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RESUMO

Um modelo matematico fechado de transferéncia de massa e calor sob a filtragdo nao-isotérmica
através dos poros organizados de refrigerantes com uma forte dependéncia da viscosidade dindmica da
temperatura com injecao adicional em uma flotagdo dindmica gasosa viscosa com a formacgao de filme liquido e
evaporagao sob a a influéncia de fluxos de calor aerodindmicos foi desenvolvida. O objetivo do trabalho foi
desenvolver a base fisica e matematica da protegdo térmica com o fornecimento automatico de refrigerante
tendo uma forte dependéncia da viscosidade dindmica da temperatura (de 3 a 5 ordens de grandeza quando a
temperatura muda de 200 a 2500°C). Esse sistema de protecdo térmica permite operar sem a remogao de
massa que preserva a geometria dos elementos estruturais no aquecimento intensivo, o que é muito relevante.
Para atingir este objetivo, um modelo matematico do fornecimento automatico de refrigerante com filtragdo
através dos poros organizados, inje¢do em uma camada limite dindmica de gas de alta temperatura com a
formacgao da pelicula liquida protetora e evaporagédo foi formulado. Os resultados em relagdo ao caudal
massico do refrigerante, a taxa de evaporagdo em massa da pelicula liquida formada e as temperaturas da
estrutura, que em todos os casos permanecem abaixo da temperatura de evaporagédo do refrigerador, foram
obtidos.

Palavras-chave: transferéncia de massa e calor, filtragdo, camada limite, presséo parcial de vapor, poros
organizados, anisotropia.

ABSTRACT

A closed mathematical model of heat and mass transfer under the non-isothermal filtration through the
organized pores of coolants with a strong dependence of dynamic viscosity on temperature with further injection
into a viscous gas-dynamic flotation with the formation of liquid film and evaporation under the influence of
aerodynamic heat flows has been developed. The aim of the paper is to develop the physical and mathematical
basis of thermal protection with the automatic supply of coolant having a strong dependence of dynamic
viscosity on temperature (by 3-5 orders of magnitude when the temperature changes by 200-2500°C). Such
thermal protection system allows for operating without the mass removal that preserves the geometry of the
structural elements at the intensive heating, which is very relevant. To achieve this goal, a mathematical model
of the automatic coolant supply with filtration through the organized pores, injection into a high-temperature gas-
dynamic boundary layer with the formation of the protective liquid film and evaporation is formulated. The results
with respect to the mass flow rate of the coolant, the mass evaporation rate of the formed liquid film and the
temperatures of the structure which in all cases remain below the evaporation temperature of the cooler have
been obtained.

Keywords: heat and mass transfer, filtration, boundary layer, the partial pressure of vapor, organized pores,
anisotropy.
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AHHOTALUA

PaspaboTtaHa 3amkHyTass  MaTemaTMyeckas  MOAenb  TennoMacconepeHoca B YCIOBUSAX
HEN30TEPMMYECKON (UNBbTPaLMM 4Yepe3 OpraHU3oBaHHbIE MOPbl OXNaguTernen C CUMbHOW 3aBUCUMOCTLIO
OVNHaMMYECKON BA3KOCTM OT TemnepaTtypbl C AaflbHEWWNM BOYBOM B BSA3KOE ra3ogMHaMuM4eckoe TeyeHue C
0o6pa3oBaHMEM XUOKOW MAEHKN 1 ucnapeHnem nog AenCcTBUEM aspoanHaMMYecKnX TenmnoBbIx NOTOKOB. Llensto
paboTbl ABNsieTCs pa3paboTka huU3nKo-maTeMaTUYECKMX OCHOB TEMSIOBOM 3aLLMTbl C aBTOMaTUYECKOM nogadven
OoXxnaguTens, MMEILWEero CUIbHY 3aBUCMMOCTb AMHaMUYECKON BA3KOCTM OT Temnepatypbl (Ha 3—5 nopsigkoB
npy u3MeHeHunm Temnepatypbl Ha 200-2500°C). Takas cucTema TennoBOM 3awuTbl MNO3BOMSET
PYHKUMOHNPOBaTL 6e3 yHOCa MaccChl, YTO COXpaHseT reOMETPUI0 3NIEMEHTOB KOHCTPYKUMM NPU MHTEHCUBHOM
HarpeBe, 4TO 4BNSAETCSA akTyanbHbiM. [nd  OOCTMXKEHMS MOCTaBMEHHOW LUenu  cdopmynmMpoBaHa
mMaTemaTtudeckas Moenlb aBTOMaTWYeCcKOM nofadu oxrnagutens ¢ unbTpauuen 4depes OpraHM3oBaHHbIE
nopbl, B4OYBOM B BbICOKOTEMMNEPATYPHOW rasogvHaMUyeckuii NorpaHnYHbIn cno ¢ obpa3oBaHMEM 3alUUTHOWM
XVUOKON NNeHkn U ucnapeHwem. [llonyyeHbl pesynbTaTbl NO MacCOBOMY pacxody OXnagauTens, MaccoBOMW
CKOPOCTM WMCMapeHus 0Opa3oBaBLUENCS XWMOKOW MMEHKA W TemnepaTtypaM KOHCTPYKUMM, KOTOpas BO BCEX
crny4yasix oOCTaeTcs Hxke TeMnepaTypbl UCNapeHnst oxraguTens.

KnioueBble cnoBa: mensomacconepeHoc, unbmpauusi, noepaHuyHbIlt criol, napyuansHoe 0agneHue napos,

OpecaHu308aHHbIe opkbl, aHU30MPOIrius.

1. INTRODUCTION

One of the challenging methods of
thermal protection of the nose parts of hypersonic
aircrafts are the active methods of thermal
protection through the injection of gaseous or
liquid coolants into the high-temperature gas-
dynamic boundary layers since the passive
methods of thermal protection function under
conditions of mass removal when the geometry of
the nose parts changes that results in the
significant  deterioration of  aerodynamic
characteristics (Amirgaliyev et al, 2017;
Mussabayev et al., 2018; Fitsak et al., 2019).

The main difficulty when organizing the
active methods of thermal protection through the
injection of coolants is in the technological
implementation of these methods and in the
automatic adjustment of the supply of coolant.
The methods of thermal protection through the
injection of coolants were considered in
(Polezhaev and Yurevich, 1976; Mugalev, 1965).

This paper proposes and mathematically
models a new method of thermal protection
based on the filtration through the organized
pores of special liquid coolant the dynamic
viscosity of which changes by 3-5 orders of
magnitude when the temperature changes by
200-2500C. As a result, it is possible to supply
the coolant automatically without changing the
pressure drop between the tank and the external
surface (Alekseev et al., 2017; Kulzhumiyeva and
Sartabanov, 2017). If the constant pressure of the
coolant in the tank exceeding the possible
pressure on the external surface is created, an
approximately constant pressure drop is created
under the action of which the coolant is filtered

with increased flow rate, if the temperature
increases and the viscosity of the coolant
decreases sharply and vice versa, with decrease
of temperature and increase of viscosity the flow
rate decreases. For more rational consumption of
the coolant, the filtration openings are arranged
at different angles; as a result of this, the body
becomes anisotropic with different thermal
conductivity in different directions. For anisotropic
thermal conductivity, it is possible to specify the
works of authors (Formalev and Kolesnik, 2007;
Formalev et al., 2009; Formalev and Kolesnik,
2013; Formalev and Kolesnik et al., 2015;
Formalev et al., 2015; Formalev et al., 2016a;
Formalev et al.,, 2016b; Formalev et al., 2016¢;
Formalev, and Kolesnik, 2016; Formalev et al.,
2017a; Formalev et al., 2017b; Kolesnik, 2017a;
Formalev and Kolesnik, 2017b; Formalev and
Kolesnik, 2018; Formalev et al., 2018a; Formalev
et al., 2018b; Formalev et al., 2018c) and other
specialists (Gidaspov and Severina, 2015;
Gidaspov et al., 2016; Prokofiev et al., 2016;
Okonechnikov et al., 2016; Gidaspov and
Severina, 2017; Lurie et al., 2017; Babaytsev et
al., 2017; Bulychev et al., 2018a; Bulychev et al.,
2018b; Bulychev et al., 2018c; Bulychev et al.,
2018d; Formalev et al., 2018c; Rabinskiy and
Tushavina, 2018; Gidaspov et al., 2018). The
mathematical modeling of the complex problem,
namely, the anisotropic thermal conductivity,
filtration, injection, formation of a protective liquid
film with downstream flow and evaporation is
carried out for the first time (Gridina and Andreev,
2017).

2. RESEARCH METHODOLOGY

The thermal protection diagram is shown
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in Figure 1. The mathematical model includes the
following relations. The balance of thermal
energy is recorded on the external film boundary
(Equation 1). The one-dimensional stationary
heat conduction equation, taking into account the
filtration of dropping liquid, is as follows (Equation
2). The condition is set on the internal boundary
w2 (Equation 3), and the continuity of heat flows
and temperatures is set at the boundary wl
between the liquid film and the body (Equations
4, 5). The nonlinear filtration law (Formalev and
Kolesnik, 2017a) can be represented as
(Equation 6). The continuity equation for
incompressible liquid (Equation 7). The dynamic
viscosity of liquid depending on temperature
(Vargaftik, 1972) is determined using the
following Equation 8, where 4, B and C are the
experimental data for one of the types of coolant.
The mass evaporation rate of the coolant
proportional to the difference between the

pressure of saturated steam (pev)w and its

partial pressure (p,,) in the gas mixture is

part
calculated as follows in Equation 9 (Mugalev,
1965). The relationship of the pressure of

saturated vapor (pev)w of the coolant at the

boundary w with a temperature 7, of this
boundary is set by the Clapeyron-Clausius

Equation 10. The partial vapor pressure (pev )p(m

can be determined from the analogy between
heat transfer and diffusion (Equation 11)
(Avduevsky, 1981).

The boundary conditions for filtration
pressure are set as follows Equations 12, 13. In
— 0210,

q. = is the relative
Cp (Te - Tw)

Equations 1 — 13

combustion heat, Q.- is the combustion heat;

B, — is the coefficient of injection determined

using Equation 14 (Mugalev, 1965). The
coefficients of thermal conductivity /lyy and

permeability kyy are calculated using the

Equations 15, 16 (Formalev and Kolesnik, 2013),
where ﬂsg, 1,7 and kf, k,7— are the coefficients
of thermal conductivity and permeability reduced
to the main axes O¢&, On; ¢ — is the angle
between axes O& and Oy .

Herewith, the effective value of the

thermal conductivity of the porous body (ﬁyy )eﬁ

is in accordance with (Polezhaev and Yurevich,
1976).

The Reynold's filtration number Re; in

the nonlinear filtration law Equation 6 is
determined by Equation 17 (Formalev et al.,
2009) in which Equation 18. The mass
evaporation rate can be determined from relation
Equation 1 based on the concept of effective
enthalpy Equation 20, depending on the unknown
temperature T, . The result is as follows Equation

21. The linear filtration rate is determined in
accordance with continuity Equation 7 and
filtration law (Equation 6) from which the following
is obtained Equation 22. Substituting this
pressure into Equation 5, it is possible to
calculate the value of the linear filtration rate
(Equation 23) wusing a linear temperature
distribution which is determined by substituting
the Equation 10 and Equation 11 into Equation 9
(Equation 24). From Equations 5, 7, and Equation
2, it is possible to obtain the implicit temperature
distribution in the body (Equation 25), where
(Equation 26), where Cis the constant from
Equation 8.

3. RESULTS AND DISCUSSION:

Figures 2-5 show the results of
calculations of the characteristics of the proposed
thermal protection method. Glycerin, the dynamic
viscosity of which is determined by the
approximation expression (8) with constants
A4=0.55%x10", B=800, C=14.29, (Vargaftik,
1972), was used as the coolant.

The other characteristics of the coolant
and the frame had the following values:

¢, =25kI/kgK; ¢, =1kl/kgK ; 1=0.4,
(4,), =0.168 kW/mK; 2, =0.294kW/m K,
P, =2x10°Pa; p , =(2.5-5.0)x10°Pa,
k=(0.5-3)x10"*m’;
q,=a,(T,~T,)=(4-14)-10"kW/m’,

0, =15540kJ/kg (0,); O, =829kJ/kg,

M, =0.0921 kg/mol, T, =563K; T, =300K,
R, =0.09022 kJ/kgK ; 5, =0.003m.

The main characteristics of the described
method of thermal protection are the mass flow
rate of the coolant (pfvf )W, the mass
evaporation rate ('Ofvf)ev’ the temperature of
the external boundary of the liquid film and the
external boundary of the body w1, the distribution
of temperature and filtration pressure across the
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wall thickness.

Figure 2 shows the distribution of the
mass flow rate of the coolant the dynamic
viscosity of which significantly depends on the
temperature at the change of permeability and

heat flow ¢g,, at the internal boundary w2.. It is
clear that with the increase of permeability, kyy

the flow rate of the coolant in accordance with
Equation 23 increases nonlinearly. This figure
also shows that the mass flow rate of the coolant

depends nonlinearly both on the heat flow g, at
the boundary w2.

Figure 3 shows the dependence of the
mass flow rate of the coolant on the angle ¢ that

determines the position of the mutually
perpendicular axes O¢& and Orn. The decrease

of the flow rate with an increase of angle ¢ is
non-linear both with respect to variable ¢ and

parameter ¢, , .

Figure 4 shows the mass evaporation
rates of the coolant, taking into account the heat

flow density supplied to ¢, and discharged into
the coolant ¢q,,. These distributions are linear

both with respect to variable ¢q,, and variable
qw?2 -

It is interesting to note that the
temperature of the external boundary w (Fig. 5)
is not related to the magnitude of the heat flow
supplied ¢g,, remaining close to the boiling point

T" of the coolant but slightly below it, as shown
in Fig. 5.

Designations:a, T, Q, A, ¢, p— are,
respectively, the heat-transfer coefficient,

temperature, heat of physical and chemical
transformations, thermal conductivity, thermal

capacity, density; 25,20,05,077— are the

main coefficients and main axes of the thermal

conductivity tensor; q.— is the relative vapor
combustion heat; v— is the velocity; k — is the
permeability; II— is the porosity; x— is the
dynamic viscosity; p — is the pressure; o7, d —
are the body and film thicknesses; g — is the heat
flow density; R — is the gas constant; M, ,M —

are the molar masses of vapor and mixture of the
vapor and air; L—is the length of cooling
channel; Re; — is the Reynold's filtration number;

ky — is the Boltzmann's constant,
k =1.38x107J/K; m— is the mass of vapor
molecule.

Indices: w, wl, w2 — are, respectively,
the external boundary of the film, the external and
internal boundaries of the body; f — is the
coolant; ev— is the steam, injection; c¢— is the
combustion; eff — is effective; g is the injection; *
is the evaporation; e— is the dynamic gas
environment; 0 is the initial value.

4. CONCLUSIONS:

The physical and mathematical basis of a
new method of thermal protection of high-speed
aircraft based on the automatic flow rate and
injection into the gas-dynamic boundary layer
with the formation of a liquid film with evaporation
have been developed. The novelty is in the
selection of coolant with the strong dependence
of its dynamic viscosity on temperature (by 3-5
orders of magnitude when heated by 200-
250°C). A situation arises in which the constant
pressure drop between the tank with coolant and
the external gas-dynamic flow rate increases the
flow rate of the coolant with the increase of heat
flows and temperature in the structure reducing
the viscosity and consequently increasing the
flow rate of the coolant. Conversely, with a
decrease of heat flows, the flow rate decreases. It
is possible to obtain the thermal protection
system with automatic coolant supply at which
the temperature of structure does not exceed the
evaporation temperature of the coolant, that is,
unlike the passive thermal protection systems
with mass removal, the proposed thermal
protection preserves the geometrical
characteristics of the nose parts of high-speed
aircraft.

The results obtained demonstrate that the
flow rate of the coolant substantially depends on
the permeability of the porous medium
approximately in a linear fashion. The effect of
coolant flow rate on the orientation angle of the
organized pores with respect to the vertical axis
was investigated; herewith, the flow rate
nonlinearly decreases with the increase of this
angle. It is demonstrated that the mass rate of
evaporation of the formed coolant film increases
linearly with the increase of heat flows to the
body. The body temperature increases linearly
through the body thickness and is constant at the
external boundary equal to the evaporation
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temperature of the coolant.
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Figure 1. Thermal protection diagram: 1 — coolant, 2 — porous body, 3 — cooling channels, 4 — liquid

film, 5 — coolant vapor
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Figure 2. Dependence of the mass flow rate of the coolant on permeability at 1-q,, = 5x10° kW/ m’,
2-q,=6x10°kW/m*, 3-¢,, = 7x10°kW/m?, 4—¢q,, =8x10°kW/m’, 5-¢,, =9x10°kW/m’
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Figure 3. Dependence of the mass flow rate of the coolant on the angle of orientation of the main axis
Of at1-q,,=5x10°kW/m?, 2— ¢ , =6x10°kW/m*, 3— g, =7x10°kW/m’ , 4 -

q,, =8x10°kW/m’, 5- ¢,, =9x10’ kW/m’
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Figure 4. Dependence of mass evaporation rate on the heat flow density q,, at 1 —
q,, =5x10° kWt/m* , 2 - q,, =6x10° kWt m*, 3— q,, =Tx10° kWt/m* , 4— q,, =8x10° kWt/m* , 5
—q,, =9x10° kWt/m’
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Figure 5. Dependence of temperature with respect to the body thickness at 1— gq,, =5x10’ kWt/ m’,
2-q,=6x10"kWt/m*, 3— q ,=Tx10°kWt/m* , 4— q , =8x10° kWt/m* , 5 -
q,, =9x10° kwt/m?
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