (Abramovich,
1973; Avduevsky and Poleshaev, 1991; Bauer, 1991; Avudiiestsal., 1992; Voinov, 1997;
Alekseev and Zhurin, 2006; Surzhikov, 2011). For the boantiyer on the surface of a com-
plex shape, an analogy is created with the body of the simfdes, for example, a plate or
a cone. At the same time, geometric parameters of simpleebade selected for each section
of a complex surface, the laws of development of the bounkegsr on which are known. To
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determine the heat flux in this way, it is necessary to knowdikg&ibution of gas dynamic pa-
rameters at the outer boundary of the boundary layer. Neteltis approach is applicable only
where the thin boundary layer model works. In tear-off zomieis method can give a qualita-
tively incorrect result, because the separation has awssoature (Abramovich, 1973; Luney,
2017). Previous researchers (VMoinov, 1997; Surzhikov,12@heleznyakova and Surzhikov,
2014; Lunev, 2017) describe in detail the methods and esidlestimating convective heat
fluxes by the methods of local similarity.

2. MATHEMATICAL ASPECTS OF THE APPROXIMATE METHOD OF
CALCULATING HEAT FLOW TO THE SURFACE

The methodology for calculating the aerodynamic heating @dmplex geometric shape can be
represented (from the computational point of view) by sa\steps:

1. Search for a deceleration point (critical point) on thefaste of a HP of a complex geo-
metric shape for arbitrary flow conditions;

2. Determination of the current line for any point on the aoef of a HP (specified by an
unstructured grid), both in the direction of the flow and agathe direction of flow of
the gaseous medium. Formulation of an algorithm for logadizhe position of a point on
the streamline with respect to a 2D finite-element decontiposof the surface of a HP;

3. Finding metric coefficients on the basis of ratio of diffietial geometry (Shikin and
Berezin, 2007);

4. Calculation of the direction of the flow (along the curréné found) with the required
degree of accuracy for the specific integrals;

5. Separate from the main method for calculating the coiweebiat flux near the critical
point.

Before discussing the points formulated, let us recall cagain that in order to determine
the convective heat fluxes on the basis of the approximatsigdlyand mathematical model of
aerodynamic model, it is necessary first to calculate (ob#sés of the three-dimensional Euler
equations) the distribution of the gas dynamic parameper?(P) at the outer boundary of the
boundary layer near the surface of a streamlined body.

An important stage in the numerical modeling of convectieattiransfer on the surface of
a HP is the generation of a calculated surface grid, whickerfopmed using information on
the geometric 3D model of the surface of a HP. At the same tingediscretization of the com-
posite surface consisting of nonuniform rational B-sgisegments containing discontinuities
and complex boundaries is a significant complication. Thablem is solved by constructing
a triangular grid on the surface of a HP using algorithms af-timensional triangulation in
combination with parametric mappings.

Thus, in the three-dimensional version of the approximbtesigal and mathematical model,
the surface of a streamlined body is divided into a set ohglies, or facets. The vertices of the
facets are called nodes. All facets are uniquely conjugttezhch other through the edges of
the facets. The absence of defects on the triangulatedcsuigan important condition for the
correct operation of the calculation algorithm. The use alperficial unstructured grid for
estimating heat fluxes on the basis of an approximate pHymithmathematical model makes
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it possible to investigate the aerodynamic heating of a HBoafplex geometric shapes. This
technology (in principle) makes it possible not to introdue general curvilinear coordinate
system(s, 3,n) associated with the geometric shape of the streamlined, lzoti/to set the
gas dynamic parameters in its own, independent coordiryatera (u, v, s) only for a single
arbitrary facet.

The search for the deceleration point on the surface of a HRisrntechnique is based on
finding extremes of static pressure and uses the method dfiming the function of several
variables: a simpler or a minimization method in given dii@ts.

The definition of the streamline for an arbitrary point on sugface of a HP is based on the
numerical (using the explicit Euler method) solution of tleetor ordinary differential equation:

%—7, Xi=t)=X,, X0 =@p2" VO =@ow @

We note that in order to maintain the accuracy and correatatipa of the algorithm, the step
AY with which the current line is restored should be less tharctaracteristic size of the facet.
To find the solution of Eqg. (1) in each node of the calculatedase unstructured grid, it
is necessary to specify the gas dynamic parameters of the ffois the pressure] is the
temperature, and, v, w are the components of the velocity vecﬁr(t). Assuming that the
values of the gas dynamic parameters of the flow in the ceritdrectetrahedron are known,
the values of these parameters at the grid nodes can be f@rigbfyev et al., 2002) using
conservative linear interpolation:
> FV;
XV

whereF; is the value of the function at the center of the i-th tetrabadandV; is the volume.
The summation is carried out over all tetrahedral contagitiire vertexP.

Inside the facet, all the gas dynamic parameters are detedy linear interpolation using
linear basis functions

Fp%

(2)

. d+1 ) .
Nj(r;): F (r;) =Y _Nj(r;) F (r}),
k=1

hereF (r;) are the values of the interpolated parameter given at thieesof the facet.

For two space variables in a local coordinate system, s) for an arbitrary 2D finite el-
ement (facet)C; with local numbering of nodes (vertice)= 1, 3, the linear basis functions
N (r;) are defined by the ratio:

Ni (r) = o, + Biz™ +viy™, Ni (1) = Sk (3
Given a partition (Grigoryev et al., 2002) (triangulatimf)the 2D surface of a streamlined

body into a set of triangles, we have three (equal to the numbrodes in the facet) of the
system of linear algebraic equations on each facet:

*,1 *,1 i
1 $1 y1 OC}C él,k

Iy xi : B
1 Ty ! Yo ! B;g = 62,k . (4)
1 23" yy” Y d3
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The coefficients of a given linear form are computed as swigtof systems of linear alge-
braic equations whose determinaxt has the form:

1 oy’ oyt
Ai=|1 oyt gyt | = (a3 —a) (w3 - i)
1 w*,i y*,i (5)
3 3

_ (JJ;Z _ xIl) (zfzkZ _ y;z) . (k=13).

For facets having a finite area, this system is uniquely sbdyand its solution can be found
by the Cramer method or by a suitable numerical method. lecessary to formulate an algo-
rithm for localizing the position of an arbitrary point Idea on the streamline with respect to the
2D finite element of the HP surface. Effective proceduresherlocalization of the streamline
on an unstructured grid consisting of triangular elememthé case of two spatial dimensions
and tetrahedral in a three-dimensional grid are given bygdsyev et al. (2002). These proce-
dures are based on the idea of sequentially searching fqrasigon (for the moment of time
t,, + At) of the point of the current line calculated in (1) for the resineighboring cells after its
displacement from the original facet at the next time gtefp At. To do this, we use local basis
functions Ny (r;), which perform the role of local coordinates here. It is assd (Grigoryev
et al., 2002) that for a given 2D finite-element partitiontod HP surface, each facet introduces
its own, local coordinate systefa, v, s), in which for each of the 2D elements, the coordinates
of the nodes (vertices) with the use of systems (4) localddige

Let us formulate the localization criterion in a facet bejing to the 2D finite-element par-
tition of the HP surface, an arbitrary point of the streamlfGrigoryev et al., 2002). We put the
center of the point on the streamline at the time momgat a point-™ € C;, whereC; denotes
an arbitrary facet on the surface of the body being streaulim accordance with the definition
of linear basis functions for anye C; for all k = 1,...,d + 1 basis functions & Nj(r) < 1.
Hence, ifn + 1 for the moment of time,, .1 = ¢, + At the relationanin N/i(T"H) > 0, and
max Ni (r"+1) < 1,k = 1,d + 1, are satisfied, then the poirit™? € C; is located in the facet
C;. If at least for one of the nodes (verticasjn N; (r"*1) < 0, then the point"*! is not
located facet™*! ¢ C;. Then in the case of two spatial dimensions;'if ¢ C;, the search
should continue in the neighboring element, opposite toktte vertex of the elemen®; for
which

N (T"'H) = mein N} (r"+1) < 0.

For the transition to our own calculation (connected with fdide element-facet), local
independent (from the initial Cartesian coordinate sy}temordinate systerfu, v, s) for some
arbitrary facet, we can use matrices of the third of@&y [R,], [R,], Euler angle$, ¥, and the
transfer of the initial Cartesian coordinate systemy, z) to the “center of mass” of the facet
(T Ym» Zm)-

To do this, we perform the following sequence of basic tramaftions (the complete trans-
formation is obtained by the composition of the base transfdions (Shikin and Boreskov,
1996):

o transfer of the vectoV to the origin (transformatiofi’]);

e rotation of the axisZ by an anglap around the axis{ (transformatioriR,.]);

Volume 25, Issue 2, 2018



186 Kuzenov & Ryzhkov

o rotate the transformed coordinate system around the¥akigan angleé (transformation
[Ry))-

The transfer of the vectdr to the origin of the local coordinate systém v, s) is described
by:

1 0O oO
0 0 O

m=| L ol ©®
—Tm  TYm T Zm 1

where the symbols,,,, y.., 2, indicate the coordinates [in the initial Cartesian cooatknsys-
tem (z, y, 2)] of the geometric “center of mass” of the facet.

Rotate the axig by an angle) about the axis: of the initial Cartesian coordinate system
($, Y, Z):

cos($) = %, sin() = =, d=vn?fm (7)
1 0 0 0
R 0 cos(p) sin(p) O
o] = 0 —sin(p) cos(p) O
0 0 0 1

Rotate the transformed coordinate system around theydisan angle:

cos(0) 0O sin(0) O
cos(8) = d, sin(0)=f, [R,]= 781‘31(9) o Coso(e) 0 ®)
0 0 0 1
The resulting linear transformation has the following form
[w v s U=z y z 1Y[T|[R][Ry], 9)

where (u, v, s) denotes the values of the coordinates of a certain pointerfabet in a local
coordinate system associated with an arbitrary faeety, z) is the value of the coordinates of
the same point in the original Cartesian coordinate system.

We note that the rotation (at angldsand0) occurs around a certain straight line with a
directing vectoV/ (¢, m, n), wheref? + m? + n? = 1.

The calculation of the integrals requires finding the metadefficients (the local mean radius
of curvature) that enter the integrand. We recall the baspgsitions used when finding the
local mean radius of curvature of a smooth curvilinear aufghikin and Berezin, 2007).

Suppose that a smooth or regular surf&ces locally defined in a three-dimensional Eu-
clidean space. Such a task is possible if a vector relatigivés:

7 =7 (u,v), (u,v)eUxV, (10)

whereU, V' are the intervals of variation of the variablesv. We also assume that there exist
continuous derivatives, = 07 (u, v)/du, 7y = 7 (u,v)/dv for intervalsU, V which satisfy
an additional condition of the forn¥;, x 7, # 0. Then on the surfacg one can define a curve
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7 =7 (u(t),v(t)),(u,v) € U x V,introduce its differentiall 7" = 7, du + 7, dv, and also

the vector of the unit normal NN

ﬁ Ty X T4

- |rg x |

In this case, the square of the differential of the arc ledgfrdetermines the first fundamen-
tal quadratic form of the surface (Shikin and Berezin, 2007):

ds? = ldr|? = E(u,v)du® + 2F (u, v)dudv + G (u,v)dv?, (12)

oz \? 5‘y2 92\ ?
M“w—““”—(aﬁ *Qﬂ)*(&ﬂ’

_oror _oyoy 00
T Oudv Oudv  Oudv’

oz \? oy z 92\ 2
G(u,v) =1y 1y = (%) + <%) + <%) .
We define the differential of the unit normal by the exprelssiﬁ = deu + dev and
introduce the following notation:

where

Fu,v) =7, -1y

L(u,v) = —r, - N, = %,
M(u,v) = —r, - N, = %,
N(u,v) = =7y - N, = F/«%
Then the average local radius of curvatiitg can be found as follows:

We note that in the case when the surfacs given in a three-dimensional Euclidean space
with a metricdu? + dv? + ds? as the graph of a differentiable functien= f(u,v), the rela-
tion (12) acquires the following symmetric form (Pogoreémd Noordhoff, 1974):

2 L+ 12+ 127 TR .

K
The partial derivatived,,, f., fuv, fuu, foo €NtEring into the relation (13) can be found by
the method of least squares for the functjim, v) containing the quadratic terms and approxi-
mating the shape of the surfaSeat the point(u, v):

K

(u—uy)?

flu,v) = f (ug, 0) + fulu = w5) + folv = 0)) + fuu— )

(v —Uj)zl

+fuv(u_uj)(v_vj)+fvu >
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Applying the method of least squares to the expression {l&an formulate the following
system of linear algebraic equations for finding the deiveatd = (fus fos Juws fuv, fW)T:

P = 6,}71@]' = @r(t)e; (t),Qr=>_ @ (t:) (fi — £7), (15)
i=1 i=1
where
®; = {(u - uj)a (1} - vj)a (U - U’j)za (U - U‘j)(v - vj)a (1} - vj)z}v

7 == (fu7,fv; fuuv.fu’ua f’UU)T'

The values of integrals

7’ r?ds (laminar flow)

S
/p*u*
0

and

r®ds (turbulent flow)

S
[omwy |V

must be obtained at each point (except the deceleratiom)pdithe surface of the HP. Following
the conclusions of Churakov et al., (2009), we can assuniditbanost preferable in this situ-
ation is the adaptive Newton—Cotes method, which is a faofilguadrature formulas obtained
by integrating interpolation polynomials constructednfrequidistant nodes, and as a method
of interpolation of the integrand, we can use cubic splirterpolation (De Boor, 1978). It is
possible (in the laminar case) to approximately deterntieevallue of the integral

s
/ p* W Vrds,
0

near the critical point. In this case, the approach is baseith® following assumptions (Zoby
et al., 1981; Hamilton et al., 2006, 2009): first, the valgésand u* do not vary significantly
along the streamline and can be replaced with their valuaesatical point with good approxi-
mationp*p* = (p*u*),; second, the magnitude of the velocity modulugrecall, at the critical
pointV, = 0) and the enthalpie’s can be represented by a linear dependevice: (dV /ds), s,

h ~ (dh/ds), s. Thus, the parametegr, near the critical points ~ S, ) can be calculated in an
approximate way:

% % dv dh\?

/p*u*thds = /(p*u*) — — | s%ds
S\ ds s ds s

0 0

Se

* 1 * ok S
~ (p" )Svshi—g/ssds = (p"u"), VehZ—.
53 4
0

(16)
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The above algorithm for calculating the heat flux near thecedipoint has a singularity of
the type 00. For this reason, the simplified formula of Fay and Ridded58) and Martin (1966)
is used near the deceleration point (critical point):

LT (Ve 3.15 o ,

wherepy = 1.23- 102 g/cn®. The direct expression describes the transfer of energygfira
stationary (near critical point) dissociating gas with pearaturévT and concentration gradients
Ve; (Surzhikov, 2013):

Guw,i = —NVT — pD;hIVe;, (18)

where); is the coefficient of thermal conductivity of théh component of the mixturey, T’
density and temperature of the solid of the medium at the tagynlayer boundary;? is the
specific dissociation energy per unit mass of ¢ component of the mixturd); is the dif-
fusion coefficient of the-th component of the mixture, and is the mass fraction of theth
component of the mixture.

The following is one of the methods for calculating the agramic coefficients of forces
operating on a HP. For a single elemels$t of the surfaceS, the force of pressurél?p acting
algng the normal? to the surfaces. This force can be specified Witht-h>e help of the expression:
dF, = (P — Px) 7dS. Then the aerodynamic pressure coefficiehtcan be found using
formula:

— 1 _ 2
Cp - pocvogo/z - Smid é/ (P Poc)ﬁdS /(QOOVOO/Z) s

whereS,,,;q is the middel areag, P, V. are the density, pressure and speed in the unper-
turbed, running on HP gas stream.

The values of the components of the aerodynamic coeffié?gr'nm the axialC,, and trans-
verseC,, directions are obtained by projecting the norrmélto the regular surfacé on the
directing vectors of basis vectors, e, of a Cartesian coordinate systém y, z):

— 1 _ ﬁ)e 2
Cp = Sm_dé/ (P P) (e ds | [ (02 /2).
(1 _ =, 2
Co = 5= é/ (P~ Pu) (7e,)dS | [ (0V2/2)

wheree,, e, are the directing vectors of basis vectors of the Cartesiandinate system.
In the viscous flow past a HP (and the corresponding viscolgsiletion), a friction force

— . :

dFy acts on the unit elementS of the surface S, directed along the tangent to the HP surface
. . . —

collinearly to the velocity vector. This force can be foursda@llows:dFy = TWVdS, wheret,,

is the frictional stress determined by the viscous for%sa, unit vector tangential to the surface
S. Then the coefficients of surface frictidry,,, C's, are written as follows:

Cro=5— [[ (Ves)ruds | / (612 /2),
S

Volume 25, Issue 2, 2018



190 Kuzenov & Ryzhkov

Cpy = S;d / / (7ey) 1,49 | / (V2 /2).
S

The total aerodynamic coefficients;, C,, can be represented as follows:
Co = Cpo +Cpay,  Cy = Cpy + Cy.

When a HP moves at an angieof attack, the aerodynamic coefficients are determined by
the formulas:

Cra =Crcosax+Cysine, Cy, = —Cysino+ Cycos«,

whereC,, is the coefficient of aerodynamic resistance (aerodynamaig doefficient)C,, is
the aerodynamic lift coefficient.

3. CALCULATION RESULTS

For the purposes of 2D validation and verification of the reathtical model of heat transfer in
hypersonic flow around blunt axisymmetric bodies, the dated and experimental data given
in Surzhikov (2013) were used. These calculations wereopadd for Mach numbers M- 6
and altitudes: = 22 km andh = 37 km. Initial data for calculations of flow around a sphelica
blunted cylinder:P,, = 0.23 1 Tor, po, = 0.178 10°° g/cn?, V. = 4.167 16 cm/c, T, =
450 K. Initial testing calculations were performed usingtuactured grids and the NERAD 3D
computational code.

Direct (full-scale) flight experiments using advanced rafic(flight demonstrators) are the
most complex and costly way to obtain experimental reslitthis case, full-scale experiments
are required for the development of:

1. hypersonic flight-experimental base on the basis of anadtrcommand-and-measurement
station, which is designed to test hypersonic technologgemonstrators;

2. systems for pre-acceleration and demystification forehggnic test modes (based on
solid-fuel accelerators);

3. ground infrastructure for the preparation of test ftieti, testing and preflight testing of
demonstrators and test objects.

Thus, it is advisable to apply the method of experimental\sof enhanced heat and mass
transfer (at low temperatures) on a reduced (geometrisatitylar) model of a prospective air-
craft instead of a full-scale study of the aerothermogasadyics of the flow near the surface of
advanced aircraft. Here we note that a decrease in the tampetol ~ 60 K leads to a de-
crease in the speed of souic~ /T and a noticeable increase in the Mach numbetM,/C
for moderate values of the velocity,, that runs through the undisturbed flow. However, it
should be noted that in this case some features of the flovacteaistic of direct (natural) flight
experiments with the accuracy necessary for practice caegdreduced only in an approximate
way.

In 3D testing, the following air flow parameters flowing on thié were used: Pressure in the
flowing stream:P = 1120 Pa; Speed in the incoming floW: = 945 m/s; Temperature in the
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flowing streamI” = 62.1 K; Height from the surfacé? = 25 km; In the performed calculations,
the angle of incidence (from 0 to 20 degrees) of the incidefiioav (angle of attack) also varied.

Figures 1-3 show the individual calculation results usimg@proximate mathematical model
of heat exchange processes for a hypersonic aircratft.

From the distribution of the Reynolds number along the serfaf the aircraft (Fig. 1), it
follows that the transition to a turbulent flow regime is alveel almost immediately (the laminar
flow region exists only near the critical front points) bahthe head of the apparatus. It can also
be noted that the temperature distribution along the seréé@ hypersonic aircraft (Fig. 3) has
a maximum (it is also observed for static pressure) at theldeation point{" =~ 500 K). In this
case, the bulk of the gas near the surface has a lowered tetupeeat the level” ~ 150 K.

The values of aerodynamic coefficients in the axigl. = 0.1055 and transversg,, =
0.3789 directions were also calculated using the method itbestabove.

FIG. 1: Distribution of the Reynolds number along the surface ofiesrait

R_CURV

3885583838}
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FIG. 2: Distribution of the mean radius of curvatui® y [cm] of the surface of a hypersonic aircraft
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FIG. 3: Temperature distribution [K] along the surface of a hypeisaircraft

4. CONCLUSION

This article presents results obtained in a study of the ectiwe heat transfer on the surface of
an aircraft moving at hypersonic speed. An approximate emagtical model of heat exchange
processes in the laminar and turbulent boundary layer KBivg000) is developed by one of
the authors (VVK). In the developed technique, a surfaeagiilar unstructured computational
grid is used to estimate the convective heat fluxes. This mjpdéssible the study of aerodynamic
heating (convective heat transfer) on a complex geométaipe. The developed computing tech-
nology does not introduce a general curvilinear coordiegstem for describing the geometry of
a streamlined body and gas dynamic parameters on its suwhaeh makes it possible to obtain
the values of the thermal parameters in each cell sepairiatély own independent coordinate
system. The developed mathematical model can be used tdatalthe enhanced heat and mass
transfer on the surface of a hypersonic aircraft of a comgometric shape, including at low
temperatures (near 60 K).

ACKNOWLEDGMENT

This work was supported by the Ministry of Education and Soéof the Russian Federation,
Project No. 13.5240.2017/8.9.

REFERENCES
Abramovich, G.N. Applied Gas Dynamics, Wright-Patterson Air Force Base, OH: Foreign Technology
Division, 1973.

Avduevsky, V.S. and Poleshaeyv, V.I., Review of Hydrodynaninvestigation in Soviet Microgravity Pro-
gram,Advances in Space Research, vol. 11, pp. 365-374, 1991.

Avuduevsky, V.S., Galitseiskii, B.M., Glebov, G.A., and #fkin, V.K., Principles of Heat Transfer in
Aircraft and Rocket-Space Engineering, Moscow, Russia: Mashinostroenie, 1992.

Alekseev, A.K. and Zhurin, S.V., A Postprocessor foPosteriori Error Estimation of Computed Flow
ParametersComput. Math. Math. Phys., vol. 46, pp. 1623-1628, 2006.

Bauer, P.Aircrafts of Nontraditional Schemes, Washington, DC: NASA, 1991.

Churakov, D.A., Gorshkov, A.B., Kovalev, R.V., Dyadkin A, and Zhurin, S.V., Heat Transfer of Reentry
Vehicles during Atmosphere Flight, European Space AgeBBA SP 659, 2009.

Journal of Enhanced Heat Transfer



Approximate Calculation of Convective Heat Transfer 193

De Boor, C.A.Practical Guideto Splines, New York, NY: Springer, 1978.

Fay, J.A. and Riddell, F.R., Theory of Stagnation Point Heahsfer in Dissociated Ait. Aeronaut. i,
vol. 25, pp. 73-85, 1958.

Ghosh, K. and Goldstein, R.J., Effect of Upstream Wall SleeaFlow and Mass (Heat) Transfer on a
Flat Plate Downstream of a Shear Inducing Moving Wall—A RewU. Enhanced Heat Trans., vol. 21,
pp. 323-352, 2014.

Grigoryev, Yu.N., Vshivkov, V.A., and Fedoruk, M.mlumerical-Particle-in-Cell Methods. Theory and
Applications, Utrecht, Netherlands: VSP BV, 2002.

Hamilton, H.H., Weilmuenster, K.J., and DeJanette, FiRprbved Approximate Method for Computing
Convective Heating on Hypersonic Vehicles using UnstmectuGrids, AIAA 2006-3394, 2006.

Hamilton, H.H., Weilmuenster, K.J., and DeJanette, F.Rppraximate Method for Computing Laminar
and Turbulent Convective Heating on Hypersonic Vehiclésgub/nstructured Grids41st AIAA Ther-
mophysics Conference, San Antonio, TX, June 22-25, 2009.

Kuzenov, V.V. and Ryzhkov, S.V., Approximate Method for €@dhating Convective Heat Flux on the Sur-
face of Bodies of Simple Geometric Shap&shys. Conf. Ser., vol. 815, 012024, 2017.

Kuzenov, V.V. and Ryzhkov, S.V., Numerical Modeling of La3arget Compression in an External Mag-
netic Field,Math. Models Comput. Smulat., vol. 10, pp. 255-264, 2018.

Kuzenov, V.V. and Shumaeyv, V.V., Development of the NunariModel for Evaluating the Temperature
Field and Thermal Stresses in Structural Elements of Aftgrd Phys. Conf. Ser., vol. 891, 012311,
2017.

Lunev, V.V.,Real Gas Flows with High Velocities, Boca Raton, FL: CRC Press, 2017.

Martin, J.J., Atmospheric Reentry. An Introduction to Its Science and Engineering, Englewood Cliffs, NJ:
Prentice-Hall, 1966

Pogorelov, E.V. and Noordhoff, E.\Differential Geometry, Groningen, Netherlands: Noordhoff, 1974.

Shikin, E.V. and Berezin, S.B., Object Search. Dynamicsor@atry. GraphicsJ. Math. <ci., vol. 141,
pp. 905-928, 2007.

Shikin, E.V. and Boreskov, E.VComputer Graphics. Dynamics Realistic Imaging, Moscow, Russia:
Dialog-MIFI, 1996.

Simon, T.W. and Jiang, N., Transition of Boundary Layer Hawvith Application to Turbomachinery Air-
foils, J. Enhanced Heat Trans,, vol. 16, pp. 205—-223, 2009.

Sivykh, G.F., Turbulent Transfer Coefficients Model for Wwover Permeable Rough Surfac@sEn-
hanced Heat Trans., vol. 7, pp. 11-22, 2000.

Surzhikov, S.T., Three-Dimensional Computer Model of Nmrigbrium Aerophysics of the Spacecraft
Entering in the Martian Atmosphergluid Dyn., vol. 46, pp. 490-503, 2011.

Surzhikov, S.T., Convective Heating of Small-Radius SpaéBlunting for Relatively Low Hypersonic
Velocities,High Temp., vol. 51, pp. 231-245, 2013.

Terekhov, V.I., Kalinina, S.V., and Mshvidobadze, Yu.Mgad Transfer Coefficient and Aerodynamic Re-
sistance on a Surface with a Single Dimpleznhanced Heat Trans., vol. 4, pp. 131-145, 1997.

Voinov, L.P., Thermal Design of the Orbital Planes, Moscow, Russia: Energia, 1997.

Zheleznyakova, A.L. and Surzhikov, S.T., Calculation ofygkrsonic Flow over Bodies of Complex Con-
figuration on Unstructured Tetrahedral Meshes using theM$8hemeHigh Temp., vol. 52, pp. 271—
281, 2014.

Zoby, E.V., Moss, J.N., and Sutton, K., Appproximate CotivedHeating Analysis for Hypersonic Flows,
J. Spacecraft Rockets, vol. 18, no. 1, pp. 64-70, 1981.

Volume 25, Issue 2, 2018



