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Preface

This monograph is devoted to studies of unsteady heat and mass exchange pro-
cesses taking into account thermochemical destruction of thermal protective
materials, research of transpiration cooling systems, thermal protection of com-
posite materials exposed to low-energy disturbances, as well as a numerical solution
of the conjugate problem of heat and mass exchange. The author proposes several
mathematical models of passive and active thermal protection systems with regard
to such complicating factors as ablation from the surface, surface roughness, phase
transition of a liquid in porous materials, rotation of the body around its longitu-
dinal axis, and exposure to low-energy disturbances. The author studies the pos-
sibilities to control thermochemical destruction and heat–mass exchange processes
in transpiration cooling systems exposed to low-energy disturbances. The numerical
analysis of the heat and mass exchange process in carbon plastics under repeated
impulse action is given.

The numerical solutions of boundary problems are compared with the known
experimental data.

The book is intended for specialists in the field of thermal protection and heat–
mass exchange, as well as graduate and undergraduate students of physical and
mathematical specialties.

Tomsk, Russia A. S. Yakimov
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Introduction

At the end of the last century and the beginning of the present millennium, much
attention has been paid to developing and designing hypersonic flight vehicles both
in Russia and around the world. When hypersonic flight vehicles enter the atmo-
sphere of the Earth or of other planets at a cosmic velocity, their impressive kinetic
energy [1] transforms into heat. This is why it is necessary to develop various
thermal protection methods: ablative thermal protective coatings, forced feed of a
coolant into the near-wall gas layer, reradiation of heat to the environment, etc.

With this in mind, a thermophysical calculation taking into account the capa-
bilities of advanced materials should be regarded as an integral part of designing
hypersonic flight vehicles.

In the 20th, mathematical modeling of heat and mass transfer processes became
an essential method regarding thermal protection and the development of advanced
structural materials for flight vehicles. In a number of cases, mathematical modeling
is more cost-effective and often the only possible research method. This is largely
associated with experimental conditions, such as high temperatures and pressures
that arise when a flight vehicle enters the atmosphere at a high velocity.

Another important issue is to expand the operating temperature range. This makes
it possible to approach real operation conditions of thermal protective materials when
levels of convective heat flows from the gas phase reach *5.106 W/m2 or more.

Aerospace engineering uses different active and passive thermal protection
methods associated with a variety of flight vehicle designs and their specific
atmospheric flight conditions [2–19]. Passive thermal protection methods based on
the application of ablative thermal protective coatings have been and remain the
most popular solutions [2–15]. However, these methods have one disadvantage:
They change the initial geometric shape of flight vehicles and, therefore, their
aerodynamic characteristics in flight, which negatively affects the accuracy of
ballistic parameters.

Numerous studies [15–25], including recent ones [2, 6, 10, 18, 19, 23, 26–31],
suggest that active thermal protection systems of flight vehicles based on forced
injection of a coolant into the boundary layer are very effective and promising.

xi



An important advantage of these systems is that they do not change the geometrical
shape and, therefore, the aerodynamic characteristics of flight vehicles, up to the
end point of their flight path.

Under high heat loads, structural materials are often stressed to the limit of their
performance capability. Development of combined thermal protection seems to be
an alternative solution [25, 26, 28, 29, 32, 33]. Some studies [28, 29, 32] focus on
the effects of heat-conductive materials that decrease surface temperature in the air
heat curtain area. Materials with high thermal conductivity and injection of a
coolant gas from the surface of the porous blunted area have been used to decrease
the maximum surface temperature. As shown in [31], increased thermal conduc-
tivity of materials leads to a lower temperature of the thermal protective coating.
Increased porosity ensures more uniform distribution of the coolant over the surface
and decreases heat loads on the protected structure.

In real conditions, thermal protective materials are exposed to low-energy per-
turbations: acoustic vibrations, wall vibrations, and pulsations of gas flows [34–41].
Thermochemical destruction characteristics in such systems may vary widely.
Stimulation of heat and mass transfer processes in continuous and permeable media
is considered in [34–41]. Study [35] demonstrates that pulsating flows improve
fuel–air mixing and reduce the extent of the combustion zone. The primary
advantage of the method proposed in [35] is the high effectiveness of the process in
terms of minimum pressure losses and maximum increase in temperature. As shown
in [36], both stimulation and suppression of heat transfer are possible in the pulse
impact jet as compared to a steady flow. An increased Reynolds number suppresses
heat transfer, with all frequencies tending to a steady flow.

It is important to note that the energy cost of excitation is much less than the total
energy of processes in the mechanics of reactive media [30, 31, 37–41].

In conclusion, let us briefly consider one of the trends in the development of
promising thermal protection methods associated with body rotation. Rotation may
ensure good stability in flight and, when combined with injection from the surface
of thermal protective materials, change flow conditions and the body flow heat
transfer [42]. In contrast to axially symmetric heating [32], for flow around the body
at the angle of attack [27], the difference in heat flows on leeward and windward
sides may be significant which leads to uneven heating. In order to reduce the
influence of this effect, hypersonic aircraft imparts rotational movement around the
longitudinal axis.

The possibility of attenuation of moderate-intensity laser radiation by combus-
tion products of carbon-graphite materials was investigated [43].

Some results of numerical solution of boundary value problems are compared
with known experimental data [2, 44].

In order to accomplish this objective, effective mathematical techniques and
software systems need to be developed for solving spatial problems in the
mechanics of reactive media. The proposed mathematical models and numerical
solutions of spatial problems [45] are new. Using the method proposed in [45],
some problems associated with control of heat and ablation conditions were solved

xii Introduction



for a wide variation range of Reynolds and Mach numbers, as well as angles of
attack, with allowance for injection and thermochemical destruction.

This study extends the research into thermal protection and advanced composite
materials that began in monograph [2] but not included in it.
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Chapter 1
Passive Thermal Protection

Keywords Passive thermal protection � Composite polymeric materials
Non-deformable porous reacting body � Thermochemical destruction
Small energy disturbances � Heat and mass transfer � Carbon fiber
Surface roughness � Mass entrainment of gaseous filtration products
Coked layer

The development of aerospace engineering has given rise to the need to create
lightweight high-temperature structures, polymeric and composite materials,
fiberglasses and carbon fiber-reinforced polymers that are widely used as thermal
protective materials [2, 4–14, 41, 44]. Polymer composites contain a thermoset
plastic binder as a matrix (e.g., phenol-formaldehyde resins) and a filler-reinforcing
elements in the form of glass and carbon-fiber fabrics. This polymer composite
structure can be described as a porous body consisting of open and closed pores.

The interaction of polymer composites with high-enthalpy flows is a multistage
physico-chemical process. This is accompanied by heating of the body, evapora-
tion, pyrolysis of the binder, ignition, combustion, thermal destruction of the filler,
dispersion of solid reagent, pyrolytic deposition of gas phase and heterogeneous
reaction products on the surface of inflamed pores, and formation of carbon residues
[4, 9].

Experimental research of each stage is associated with some technical difficul-
ties, including inadequate equipment and measuring techniques, as well as the
complexity of the process itself and the destruction mechanism of polymer
composites.

Processes in heat power plants, flight vehicles, chemical reactors—wherever
polymer composites are used as thermal protective coatings—are always accom-
panied by small perturbations generated by both external sources (wall vibrations,
fluctuations, turbulent noises) and destruction of polymer composites in the gas
flow containing an oxidizing agent [34, 41, 46]. Parameters of thermochemical
destruction in such systems may vary widely.

The thermochemical destruction of carbon phenolic composites in the
high-enthalpy pulsing gas flow [47] is modeled in Sect. 1.1 of this chapter. The heat
and mass transfer process in carbon fiber-reinforced polymers with gas flow

© Springer International Publishing AG, part of Springer Nature 2018
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pulsations [48] is modeled in Sect. 1.2. Some effects of surface roughness and
ablation on thermal protection [49] are studied in Sect. 1.3. The thermal protection
of multilayer materials under fire exposure [50] is modeled in Sect. 1.4.

1.1 Thermochemical Destruction of Carbon Phenolic
Composites in the High-Enthalpy Pulsing Gas Flow

Stimulation of heat and mass transfer processes in continuous and permeable media
has been considered in a number of studies [34–41, 44, 46–48, 51, 52]. Study [46]
identifies the limiting conditions for binder concentration and intensity of oscilla-
tions when it is possible to reduce heat loads on the wall and to control heat and
mass transfer [46]. Study [37] reveals one of mechanisms for stimulating transfer
processes in a liquid for the pulsating flow case (redistribution of gradients in the
flow). Paper [38] focuses on sound field effects on stimulation of heat and mass
transfers in the boundary layer. Paper [39] studies the effectiveness of the catalytic
process in case of forced external effects and uses the non-stationary methods for
generating catalytic processes to stimulate heat and mass transfer. Paper [51] studies
the combustion of carbon-fiber-reinforced polymers in the low-temperature plasma
jet with transverse harmonic vibrations of the surface. The expression for additional
heat transfer in the porous body under periodic pulsations of a coolant gas was
developed in study [52].

The mathematical modeling of thermochemical destruction for polymer mate-
rials based on carbon phenolic composites is discussed in [4, 9, 13, 14]. For the
purpose of this section, a model of an undeformable porous reacting medium is
used [9].

Problem Statement. The analysis of thermogravimetric measurements [53]
shows that the pyrolysis of coal-plastic based on a thermoreactive polymer binder is
a multiphase process. It includes such phases as decomposition of a polymer binder
with heat absorption, generation of an intermediate condensed product (pyrosol),
and a final condensed product (coke). The coke generation phase can be interpreted
as a synthesis reaction of exothermic type [53].

The physics of the process in the condensed phase is as follows: [9, 13]. Under
the effect of the high-temperature flow, temperature of coal-plastic increases to the
decomposition point of a binder (resin). Then, pyrolysis of a thermoreactive binder
begins, with formation of pyrosol and carbon residue (coke) which is retained
within the matrix of reinforcing carbon fibers.

m1A1 þ m4A4 ! m02A2 þ m04A4 þ m05A5 ! m003A3 þ m004A4 þ m005A5; ð1:1:1Þ

2 1 Passive Thermal Protection



where m1; m4; m02; m
0
4, m003; m

00
4 ; m

0
5; m

00
5 are the stoichiometric coefficients, Ai; i ¼

1; . . .; 5 are, respectively, the symbols of the initial condensed binder, intermediate
condensed product (pyrosol), final condensed product (coke), carbon fiber armor,
and gaseous product of pyrolysis reaction. At Tw > 800 К, carbon surface is
destroyed by the reaction with dissociated air components [9, 13, 54]. Gaseous
products of the pyrolysis reaction can be filtered to the interface of media y = 0,
blown into the boundary layer and, along with carbon oxidation products, reduce
the convective heat flow coming to the body.

We make the following assumptions for the problem statement:

1. the Reynolds number in the incident hypersonic airflow is sufficiently high
(Re1 � 1), and the boundary layer has formed in the vicinity of the body
surface;

2. air at the outer edge of the boundary layer is in thermochemical equilibrium and
composed of five components: O, O2;N,N2;NO;

3. the transfer in the boundary layer is considered on the basis of the simplifying
assumptions that diffusion coefficients are equal to each other and Lewis number
Le ¼ 1;

4. in order to calculate the composition at the interface of gas and condensed
phases, we will use the analogy of heat and mass transfer processes [4] on the
assumption of “frozen” chemical reactions inside the boundary layer;

5. the following heterogeneous reactions proceed on the external surface of the
thermal protective material at Tw � 2400 К:

CþO2 ! CO2; 2CþO2 ! 2CO;CþO ! CO,CþCO2

! 2CO;OþOþC ! O2 þC;NþNþC ! N2 þC
ð1:1:2Þ

The findings of the study [54] can be used for a higher temperature range
Tw [ 2400: This study reveals the key features of the carbon ablation mechanism
based on the complete thermochemical model.

In order to calculate the composition at the interface of gas and condensed
phases, we will use the analogy of heat and mass transfer processes [4] on the
assumption of “frozen” chemical reactions inside the boundary layer [13]. In case of
increasing the stagnation pressure, the model of a chemical equilibrium boundary
layer is more consistent with real conditions. However, for composites with high
catalytic activity in relation to dissociated air components, heat flows in both cases
do not differ very significantly. The numerical calculations of surface destruction
[55] show that this approach can be applied to estimate the ablation rate.

Let us consider the chemical kinetics of heterogeneous processes on the body
surface. If the serial number of a component corresponds to the following order of
enumeration: O;O2;N;N2;CO;CO2, molar velocities of reactions (1.1.2) take the
form [9, 13]:

1.1 Thermochemical Destruction of Carbon Phenolic … 3



U1 ¼ k1wqwc2w
m2

exp � E1w

RTw

� �
; U3 ¼ k3wqwc1w

m1
exp � E3w

RTw

� �
;

U2 ¼ k2wqwc2w
m2

exp � E2w

RTw

� �
; U4 ¼ k4wqwc6w

m6
exp � E4w

RTw

� �

U5 ¼ k5wqwc1w
m1

; U6 ¼ k6wqwc3w
m3

ð1:1:3Þ

By using (1.1.3), we will find the mass rates of generation (disappearance) of
components as a result of heterogeneous reactions:

R1w ¼ �m1ðU3 þU5Þ; R2w ¼ �m2ðU1 þU2 � U5=2Þ; R3w ¼ �m3U6;

R4w ¼ m4U6=2; R5w ¼ m5ð2U2 þU3 þ 2U4Þ; R6w ¼ m6ðU1 � U4Þ

and the expressions for the ablation rate:

ðqvÞ2w ¼ ðu4qÞw
m6

m2
� 1

� �
c2wB1 þ 2

m5

m2
� 1

� �
c2wB2

�

þ m5

m1
� 1

� �
c1wB3 þ 2

m5

m6
� 1

� �
c6wB4

� ð1:1:4Þ

m�1
e ¼

X6
a¼1

cae
ma

; Bi ¼ kiw exp � Eiw

RTw

� �
; i ¼ 1; 4 ; qw ¼ Pemw

RTw
; m�1

w ¼
X6
a¼1

caw
ma

;

where ciw, i = 1, 2, …, 6 are the mass concentrations of the components at the
interface of gas and condensed phases [9]; m is the molecular weight; q is the
density; kiw, i = 1, 2, …, 6 is the before-exponential factor; Eiw, i = 1, 2, 3 is
the activation energy; T is the temperature; P is the gas pressure in pores; R is the
universal gas constant.

The balance relationships for mass concentrations of the components (ciw) can be
written using Fick’s law for diffusion flows, as well the analogy of heat and mass
transfer processes [4, 9]:

Jiw þ qvð Þwciw ¼ Riw; i ¼ 1; 6 ;

Jiw ¼ b ciw � cieð Þ; b ¼ a=cp;
ð1:1:5Þ

where the total ablation rate ðqvÞw ¼ ðqvÞ1w þðqvÞ2w, ðqvÞ1w is the ablation rate
associated with pyrolysis; ðqvÞ2w is the ablation rate associated with heterogeneous
chemical reactions (1.1.2).

The disintegration products at Tw\2400 are assumed to weakly dilute the air
mixture in the boundary layer. This makes it possible to use the above-listed
assumptions (1)–(5) in the boundary layer.
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The mathematical formulation of the problem for the condensed phase is based
on the following assumptions:

1. for the sake of simplicity, the coal-plastic thermochemical destruction process is
one-dimensional;

2. the filtered gas is uniform, with the molecular mass being close to that of the air
mixture;

3. the porous medium is ideal and assumed to be one-temperature in the heat
transfer process;

4. the gas flow inside flared pores is laminar and described by the linear Darcy law
[4, 9].

The first assumption is sufficiently accurate since the size of the reaction zone is
on the order of 2:5� 10�3 m at T � 600 K; the heated layer thickness is less than
4� 10�3 m (see Fig. 1.3) and considerably less than the original thickness of the
thermal protective material: L0 ¼ 10�2 m.

The second assumption is taken for simplicity of the model since the chemical
composition of filtering gas products generated from thermochemical destruction
[46] is not known for the used carbon phenolic material (P5–13N).

In the case of a two-temperature medium under destruction [56] (in contrast to
the inert medium [4]), the volumetric heat transfer coefficient Av is usually deter-
mined with a significant error. According to [56], the difference in temperature of
solid and gas phases at the most real values Av ¼ 106to108 W=ðKm3Þ does not
exceed 323–373 K, provided that the temperature of the coke residue is 1273–
2273 К.

Finally, the real thermochemical destruction of coal-plastic [46] is accompanied
by transient and turbulent gas filtration in pores described by the nonlinear Darcy
law [4, 9]. However, in the case of a chemically reacting medium, viscosity and
inertial coefficients for the material considered below [46] have not been found in
the available literature.

The varying (pulsating) convective heat flow qwðm; tÞ is assumed to act on the
thermal protective material for a definite time

qw ¼ a
cp

1� kðqvÞw
a=cp

� �
ðhe � hwÞ;

a
cp

¼ a
cp

� �
0

1þ A cosð2pmtÞ
ða=cpÞ0

� �
;

ð1:1:6Þ

where ða=cpÞ0 is the heat transfer coefficient without pulsations; A, m are, respec-
tively, the amplitude and frequency of pulsations; t is the time; h is the enthalpy; k is
the attenuation coefficient for turbulent flow in the boundary layer.

Note that according to the experimental data [46], the turbulent flow around the
thermal protective material was observed in the boundary layer. For this case, the
attenuation coefficient k = 0.19 � ðme=mwÞ0:35 in the heat flow (1.1.6) was taken in
the form of V. Mugalev’s modification [4].

1.1 Thermochemical Destruction of Carbon Phenolic … 5



Mathematically, the problem can be reduced to the system of equations written
in the moving coordinate system [9, 47] associated with the thermochemical
destruction front:

cp
@T
@t

� x
@T
@y

� �
þ cp5q5u5v

@T
@y

¼ @

@y
k
@T
@y

� �
� q1R1 þ q2R2 ð1:1:7Þ

@q5u5

@t
� x

@q5u5

@y
þ @q5u5v

@y
¼ ð1� a1ÞR1 þð1� a2ÞR2; ð1:1:8Þ

q1
@u1

@t
� x

@u1

@y

� �
¼ �k1q1u1 exp � E1

RT

� �
; ð1:1:9Þ

q2
@u2

@t
� x

@u2

@y

� �
¼ a1k1q1u1 exp � E1

RT

� �
� k2q2u2 exp � E2

RT

� �
; ð1:1:10Þ

q3
@u3

@t
� x

@u3

@y

� �
¼ a2k2q2u2 exp � E2

RT

� �
; ð1:1:11Þ

q4
@u4

@t
� x

@u4

@y

� �
¼ 0; ð1:1:12Þ

P ¼ q5RT
M5

; v ¼ � z
l
@P
@y

; z ¼ z�u3
5

ð1� u5Þ2
; ð1:1:13Þ

z� ¼ d2p=120; u5 ¼ 1�
X4
i¼1

ui; cp5 ¼ b1 þ 2b2T ;

k5 ¼ k5�

ffiffiffiffiffi
T
T�

r
; l ¼ l�

ffiffiffiffiffi
T
T�

r
; ðqvÞ1w ¼ ðq5vu5Þw;

x ¼ ðqvÞ2w
ðq1u1 þ q2u2 þ q3u3 þ q4u4Þw

; k ¼
X5
i¼1

kiui

cp ¼
X4
i¼1

cpiqiui; a1 ¼ m02M2s

m1M1s
; a2 ¼ m003M3s

m02M2s

R1 ¼ k1q1u1 exp � E1

RT

� �
; R2 ¼ k2q2u2 exp � E2

RT

� �

ð1:1:14Þ

The system of Eqs. (1.1.7)–(1.1.12) should be solved by taking into account the
following initial and boundary conditions:

T t¼0 ¼ T0j ; q5 t¼0 ¼ q5;0
�� ; ui t¼0 ¼ ui;0

�� ; i ¼ 1; . . .; 4; ð1:1:15Þ
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qw � ðqvÞ1wðhw � hgÞ � ðqvÞ2wðhw � hcÞ � u4erT
4
w ¼ �k

@T
@y y¼0�sðtÞ

�� ; ð1:1:16Þ

Pe ¼ Pw y¼0�sðtÞ
�� ; Pe ¼ qeTeR

X5
i¼1

cei
mei

; ð1:1:17Þ

T y¼l ¼ T0
�� ; v y¼l ¼ 0

�� ;ui y¼l ¼ ui;0

�� ; i ¼ 1; . . .; 4; ð1:1:18Þ

l ¼ L0 � sðtÞ; sðtÞ ¼
Z t

0

xðsÞds; hw ¼
X6
a¼1

ha caw; hg ¼ b1Tw þ b2T
2
w ð1:1:19Þ

Hereinafter, bi; i ¼ 1; 2 are the constants; cp is the heat capacity coefficient at
constant pressure; L0 is the initial thickness of coal-plastic; l is the variable thickness
of coal-plastic; M5 is the molecular weight of gaseous pyrolysis products; dp is the
diameter of the tubular pore; ki; i ¼ 1; 2 is the before-exponential factor for the
binder and pyrosol decomposition reaction; Ei; i ¼ 1; 2 is the activation energy of
the last reaction; qi; i ¼ 1; 2 are the thermal effects of this reaction; s(t) is the
burn-up depth; v is the rate of gaseous products in the binder decomposition reaction;
z is the permeability coefficient of coal-plastic; a1; a2 are the reduced stoichiometric
coefficients [9] from the pyrolysis kinetic scheme (1.1.1); b is the mass transfer
coefficient; e is the integral thermal emissivity; ui; i ¼ 1; 4 are the volume fractions;
ki; i ¼ 1; 5 are the thermal conductivity coefficients; l is the dynamic viscosity
coefficient; r is the Stefan–Boltzmann constant; x is the linear rate of coal-plastic
thermochemical destruction. Subscripts and superscripts: e is the outer edge of the
boundary layer; w is the surface of the body in flow; * is the characteristic value; 0
are the initial conditions; s is the condensed phase; g is the gas phase; ∞ is the
parameters at infinity; c is the carbon surface; 1–5 relate to the binder, pyrosol, coke,
filler, and the gas, respectively; p is the pore; ef is the effective value.

Method of Calculation, Tests, and Initial Data. The system of Eqs. (1.1.7)–
(1.1.12) with the initial and boundary conditions (1.1.15)–(1.1.18) was solved
numerically using the implicit, absolutely stable monotone difference scheme [45].
The results found in [13] were reproduced for verifying the calculation program
[13]. In addition, the numerical method was tested for the reference case (combined
pyrolysis conditions). With all initial parameters being equal, the calculation was
made for different spatial steps h1 ¼ 10�4 m, h2 ¼ 2 � h1, h3 ¼ h1=2, h4 ¼ h1=4:
The temperature of the thermal protective material and gas density q5 was recorded
across the depth of the body at different time points. In all cases, the problem was
solved with a variable time step chosen on the assumption that the prescribed
accuracy was equal for all spatial steps. The difference in body temperature and gas
density of the thermal protective material (e = max [eT ; eq5 ]) decreased:
e1 = 10.8%, e2 = 5.1%, e3 = 1.9%.
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The thermokinetic constants kiw;Eiw in (1.1.3) for reactions (1.1.2) and (1.1.1) are
presented in [9] and [44, 46], respectively. The enthalpy of graphite hc was calculated
by the formulas from [58]. For coal-plastic, the thermophysical coefficients cp4,k4 and
density q4 were taken from [14]. The coefficients b1, b2 in the formulas (1.1.13) and
(1.1.19) can be found in [59], while k5�, l� in the Eq. (1.1.14) as a function of time are
given in [60]. Permeability (z) of the ideal porous medium in the Darcy law from
(1.1.13) can be determined by well-known Karmana–Kozeny’s formula [9]. The
results presented below were found at T0 = 293 K, ða=cpÞ0 = 0.2 kg/(m2 s),
A = 0.02 kg/(m2 s), m = 10–70 s−1, T� = 1500 K, l� = 4.2 � 10−5 kg/(m s),
k5� = 0.067 W/(m K), he = 1.449 � 107 J/kg, Te = 3600 K, qe = 0.088 kg/m3,
cp1 = cp2 = 1700 J/(kg K), cp3 = 1020 J/(kg K), q1 = 1200 kg/m3, q2 = 1100
kg/m3, q3 = 1300 kg/m3, k1 = k2 = 0.21 W/(m K), k3 = 0.041 W/(m K),
L0 ¼ 10�2 m, E1/R = 3462 К; E2/R = 11,305 K; k1 = 9.6 � 104 s−1, k2 = 1.2
105 s−1, q1 = 2 � 105 J/kg, q2 = 105 J/kg, z� ¼ 6� 10�11m2, R = 8.314 J/
(mol K),m1 = 16 kg/kmol,m2 = 32 kg/kmol,m3 = 14 kg/kmol, m4 = 28 kg/kmol,
m5 = 28 kg/kmol, m6 = 44 kg/kmol, M5 = 29 kg/kmol, r = 5.67 � 10−8 W/
(m2 K4), a1 ¼ 0:5, a2 ¼ 0:5, e ¼ 0:9, u1;0 ¼ 0:3, u2;0 ¼ 0:01, u3;0 ¼ 0:01,
u4;0 ¼ 0:6, b1 = 965.5, b2 = 0.0735.

Discussion of Numerical Solution Results. Figure 1.1, I, II, III show the time
dependences of the surface temperature (a), heat transfer coefficient from (1.1.6)
(b), and ablation (c) from the surface of the thermal protective material for the short
time t � = 0.5 s. Figure 1.1, I, II, III correspond to frequencies m = 10, 40, and
70 s−1, respectively.

The detailed description of the surface temperature profile Tw shows that it is
non-monotonic on some sections responding to fluctuations of the heat transfer
coefficient ða=cpÞ according to the formula (1.1.6).

The ablation rate ðqvÞw reaches its peak at the initial time (t < 0.05 s) because of
the steep rise in Tw. Then, due to the generation of the coked layer and the increase
in its resistance to the moving filtering gas, a value of ðqvÞw may decrease.
However, as the thermal protective material is increasingly heated by the convec-
tive heat flow qw and the heat wave penetrates deep into the body, the pyrolysis of
coal-plastic continues, with gaseous and condensed products generated by the
binder (resin) decomposition reaction. Since the maximum pressure of gaseous
filtration products is reached inside the thermal protective material [13], these
products can move deep into the body. Due to the exothermal reaction with coke
generation from pyrosol (1.1.1), they can heat up coked and underlying cold layers
of the thermal protective material. This leads to the further increase in ðqvÞw. In
addition, at Tw > 800 К, the ablation from the surface of the thermal protective
material is continuous by virtue of the carbon surface destruction at kinetic
Tw < 1600 K and diffusion Tw > 1600 K [4] conditions of heterogeneous chemical
reactions (1.1.2).

It should be noted that at the pulsation rate of 10 � m � 70 s−1, the
non-monotonic surface temperature profile arises (see Fig. 1.1, I, II, III) at short
times 0 < t � 0.5 s, responding to the sawtooth pattern of the heat transfer

8 1 Passive Thermal Protection



coefficient. With the increase in the frequency m = 10, 40, 70 s−1, the intensity of
heat transfer with coal-plastic falls, while surface temperatures at t = 0.5 s are equal
to Tw = 1231, 1220, 1208 К, respectively.

The latter result is in qualitative agreement with the experimental data [46]. The
value Tw for the amplitude A 6¼ 0 and destruction time 0 < t � 10 s is 10–15 K
less than that at A = 0. The pulsating heat flow leads to more intensive thermal
destruction of the binder and the increased injection of ðqvÞ1w. In this case, the
surface temperature decreases due to reduction of the convective heat flow qw in the
formula (1.1.6) and, therefore, the total heat flow to the condensed phase.

Qw ¼ qw � ðqvÞ1wðhw � hgÞ � ðqvÞ2wðhw � hcÞ � erT4
w: ð1:1:20Þ

Figure 1.2a shows, at m = 40 s−1, the time dependences of the surface temper-
ature Tw, convective qw, and total heat flows into the condensed phase Qw (solid,
dashed, and dot-and-dash lines, respectively). 1–3 correspond to heating of the solid

Fig. 1.1 Surface temperature
(a), heat transfer coefficient
(b), and ablation rate (c) as a
function of time, for
frequencies m = 10 s−1 (I),
40 s−1 (II), 70 s−1 (III). T, K;
ða=cpÞ, kg/(s m2); ðqvÞw, kg/
(s m2); t, s
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(inert) body, the two-stage (combined) pyrolysis process, and the one-stage
decomposition reaction from (1.1.1).

Figure 1.2b demonstrates the time dependence of ablation rate. The experi-
mental lines in Fig. 1.2a, b are marked with 4. As shown in Fig. 1.2, the surface
temperature at t > 1 in the second (combined) case is significantly lower as com-
pared to 1 and 3. This is associated with the large ablation in case 2 as compared to
ðqvÞw in case 3 (see Fig. 1.2b) due to filtration of gaseous decomposition products.
In addition, case 2 demonstrates the significant attenuation of the heat flow from the
gas phase according to the formula (1.1.6) in contrast to case 3, while in case 1 no
attenuation is observed. In the third case, the enthalpy of the carbon wall hc sig-
nificantly increases when the surface of the thermal protective material is diffusively
destroyed at t > 4 s. This enthalpy exceeds hw in the third addend of the right-hand
side of the formula (1.1.20) for the total heat flow (Fig. 1.2a—dot-and-dash lines 2
and 3).

Fig. 1.1 (continued)
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It should be noted that in the second case, the surface temperature Tw and the
maximum ablation rate ðqvÞw are well consistent (up to an order of magnitude) with
the known experimental results [46] for frequency m = 40 s−1. The difference
between the calculated and experimental data for the surface temperature does not
exceed 16–18%.

Figure 1.3a presents the temperature distribution of coal-plastic, while Fig. 1.3b
shows the volume fraction of the coke as a function of the layer depth at different
time points. The solid lines in Fig. 1.3a correspond to the combined coal-plastic
destruction. The dashed lines stand for the inert heating of the solid body, with
other initial parameters being equal. The effectiveness of pyrolysis as a heat barrier
is associated with slower coal-plastic thermal destruction due to a thicker pro-coked
layer (see Fig. 1.3b) and a lower temperature inside the body. This is consistent
with the conclusion in [14].

Fig. 1.1 (continued)
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Fig. 1.2 Surface temperature
(a) and ablation rate (b) as a
function of time for
m = 40 s−1: 1–3 correspond to
heating of the solid (inert)
body, the two-stage
(combined) pyrolysis process,
and the one-stage
decomposition reaction from
(1.1.1), respectively: 4—to
the experiment

Fig. 1.3 coal-plastic
temperature distribution (a),
coke fraction (b) over the
depth of the layer at times: 1
—1 s; 2—5 s; 3—10 s. The
solid lines in a correspond to
the combined destruction of
coal-plastic, dashed lines—to
inert heating of the solid body
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1.2 Mathematical Modeling of Heat and Mass Transfer
in Thermal Protective Coatings with Gas Flow
Pulsation

This section studies the effects of periodic perturbations and wall vibrations on the
intensity of coal-plastic thermochemical destruction as well as compares the
obtained results with the known data.

The physical nature of oscillations is the wall vibration toward an incident flow.
Wall vibrations were generated according to the harmonic law using a special
vibration exciter [44, 52].

The comparison of filtration and thermal characteristics of porous materials
analyzed in the presence of pulsating and vibrational perturbations [52] demon-
strates that dependences of the viscous term in the filtration law and the relative heat
transfer function on oscillation intensity and hydrodynamic nature of the heat
transfer process are relatively similar to each other. The expression for additional
heat transfer q0 in a porous body with periodic pulsations of a gas coolant was
obtained in [51, 52]:

q0 ¼ � cp5q5u5B
2f

2
ffiffiffi
2

p @T
@y

; ð1:2:1Þ

where cp5, q5 are, respectively, the specific heat capacity and the true density of the
gas phase of the thermal protective material; f = 2pm; B, m are the amplitude of wall
pulsations and the frequency of periodic perturbations. The prime symbol stands for
gas flow pulsations. k4 in (1.1.13) can be found by the formula [2, 44].

k4 ¼ k4c þ k04;k
0
4 ¼

pmcp5q5u5B
2ffiffiffi

2
p : ð1:2:2Þ

The expression for effective viscosity lef in the Darcy law (1.1.13) can be taken
as the Einstein’s modification [61]:

lef ¼ l½1þC cosðtf Þ	; ð1:2:3Þ

where C is the dimensionless coefficient; l is the viscosity of gaseous filtration
products without periodic disturbances.

For the pulsating flow case, an increase or decrease in viscosity is associated
with additional energy dissipation due to redistribution of temperature, pressure,
and other gradients.

The calculation results presented below were obtained by the numerical solution
of the boundary problem (1.1.7)–(1.1.12), (1.1.15)–(1.1.18), where lef and the
thermal conductivity coefficient in (1.1.13), (1.1.14) were taken from the
Eqs. (1.2.2 and 1.2.3), while the specific heat capacity (cp4) from [14].

These results were obtained at m = 10–30 s−1, B ¼ 2� 10�3 m, 0 < C � 0.25.
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Discussion of Numerical Solution Results. Figure 1.4 shows the surface
temperature Tw (a) and the total rate of ablation ðqvÞw (b) from the surface of the
thermal protective material as a function of time. Lines 1–3 in Fig. 1.4 correspond
to frequencies m = 10, 20, and 30 s−1, respectively. The ablation rate ðqvÞw reaches
its peak at a time close to the initial one (t < 0.05 s) because of the steep rise in Tw.
Then, due to the generation of the coked layer and the increase in its resistance to
the moving filtering gas, a value of ðqvÞw may decrease. However, as the thermal
protective material is increasingly heated by the convective heat flow qw and the
heat wave penetrates deep into the body, the pyrolysis of coal-plastic continues,
with gaseous and condensed products generated by the binder (resin) decomposi-
tion reaction. Since the maximum pressure of gaseous filtration products is reached
inside the thermal protective material [13], these products can move deep into the
body. Due to the exothermal reaction with coke generation from the pyrosol (1.1.1),
they can heat up coked and underlying cold layers of the thermal protective
material. This leads to the further increase in ðqvÞw. In addition, at Tw > 800 К,
ablation from the surface of the thermal protective material is continuous by virtue
of the carbon surface destruction at kinetic Tw < 1600 K and diffusion
Tw > 1600 K [4] conditions of heterogeneous chemical reactions (1.1.2).

With the increase in frequency m = 10, 20, and 30 s−1, the intensity of heat
transfer with coal-plastic falls (see Fig. 1.4a), while the intensity of mass transfer
increases (see Fig. 1.4b). The latter result is in qualitative agreement with the

Fig. 1.4 Temperature
dependence of the surface
(a) and total mass velocity
(b) on time. Curves 1–3
responsible largest frequency
m = 10, 20, 30 s−1
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experimental data [46]. The pulsating heat flow leads to more intensive thermal
destruction of the binder and increased injection of ðqvÞ1w.

In this case, the surface temperature decreases due to reduction of the convective
heat flow qw in the formula (1.1.6) and the total heat flow to the condensed phase:

Qw ¼ qw � ðqvÞ1wðhw � hgÞ � ðqvÞ2wðhw � hcÞ � u4erT
4
w:

On the steady-state section of the coal-plastic thermochemical destruction
(8 � t � 10 s), the difference between the calculated and experimental surface
temperatures (see Fig. 1 in [46]) at m = 10 s−1 and m = 30 s−1 does not exceed 22
and 30%, respectively.

In case of unsteady coal-plastic heating (t < 8 s), the physical experiment
showed transient and turbulent filtrations with temperature increase [46]. In addi-
tion, the non-monotonic change in ðqvÞw was observed in the course of time [46],
with the behavior and the value depending on decomposition rate of the coal-plastic
binder and filler. At the first stage of the study, these physical processes (turbulent
flow in pores, peeling and delamination of the filler) associated with heating of the
thermal protective material were ignored in the mathematical model. This is
explained by the lack of reliable data on filtration, structural, and kinetic parameters
of the used materials [14, 46].

Figure 1.5 shows the distribution of coal-plastic temperature over the depth of
the layer at different time points for m = 10 s−1.

Fig. 1.5 Temperature
distribution over the layer
depth in various time points
for m = 10 s−1. The solid lines
correspond to k04 ¼ 0, C = 0;
the dashed lines—to k04 6¼ 0,
C = 0; the dot-and-dash lines
—to k04 6¼ 0 C 6¼ 0,
respectively. The lines
marked with 1–3 are given for
times t = 1, 5, 10 s
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The solid lines in Fig. 1.5 correspond to destruction of the thermal protective
material without pulsating components of heat transfer k04 ¼ 0 in (1.2.3) and vis-
cosity C = 0 in (1.2.2). The dashed lines relate to the case: k04 6¼ 0, C = 0; the
dot-and-dash lines—to the combined heat and mass transfer: k04 6¼ 0, C = 0.2. The
lines marked with 1–3 are given for time t = 1, 5, 10 s.

The analysis of the lines in Fig. 1.5 suggests that the wave coefficient of thermal
conductivity k04 arising in the permeable material exposed to fluctuations reduces
the temperature of the thermal protective material due to the increasing intensity of
filtration flows.

Such an effect is further intensified in the combined heat and mass transfer.
k04 6¼ 0, C 6¼ 0 (see Fig. 1.5). This method of heat removal seems to be feasible in
case of exothermic reactions in ablative materials.

Table 1.1 presents temperatures of coal-plastic on the surface and deep in the
body at t = 10 s depending on pulsating components k04 and C in formulas (1.2.3)
and (1.2.2).

It follows from Table 1.1 that being far from the surface, y ¼ 3� 10�3 m, the
temperature of coal-plastic varies monotonically with increase in C, and the heat
wave slightly warms the sample.

However, the temperature of the surface and near it, y ¼ 2� 10�3 m, may be
non-monotonic: firstly increase and then decrease with growth of C. The latter
result seems to be associated with additional dissipation of the energy caused by the
pulsating flow.

1.3 Mathematical Modeling of Surface Roughness
and Ablation Effects on Thermal Protection

For high-enthalpy flows, surface condition is one of the factors that affects heat flow
(heat exchange coefficient) and determines the heat transfer rate [3, 4, 62, 63].
Ablating composite materials, such as glass and coal-plastic [2, 4] consisting of a
filler and a binder, can have surface roughness in a wide range: (0.05–
0.5) � 10−3 m. This roughness value is high enough to change a laminar boundary
layer to a turbulent layer [3, 62, 63].

Table 1.1 Temperature of
coal-plastic depending on
parameters of the pulsating
flow at t = 10 s

T (K)

y, m 0 2 � 10−3 3 � 10−3

k04 = 0, C = 0 1647 773 433

k04 6¼ 0, C = 0 1615 758.3 406

k04 6¼ 0, C = 0.15 1627 760 408

k04 6¼ 0, C = 0.2 1614 758.6 413

k04 6¼ 0, C = 0.25 1591 757.4 420
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The development of aerospace technology has shown [3, 64–66] that roughness
should be taken into account for ablative head sections of streamlined bodies and
for ablative side surfaces with a relief surface structure. The relief surface structure
is generated during ablation in a supersonic turbulent flow, which is confirmed in
[66].

A rough surface may lead to a significant growth in surface friction and an
increase in convective heat flow [64]. Roughness-induced growth of a heat flow in a
turbulent boundary layer plays an important role in determining ablation of thermal
protective material and changing the shape of an aircraft head [64–66].

Problem Statement. Since many experiments [3, 64–66] show that surface
friction increases with growing roughness height and heat flow reaches its maxi-
mum value [64, 65], the Reynolds analogy seems not to apply to rough surfaces.
We can use the findings of the study [65] which presents a new approach to
engineering calculations of heat flows to rough surfaces in supersonic streams:

St
St�

¼ Cf =Cf �
1þgF

;
Cf

Cf �
¼ lgðReKÞ 0:365

hw
hr

þ 0:635
� �

; ð1:3:1Þ

F ¼ ðPrÞ0:8ðReKÞ0:45 Cf

Cf �

� �0:725Us�
Ue

;
Us�
Ue

¼ Cf �
2

qe
qw

� �0:5

;

ReK ¼ Us�K
m�

; St� ¼ ða=cpÞ�
ðqUÞe

St ¼ qw
ðqUÞeðhe � hwÞ ; Pr ¼ cpl

k

� 	
e
;

Us ¼ sw
qw

� �0:5

; m ¼ l
q
;

v ¼ cp
cv
; cpg ¼ b1 þ 2b2T ; hr ¼ cpgTr;

Tr ¼ T1½1þ 0:5rðv� 1ÞM2
1	; Cf � ¼ 0:0162ðK=lÞ1=7

ð1:3:2Þ

where Pr is the Prandtl number; M1 is the Mach number; St is the Stanton number;
ReK is the Reynolds number for roughness; Cf is the local friction coefficient; l is
body length; h is enthalpy; U is the velocity; r is the coefficient of restitution; s is
shear stress; v is the heat capacity ratio; η, b1, b2 are constants; K is the equivalent
roughness height [63, 65]. Index s is the dynamic velocity.

The exponential resistance law [the last formula in Eq. (1.3.2)] derived for
steady-state roughness [67] was the total resistance coefficient, depends only on
local relative roughness, and does not depend on the Reynolds number.

Let us define the heat flow qwðtÞ acting on the thermal protective material for a
definite period of time. Then, according to [4, 65, 67] from (1.3.1), (1.3.2), we
obtain:
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qw ¼ a
cp

� Cf =Cf �
1þgF

ðhe � hwÞ;
a
cp

¼ a
cp

� �
0

1� cðqvÞw
ða=cpÞ0

� � ; ð1:3:3Þ

where ðqvÞw is the total ablation of the thermal protective material and c is the
attenuation factor for a turbulent flow in a boundary layer.

The following results were obtained in the numerical solution of the problem
(1.1.7)–(1.1.12), (1.1.15)–(1.1.18) for the input data of the first section. Heat flow
qw in the formula (1.1.15) was from (1.3.3); the findings presented below were
obtained at K = (0.127–0.508) � 10−3 m, tp = 10 s, Pr = 0.9, ReK = 15–65,
M1 ¼ 5, v = 1.4, r = 0.9, η = 0.52.

Discussion of the Numerical Solution Results. At first, flowing to coal-plastic
is considered without pyrolysis, taking into account only heterogeneous reactions
(1.1.2): ðqvÞw ¼ ðqvÞ2w. Figure 1.6 presents the time dependencies of the surface
temperature Tw. The solid lines 1–4 stand for the equivalent roughness height:
K = 1.27 � 10−4, 2.547 � 10−4, 3.81 � 10−4, 5.08 � 10−4 m, the dashed line for
K = 0 (smooth surface). Figure 1.7 presents the distribution of the friction coeffi-
cient (line 1) and the Stanton number (line 2) depending on the equivalent
roughness height at t ¼ tp.

As follows from Figs. 1.6 and 1.7, with an increase in equivalent roughness
height (friction coefficient), the Stanton number (1.3.1) and, therefore, the con-
vective heat flow from (1.3.3) and thermal protective material surface temperature
also increase. This result is qualitatively consistent with the experimental data
[63, 65].

Fig. 1.6 Time dependence of
surface temperature. The solid
lines represent the equivalent
roughness height K: 1—
1.27 � 10−4, 2—
2.54 � 10−4, 3—
3.81 � 10−4, 4—
5.08 � 10−4 m; the dashed
line—K = 0 at
ðqvÞw ¼ ðqvÞ2w
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Let us consider heating the thermal protective material (see Fig. 1.8) in com-
bined destruction mode—coal-plastic—taking into account the surface reactions
(Fig. 1.9): ðqvÞw ¼ ðqvÞ1w þðqvÞ2w, where the designations of the curves in
Fig. 1.8 coincide with the designations in Fig. 1.6. As expected, with an increase in
the equivalent roughness height, the surface temperature of the thermal protective
material also increases.

This is qualitatively confirmed by the experiments [68, 69]. It was found in [68]
that the roughness effect at K < 10−4 m is insignificant—while the heat exchange is
almost equivalent to the heat exchange for a smooth surface.

Fig. 1.7 Distribution of
coefficient of friction (line 1)
and the Stanton number
(line 2) depending on
equivalent roughness height at
t ¼ tp

Fig. 1.8 Time dependence of
surface temperature in case of
complete ablation
ðqvÞw ¼ ðqvÞ1w þðqvÞ2w. The
symbols are the same as in
Fig. 1.6
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Under the effect of a high-temperature gas flow at K > 5 � 10−4 m, separate
elements with marked roughness break off (chemical-mechanical chipping) and are
taken into the gas flow. Since coal-plastic components are not equally subject to
ablation, the boundary layer can be locally disrupted, and, as a result, thermal
protection efficiency may be affected.

Comparison of the models in combined destruction mode with and without
roughness is of interest. Figure 1.9 shows the time distribution of surface temper-
ature (b) and ablation (a) where K = 0 (curve 1) and K = 1.27 � 10−4 m (lines 2).
A decrease in surface temperature at K 6¼ 0, which takes place at the initial
coal-plastic heating stage, is explained by a large injection (see Fig. 1.9a curve 2) of
gaseous thermochemical destruction products.

The experiment [68] shows that the surface temperature decreases in the com-
bined destruction mode when coal-plastic is heated. This result in [68] was
attributed to an increased contact surface due to roughness and, therefore, to an
increased yield of volatile gaseous products generated during pyrolysis and
chemical reactions of volatile components of a binder and filler.

The efficiency of pyrolysis as a thermal barrier at the initial stage of material
destruction becomes apparent by the fact that the convective heat flow from the gas
phase is significantly blocked. Then, as the heat exchange process reaches the
steady state at t > 0.5 s, hydrodynamic resistance increases. As the thickness of the
coked coal-plastic layer grows [13, 14] and the pressure gradient of the gas in pores
falls [13], the ablation value is stabilized. As a result, the Stanton number (1.3.1)
begins to increase at t > 3 (see line 3 in Fig. 1.9a), along with a convective heat
flow as defined by formula (1.3.3).

Fig. 1.9 Time distribution of
surface temperature (a) and
ablation (b) for of complete
ablation. Lines 1 stand for
K = 0, 2—K = 1.27 �
10−4 m
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This leads to increased heating and growing coal-plastic surface temperature in
the presence of roughness as compared with a smooth surface.

1.4 Thermal Protection of Multilayer Structure Under
Fire Exposure

The commercial production of decorative structures imposes some additional
technical requirements on construction materials. Lungs porous metals, wood, and
polymer materials, such as fiberglass and coal-plastic, are best suited for these
requirements.

However, these materials are sensitive to high temperatures and fire. For
example, some alloy-steel structures are deformed and lose their stability and
bearing ability after 15 min of intensive fire or test fire [70]. Some porous metals
are rapidly heated and lose their strength properties at 500–700 К. Wood and
plastics burn at 470 К and produce a significant amount of smoke and toxic sub-
stances [70].

Intumescent fire-retardant coatings are used for protection against fire in many
industries: construction, cars, ships, aircrafts. In Russia, the most popular intu-
mescent fire-retardant coatings are SKG-1, VPM-2, OVR-1, and 336–11–88 [71–
73]. Their key advantage is the ability to greatly (by 20–40 min) increase thickness
of a protective layer when they are heated and form a porous structure (coked
cellular material) of low thermal conductivity.

There are a few studies (see [74] for overview) in the Russian and available
foreign literature which are devoted to modeling heat and mass transfer in such
systems [75–79]. The model presented in [75, 79] takes into account a variety of
processes: heat emission and absorption during pyrolysis and evaporation, volu-
metric change, destruction of materials during swelling. That is why the mathematic
model only for the intumescent fire-retardant coatings layer includes many non-
linear equations in partial derivatives. A simpler mathematical model based on the
experimental findings in [76] was developed in [78] and tested in [80] for calcu-
lating thermal protection of multilayer containers under fire conditions.

The model proved itself to be efficient for calculating of how a structure is heated
in laboratory and bench tests [78, 80].

Based on the models [4, 57, 80, 81], this paper examines the thermal regime of
porous steel, being a part of a multilayer structure protected against fire by intu-
mescent fire-retardant coatings (SKG-1 [72]).

Problem Statement. The arrangement of layers in the structure under study
(tablet inside edging) in the cylindrical coordinate system (z, r) is shown in
Fig. 1.10. The first heat-insulating layer (substrate) is made of a poorly conducting
material (asbestos cement). Porous steel is used as the second composite material.
Finally, the third layer (facing) is the intumescent coating SGK-1.
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Thermal processes in the distortion-free second layer—porous metal—and the
deformable third fire-retardant layer are considered within the framework of the
conjugate mathematical model for non-stationary heat and mass transfer [80].
Intumescent fire-retardant coatings are simulated by a permeable multiphase
single-temperature (due to low temperatures T < 1200 К) reacting environment
which contains condensed and gas phases. The material loses its mass during
heating, and its expansion is assumed to be irreversible and proceeds in a
one-dimensional way along the coordinate z. The studies [78, 80] show that such a
destruction of intumescent fire-retardant coatings is consistent with the real process
with a good accuracy.

However, in contrast to [78, 80], this paper proposes to take heat transfer by
conduction along the transverse coordinate r [77]. Heat by conduction along r is
taken into account for modeling heat and mass transfer both in porous steel [4, 57]
and substrate.

The mathematical problem defined above on the assumptions for the third layer
(intumescent fire-retardant coatings) in the Lagrange coordinate system s, r, t (in-
tumescence takes place only along the axis z) is expressed as [77, 78, 80].

q0
@ �m
@t

þ @Gg

@s
¼ 0; sεðS1; z1ðt; rÞÞ; S1 ¼ L1 þ L2; rεð0; r3Þ; 0\t� tk ð1:4:1Þ

Fig. 1.10 Heat transfer of the
body with the external
environment
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z1ðt; rÞ ¼
ZS2
S1

f ðt; r; yÞdy; S2 ¼ L1 þ L2 þ L3 ð1:4:5Þ

where z1 is the coordinate of intumescent fire-retardant coatings external surface;
qT , q0 is the density of a building frame material and of a material at the initial
instant; uT , qg are their volume fractions; h is the degree of intumescent
fire-retardant coatings expansion; x is the current size of intumescent fire-retardant
coatings; Dz is a change in intumescent fire-retardant coatings size; cp is the specific
heat capacity; k is the thermal conductivity coefficient; T is the temperature; G is the
mass flow rate of gaseous products generated from intumescent fire-retardant
coatings thermal destruction; t is the time; Dm is a change in intumescent
fire-retardant coatings mass; m is a relative change in intumescent fire-retardant
coatings mass during heating; E, k, Q are, respectively, the energy of activation, the
preexponential factor, and the thermal effect of intumescent fire-retardant coatings
thermal destruction reaction; eR is the emissivity factor; r is the Stefan–Boltzmann
constant; R is the universal gas constant; d0 is the initial diameter of intumescent
fire-retardant coatings pores; Li, i = 1, 2, 3 is the thickness of layers of a multilayer
material along the axis z; r3 is the radius of the three-layer tablet as shown in
Fig. 1.10; b1, b2 are constants. Subscripts and superscripts: g is the gas phase; T is
the condensed phase; 1, 2, 3, 4 subscripts are, respectively, temperatures of asbestos
cement, composite material, intumescent fire-retardant coatings, and edging; R is
the radiant component of thermal conductivity coefficient; ef are effective param-
eters; 0 is the initial value; * is the characteristic quantity; || is parallel to the flow
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direction; ⊥ is perpendicular to the flow direction; top feature is dimensionless
quantities; m is metal.

It is assumed that in the permeable metal, the gas phase motion over the length
and breadth of the second layer is absent: v S ¼ 0j (v is gas filtration rate; S is second
boundary layer). This is due to the absence of pressure gradient at z ¼ L1; r ¼
0; r ¼ r3 (vL1 ¼ v0 ¼ vr3 ¼ 0) and a small change in pressure: PS1 
 P0 due to low
temperatures T2\350 К (see Fig. 1.12b). Then for the second porous layer (metal)
compound tablets, heat equation has the form [2, 4]

cp2
@T2
@t

¼ @

@z
k2;jj

@T2
@z

� �
þ 1

r
@

@r
rk2;?

@T2
@r

� �
;

L1\z� S1; rεð0; r3Þ; 0\t� tk;
ð1:4:6Þ
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k2;jj ¼ k2mð1� uÞþ k2gu; k
�1
2;? ¼ 1� u

k2m
þ u

k2g

For example, the thermal conductivity equations in an insulant (asbestos cement)
and edging can be written as:
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The system of Eqs. (1.4.1)–(1.4.3), (1.4.6)–(1.4.8) must be solved taking into
account the following initial and boundary conditions.

Initial conditions

Ti t¼0 ¼ T0j ; i ¼ 1; 2; 3; 4; �m t¼0 ¼ 1j ð1:4:9Þ

At z ¼ z1ðt; rÞ, the external surface of the tablet produces non-uniform heating

from the gas phase, where the heat convective flow qðiÞw ¼ ða=cpÞðiÞ �ðhðiÞ � hwÞ
i ¼ 1; 2; 3 is defined as:

a
cp

� �ð1Þ
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f
@T3ðz1; r; tÞ

@s
; 0� r\r1; ð1:4:10Þ

a
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f
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@s
; r1 � r� r2; ð1:4:11Þ
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The conditions for mass conservation of the gas phase at z ¼ S1, ideal contact for
temperatures at z ¼ S1; z ¼ L1; r ¼ r3, as well as impermeability of the gas phase
at z ¼ L1:

G z¼S1 þ 0j ¼ ðq5vu5Þ z¼S1�0j ; 0� r� r3; ð1:4:14Þ
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Across the cylinder, we set the symmetry condition at r = 0:

@Ti
@r r¼0j ¼ 0; i ¼ 1; 2; 0� z� S1;

@T3
@r r¼0j ¼ 0; S1\z� z1

ð1:4:19Þ

and the heat transfer condition according to Newton’s law at r = r4:

�kac
@T1
@r r¼r4j ¼ dðT1 r¼r4j � T0Þ; 0� z� L1;

�kok
@T4
@r r¼r4j ¼ dðT4 r¼r4j � T0Þ; L1\z� L4

ð1:4:20Þ
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Finally, there are thermal insulation conditions at r = r3 for intumescent
fire-retardant coatings wall and edging at z ¼ L1 þ L4

@T3
@r r¼r3j ¼ 0; S1\z� z1;

@T4
@r r¼r3j ¼ 0; L1\z� L4;

@T4
@z z¼L1 þ L4j ¼ 0; r3\r� r4;

ð1:4:21Þ

where z1 can be derived from the formula (1.4.5).
Here and below, a is the heat transfer coefficient; d is the heat transfer coefficient

on the outer surface edging; u is porous. Subscripts and superscripts: w is external
heating surface; (1), (2), (3) subscripts are different rates of the heat flow from the
gas phase in Fig. 1.10; ac is asbestos cement; ok is edging; no is no injection.

Design Procedure, Tests, and Initial Data. The experimental temperature
dependencies of intumescent fire-retardant coatings mass loss, degree of expansion,
and density are taken from [77, 78] and given in Table 1.2. The thermal and
physical characteristics of intumescent fire-retardant coatings (SGK-1) found in
papers [76, 77] are presented in Table 1.3. Thermophysical coefficients impene-
trable steel depending on the temperature are known [81] and are shown in
Table 1.4 The formulas for coefficients of thermal conductivity ki;jj, ki;?, i = 2, 3 in
(1.4.4) are taken from [8].

The boundary problem (1.4.1)–(1.4.3), (1.4.6)–(1.4.8) with the initial and
boundary conditions (1.4.9)–(1.4.12), (1.4.14)–(1.4.21) was solved numerically
using the locally one decomposition method [82]. We used the implicit, totally
stable monotonic difference scheme [45] with total approximation error O

sþ P3
i¼1 H

2
Li þH2

r3 þH2
r4 þH2

ok

� i
, Hok ¼ ðr4 � r3Þ=ðNok � 1Þ, where Nok is the

number of edging nodes different in r. HLi , i = 1, 2, 3 are the spatial steps along the
coordinate z; Hr3 ;Hr4 ;Hok are spatial steps along the coordinate r; s is the time step.

Table 1.2 Structural characteristics of intumescent fire-retardant coatings: relative change in
mass, degree of expansion and density of the frame in relation to temperature

T, К 293 350 400 450 500 550 600

�m� 0.999 0.99 0.98 0.97 0.94 0.88 0.84

h 0 0.2 1.0 8.5 10 11.3 13

qT , kg/m
3 900 860 525 75 61 60 43

T, К 650 700 750 800 900 1000 1200

�m� 0.8 0.77 0.72 0.68 0.55 0.54 0.54

h 16 17 17.4 17.8 18.5 19 19

qT , kg/m
3 44 45 45 45 49 50 50
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The numerical method was tested for the basic option. The calculation was made
under otherwise equal input data for different spatial steps: HL1 ¼ 2:5� 10�3 m,
HL2 ¼ 0:5� 10�4 m, HL3;0 ¼ 0:25� 10�4 m, Hr3 ¼ 0:5� 10�3 m, Hok ¼ 0:5�
10�3 m, hpi ¼ 2 � HLi , i = 1, 2, 3, hq1 ¼ 2 � Hr3 , hq2 ¼ 2 � Hok, hxi ¼ HLi=2, i = 1, 2,
3, hy1 ¼ Hr3=2, hy2 ¼ Hok=2, hui ¼ HLi=4, i = 1, 2, 3, hv1 ¼ Hr3=4, hv2 ¼ Hok=4.
The calculation shows that the highest temperature and its gradient are reached in
the near-surface layer of the third area (intumescent fire-retardant coatings) due to
contact with the heat flow. Consequently, intumescent fire-retardant coatings tem-
peratures were recorded in depth at different times. In all options, the problem was
solved at a variable time step chosen on the assumption that prescribed accuracy
was equal for all spatial steps. The difference d ¼ maxðdT3Þ of relative temperature
error dropped by the end of thermal exposure t ¼ tk and reached d1 ¼ 9:1%,
d2= 5.2% , d3= 2.7%. The calculation results are presented below for spatial steps
hxi ¼ HLi=2, i = 1, 2, 3, hy1 ¼ Hr3=2, hy2 ¼ Hok=2.

The formulas for calculating ðq cpÞef , f, uT and z1ðt; rÞ given in (1.4.4) and
(1.4.5) are taken from [78], while ones given kR in (1.4.4) and c (1.4.13) are taken
from [4]. The thermophysical constants for asbestos cement are given in [83], and
air is in [84]. Thermokinetic constants for SGK-1 obtained in [76], and presented
and approved in the article [77].

The findings presented below were obtained at T0 = 293 K,

ða=cpÞ0 ¼ 0:2 kg=ðm2 sÞ, d = 100 W/(m2 К) ða=cpÞðiÞ = 0.01 kg/(m2 s), hðiÞ =
106J=kg, i = 1, 3, hð2Þ ¼ 1:2� 106J=kg, ða=cpÞð2Þ = 0.025 kg/(m2 s),
Te = 1200 K, L1 ¼ 5� 10�2 m, L2 ¼ 5� 10�3 m, L3 ¼ 2� 10�3 m,
L4 ¼ 2:5� 10�2 m, kg = 0.0253 W/(m К), d0 ¼ 4� 10�4 m, r1 ¼ 0:25 � r3,
r2 ¼ 0:75 � r3, tk = 20 min, r3 ¼ 2:5� 10�2 m, r4 ¼ 3� 10�2 m, r = 5.67�W/
(m2 K4) , qac = 1800 kg/m3, ðcpÞac = 837 J/(kg K), kac = 0.49 W/(m К),

Table 1.3 Thermal-physical constants of intumescent fire-retardant coatings in depending on
temperature

T, К 293 350 400 450 500 550 600

cpT , kJ/(kg К) 0.98 0.99 1.0 1.0 1.15 1.15 1.1

kT , W/(m К) 1.0 0.82 0.22 0.23 0.35 0.5 0.7

T, К 650 700 750 800 900 1000 1200

cpT , kJ/(kg К) 1.1 1.05 1.02 1.0 0.99 0.98 0.98

kT , W/(m К) 0.83 0.93 0.94 0.95 0.96 0.97 0.97

Table 1.4 Thermal-physical constants of steel in depending on temperature

T, К 293 473 673 873 1073 1273

cpm, kJ/(kg К) 503 510 520 550 600 640

k2m, W/(m К) 13 14 16 18 21 24
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Q = 1.2 � 106 J/kg, E = 7.4 � 104 J/mole, k = 1.3 � 108 s−1, q0 = 900 kg/m3,
qok ¼ qac, b1 = 965.5, b2 = 0.0735, ðcpÞok ¼ ðcpÞac, kok ¼ kac, Nok ¼ 11, ee ¼ 0:9,
c = 0.19, ew ¼ eR ¼ 0:7.

Results of Numerical Solutions and Analysis. At first, following [78, 80], we
considered the quasi-one-dimensional heating process of the three-layer material
(without a heat flow along r). Figure 1.11a shows the temperature dependence of
intumescent fire-retardant coating surface (T3w) (solid lines).

Figure 1.11b shows the temperature dependence of permeable porous steel
(T2S1 ) (dashed curves) for t ¼ tk in the absence of (Q = 0—curves under No. 1) and
the presence of (Q 6¼ 0—curves under No. 2) of intumescent fire-retardant coatings
decomposition heat.

As can be seen from Fig. 1.11, the difference in temperatures of the protected
material (porous steel) may reach 130 K. This result is mainly associated with heat
emission from the exothermic reaction when intumescent fire-retardant coating is
thermally decomposed.

Now, let us consider the initial (two-dimensional) heating problem. Figure 1.12a
presents the temperature dependence of intumescent fire-retardant coating surface
(T3w) (solid curves 1, 2).

In Fig. 1.12b (T2S1 ) dashed curves 1, 2 stand for t ¼ tk. Curves 1 correspond to
Q = 0 , while curves 2 to Q 6¼ 0. As can be seen from Figs. 1.11 and 1.12, there are
qualitative and especially significant quantitative differences at Q 6¼ 0 in the tem-
perature behavior of the composite material (layer 2). This can be explained by heat
flowing along the transverse coordinate (r) and uneven heating of intumescent

fire-retardant coatings on the part of the external heat flow: qðiÞw � qð2Þw þ qR, i = 1, 3.

Fig. 1.11 Temperature
dependence of intumescent
fire-retardant coatings surface
—solid curves (a)—and
porous steel surface—dashed
curves (b)—for t = tk without
regard to heat flow along the
transverse coordinate r. Curve
under No. 1—Q = 0, curve
under 2—Q 6¼ 0
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Figure 1.13a shows the time dependence of temperature at junctions of the
second and third layers (T2S1 ) in the center (r ¼ rc) of solid steel (u ¼ 0) (dashed
curve). The curve was constructed on the basis of quasi-one-dimensional heating
conditions (without a heat flow along r) and the initial data of the paper [80]. It
follows from Fig. 1.13a that temperature of metal rapidly increases during the first
minutes under the effect of the convective heat flow, heating and thermochemical
destruction of the intumescent fire-retardant coating layer. This process is accom-
panied with increasing thickness of the intumescent fire-retardant coating carbon-
less layer (*0.02 m), which has high porosity (*0.52) and low thermal
conductivity (kIIIjj =f ) along the intumescent fire-retardant coating layer with respect
to the coordinate s in Eq. (1.4.2), due to 20-fold growth of f ¼ 1þ h according to
the data given in the third and second lines of Table 1.2. As a result, heating of the
protected second layer significantly decreases, while temperature T2S1 of metal
becomes stable and does not exceed 550 K during the whole time of heating t ¼ tk.
The latter finding is consistent with the finding of [80] achieved by solving the
one-dimensional boundary problem of heating of a multilayer body based on a
surface fire-protection layer made of SGK-1.

In order to study the effect of the intumescent fire-retardant coatings layer on
thermal protection of permeable porous steel, the heating problem was solved in the
absence of the intumescent fire-retardant coating layer. The solid curve in
Fig. 1.13a was generated by two-dimensional heating of the two-layer body (with
asbestos cement used as a permeable material). This illustrates that intumescent
fire-retardant coating should be taken into account as lining and heat flowing across
the body.

Fig. 1.12 Distribution of
temperature at intumescent
fire-retardant coatings surface
(a) and the composite material
(b) in two-dimensional spatial
setting. The symbols are the
same as in Fig. 1.10
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Figure 1.13b presents the solution of the two-dimensional heating problem for
the three-layer body in time. The solid curves correspond to T2S1 in the center
r ¼ rc, while the dashed curves correspond to the coordinate of the intumescent
fire-retardant coating external surface at z1 ¼ z1cðt; rcÞ.

Curves 1 were constructed for Q = 0, curves 2 for Q 6¼ 0. As can be seen from
Fig. 1.13b, temperature of the junction for the option Q 6¼ 0 lies below than one for
Q = 0. This is associated with an earlier and more rapid increase in thickness of the
intumescent fire-retardant coating layer and, therefore, a decrease in heating of the
protected second layer.

Fig. 1.13 a Time dependence of temperature at the junction of the second and third layers in the
center r ¼ rc of solid steel (dashed curve) without regard to heat flow along the coordinate
r. Dashed curve is surface temperature of second porous layer for r ¼ rc at two-dimensional
heating. The solid curve stands for the two-dimensional heating of the two-layer model: porous
steel—asbestos cement. b Time dependence of temperature at the junction of two-dimensional
heating of the three-layer tablet (dotted curves) in the center r ¼ rc, dashed curves stand for the
coordinates of intumescent fire-retardant coatings external surface at z1 ¼ z1cðt; rcÞ. Curve 1 was
constructed for Q = 0, 2—Q 6¼ 0
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Chapter 2
Active Thermal Protection

Keywords Active thermal protection � Modeling of heat and mass transfer in a
two-temperature permeable medium � Balance boundary conditions
Porous inert metal materials � Pulsations of the gas stream � Transpiration cooling
Two-phase porous cooling

Hydrodynamic methods based on the injection of a coolant gas into the boundary
layer—the intense heating zone—through porous surfaces are widely used to
protect the head part of flight vehicles and surfaces of power plants against
high-enthalpy and chemically aggressive gas flows [16–24]. The need for active
thermal protection in highly non-isothermal processes arises when a vehicle flies
across dense layers of the atmosphere, as well as in heat and nuclear power plants.
For example, aerodynamic heating significantly increases the temperature of some
structural components of flight vehicles. This may cause destruction of the shell
with a noticeable change in the aerodynamic shapes of vehicles, impair operation of
control devices, and affect the flight range.

The vicinity of the forward critical point is exposed to the heaviest heat loads in a
number of flow conditions. For example, when the Mach number of the incident
airflow M1 ¼ 20; maximum temperature corresponding to the quasi-equilibrium
state reaches (6–7) � 103 К [85]. The known thermal protection systems based on
heat absorption by condensed substances are not effective in coping with heat loads.
In this context, it is reasonable to consider gas injection through the permeable zone.

Due to ever-increasing descent velocities of modern flight vehicles, more
stringent requirements are placed on the thermal protection of structures. Therefore,
the importance of problems addressed in this study is associated with the current
needs of the energy sector and aerospace engineering and confirmed by a great deal
of recent studies devoted to the effects of coolant injection on heat and mass transfer
of protected bodies [16–31].

Studies [20, 57, 86] contain an extensive bibliography of papers studying the
temperature condition of transpiration cooling systems [87–89]. However, as rea-
sonably noted in [86], these findings are not comparable since boundary conditions
are formulated too arbitrarily or inadequately. In Russian and foreign literature [57,
87, 89] devoted to mathematical modeling of heat and mass transfer processes in a
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two-temperature medium, heat transfer by conduction is usually neglected in the
energy conservation equation when a temperature field is calculated. Even when it
is taken into account, as in [88], the whole heat flow at the external interface is
assumed to be incident on the frame surface (as it would be a single-temperature
medium). Moreover, soft boundary condition @2T2=@n2Þ n¼0j ¼ 0 or thermal insu-
lation condition is established for gas. Research of heat and mass transfer param-
eters for two types of gas-permeable media [90] shows that balance (i.e., having the
meaning of energy conservation laws) boundary laws are invariant to thermo-
physical properties of a two-temperature porous medium. The extent to which the
soft boundary limits can be applied is determined in [90].

The effects of porosity and thermophysical properties of some metals on heat
transfer of the models [31] are studied in Sect. 2.1. The heat and mass transfer
process in transpiration cooling systems with gas flow pulsations in the
one-temperature approximation [30] is modeled in Sect. 2.2. Controllability of heat
and mass transfer in thermal protective materials in the two-temperature setting [91]
is studied in Sect. 2.3. The heat and mass transfer process in transpiration cooling
systems with phase transitions [23] is modeled in Sect. 2.4. The effects of phase
transition on heat and mass transfer parameters as well as controllability of heat and
mass transfer in thermal protective materials [92] are studied in Sect. 2.5.

2.1 Mathematical Modeling of Heat and Mass Exchange
Process in Heat Shielding Material

Porous metal materials are widely used in mechanical engineering, chemical and
metallurgical industries, as well as in nuclear and space technologies. Their large
thermal stability, high degree of purification (filters) with good permeability, ability
to withstand high pressures, corrosion, etc.—all these properties of the porous metal
materials ensure their wide applications [2, 17, 29, 93]. The use of the porous
metals as heat shielding materials [2, 17, 29, 93] for transpiration cooling makes
uniform permeability distribution across the surface one of the most important
characteristics [44].

This paper examines the effect of porosity and thermophysical properties of
some permeable metals on heat transfer in transpiration cooling systems.

1. Problem Statement. To simplify the analysis, we assume that:

1. The value of mass flow normal to the streamlined plate is much larger than
along the plate (Fig. 2.1, L1 � L3).

2. The body is not damaged when interacting with the gas stream and on there
are no homogeneous and heterogeneous chemical reactions and phase
transitions on its surface and inside.
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3. The density of the gas phase is determined from the equation of state of ideal
gas.

4. The filtrated gas is assumed to be homogeneous with the molecular weight
value close to the air mixture.

5. The compositions of the injected gas and the gas in the incoming external
flow are the same.

6. The environment is two-temperature, i.e., the gas and condensed phases have
different temperatures.

7. The boundary value problem for spatial variables is assumed to be
two-dimensional when the heat propagates by thermal conductivity.

In [94], based on the approximate calculated dependences obtained in [95], a
formula is given for finding the heat flux on a permeable plate streamlined by a gas
stream:

St
St0

¼
c exp 1�Pr

1þPr c
� �

1þ 2c
Pr exp

c
1þPr

� �
� exp 1�Pr

1þPr c
� � ; ð2:1:1Þ

where St ¼ qw
ðqvÞeðhe�hwÞ ; c ¼ ðqvÞw

ðqvÞeSt0
; St0 ¼ ða=cpÞ0

ðqvÞe ; Pr ¼ cpl
k

� �
e;

St is Stanton number; Pr is Prandtl number; ðqvÞw is cooler gas flow into the
pores of the heat shielding material; cp is specific heat capacity; l is dynamic
viscosity; h is enthalpy; k is coefficient of thermal conductivity; a is heat exchange

Fig. 2.1 Scheme of the body
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coefficient. Indices: e is the outer limit of the boundary layer; w is heated exterior
surface of the body; 0 is no blowing from surface. Here we consider the case when
the blown into agent and the main stream are the same.

It is believed that the convective heat flow from the gas phase qwðtÞ (Fig. 2.1),
acting on heat shielding material for a certain time, is given. Therefore, according to
(2.1.1) we have

qð1Þw ¼
ðqvÞwðhe � hð1Þw Þ exp 1�Pr

1þPr b
� �

1þ 2b
Pr exp

b
1þ Pr

� �
� exp 1�Pr

1þPr b
� � ; ð2:1:2Þ

where b ¼ ðqvÞw=ða=cpÞ0; hð1Þw ¼ cp2T1w; cp2 ¼ a1 þ 2a2T2w; cp2 is specific heat of
gas refrigerant at a constant pressure; t is time; T is temperature; a1, a2 are con-
stants. Indices: 1 and 2 below are frame and the gas in the 1; (1) and (2) top are area
1 and 2 in Fig. 2.1, 0 is no weakening.

In border zone 2 (to set the boundary conditions), we use the formula of [96],
which takes into account the effect of blowing on the heat flux in the form of
V. P. Mugalev modifications [4]

qð2Þw ¼ ða=cpÞ0ð1� k1b
k2Þðhe � hð2Þw Þ; hð2Þw ¼ cp2Tw;

where b ¼ ðqvÞwðy ¼ 0Þ
ða=cpÞ0ðp=2�zÞ ; 1� z� 1þ L4=L3, z ¼ y=L3 k1; k2 are constants.

The cooling gas consumption will be determined from the simultaneous solution
of the stationary equation of continuity and the nonlinear Darcy law [4, 9, 57, 93].
The fact is that at high mass velocities ðqvÞw (Re > 10) there was observed a
turbulent filtering regime [57, 93], which is characterized by a quadratic depen-
dence of the pressure drop rate on the speed.

The task of calculating the heat exchange characteristics is reduced to solving a
system of equations of conservation [2, 31]:

in region 1 (see Fig. 2.1)

@ðq2vuÞ
@x

¼ 0; ð2:1:3Þ

q1cp1
@T1
@t

¼ @

@x
k1

@T1
@x

� �
þ @

@y
k1

@T1
@y

� �
� AvðT1 � T2Þ; ð2:1:4Þ

cp2 q2u
@T2
@t

þ q2vu
@T2
@x

� �
¼ @

@x
k2u

@T2
@x

� �
þ @

@y
k2u

@T2
@y

� �
þAvðT1 � T2Þ;

ð2:1:5Þ

AlvþBq2uv vj j ¼ � @P
@x

; ð2:1:6Þ
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P ¼ q2RT2
M

; k2 ¼ k2in

ffiffiffiffiffiffi
T2
Tin

r
; l ¼ lin

ffiffiffiffiffiffi
T2
Tin

r
;

cp1 ¼ cpðT1Þð1� uÞ; k1 ¼ kðT1Þð1� ruÞ;
ð2:1:7Þ

in region 2 is the heat equation for a solid steel edging

qscps
@T
@t

¼ @

@x
ks

@T
@x

� �
þ @

@y
ks

@T
@y

� �
: ð2:1:8Þ

The system of Eqs. (2.1.3)–(2.1.6) and (2.1.8) must be solved with the following
initial and boundary conditions:

Tijt¼0¼ Tjt¼0¼ Tin; i ¼ 1; 2; ð2:1:9Þ

on the outer heated surface of the porous plate 0A (region 1 in Fig. 2.1, there are
some balance boundary conditions [2, 90, 97]

ðqð1Þw � eð1Þr; T4
1wÞð1� uÞ ¼ �k1

@T1
@x

� �				
G1

; ð2:1:10Þ

qð1Þw u ¼ �k2u
@T2
@x

� �				
G1

; ð2:1:11Þ

on line interface AE of regions 1 and 2—the condition of an ideal contact

k1
@T1
@y

� �				
G�

¼ ks
@T
@y

� �				
Gþ

;

T1jG�¼ T jGþ ; T1jG¼ T2jG;
ð2:1:12Þ

on the outer surface of the heated fringing 2

qð2Þw � eð2ÞrT4
w ¼ �ks

@T
@x

� � 				
G2

; ð2:1:13Þ

on the axis of symmetry 0F

@Ti
@y

� � 				
G7

¼ 0; i ¼ 1; 2; ð2:1:14Þ

on the surface of a solid steel shell BCD, the conditions of thermal insulation are
defined
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@T
@y

� � 				
G3

¼ 0;
@T
@x

� � 				
G4

¼ 0; ð2:1:15Þ

on the inner surface DEF [97]

�ks
@T
@y

� � 				
G5

¼ dðT G5 � TinÞj ;

�k1
@T1
@x

� � 				
G6

¼ dðT1 G6 � TinÞj ;

ð2:1:16Þ

T2 G6j ¼ d
cp2ðqvÞw

ðT1 G6j � TinÞþ Tin; ð2:1:17Þ

on the external and internal surfaces of the region 1, the equality of pressures in the
pores and in the external environment is observed

PwjG1
¼ Pe; P jG6

¼ PL1 : ð2:1:18Þ

In the given above equations and hereafter the following notation is used: x and
y are transverse and longitudinal spatial coordinates; P is pressure; v is gas filtration
rate in region 1; q is density; d is heat transfer coefficient on the inner surface of the
plate; Av is volumetric heat transfer coefficient between the gas and the carcass; R is
the universal gas constant; A and B are viscous and inertial coefficients in Darcy
law; r is Stefan–Boltzmann constant; e is emissivity of the surface heat shielding
material; M is molecular mass of air; Li; i ¼ 1; 4 is thickness and length of the
shells 1 and 2 in Fig. 2.1; Pe is Peclet number; Nu is Nusselt number. Indices: in is
initial value; k is the end of heat exposure; v is bulk quantity; L1 is the inner side of
the body; s is steel; m is molybdenum; t is tungsten.

2. Calculation Methods and Input Data. Pressure on the outer surface of the
heated permeable body is assumed to be known from the experiment [2, 30]
from the longitudinal coordinate y in Table 2.1.

The pressure on the inner “cold” surface of the plate ðL1Þ is taken as

PL1 ¼ kPe0; ð2:1:19Þ

Table 2.1 Pressure in the external environment along the streamlined plate

y� 102 m 0 0.04375 0.0875 0.175 0.245

Pe � 10�4 Pa 10.0155 9.65 9.3445 9.0139 8.7636

y� 102 m 0.35 0.525 0.7 0.875 0.95

Pe � 10�4 Pa 8.1426 7.5116 6.8806 6.2597 6.0093
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where k is a constant. It provides the necessary fuel cooler (in particular, the
temperature of melting carcass of porous metals is not reached [57, 81]) on a plot of
heat exposure from t = 0 to t ¼ tk .

Thermophysical factors for continuous steel, molybdenum, and tungsten
depending on the temperature are known [81] and are shown in Table 2.2. If the
formula of V. I. Odelevsky is used [93], then in the last equation in (2.1.7) for the
porous metal: r = 1.5 (in the article below, porosity u � 0.44 was used).

Quasi-stationary equation of continuity q2uv ¼ �ðqvÞw (the minus sign is due
to the fact that the normal component of the x-coordinate directed into the interior
of the body (see Fig. 2.1) and the cooler flows in the opposite direction) in con-
junction with the first expression (2.1.7), for the nonlinear Darcy law (2.1.6) and the
boundary conditions (2.1.18), can be integrated, and to find the gas flow rate and
pressure of 1 [2, 97]:

ðqvÞwðyÞ ¼
2BðP2

L1 � P2
wÞuMDL1=RþE2

L1

h i0:5
�EL1

2BDL1
;

Pðx; yÞ ¼ fP2
w þ 2RðqvÞw½BðqvÞwDþE�=Mug0:5;

where Dðx; yÞ ¼ R x
0 T2ðs; yÞds; Eðx; yÞ ¼ A

R x
0 lT2ðs; yÞds:

The coefficient of thermal heat transfer Av between the gas and the carcass is
determined by the formula [98]

Nuv ¼ m1Pem2 ; 0:5\Pe\80; m2 ¼ 1�1:3;

where Nuv = Avl2=k2, Pe = ðqvÞwlcp2=k2, l ¼ B=A:
The boundary value problems (2.1.4), (2.1.5), (2.1.8)–(2.1.17) are solved

numerically using the locally one-dimensional splitting method [82]. An implicit,
absolutely stable, monotonous difference scheme with a total approximation error
O(s + H2

x + H2
y ) is used, where Hx is space step along the coordinates x, Hy is a

space step along the coordinates y, s is time step. For the reference variant, the
numerical method was tested.

Table 2.2 Thermal characteristics of certain metals on the temperature

мeтaлл
плoтнocть

T (К) 293 473 673 873 1073

мoлибдeн cpm (J=ðkg KÞ) 256 260 267 280 290

12,300 (kg=m3) km (W=ðm KÞ) 140 135 130 125 117

cтaль cps (J=ðkg KÞ) 503 510 520 550 600

7800 (kg=m3) ks (W=ðm KÞ) 13 14 16 18 21

вoльфpaм cpt (J=ðkg KÞ) 132 136 140 144 148

19,350 (kg=m3) kt (W=ðm KÞ) 163 156 137 124 116
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The calculation was done other things being equal the input data for the different
steps in space Hx ¼ 0:5� 10�4 м, Hy ¼ 2:4� 10�4 м, hx1 ¼ 2 � Hx, hx2 ¼ Hx,
hx3 ¼ Hx=2; hx4 ¼ Hx=4; hy1 ¼ 2 � Hy, hy2 ¼ Hy, hy3 ¼ Hy=2; hy4 ¼ Hy=4:
Temperature and gas carcass were fixed by the depth of the body at different times.
In all cases, the problem was solved with a variable time step, which is chosen from
the conditions specified accuracy, the same for all steps in space. The difference
D ¼ max ½DT1 ; DT2 � of the relative error in the temperature drops and the time of
t = tk was: D1 = 8.3%, D2 = 4.1%, D3 = 2.3%. The following results were obtained
for the calculation steps in space hx3 ¼ Hx=2; hy3 ¼ Hy=2:

Thermal characteristics of the air were taken in [60] and the values of A and B in
[2, 30]. The following results were obtained when Tin = 293 К, ða=cpÞ0 ¼ 0:2
kg/(s m2), lin ¼ 1:81� 10�5 kg/(m s), Te ¼ 3600 К, ke ¼ 0:782 W/(m К),
cpe ¼ 4024 W/(kg К), he ¼ 1:449� 107 J/kg, le ¼ 1:747� 10�4 kg/(m s), R =
8.314 J/(mol К), M = 29 kg/кmol, r = 5.67 � 10�8 W/(m2 К4), Pin = 105 N/m2,
L1 ¼ 2� 10�3 m, L2 ¼ 2� 10�2 m, L3 ¼ 9:5� 10�3 m, L4 ¼ 2� 10�3 m,
d = 100 W/(K m2), k2in = 0.0257 W/(m К), ks ¼ 23 W/(m К), cps ¼ 600
J/(kg К), qs = 7800 kg/m3, A ¼ 7� 1010 m�2, B ¼ 106 m�1, tk = 10 s,

a1 = 965.5, a2 = 0.0735, eð1Þs = 0.65, eð1Þm = 0.28, eð1Þt = 0.39, eð2Þ = 0.6,
m1 = 0.015, m2 = 1, k1 = 0.285, k2 = 0.165, u = 0.36–0.44.

3. Rationale for The Approval of Lack of Overflow in Longitudinally Cooler.
In the experiment, [2] used a porous plate is fastened to the holder on both sides
(see Fig. 4.3.1 on p. 256 [2]) L1 ¼ 2� 10�3 m in thickness and cross section
(diameter) 2 � L3 ¼ 1:9� 10�2 m. A thermocouple was in the middle of the
plate soldered on the heated external surface, and the ratio of the plate thickness
and length actually vary considerably. Furthermore, the porous plate rests on a
solid edging along the length of the two sides, in that the flow of gas to zone 2 of
the holder will be absent from v Gj ¼ 0 the top and bottom.

Assume that there is gas within the filtration due to changes in temperature
porous body along the axis, and using, for example, linear Darcy low

vy ¼ �ðn=lÞ@P=@y: ð2:1:20Þ

At v Gj ¼ 0 the pressure on the boundary of the time: P Gj ¼ Pin ¼ const and
equally, and coefficient of permeability coefficient n of the porous medium is given
by [93]. Then there will be small gas flow velocity along the plate despite the
uneven temperature distribution along the axis y.

To test the assertion, add convective term in the left-hand side of the equation of
conservation of energy of the gas phase (2.1.5): cp2q2uvy@T2=@y; to evaluate its
effect on heat transfer
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cp2 q2u
@T2
@t

þ q2u vx
@T2
@x

þ vy
@T2
@y

� �
 �
¼ @

@x
k2u

@T2
@x

� �
þ @

@y
k2u

@T2
@y

� �
þAvðT1 � T2Þ;

ð2:1:21Þ

where vx, vy is components of the velocity of the coolant along the axes x, y,
respectively, and the density q2 along the axis y is from the first formula of (2.1.7).

Mass conservation Eq. (2.1.3) remains unchanged

@ðq2vxuÞ=@x ¼ 0; ð2:1:22Þ

as in (2.1.22), we neglect the term @q2uvy=@y; if vy it is according to the linear
Darcy law (2.1.20). It is known [4, 93] that the linear Darcy law (2.1.20) describes
the laminar flow of gas, liquid in a porous medium, flow velocity which are orders
of magnitude smaller than the velocity of motion in the turbulent flow regime.
Then, if you redefine vx ¼ v; then we arrive at the solution of the same problem
(2.1.3)–(2.1.6) and (2.1.8)–(2.1.18), where instead of Eq. (2.1.5) it is necessary to
use Eq. (2.1.21). To calculate the permeability, (n) in Eq. (2.1.20) is taken
Karman–Kozeny’s formula [93]

n ¼ n�u
3=ð1� uÞ2: ð2:1:23Þ

Results of Numerical Solutions and Analysis. First, we consider the solution
of the support options at the input of the second section and wrap the walls of the
tungsten for u ¼ 0:36 at vy ¼ 0 (n� ¼ 0 in the formula (2.1.23))—the lack of
currents cooler along the axis y and at vy 6¼ 0; 5� 10�12 � n� � 5� 10�10 m�2—

the presence of this currents. Previously for n� ¼ 5� 10�11 m�2 been obtained for
laminar flow regime of gas filtration in modeling heat and mass transfer processes
in permeable thermal protection [2, 47].

The numerical calculation was found that a wide range of changes n� in (2.1.23)
the temperature of the heated outer surface of the frame does not vary more than
1.2% in relation to the on-surface temperature of the porous wall at n� ¼ 0 in the
entire length of the axis y. By depth sample x this difference is even smaller.

Table 2.3 shows the dependence of experimental Twð0Þ [2] and calculated
T1wð0Þ temperature of the outer surface of the heat shielding material on the gas
coolant flow ðqvÞwð0Þ; the parameter k in Eq. (2.1.19) at the input data in the
previous section and porosity u = 0.36 for permeable molybdenum. As it can be
seen from Table 2.3, the difference of the relative error (D) of designed surface
temperature from the experimental one is not more than 16.2%.

Table 2.4 shows the dependence of the temperature T1wð0Þ of the outer surface
of the heat shielding material ðqvÞwð0Þ for a porous permeable steel and molyb-
denum at u = 0.36. The differences in temperatures of the walls are caused by the
thermophysical properties of these metals (apparently, by high thermal conductivity
coefficient of molybdenum).
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Furthermore, structural analysis of surfaces made demonstrated [2] that the
amount of molybdenum to outputs pores per unit area is greater than that of steel.
Porous molybdenum has a fine-grained structure, and it is more developed than that
of steel in the specific internal surface at the same porosity. Reducing the particle
diameter increases the number of outputs since the entire surface and, thereby, more
uniform distribution is given by the coolant.

Consider the effect of porosity on the heat exchange. Figures 2.2, 2.3, and 2.4
show the dependence carcass T1w, temperature, tungsten gas coolant flow rate ðqvÞw
from the heat shielding material surface and qw convective heat flux from (2.1.2) the
gas phase on the longitudinal coordinate y at the end of heat exposure t = tk. Curves
1–3 in Figs. 2.2, 2.3, and 2.4 meet porosity: u = 0.36, 0.4, 0.44. From the analysis

Table 2.3 Relative error of the estimated temperature of the outer molybdenum surface of the
carcass in relation to the flow gas cooler

ðqvÞwð0Þ (kg=ðm2 sÞ) 0.4 0.6 0.8 1.0 1.2

Twð0Þ (К) 720 522 396 354 301

T1wð0Þ; (К) 603 471 417 373 318

D (%) 16.2 9.8 5.3 5.4 5.6

Table 2.4 Dependence of the calculated temperature of the external surface heat protective
material on the gas flow rate of the cooling

пopиcтый
мaтepиaл

ðqvÞwð0Þ (kg=ðm2 sÞ) 0.4 0.6 0.8 1.0 1.2

cтaль T1wð0Þ (К) 795 566 468 408 365

мoлибдeн T1wð0Þ (К) 603 471 417 373 318

Fig. 2.2 Dependence of the
outer surface temperature of
the frame on the longitudinal
coordinate y at time t = tk
porosity for u: 1—0.36,
2—0.4, 3—0.44
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of curves 1–3, it can be seen that increasing the porosity of the material leads to a
decrease in the temperature of perimeter wall.

This result agrees qualitatively with the experimental data [2]. Increasing the
porosity results in a more uniform distribution of coolant over the surface and,
consequently, in a decrease of heat flow (see Fig. 2.4).

On Fig. 2.5 shows the temperature distribution of the porous steel frame T1
(solid curves) and gas T2 (dashed curves) in depth y layer at x = 0 and u = 0.4 at
different moments of time. Figure 2.5 shows that for the balance of the boundary
conditions (2.1.10) and (2.1.11) [97] have meaning for conservation laws,
T2w > T1w. However, as we move deeper into the material quantity T1 is greater T2.
It related by the sharp increase in the temperature of air at the surface and in a

Fig. 2.3 Dependence of the
gas flow rate of the cooling of
the longitudinal coordinates in
a moment of time or t = tk .
Symbols are the same as in
Fig. 2.2

Fig. 2.4 Dependence of
convective heat flow from the
gas phase of the longitudinal
coordinate y at time t = tk .
Symbols are the same as in
Fig. 2.2
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certain neighborhood because of the heat exchange with the external environment
and the framework and greater thermal conductivity of the air than the skeleton of
the porous steel. Then, the heat transfer process of establishing the condensed phase
is warming up faster, since the thermal conductivity of permeable steel two orders
of magnitude higher than the thermal conductivity of the gas.

2.2 Modeling of Heat and Mass Exchange Process
in Transpiration Cooling System with Gas Flow
Pulsation

In real conditions, transpiration cooling systems and thermal protective materials
are exposed to low-energy perturbations: wall vibrations, acoustic vibrations, pul-
sating gas flows [34, 41, 48]. Heat and mass transfer problems in these systems may
vary widely [46]. Intensification of heat and mass transfer processes in continuous
and permeable media is considered in [30, 31, 34–41]. For example, study [41]
revealed that the thermal conductivity coefficient of a porous body increased in the
presence of pressure fluctuations on its boundary.

This section is devoted to the effects of gas flow pulsations on the intensity of
heat and mass transfer in transpiration cooling systems.

Fig. 2.5 Temperature
distribution carcass gas layer
depth with x = 0 at y = 0 time
points from s: 1–6, 2–8, 3–10
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Problem Statement. The comparison of filtration and thermal characteristics of
porous materials analyzed in the presence of pulsating and vibrational perturbations
[52] demonstrates that dependences of the viscous term in the filtration law and the
relative heat transfer function on oscillation intensity and hydrodynamic nature of
the heat transfer process are relatively similar to each other. The expression for
additional heat transfer q0 in a porous body with periodic pulsations of a gas coolant
was obtained in [44, 52]:

q0 ¼ � cp2q2W
2uf

2
ffiffiffi
2

p @T1
@x

; f ¼ 2p v;

where T1 is the temperature of the one-temperature porous medium (see region 1 in
Fig. 2.1); cp2, q2 are respectively the specific heat capacity and the true density of
the gas phase of the thermal protective material; W, m are the amplitude of wall
pulsations and the frequency of periodic perturbations; x is the transversal spatial
coordinate.

The expression the effective viscosity lef for the Darcy law can be taken in the
following form [61]:

lef ¼ l½1þC cosðtf Þ�; ð2:2:1Þ

where C is the dimensionless coefficient (0 < C � 0.2).
The varying (pulsating) convective heat flow qwðm; tÞ is assumed to act on the

thermal protective material for a definite time according to the formula from
Sect. 2.1

qw ¼
ðqvÞwðhe � hwÞ exp 1�Pr

1þ Pr b
� �

1þ 2b
Pr exp

b
1þPr

� �
� exp 1�Pr

1þPr b
� � ;

b ¼ ðqvÞw
ða=cpÞ ;

a
cp

� �
¼ a

cp

� �
0

1þ U cosðf tÞ
ða=cpÞ0


 �
;

ð2:2:2Þ

where U is the amplitude of gas flow pulsations.
For the sake of simplicity, we take the assumptions made in Sect. 2.1 and also

assume that the medium is one-temperature.
Then, the problem of calculating heat and mass transfer parameters can be

mathematically reduced to the system of conservation equations:
in region 1 (see Fig. 2.1)

@ðq2vuÞ
@x

¼ 0; ð2:2:3Þ
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q1cp1ð1� uÞ @T1
@t

þ cp2q2vu
@T1
@x

¼ @

@x
k1ð1� uÞ @T1

@x
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þ @

@y
k1ð1� uÞ @T1

@y


 �
;

ð2:2:4Þ

Alef vþBq2uv vj j ¼ � @P
@x

; ð2:2:5Þ

P ¼ q2RT1
M

; l ¼ l0

ffiffiffiffiffi
T1
T0

r
; k1 ¼ k1ðT1Þþ k0;

k0 ¼ p cp2q2uW
2mffiffiffi

2
p ; cp2 ¼ a1 þ 2a2T1;

ð2:2:6Þ

in region 2

qcp
@T
@t

¼ @

@x
k
@T
@x

� �
þ @

@y
k
@T
@y

� �
: ð2:2:7Þ

The system of Eqs. (2.2.3)–(2.2.5), (2.2.7) must be solved subject to the fol-
lowing initial and boundary conditions:

T1jt¼0¼ T jt¼0¼ T0; ð2:2:8Þ

on the external heated surface of the porous plate 0A (region 1 in Fig. 2.1)

qw � e rT4
1wð1� uÞ ¼ �k1ð1� uÞ @T1

@x

� �				
G1

; ð2:2:9Þ

on the symmetry axis 0F

@T1
@y

� �				
G7

¼ 0: ð2:2:10Þ

The thermal insulation conditions are specified on the surface of the solid steel
shell ABCD

@T
@x

� �				
G2

¼ 0;
@T
@y

� �				
G3

¼ 0;
@T
@x

� �				
G4

¼ 0: ð2:2:11Þ

The heat transfer conditions are specified on the internal surface DEF according
Newton’s law.
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�k
@T
@y

� �				
G5

¼ dðT G5 � T0Þj ;

�k1
@T1
@x

� �				
G6

¼ dðT1 G6 � T0Þj : ð2:2:12Þ

The ideal contact condition on conjugation line AE of regions 1 and 2 can be
expressed as:

k1ð1� uÞ @T1
@y

� �				
G�

¼ k
@T
@y

� �				
Gþ

; T1jG�¼ T jGþ : ð2:2:13Þ

The pressures in pores and the environment are equal to each other both on
external and internal surfaces of region 1.

PwjG1
¼ Pe; PjG6

¼ Pk;

where u is the porosity; A, B are respectively the viscosity and inertial coefficients
in the Darcy law; I is the intensity of perturbations; a is the speed of sound under
normal conditions; index n is nonlinearity. The prime symbol designates fluctua-
tions of heat and transfer parameters.

Numerical Method and Initial Data. The pressure on the external heated
surface of the permeable body was assumed to be known from Table 2.1 of
Sect. 2.1, being a function of the longitudinal coordinate y. The pressure on the
“cold” internal surface of the sphere shell was taken as Pk ¼ kPe0 to ensure
the necessary coolant flow rate (in particular, to avoid reaching the melting point of
the steel shell, i.e., 1600 K) on the thermal exposure area from t = 0 to t = tk.

In [2, 30], the expression for the gas coolant flow rate in region 1 was found (see
Fig. 2.1):

ðqvÞwðyÞ ¼
2ðP2

k � P2
wÞuMDL1=RþE2

L1

h i0:5
�EL1

2DL1
;

Pðx; yÞ ¼ fP2
w þ 2RðqvÞw½ðqvÞwDþE�=Mug0:5;

ð2:2:14Þ

where Dðx; yÞ ¼ B
R x
0 T1ðs; yÞds; Eðx; yÞ ¼ A

R x
0 lef T1ðs; yÞds:

The oscillation frequency f can be found by the formula from [2, 46]

f ¼ 1
W

2 I
q2a

� �0:5

; ð2:2:15Þ

while A and B depending on the intensity of perturbations I are given in [52].
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The boundary problem (2.2.4), (2.2.7)–(2.2.13) was solved numerically using
the method and the algorithm described in Sect. 2.1.

The thermophysical and structural properties of the porous material were taken
from [52, 99] for the sample made of a sintered stainless steel powder and from [84]
for air. The results presented below were obtained for T0 = 293 K,
ða=cpÞ0 = 0.2 kg/(m2 s), U = 0.03 kg/(m2 s), l0 = 1.81 � 10�5 kg/(m s), Te =
3600 K, ke = 0.782 W/(m K), cpe = 4024 J/(kg K), he = 1.449 � 107 J/kg,
qe = 0.088 kg/m3, le = 1.747 � 10�4 kg/(m s), W = 10�3 m, M = 29 kg/kmole,
L1 ¼ 2� 10�3 m, L2 ¼ 2� 10�2 m, d = 100 W/(m2 K), a = 340 m/s, L3 ¼ 9:5�
10�3 m, L4 ¼ 2� 10�3 m, k1 = 2.92 + 4.5 � 10�3 T1 W/(m K), q1cp1 = (1252 +
0.544 T1) � 103 J/(m3 K), u = 0.67, k ¼ 23 W/(m K), cp ¼ 600 J/(kg K),
q ¼ 7800 kg/m3, I = 0–0.45 kg/s3, tk = 10 s, a1 = 965.5, a2 = 0.0735, e = 0.85,
C = 0.2, k = 1.095.

Discussion of Numerical Solution Results. Figures 2.6, 2.7, and 2.8 present the
external surface temperature Tw, the convective heat flow qw from the gas phase,
and the coolant flow rate ðqvÞw from the surface of the thermal protective material
as a function of the longitudinal coordinate y at the end of thermal exposure t = tk.

Lines 1–3 in Figs. 2.6, 2.7, and 2.8 correspond to the intensity of pulsations:
I = 0, 0.2, 0.4 kg/s3, i.e., with or without pulsations for heat and mass transfer
parameters in the formulas (2.2.1), (2.2.2), (2.2.6).

Figure 2.9 shows how the temperature of the thermal protective material is
distributed over the depth of layer x at the forward stagnation point with y = 0 and
t = tk. The symbols of the lines in Figs. 2.6, 2.7, 2.8, and 2.9 are identical.

The analysis of lines 1–3 (Figs. 2.6, 2.7, 2.8, and 2.9) shows that the periodic
perturbations taken into account may both increase or weaken the intensity of heat
and mass transfer. This suggests that transpiration cooling systems are sensitive to
gas flow pulsations and that the heat and mass transfer process in the thermal
protective material can be controlled.

Fig. 2.6 External
temperature of the porous
plate surface as a function of
the longitudinal coordinate
y at time t = tk: 1—I = 0, 2—
0.2, 3—0.4
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Table 2.5 presents the dependence of the relative heat transfer function
w0 = [qþ

w ð0Þ − q�w ð0Þ�/ q�w ð0Þ on the intensity of oscillations, where super-
scripts + and - correspond to the parameters with (I 6¼ 0) and without perturbations

Fig. 2.7 Distribution of the
heat flow from the gas phase
on the porous surface as a
function of the longitudinal
coordinate y at time t = tk .
The symbols are the same as
in Fig. 2.6

v)w, kg/(m2⋅s)ρ(Fig. 2.8 Flow rate of the
coolant gas as a function of
the longitudinal coordinate
y at time t = tk . The symbols
are the same as in Fig. 2.6
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(I = 0), as well as the surface temperature Tw (y = 0) at t = tk and b = 5.3. In
Table 2.5, viscosity an and inertial bn coefficients in the Darcy law (2.2.5) are taken
from Fig. 2 of [52].

As shown in Table 2.5, the behavior of the surface temperature and the relative
heat transfer function is non-monotonic, depending on the intensity of coolant gas
pulsations (2.2.1), (2.2.14).

The latter result is in qualitative agreement with the experimental data [52]. The
non-monotonic behavior of the relative heat transfer function and the viscosity
coefficient an in the Darcy law (2.2.5) with growth of the pulsation intensity is
associated with the transition from laminar filtration to transient and turbulent

Fig. 2.9 Temperature of
thermal protective material
across the depth of layer x at
y = 0 and t = tk . The symbols
are the same as in Fig. 2.6

Table 2.5 Dependence of the surface temperature and the relative heat transfer function on the
intensity of perturbations

No. I ðkg=s3Þ Aðm�2Þ B ðm�1Þ w0 Tw y¼0

		 (K)

1 0 5.8 � 1010 1.27 � 106 – 516

2 0.05 4 � 1010 1.25 � 106 −0.0787 415

3 0.1 3 � 1010 1.22 � 106 −0.157 363

4 0.15 2.8 � 1010 1.22 � 106 −0.324 353

5 0.2 3.4 � 1010 1.24 � 106 −0.391 380

6 0.25 4.6 � 1010 1.25 � 106 −0.452 419

7 0.3 5.5 � 1010 1.28 � 106 −0.368 524

8 0.35 6.4 � 1010 1.33 � 106 −0.341 1028

9 0.4 6.6 � 1010 1.35 � 106 −0.312 1212

10 0.45 6.8 � 1010 1.39 � 106 −0.244 1550
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filtration. This transition deteriorates permeability of the porous wall [52]. It is
reasonable to use a two-temperature permeable medium in the transpiration cooling
system in order to reach a quantitative agreement with the experiment [4, 97].

2.3 Modeling of Heat and Mass Transfer Process
of Transpiration Cooling Systems Under Exposure to
Small Energy Perturbations

Transpiration cooling systems are widely used in engineering applications: evap-
oration systems, filters, thermal protection elements of flight vehicles [2, 6, 20, 41,
44]. The operation of such systems may be accompanied by some perturbations,
such as acoustic oscillations, wall vibrations, pressure fluctuations, and turbulent
noises. Depending on the type of perturbations, oscillation amplitude and fre-
quency, thermal and filtration parameters of porous materials may be distorted [44].
For example, in study [41], the thermal conductivity coefficient of a porous body
increased in the presence of pressure fluctuations on its boundary.

The purpose of this paper is a theoretical study of transpiration cooling systems
in the presence of low-energy perturbations and to compare the obtained findings
with the known data.

This section studies the effects of gas flow pulsations on the intensity of heat and
mass transfer in transpiration cooling systems with regard to a two-temperature
media when gas and condensed phases have different temperatures.

In this case, it is necessary to solve the system of equations from Sect. 2.1:
(2.1.3)–(2.1.6), (2.1.8)–(2.1.18), where the expression for qwðt; mÞ is known from
(2.2.2), lef is given in (2.2.1), value A and B are in Eq. (2.1.16) at Table 2.5, and
the formula for the thermal conductivity coefficient k1 in (2.1.7) is taken as:

k1 ¼ k1ðT1Þþ k0; k0 ¼ p cp2q2uW
2m=

ffiffiffi
2

p
;

k1ðT1Þ ¼ 2:92þ 4:5� 10�3 � T1:
ð2:3:1Þ

The results presented below are based on the input data of § 2.1, § 2.2, and
U = 0.03 kg/(s m2), W = 10�3 m, I = 0–0.5 kg/ s3, tk = 10 s, a = 340 m/s,
e = 0.85, C = 0.2.

Discussion of Numerical Solution Results. Table 2.6 shows the calculated T1w
(0) and experimental Tw (0) external surface temperatures of the thermal protective
material depending on the coolant gas flow rate, parameter k in the formula (2.1.19),
and porosity u = 0.36 without gas flow pulsations (I = 0). As shown in Table 2.6,
the difference in relative errors (D) between calculated and experimental tempera-
tures does not exceed 11.9%.

Figures 2.10 and 2.11 present the external temperature of the frame surface T1w
and the coolant flow rate ðqvÞw as a function of the longitudinal coordinate y at
u = 0.67 at the end time of thermal exposure t = tk. Lines 1–4 in Figs. 2.10 and

2.2 Modeling of Heat and Mass Exchange Process … 49



2.11 correspond to the intensity of pulsations: I = 0, 0.1, 0.3, 0.5, i.e., for cases
without or with pulsations for heat and mass transfer parameters in the formulas
(2.2.1), (2.2.2), (2.3.1).

Analysis of lines 1–4 (Figs. 2.10 and 2.11) shows that periodic perturbations
taken into account may both increase or weaken the intensity of heat and mass
transfer. This suggests that transpiration cooling systems are sensitive to pulsations
of the coolant gas flow and that the heat transfer process in the thermal protective
material can be controlled.

Table 2.7 presents the temperature of the external surface of the porous steel
frame T1w as a function of the coolant flow rate at u = 0.4, m = 0 and m = 5.2 s−1.
The values T1w (0) at x = y = 0 correspond to the calculation results Tw (0), while
the values taken from [100] to the experimental results. The difference in the
relative error between the numerical solution and the experiment does not exceed
18.2% at m = 0 and 17.1% at m = 5.2 s−1.

Table 2.6 Relative error of the surface temperature a function of the coolant flow rate and
parameter k

k ðqvÞw (0) (kg/(m2 s)) Tw (0) (К) T1w (0) (К) D (%)

1.072 0.2 1224 1370 11.9

1.092 0.4 1044 968 7.2

1.105 0.6 792 763 3.7

1.122 0.8 648 589 9.1

Fig. 2.10 Dependence of the
outer surface temperature of
the frame on the longitudinal
coordinate y at time t = tk : 1
—I = 0, 2—0.1, 3—0.3, 4—
0.5
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2.4 Modeling of Heat and Mass Transfer of Process
of Systems Porous Cooling with Phase Transitions

It is known [4, 20, 100–102] that the most effective method of thermal protection is
cooling by water evaporating inside a heated permeable material. Liquid has better
thermal characteristics than gas: a high specific heat capacity, large evaporation
heat, the possibility to reach low temperatures, and a small specific volume of a
liquid coolant.

Heat and mass transfer processes with phase transitions play an important role in
the state-of-the-art technology, including thermal protection, drying, metallurgy,
etc. Problems of heat transfer with phase transitions for permeable bodies with a
substance injected through a porous surface should be regarded as conjugate
problems [9, 102]. The most complex issue in the mathematical formulation of
these problems is to correctly write the boundary conditions on the phase transition
boundary [102].

Fig. 2.11 Dependence of the
cooling gas flow from the
longitudinal coordinate y at
time t = tk . The notation is the
same as in Fig. 2.10

Table 2.7 Relative error of the estimated temperature of the external surface of the frame in
relation to the flow of the cooling gas without and with pulsations

m (s�1) 0 5.2

ðqvÞw (0) (kg/(m2 s)) 0.4 0.8 1.2 1.4 0.4 0.8 1.2 1.4

Tw (0) (К) 1080 666 504 450 900 594 450 360

T1w (0) (К) 933 578 412 373 752 492 375 339

D (%) 13.6 13.2 18.2 17.1 16.4 17.1 16.6 5.8
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This section presents a theoretical model of a two-phase transpiration cooling
system, compares the calculated data with the experiment, and evaluates the extent
to which the mathematical model is applicable.

Problem Statement. A porous plate (Fig. 2.12) with the thickness L1 is exposed
to an external heat flow. Water with the initial temperature T0 is used as a coolant.
Water is forced through permeable wall I–II under the effect of the differential
pressure PL1 − P0. As water moves inside the porous plate, it adsorbs heat and its
temperature increases. As the temperature increases, the liquid pressure drops.
When pressure and temperature of the liquid reach the saturation point, its phase
transition occurs.

Evaporation takes place in the plate at the distance x� from the external heated
surface. The differential pressure on the surface of the phase boundary caused by
interfacial tension is assumed to be small as compared to the differential pressure
across the plate. The resulting steam absorbs heat in the region from the evaporation
zone to the external surface and flows out into the environment in the superheated
state. As the two-phase mixture moves, the pressure decreases and the mixture
temperature has no time to fall after the saturation temperature.

As a result, the mixture remains overheated. An increasing share of vapor in the
two-phase flow decreases the intensity of heat transfer. Due to the constant volu-
metric heat generation, this results in a gradual increase in the temperature of the
porous material.

The thermodynamic equilibrium condition of phase transition determines the
position of the phase boundary and closes the problem:

Fig. 2.12 Diagram of the
flow around a body
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x ¼ x�; P� ¼ P�ðT�Þ: ð2:4:1Þ

At the moving phase boundary, x� ¼ x�ðP�; T�Þ; the Stephan condition [102]
can be written, i.e., the heat balance condition taking into account the absorbed
latent heat of the phase transition Q. It is also assumed that temperatures of both
phases are equal to each other, and each of them is equal to the phase transition
temperature T� (the condition of phase transition equilibrium):

T I
2 x�j ¼ T II

2 x�j ¼ T� ¼ const: ð2:4:2Þ

For the sake of simplicity, we assume that:

(1) the Reynolds number in the incident high-entropy airflow is sufficiently high
(Re1 	 1Þ, and a boundary layer was formed in the vicinity of the body
surface;

(2) the thermal protective material is a two-temperature medium, i.e., the liquid–
vapor and condensed phases have different temperatures;

(3) the mass flow rate at a normal to the plate in flow is significantly greater than
that the mass flow rate along this plate (Fig. 2.12, L1 � L2 );

(4) the permeable medium I–II (Fig. 2.12) consists of three components: inert
frame, water, and superheated vapor;

(5) the density of the liquid–vapor phase is determined from the Clapeyron–
Mendeleev equation;

(6) when pressure and temperature of the liquid reach the saturation point, its phase
transition occurs;

(7) the two-phase flow in the evaporation zone is homogeneous;
(8) the capillary pressure caused by interfacial tension forces in the evaporation

zone is negligible as compared to the total pressure drop across the plate;
(9) the boundary problem in spatial variables is assumed to be two-dimensional.

Since the boundary problem is two-dimensional, and the boundary x� from
(2.4.1) should be preliminarily found, it is reasonable to introduce the transfor-
mation of the initial spatial coordinates x and y

along the x-axis
in region I: z ¼ x=x�; z 2 ½0; 1�; 0� x� x�,
in region II: z ¼ x=L1 þ 1; z 2 ð1; 2�; x�\x� L1,
along the y-axis

r ¼ y=L2; 0� y� L2 þ L4; r 2 ½0; 1þ L4=L2�:
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Then in the new coordinate system r, z:

@

@x
¼ @

@z
@z
@x

þ @

@r
@r
@x

;
@

@y
¼ @

@z
@z
@y

þ @

@r
@r
@y

;
@z
@x

¼ x�1
� ;

@r
@y

¼ L�1
2 ;

@2

@x2
¼ x�2

�
@2

@z2
; z 2 0; 1½ �; @2

@x2
¼ L�2

1
@2

@z2
; z 2 1; 2ð �;

@2

@y2
¼ L�2

2
@2

@r2
; r 2 ½0; 1þ L4=L2�:

ð2:4:3Þ

The problem for calculating heat and mass transfer parameters is reduced to the
system of conservation equations [23, 97, 101]. Then, using (2.4.3), we obtain:

in region I–II (see Fig. 2.12)

@ðq2vuÞ
@z

¼ 0; ð2:4:4Þ

AlIvþBqI2uv vj j ¼ � @P
x�@z

; z 2 0; 1½ �; ð2:4:5Þ

AlIIvþBqII2uv vj j ¼ � @P
L1@z

; z 2 1; 2ð �; ð2:4:6Þ

P ¼ q2RT2
M

; ð2:4:7Þ

cp2 q2u
@T2
@t

þ q2vu
@T2
x�@z

� �I

¼ x�2
�

@

@z
k2u

@T2
@z

� �I

þ L�2
2

@

@r
k2u

@T2
@r

� �I

þAv1ðT1 � T2ÞI; z 2 0; 1½ �; ð2:4:8Þ

cp2 q2u
@T2
@t

þ q2vu
@T2
L1@z

� �II

¼ L�2
1

@

@z
k2u

@T2
@z

� �II

þ L�2
2

@

@r
k2u

@T2
@r

� �II

þAv1ðT1 � T2ÞII; z 2 1; 2ð �; ð2:4:9Þ

q1cp1ð1� uÞ @T1
@t

¼ L�2
1

@

@z
k1ð1� uÞ @T1

@z


 �

þ L�2
2

@

@r
k1ð1� uÞ @T1

@r


 �
� Av1ðT1 � T2Þ; z 2 0; 2½ �; ð2:4:10Þ

in region III
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q2cp2u
@T2
@t

� �III

¼ L�2
1

@

@z
k2u

@T2
@z

� �III

þ L�2
2

@

@r
k2u

@T2
@r

� �
þAv2ðT1 � T2ÞIII; z 2 0; 2½ Þ; ð2:4:11Þ

q1cp1ð1� uÞ @T1
@t


 �III
¼ L�2

1
@

@z
k1ð1� uÞ @T1

@z


 �III

þ L�2
2

@

@r
k1ð1� uÞ @T1

@r


 �III
�Av2ðT1 � T2ÞIII; z 2 0; 2½ Þ;

ð2:4:12Þ

in region IV

qcp
@T
@t

¼ L�2
1

@

@z
k
@T
@z

� �
þ L�2

2
@

@r
k
@T
@r

� �
;

z 2 ½0; 2þ L3=L1�:
ð2:4:13Þ

The convective heat flow from the gas phase is assumed to be known (2.1.2) in
region I 0� r\1 from the expression (2.1.2)

qw ¼
ðqvÞwðhe � hIwÞ exp 1�Pr

1þ Pr b
� �

1þ 2b
Pr exp

b
1þ Pr

� �
� exp 1�Pr

1þ Pr b
� � ; b ¼ ðqvÞw

ða=cpÞ0
;

h j
w ¼ ðcp2T1wÞ j; c jp2 ¼ a1 þ 2a2T

j
2w; j ¼ I; III:

ð2:4:14Þ

In curtain zone III, we use the formula from [96] in the form of Mugalev’s
modification taking into account the injection effect on the heat flow [4]

qIIIw ¼ a
cp

� �
0

ð1� k1bk2Þðhe � hIIIw Þ;

b ¼ ðqvÞwðr ¼ 0Þ
ða=cpÞ0ðp=2� rÞ ; 1� r� 1:5;

ð2:4:15Þ

where A is the viscosity coefficient in the Darcy law, Av is the volumetric heat
transfer coefficient between the coolant and the frame, B is the inertia coefficient in
the Darcy law, Li, i ¼ 1; 2; 3; 4 are the thicknesses and lengths of shells I–IV in
Fig. 2.12, M is the molecular mass of the coolant, Nuv is the Nusselt number, Pe is
the Peclet number, Pr is the Prandtl number, Q is the evaporation heat, r is the
dimensionless longitudinal spatial coordinate, v is the filtration rate of the coolant in
areas I–II, x and y are the transversal and longitudinal spatial coordinates, respec-
tively, z is the dimensionless transversal spatial coordinate, k1; k2 are the constants.
Subscripts and superscripts: 1 and 2 correspond to the frame and the coolant in
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region I–II; L1 is the internal boundary of the wall by thickness; v is the volumetric
quantity.

The system of Eqs. (2.4.4)–(2.4.6), (2.4.8)–(2.4.13) must be solved by taking
into account the following initial and boundary conditions:

Ti
2

		
t¼0¼ T0; i ¼ I; II; T1jt¼0¼ T jt¼0¼ T0: ð2:4:16Þ

The following balance boundary conditions [97] are observed on the external
heated surface of the porous plate 0A (region I in Fig. 2.12):

ðqw � e rT4
1wÞð1� uÞ ¼ �ð1� uÞ k1

@T1
x�@z

� �				
C1

; ð2:4:17Þ

qwu ¼ �u k2
@T2
x�@z

� �				
C1

; ð2:4:18Þ

on the conjugation line Г of regions I and II, according to [102]:

u k2
@T2
x�@z

� �I
					
C�

¼ u
L1

k2
@T2
@z

� �II
					
Cþ

þQðqvÞw Cj ;

T I
2

		
C�

¼ T II
2

		
Cþ

¼ T�;

ð2:4:19Þ

on the external heated surface of the porous plate AB (region III in Fig, 2.12)
similarly to (2.4.17), (2.4.18):

ðqw � e rT4
1wÞIIIð1� uÞ ¼ �ð1� uÞ k1

@T1
L1@z

� �III
					
G1

; ð2:4:20Þ

qIwu ¼ �u k2
@T2
L1@z

� �I
					
G1

; ð2:4:21Þ

on the internal surface DEF [97]:

�k
@T
@r

� �				
G4

¼ dðT G4 � T0Þj ;

�ð1� uÞk1 @T1
L1@z

� �				
C3

¼ dðT1 C3 � T0Þj ;

T2 C3j ¼ d
cp2ðqvÞw

ðT1 C3j � T0Þþ T0;

ð2:4:22Þ

on the symmetry axis 0F:
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@Ti
@r

� �				
C2

¼ 0; i ¼ 1; 2; ð2:4:23Þ

the thermal insulation conditions are specified on the surface of the solid steel shell
ABCD:

@T
@z

� �				
Gi

¼ 0; i ¼ 1; 3;
@T
@r

� �				
G2

¼ 0; ð2:4:24Þ

the ideal contact condition on the conjugation line AE of regions I–II and III:
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S�
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pressures in pores and the ambient environment are equal to each other on the
external and internal surfaces of regions I–II

PwjC1
¼ P0; PjC3

¼ PL1 : ð2:4:27Þ

Numerical Method and Initial Data. The pressure on the inside “cold” surface
of the sphere shell is expressed as:

PL1 ¼ kPw; ð2:4:28Þ

it ensured a necessary flow rate of a coolant (in particular, melting temperature of
the steel shell frame was not reached [4]) in the thermal exposure area from t = 0 to
t = tk.

The coolant flow rate and the pressure in I–II from [23] have the form:

ðqvÞwðrÞ ¼
2ðP2

L1 � P2
wÞuMDL1=ðL1RÞþE2

L1

h i0;5
�EL1

2DL1
;

Pðz; rÞ ¼ fP2
w þ 2RsðqvÞw½ðqvÞwDþE�=ðMuÞg0;5;

s ¼ x�; 0 � z� 1; s ¼ L1; 1 \z� 2;

Dðz; rÞ ¼ B
Zz

0

T2ðr; zÞdz; ðz; rÞ ¼ A
Zz

0

l T2ðr; zÞdz

ð2:4:29Þ
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The volumetric heat transfer coefficient Av between gas and the frame was
determined from the formulas [98]:

Nuv ¼ m1Pem2 ; 0:5\Pe\80; m2 ¼ 1�1:3;

where Nuv = Avl2=k2, Pe = ðqvÞwlcp2=k2, l ¼ B=A:
The boundary problem (2.4.8)–(2.4.13), (2.4.16)–(2.4.26) was numerically

solved by means of the locally one-dimensional splitploted method [82]. The
implicit, absolutely stable, monotone difference scheme was used with the cumu-
lative approximation error O (s + H2

z þH2
r ), where Hz is the spatial step along the

coordinate z, Hr is the spatial step along the coordinate r, s is the time step. The
numerical method was tested for the basic option. With all initial parameters being
equal, the calculation was made for different spatial steps Hz = 10�2, Hr = 0.025,
H2 ¼ Hz=2; H3 ¼ Hz=4; H4 ¼ Hz=8; h2 ¼ Hr=2; h3 ¼ Hr=4; h4 ¼ Hr=8: The
temperature of the frame and the coolant was recorded across the body depth at
different times. In all cases, the problem was solved with a variable time step
chosen on the assumption that the prescribed accuracy was equal for all spatial
steps. The difference in D ¼ max½DT1 ;DT2 � the relative temperature error decreased
and at t = tk reached: D1 = 5.7%, D2 = 2.4%, D3 = 1.3%.

The thermophysical and structural properties of porous material were taken from
[97, 99] for the sample made of a sintered stainless steel powder and from [103] for
air and water vapor (Tables II, IV, V). The results presented below were obtained
for A = 6� 109 m−2, d = 100 W/(K m2), B = 3:27� 106 m−1, he = 1.449 � 107

J/kg, L1 ¼ 10�3 m, x�0 = 10�5 m, L2 ¼ 7� 10�3 m, L3 ¼ 2� 10�2 m,
k1 = 2.92 + 4.5 � 10�3 T1 W/(m K), q1cp1 = (1252 + 0.544 T1 ) � 103 J/
(K m3), L4 ¼ 3:5� 10�3 m, Pw = P0 = 105 N/m2, Q0 = 2:2� 106 J/kg,
a1 = 965.5, a2 = 0.0735, e = 0.9, m1 = 0.015, m2 = 1, u = 0.27, tk = 10 s.

Quantities x�0, Q0 were preset at t ¼ 0: For t[ 0; x� was determined from the
conditions (2.4.1), (2.4.2) and the tabular data [103]; QðT�Þ is known from Fig. 1.2
[104].

Method for Determination of Two-Phase Cooling Parameters. The experi-
mental study of the two-phase cooling system was carried out in the air plasma jet
generated by EDP-104A/50 plasmatron (designed by the Institute of Thermal
Physics, Siberian Branch, Russian Academy of Sciences, Novosibirsk) with
parameters T∞ = 3600 К, Ve = 56 m/s according to the method described in [105].
The model 1 (Fig. 2.13) was made in the form of a truncated cone with permeable
insert 2 embedded in its small base. The cooling liquid (water) 4 was fed through
the internal volume of the model and the insert toward plasma jet 3.

The inserts were made of porous steel by sintering threads of stainless steel X10
H10. The porosity was equal to u = 0.27, diameter—to 14 � 10�3 m, thickness—
to 10�3 m.

The liquid flow rate G was controlled by RS and RMZh rate-of-flow meters and
maintained constant during the experiment. The pressure in the chamber PL1 was
recorded by MO manometer 5. The wall temperature Tw in the vicinity of the
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stagnation point was determined by the AKIP-9311 infrared pyrometer 6 as a
function of time.

The emissivity e = 0.9. The signal from the LCD display of the pyrometer was
recorded by Canon PowerShot A95 digital camera (frame frequency—15 staff/s).
The measured data were processed by a computer. The total measurement errors did
not exceed dG � 4.5%, d PL1 � 0.5%, dTw � 3%.

Experimental Results. Figure 2.14 presents some time dependences of the wall
temperature in the vicinity of the stagnation point. Lines 1–4 were obtained for flow
rates ð4:12; 2:72; 0:42; 0:39Þ � 10�3 kg/s, respectively. The analysis of the results
presented in Fig. 2.14 suggests that the wall temperature changes weakly when
liquid is injected through the insert of porous material (lines 1, 2): the difference in
the stationary values of Tw does not exceed 10%.

The vapor cooling mode takes place at low liquid flow rates (lines 3, 4). Some
unstable processes probably associated with the phase transition from areas within
the chamber, the porous insert, and the external zone from the direction of the
incident plasma, are observed. Unstable processes in the two-phase cooling systems
were also observed in studies [101, 105].

Results of the Numerical Solution. Figure 2.15 presents the external temper-
ature of the frame surface T1w (a), the convective heat flow qw from the gas phase
(b), and the coolant flow rate ðqvÞw (c) from the surface of the thermal protective
material as a function of the longitudinal coordinate y (r). The solid lines were
obtained at k = 3 according to the formula (2.4.28), while the dashed lines—at
k = 2.5. Both of them correspond to t: 1—1 s, 2—tk.

The analysis of the lines in Fig. 2.15a–c suggests that the coolant substantially
weakens the heat flow according to (2.4.14) at k = 3 (see the solid lines in
Fig. 2.15b).

Heat absorption takes place both during filtration of a coolant in pores of the
thermal protective material and during vapor formation. Moreover, temperature of
the porous plate in the vicinity of its joint with the solid steel base r = 1 is lower
than that at r = 0. This result is associated with heat flowing from region I–II to

Fig. 2.13 Schematic of the
tested model
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region III of the composite body. Figure 2.16 demonstrates the behavior of the
frame temperature across the thickness of the thermal protective material x (z) on
the symmetry axis at y = 0. The symbols in Fig. 2.16 are the same as in Fig. 2.15a.

Figure 2.17 presents the external temperature of the frame surface T1wðr ¼ 0Þ as
a function of time at k = 2.5—1 and k = 3—2 in the formula (2.4.28). The
numerical solution of the problem at k = 2.5 is associated with the coolant flow rate
ðqvÞw = 2 kg/(s m2) and the frame surface temperature T1wðr ¼ 0Þ = 402 К. The
numerical solution at k = 3 is associated with ðqvÞw = 2.5 kg/(s m2) and
T1wðr ¼ 0Þ = 390 K for t = 7 s.

The experimental result at ðqvÞw = 2.48 kg/(s m2) provides Tw = 369 К, while
at ðqvÞw = 2.92 kg/(s m2)—Tw = 361 K for t = 7 s (see Fig. 2.17 and lines 4, 3 in
Fig. 2.14). The difference in the relative error between the numerical solution and
the experiment is estimated to be respectively 19% and 14% for the coolant flow
rate, 9 and 8% for the surface temperature.

2.5 Modeling of Two-Phase Porous Cooling Process
at Exposure Low-Energy Perturbations

This section considers the interaction of the two-phase transpiration cooling system
with the high-enthalpy pulsating gas flow. It studies the effects of phase transition
on heat and mass transfer parameters, as well as controllability of heat and mass
transfer in thermal protective materials.

t, s

Fig. 2.14 External temperature of the frame external surface as a function of time. The lines were
plotted for the following flow rates: 1—4.12 � 10�3, 2—2.72 � 10�3, 3—0.42 � 10�3, 4—
0.39 � 10�3 kg/s
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The statement of this problem is similar to the problem in Sect. 2.4, except that
the heat flow (2.4.14) is modified by the formula (2.2.2) for the heat transfer
coefficient a=cp:

y⋅103 , m

(a)

(b) (c)

Fig. 2.15 Temperature of the outer surface carcass (a) and convective heat flow from the gas
phase (b), and the coolant flow (c) along with a plate, respectively. The solid curves were obtained
for k = 3, dashed is k = 2.5 and t: is 1 s, 2 is tk
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a
cp

� �
¼ a

cp

� �
0

1þ W cosð2pm tÞ
ða=cpÞ0


 �
; ð2:5:1Þ

where W is the amplitude of gas pulsations in the external flow, C is the coefficient
of dynamic viscosity in the formula (2.2.1). Eq. (2.4.10) uses the formula (1.2.2) for
expressing the thermal conductivity coefficient k1.

k1 ¼ k1ðT1Þþ k0; k0 ¼ p cp5q5u5U
2m=

ffiffiffi
2

p
; ð2:5:2Þ

where U is the amplitude of wall pulsations.
The viscosity and inertial coefficient in the nonlinear Darcy law depending on

the intensity of pulsations were taken from [52] and given in Table 2.5. The method
for determining two-phase cooling parameters is described in [23].

Fig. 2.16 Temperature of the
frame across the thickness of
the plate on the symmetry
axis OF. The symbols are the
same as in Fig. 2.9

Fig. 2.17 External
temperature of the frame
surface at r = 0 as a function
of time for k = 2.5—1 and
k = 3—2
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The wall vibrations oriented longitudinally to the incident flow were generated
using a vibration exciter based on an electric motor with a gear fixed on an axle.
The vibration amplitude U = 10�3 m and frequency m = 0–20 c�1 were prescribed
by the geometrical dimensions of the gear and by the motor shaft speed.

Figure 2.18 shows the measured surface temperature of the porous insert in the
vicinity of the forward stagnation point of the flow as a function of time. The mass
flow rate of the coolant per second is G = 0:6� 10�3 kg/s. Line 1 was obtained by
the experiment without model vibrations, while lines 2, 3—with vibrations at the
frequency m: 6.8, 12, s−1, respectively.

The analysis of the presented results suggests the attenuation of thermal loads
toward the protected wall under the effect of vibrations. Lines 2, 3 are below line 1
obtained for the wall temperature without perturbations.

Any pulsations and the non-monotonic dependence TwðtÞ are not observed.
The flow of the gas–liquid mixture inside themodel and through the porous wall is

of complex structure and subject to the following conditions: liquid—1, bubble—2,
bubble-slug—3, slag—4, slug-annular—5, annular—6, dispersed–annular—7, drop
—8, and vapor—9 [24]. Vibrations of the wall (probably due to mixing of the gas–
liquid mixture inside the model) eliminate conditions 2–8. This was observed in case
of an outflowing gas–liquid mixture when the large opening was used instead of the
porous wall [44, 105]. The injection of the liquid and the vapor through the porous
wall does not involve unstable processes in the two-phase cooling system.

Fig. 2.18 Experimental
temperature of the external
heated surface of the body as
a function of time. The lines
were obtained for the
pulsation frequency m: 1—
0 s−1, 2—6.8, 3—12
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Results of the Numerical Solution. Figure 2.19 presents the external temper-
ature of the frame surface T1w (a), the convective heat flow qw from the gas phase
(b), and the coolant flow rate ðqvÞw (c) from the surface of the thermal protective
material as a function of the longitudinal coordinate y (r). The solid lines were

Fig. 2.19 Temperature dependence of the external carcass surface (a) along the plate as a function
of the coordinate y. The solid lines were obtained at m = 0, W = 0, C = 0, the dashed lines—at
m = 6.8 s−1, W 6¼ 0, C 6¼ 0, the dot-and-dash lines—at m = 12 s−1 W 6¼ 0, C 6¼ 0 and t = tk . The
convective heat flow from dependence the gas phase (b) and the coolant flow rate dependence
(c) along the plate as a function of the coordinate y. The symbols are the same as in Fig. 2.19a. The
coolant flow rate dependence (c) along the plate as a function of the coordinate y. The symbols are
the same as in Fig. 2.19a
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obtained at m = 0, W = 0, C = 0, the dashed lines—at m = 6.8 c�1, W 6¼ 0, C 6¼ 0,
the dot-and-dash lines—at m = 12 s−1, W 6¼ 0, C 6¼ 0, and t = tk .

The analysis of the lines in Fig. 2.19a–c suggests that the coolant substantially
weakens the heat flow according to the formula (2.5.1), and a larger flow rate of the
coolant ðqvÞw (see Fig. 2.19c) corresponds to a smaller value of qw (see Fig. 2.19b).
However, as pulsations of the wall of the thermal protective material and the gas
flow grow (according to formulas (2.5.1), (2.5.2): m = 6.8, 12 s−1 W 6¼ 0, C 6¼ 0),
the surface temperature decreases (Fig. 2.19a) as a result of the weakening intensity
of heat transfer. It should be noted that in curtain zone III (of the uncooled porous
edging), the heat flow determined from (2.4.15) and the frame surface temperature
are much higher.

The behavior of the frame temperature across the thickness of the thermal
protective material x (z) on the symmetry axis at y = 0 (lines 1–3) and at the
interface with the edging y ¼ L2 (lines 1′–3′) for t ¼ tk are presented in Fig. 2.20.

The symbols are the same as in Fig. 2.19. As could be expected, the frame
temperature T1 of the cooled plate on the side exposed to the convective flow in
region I and partially in region II is lower than that at the interface with region III.
This is associated with the heat absorbed during coolant filtration in pores of the
thermal protective material and with vapor formation.

On the side of the internal shell surface y ¼ L1 of region II, where water at the
initial temperature T0 = 293 К is pumped under pressure, the frame temperature
T1(y ¼ L2 ) is lower than T1 (y ¼ 0Þ as a result of the heat flowing into the “colder”
permeable part of plate III and the solid edging IV.

Figure 2.21 presents the external temperature of the frame surface T1w as a
function of time at m = 0, W = 0, C = 0–1, m = 6.8 s−1, W 6¼ 0, C 6¼ 0–2,
m = 12 s−1, W 6¼ 0, C 6¼ 0–3. With allowance for pulsations (m 6¼ 0), the surface
temperature lines are below the line T1w for m = 0, as in the experiment (Fig. 2.18).
However, the presence of pulsations can both weaken and stimulate heat transfer
(see lines 2, 3, Fig. 2.18) at t > 6 s.

The experimental result at t = tk and m = 6.8 s−1 is associated with G =
0:6� 10�3 kg/s, S = p� L22 = 0:154� 10�3 m2, ðqvÞw = G/S = 3.8 kg/(m2 s),

Fig. 2.20 Surface frame
temperature across the
thickness of plate x on the
symmetry axis 0F (solid,
dashed, and dot-and-dash
lines 1–3) and at the interface
of regions I–II and III (solid,
dashed, and dot-and-dash
lines 1′–3′) at t ¼ tk
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Tw = 376 K, while the result of the numerical solution—with ðqvÞw = 4.2
kg/(m2 s), T1w = 411 K. For t = tk and m = 12 s−1, the experiment at the same flow
rate G = 0:6� 10�3 kg/s is associated with Tw = 370 K, while the numerical
solution—with ðqvÞw = 3.5 kg/(m2 s), T1w = 409 K. The difference in the relative
error between the numerical solution and the experiment at t = tk is estimated to be,
respectively, 15 and 8% for the coolant flow rate, 9.3 and 10.5% for the surface
temperature.

Fig. 2.21 External
temperature of the frame
surface at y = 0 as a function
of time. The symbols are the
same as in Fig. 2.18
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Chapter 3
Combined Thermal Protection

Keywords Combined thermal protection of hypersonic aircraft
Blunt cone on the sphere � Conjugate heat and mass transfer � Rotation around the
longitudinal axis � Flow around the body at an angle of attack � Heat transfer due to
body rotation � Thermochemical destruction of carbon fiber � Dispersion of carbon
particles � Screening of laser radiation

3.1 Mathematical Modeling of Rotation on Conjugate
Heat and Mass Transfer in High-Enthalpy Flow
Around a Spherically Blunted Cone at an Angle
of Attack

Rotation around the longitudinal axis must be imparted to the body for good
stability in flight. Rotation and injection of a coolant gas change the flow conditions
and thermal effects of incident flow on thermal-protective materials [106, 107]. The
previous studies [42, 106–112] devoted to gas flows around rotating axially sym-
metric bodies are based on assumptions such as zero angle of attack and an
isothermal shell wall.

In contrast to axially symmetric heating [32], for flow around the body at the
angle of attack [27, 113], the difference in heat flows on leeward and windward
sides may be significant which leads to uneven heating. In order to reduce the
influence of this effect, hypersonic aircraft imparts rotational movement around the
longitudinal axis.

Due to ever-increasing requirements for the stability of aerodynamic parameters,
requires the development of new types of thermal protection [4, 27, 28, 32] based
on the injection of a coolant gas into maximum heat flow zones, rotation, heat flow
control, etc. Research of three-dimensional parabolic and elliptic flows over a wide
range of Mach numbers, Reynolds numbers, and orientation angles for real atmo-
spheric models is required for three-dimensional bodies or bodies that are axially
symmetric at an angle of attack. In order to design and optimize new heat flow
control methods for supersonic flow settings, it is necessary to carry out theoretical
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and experimental studies in gas and condensed (composite materials) phases taking
into account interrelated aerodynamics and heat mass transfer processes. Such a
pattern of processes make it necessary to solve aerodynamic problems in a con-
jugate setting [29]. This allows us to significantly improve the accuracy of deter-
mined aerodynamic and heat parameters as compared to studies that separately
assess aerodynamics, thermochemical destruction, and motion parameters of the
body.

In contrast to [27, 28, 32], this section considers heat and mass transfer and
destruction processes associated with the high-enthalpy flow when the body enters
the atmosphere at an angle of attack, with regard to rotation and variable injection
of a coolant gas along shell lines.

Problem Statement. The studies [9, 114] estimate relaxation times in gas and
condensed phases. Based on these estimates, characteristics of conjugate heat and
mass transfer are derived from quasi-stationary equations of the spatial boundary
layer under different flow conditions. The heat state of the spherically blunted area
can be determined by solving the transient energy conservation equation for the
porous spherically blunted area and the quasi-stationary equation for filtration rate
of a coolant gas in pores within the framework of the one-temperature model.

For a chemical-equilibrium air model, using the assumption of “passivity” and
Lewis number equation, the system of equations for the spatial boundary layer in
the natural coordinate system associated with external shell surface can be
expressed as in [25] (see Fig. 3.1):

@

@s
qurwð Þþ @

@n
qvrwð Þþ @

@g
ðqwÞ ¼ 0; ð3:1:1Þ

Fig. 3.1 Diagram of the flow
around a body: 1 is the porous
spherically blunted portion, 2
is the conical portion of a
body
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P ¼ qhðcef � 1Þ=cef ; P ¼ Peðs;gÞ; H ¼ hþðu2 þw2Þ=2 ð3:1:5Þ

lR ¼ lþ lT; PrR ¼ ðlþClTÞ Pr PrT
l PrT þClPr

:

For the porous spherical shell ð0\s\s1Þ with one-dimensional filtration of a
gas injected toward the normal to the surface in the coordinate system tied to the
symmetry axis of the body, we have [28]
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; ð3:1:8Þ

P ¼ qð1ÞRT1
M

; H1 ¼ RN � n1
RN

; �s ¼ s1
RN

; ð3:1:9Þ

r1 ¼ ðRN � n1Þ sinð�sÞ; l1 �
ffiffiffiffiffi
T1

p
; k1 �

ffiffiffiffiffi
T1

p
; u ¼ const:

For the conical portion, the mass and energy conservation laws in the movable
coordinate system ðs1\s\skÞ can be written on the basis of the mathematical
models proposed in [4, 14, 28]
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Zl1
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d qc
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dn1; r2 ¼ RN � n1ð Þ cos hþ s1 � sAð Þ sin h; ð3:1:12Þ

l ¼ L� xðtÞ; xðtÞ ¼
Z t

0

w d s; ðqvÞ1w ¼ Gw;

ðqvÞð2Þw ¼ ðqvÞ1w þðqvÞ2w þðqvÞ3w; w ¼
X3
i¼2

ðqvÞiw
qcw

;

In addition, further taken the following assumption: The characteristic linear
speed of rotation of the body is much less than the oncoming flow rate

X ¼ xRN

V�
� 1: ð3:1:13Þ

The initial conditions:

T1jt¼0¼ T2jt¼0¼ T0; qc t¼0j ¼ qc0: ð3:1:14Þ

The boundary conditions in a gas phase can be written as follows:
at the external interface of the boundary layer at n ! 1

u ! ue s;gð Þ; w ! we s;gð Þ; h ! he s;gð Þ; ð3:1:15Þ

where Pe; ue;we; he can be found from the system of Euler equations [115];
at the body surface at n ¼ 0

u s;gð Þ ¼ 0; w ¼ ww; v ¼ vw; 0\s\s1ð Þ: ð3:1:16Þ

For body rotation, ww ¼ x rw, where x is the angular velocity of rotation. For
instances without rotation, ww ¼ 0:
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The balance conditions ðn ¼ n1 ¼ 0Þ are identified for the external shell surface
[28] at 0�g\2p
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The following relations can be written for the internal surface of the hemisphere
and the conical Newton’s condition

k1 1� uð Þ @T1
@n1

����
n1¼L

¼ d T1;L � T0
� 


; 0\s1\sA; ð3:1:19Þ

qc n1¼lj ¼ qc0; k
@T2
@n1

����
n1¼‘

¼ 0; sA � s1 � sk; ð3:1:20Þ

Perfect contact conditions are used at the sphere-cone interface ring s ¼ s1. The
adiabatic condition at s1 ¼ sk is

k1 1� uð Þ
H1

@T1
@s1

����
s¼s1�0

¼ k2
@T2
@s1

����
s¼s1 þ 0

; ð3:1:21Þ

T1js¼s1�0¼ T2 s¼s1 þ 0j ;
@T2
@s1

����
s1¼sk

¼ 0:

Pressures in pores and the ambient environment are equal to each other on
external and internal surfaces of the spherically blunted area:

Pwjn1¼0¼ Peðs;gÞ; Pjn1¼L¼ PL: ð3:1:22Þ

For the flow with a plane of symmetry:
In the absence of flow symmetry planes:

T1ðt; n1; s1;g1Þ ¼ T1ðt; n1; s1;g1 þ 2pÞ;
T2ðt; n1; s1;g1Þ ¼ T2ðt; n1; s1;g1 þ 2pÞ: ð3:1:23Þ

At s	 s1, the following kinetic pattern of non-equilibrium chemical reactions
was considered at the interface of media ðT2w 
 4000KÞ [9, 54]:
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CþO2 ! CO2; 2CþO2 ! 2CO; CþO ! CO; CþCO2 ! 2CO;

2OþC ! O2 þC; 2NþC ! N2 þC; C $ C1; C $ C3
ð3:1:24Þ

The molar and mass flow rates of chemical reactions (3.1.24) are described in
detail in [9, 13]. The mass rate of ablation can be expressed as [13]:

ðqvÞ2w ¼ qw
m6

m2
� 1

� �
c2wB1 þ 2

m5

m2
� 1

� �
c2wB2

�
þ

þ m5

m1
� 1

� �
c1wB3 þ 2

m5

m6
� 1

� �
c6wB4

�
;

ðqvÞ3w ¼
X8
i¼7

miAciðP�
ci � PciÞ

ð2pRT2wmiÞ0;5
; i ¼ 7; 8;

P�
ci ¼ 105 � expðDi � Ei=T2wÞ; ð3:1:25Þ

Bi ¼ kiw exp �Eiw=RT2wð Þ; i ¼ 1; 4; Pci ¼ Peciwmw=mi; i ¼ 7; 8;

qw ¼ Pemw=ðRT2wÞ; hw ¼
X8
i¼1

hiciw; mw ¼
X8
i¼1

ciw
mi

;

cg ¼ b1 þ b2T; hg ¼
ZT
0

cgdT :

In (3.1.25) and (3.1.26), serial numbers of components correspond to the fol-
lowing order: O; O2; N; N2; CO; CO2;C1;C3.

We can write the balance relationships for mass concentrations of components
ðciwÞ using the Fick’s law for diffusion flows, as well the analogy of heat and mass
transfer processes [4, 9]:

Jiw þ qvð Þð2Þw ciw ¼ Riw; i ¼ 1; 8 ;

Jiw ¼ bi ciw � cieð Þ; bi ¼ a=cp;

where a=cp and bi are, respectively, the heat and mass transfer coefficients.
Disruption products are considered to weakly dilute the air mixture in the boundary
layer. This assumption makes it possible to use the setting accepted above for the
equations in the boundary layer.

Hereinafter, u; v; w are the components of mass average velocity in the natural
coordinate system ðs; n; gÞ; Г is the intermittency coefficient; H, m are, respec-
tively, the total enthalpy and the molecular mass; RN is the radius of the spherically

blunted area; rw; ri; i ¼ 1; 2; H1 are the Lame coefficients; h and qvð Þð1Þw are,
respectively, the enthalpy and the flow rate of a coolant gas from the spherically

blunted surface; qvð Þð2Þw is the total ablation from the carbon surface of the conical
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portion; u the porosity of the spherically blunted area, L is the shell thickness, h is
the taper angle; b is the angle of attack; n1 is the normal to surface toward the inside
of the shell; x is the linear velocity of the destructed surface; xðtÞ is the interface
between the gas and condensed phases (burn-up depth); ciw is the mass concen-
tration of the component; Eiw; kiw, i = 1, …, 4 are, respectively, the activation
energy and the pre-exponential factor of the heterogeneous reaction on the shell of
the conical portion.

Subscripts e, e0, and w stand for values at the external interface of the boundary
layer at the stagnation point and on the body surface; 1, 2 “down”—for of frame
and gas on the sphere; g—for the gas phase on the conical portion of the surface;
∞—for values of the incident gas flow at infinity; т, 0—for characteristics of
turbulent transfer and initial conditions; k—for the peripheral region of the shell.
Superscripts (1) and (2) correspond to characteristics associated with the flow rate
of a coolant on the porous hemisphere and surface chemical reactions on the conical
portion of the body, the overline—to non-dimensional parameters. z—to the end
time of thermal exposure, ef—to the effective value, c—carbon fiber Reinforced
Plastics.

Calculation Method and Initial Data. The system of Eqs. (3.1.1)–(3.1.4),
(3.1.6)–(3.1.8), (3.1.10) and (3.1.11), with the initial and boundary conditions
(3.1.15)–(3.1.23) was numerically solved. The system of equations for the spatial
boundary layer was solved in terms of Dorodnicyn variables, taking into account
laminar, transitional, and turbulent regions of the flow. The two-layer model of the
turbulent boundary layer was used to describe the turbulent flow [116, 117]. The
three-layer algebraic turbulence model accounts for the laminar viscous sublayer,
the internal area of the turbulent core described by the Van Driest–Cebeci formula
[117] and the external area in which the Spalding formula is used [116]. The
transition point is assigned on the assumption that the heat flow reaches its peak on
the sonic line of the spherically blunted area under given pressure and stagnation
enthalpy values. The intermittency coefficient and transition from the laminar to the
turbulent flow were described by the Dhvani-Narasimha formula [118]. For
numerical integration, Pr = 0.72, PrT ¼ 1. As related to boundary layer conditions,
the iterated interpolation method [45] was used to develop combined difference
schemes ensuring combination of target values at the boundary of the laminar,
transition, and the turbulent core, and accounting for a pattern of change in lT
across the boundary layer. The described boundary layer model was tested by
comparing it with the experimental findings of [119, 120]. The test demonstrated
the good performance of this model.

The three-dimensional Eqs. (3.1.7) and (3.1.10) were solved by splitting method
[82]. The implicit, absolutely stable, monotone difference schemes were used, with
cumulative approximation error O(s + H2

n1 þ þH2
s þH2

g, where Hn1 is the spatial
step along the coordinate n1, Hs is the spatial step along the coordinate s, Hg is the
spatial step along the coordinate, s is the time step.
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The results of theoretical [121] and generalized experimental studies [122] were
used for testing the processes associated with interaction of high-enthalpy air flows
with graphite surfaces.

The quasi-stationary equation of continuity (3.1.6) q2uv ¼ �ðqvÞw �
r1w=ðH1r1Þ (the negative sign is explained by the fact that the normal coordinate n1
is directed into the depth of the body (see Fig. 3.1), and the coolant flows in the
opposite direction) can be integrated along with the first equation (3.1.9), the
nonlinear Darcy law (3.1.8) and the boundary conditions (3.1.22) to find gas flow
rate and pressure in the region 1 [4, 97]:

ðqvÞð1Þw ðs1;g1Þ ¼
2B P2

L � P2
w

� 

uMDL=RþE2

L

� �0:5�EL

2BDL
; ð3:1:26Þ

Pðn1; s1;g1Þ ¼ P2
w þ 2RðqvÞð1Þw BðqvÞð1Þw DþE

h i
=M u

n o0:5
;

where Dðn1; s1;g1Þ ¼
R n1
0 T2

r1w
r1H1


 �2
dy; Eðn1; s1; g1Þ ¼ A

R n1
0 l1T2

r1w
r1H1

dy.

The pressure on the inside “cold” surface of the plate ðLÞ is expressed as:

PL ¼ kPe0; ð3:1:27Þ

where k is a certain constant. It ensured the necessary flow rate of a coolant (in
particular, melting temperature of the frame made of porous metals was not reached
[4, 57]) in the thermal exposure area from t = 0 to t = tz.

Calculations cone flow around a spherically blunted, with the angle of the
semi-solution h = 10° the flow of chemical equilibrium of air under attack angle
b = 5° were performed for the following conditions [115], which are coresponsible
options V1 ¼ 7000m=s, H1 ¼ 2:2 � 104 m RN ¼ 0:2m, L0 ¼ 0:02m. The
kinetic constants (3.1.25) of heterogeneous reactions (3.1.24) were taken from [9],
the enthalpy of the graphite was calculated by the formula [58]. Effectiveness
adiabatic index in the first formula (3.1.5) was determined according to [115]. For
carbon material coefficients of thermal conical shell are known from [14], for a
porous steel–of [99].

The following results were obtained for: he0 ¼ 2:07 � 107 J=kg ¼ 0:34,
T0 ¼ 300K, M = 29 kg/kmole, r = 5.67 � 10−8 W=ðm2 � K4Þ, e2 ¼ 0:9,
P0 ¼ 105 N=m2, qc0 ¼ 1400 kg/m3, qc� ¼ 1300 kg=m3, kc ¼ 3:15 106 c�1,
Ec ¼ 8:38� 104 J=mole , Qc ¼ 1:26 106 J=kg, tz ¼ 40 s. Thermal characteristic
bluntness porous corresponded porous steel: k1 = 2.92 + 4.5 � 10−3�T1 W/(m K),
q1cp1 ¼ ð1252þ 0:544 � T1Þ � 103 J=ðKkg/m3Þ, A ¼ 2:3� 1011 1=kg/m3, B ¼
5:7� 105 1=m [99, 123], e1 ¼ 0:8. The thermal characteristics of the conical body
responsible carbon fiber [14] or the impenetrable graphite V-1 [124].

Assessing the Impact of the Rotational Speed on the Boundary Conditions
on the Surface of the Body. In order to justify the methodology used solutions of
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the dual problem, given that the temperature of the body surface changes due to
aerodynamic heating and rotation, give estimates of the characteristic times in the
boundary layer on the surface of the body and the effect of rotational speed on the
boundary conditions Eqs. (3.1.17) and (3.1.18).

According to [13] define the relaxation time of the gas phase

ta ¼ RN=V� 
 0:2m=7000m=s ¼ 2:86� 10�5 s:

The characteristic thermal relaxation time of the solid body on a surface [13] is

tw ¼ q cpk
� 


i ðTe0 � T0Þ=q�½ �2; i ¼ 1; 2:

For porous steel [99] from the last indent have at q� = 107 W=m2,
Te0 � T0 = 7905 К: ðq cpkÞ1 ¼ 9� 106 J2=ðm4 K2 sÞ, tw1 = 5.58 s. For solid gra-
phite V-1 on a conical surface at ðq cpkÞ2 ¼ 9� 106 J2=ðm4 K2 sÞ [124] is received
tw2 = 15.9 s, and for carbon fiber [14] at qcp2k2 ¼ 3:57� 106 J2=ðm4 K2 sÞ have
tw3 = 2.21 s.

We estimate the change in the surface temperature caused by the rotational
movement of the body. Suppose that at time t at the point (s, η) in the coordinate
system associated with the gas phase, have a surface temperature Twðs1; g1Þ. After
a period of time Dt due to the rotation of the body to the point (s,
η) « will » temperature Tw ðs1; g1; þ upDg1Þ. Then

Tw s1; g1; Dg1ð Þ � Tw s1; g1ð Þj j ¼ @Tw=@g1ð Þ � Dg1j j:

Given that Dg1ð Þ ¼ x� Dtj j we have

Tw s1;g1; þDg1ð Þ � Tw s1;g1ð Þj j ¼ @Tw=@g1 � xDtð Þj j:

To assess the value @Tw=@g1j j of the top take the distribution TwðgÞ of solutions
body flow problem at x = 0 rad/s. According to the results of calculation of tem-
perature difference between two points on the body surface η = 0 (leeward side)
and η = p (upwind) at time t = 40 s reaches values of 1000 K. We estimate the
value @Tw=@g1j j of the magnitude of 1000/p K/rad 
 318 K/rad. Given that in this
study used the angular rotation rate of 0.436–8.73 rad/s and substituting Dt char-
acteristic time ta to the gas phase, we obtain

@Tw=@g1ð Þ � x taj j 
 0:004K atx ¼ 0:436 rad=s

ð@Tw=@g1Þ � x taj j 
 0:08K atx ¼ 8:73 rad=s:

It is clear from these estimates that the characteristic relaxation time of the gas
phase much shorter than the thermal relaxation the characteristic time of the solid
body on the surface ta � tw; during a change ta in temperature of the surface (the
boundary condition for the gas phase) by the rotational movement is very small
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compared with the surface temperature ðTw 
 2400� 3500KÞ. Consequently, the
flow in the boundary layer in the framework of this can be regarded as
quasi-stationary mathematical formulation of the problem.

It is worth noting that less than x, the weaker pace of change-ture at the surface
due to rotational motion (the characteristic time of change tx � p=x).

Discussion of the numerical solution results. Figures 3.2 and 3.3 present the
surface temperature of a body along the contour as a function of the longitudinal
coordinate �s in sections of the circumferential coordinate η = 0–p for composite
materials: porous steel and carbon-fiber reinforced polymer (Fig. 3.2), permeable
steel and V-1 graphite (Fig. 3.3). Curves 1–4 in Figs. 3.2 and 3.3 correspond to

Fig. 3.2 Surface temperature along the contour as a function of the coordinate in the section
g = 0—p for the porous steel—carbon-fiber-reinforced polymer (CFRP) composite body at time
points t: 1–0, 2–1, 3–5, 4–tz
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time points t: 1–0, 2–1, 3–5, 4–tz (tz = 40 s corresponds to the stationary heating
process of a body).

The solid curves in Figs. 3.2 and 3.3 represent the case without rotation, while
dashed lines are plotted at X = 0.00027 (x = 8.727 rad/s). Figures 3.4, 3.5, 3.6, 3.7
and 3.8 calculations are for t ¼ tz. The curves in Fig. 3.2 correspond to the coolant

gas flow rate ðqvÞð1Þw from (3.1.26) under number 1 in Fig. 3.4 determined at
k = 1.06 from the formula (3.1.27). The surface temperature curves in Fig. 3.3

correspond to ðqvÞð1Þw under number 2 in Fig. 3.4 determined at k = 1.1.
In these cases, we can select the distribution of required pressure in the chamber

ðPLÞ for porous spherically blunted metal portions so that the critical temperature

Fig. 3.3 Surface temperature distribution along the contour at η = 0—p for the permeable steel—
V-1 graphite composite body. The symbols are the same as in Fig. 3.2
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Fig. 3.4 Distribution of the mass flow rate of the coolant gas along the contour on the spherically
blunted portion at t = tz. Curve 1 corresponds to the porous steel—CFRP composite body, 2—to
the permeable steel—V-1 graphite composite body

Fig. 3.5 Surface temperature on the conical portion of the body (CFRP) as a function of the
circumferential coordinate in the section of the longitudinal coordinate �s = 10. Curves 1, 2,…, 5
correspond to rotational speeds of 0, 25, 100, 250, 500°
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Fig. 3.6 Distribution of surface temperature of the conical body (graphite V-1) in the
circumferential coordinate in the cross section �s = 10. Symbols are as in Fig. 3.5

Fig. 3.7 Surface temperature on the conical portion of the body as a function of the rotational
speed in the section �s = 9.08. The solid curves correspond to graphite, the dashed curves to CFRP:
1–1′ are plotted for the maximum surface temperature, 2–2′ for the average temperature, 3–3′ for
the minimum temperature
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(melting point) of the blunted portion is not exceeded throughout the heating area
until tz = 40 s.

As we can see in Figs. 3.2 and 3.3, at x 6¼ 0 (dashed curves), the surface
temperature of the material decreases on the windward side and increases on the
leeward side due to heat migration induced by the body rotation.

The temperature of the inside wall of the spherically blunted portion is of
practical interest. This temperature reaches T1L0 = 300 K at time tz = 40 s. For
carbon-fiber-reinforced polymer, the temperature of the inside wall on the conical
portion does not exceed T2l = 306 K at time tz.

Figures 3.5 and 3.6 present the distribution of the surface temperature across the
circumferential coordinate in the section of the longitudinal coordinate �s = 10
(conical portion) for two materials: porous steel—carbon-fiber-reinforced polymer
(Fig. 3.5), permeable steel is V-1 graphite (Fig. 3.6). Dashed curves—1, dotted
curves—2, dash-dotted curves with one dot—3, dash-dotted curves with two dots—
4, and solid curves—5 correspond to the rotational speeds of 0, 25, 100, 250, and
500°, respectively.

As seen in these Figures, as the rotation parameter grows, the maximum tem-
perature of the body surface falls, while the minimum temperature increases, i.e.,
the temperature difference decreases. At the same time, the maximum and minimum
body surface temperatures migrate toward the direction of rotation.

Based on the input data from Fig. 3.7 shows the effect of rotation on the dif-
ferential temperature on the body surface in the section of the longitudinal coor-
dinate �s = 10. The solid and dashed curves correspond to V-l graphite and
carbon-fiber-reinforced polymer, respectively. Curves 1–1′ represent maximum
surface temperatures, curves 3–3′ are minimum surface temperatures, 2–2′ is

Fig. 3.8 Displacement of the maximum surface temperature in relation to the coordinate η = p as
a function of the rotational speed. The dashed curve corresponds to CFRP, the solid curve to V-1
graphite
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average values surface temperatures. The figures show that the differential tem-
perature decreases with the growth of the rotational speed.

A change in the rotational speed has different effects on the differential tem-
peratures at the surface of graphite and carbon-fiber-reinforced polymer: when the
rotational speed increases from 0 to 25° (0.436 rad/s), the temperature difference
decreases from 1004 to 408 К on graphite and from 765 to 644 К on
carbon-fiber-reinforced polymer. The latter change seems to be associated with heat
migration induced by the fact that thermal conductivity of graphite is much higher
than carbon-fiber-reinforced polymer [15, 33].

With the growth of the rotational speed, it has a weaker effect on the differential
temperatures on the body surface as defined by 1, 3 (graphite) and 1′, 3′

carbon-fiber-reinforced polymer.
When changing the rotational speed of 0–500° (8.727 rad/s), the average surface

temperature �s = 10 in (see the curves 2 and 2′) is increased due to increased heat
transfer to the graphite on 70 K and to the carbon-fiber-reinforced polymer is on
37 K.

Figure 3.8 shows the displacement of the maximum surface temperature in
relation to the circumferential coordinate η = p (windward side) as a function of the
rotational speed. This displacement is determined with an accuracy of a node along
the circumferential coordinateη and defines the asymmetry of the thermal field at
the surface of the thermal-protective material, which results in asymmetry of the
flow around the rotating body in relation to the plane of attack angle. Therefore, it
gives rise to a negative rolling moment that inhibits rotational motion of the body
and a lateral force that deviates the body from a given trajectory. This fact should be
taken into account when choosing an acceptable rotational speed. It can be seen that
at rotational speeds of more than 250° (4.36 rad/s), the displacement is greater for
carbon-fiber-reinforced polymer than for graphite (solid curve).

3.2 Numerical Analysis of Heat and Mass Transfer
Characteristics in Radiative and Convective Heating
of a Spherically Blunted Cone

At the turn of the twenty-first century, studies of pulse exposure to a highly con-
centrated energy flow focus on interaction between laser radiation and emerging
products of decomposition [5, 125–133]. The studies [125–129] show that expo-
sures of composite materials to pulsed radiation are accompanied by both evapo-
ration and ejection of fragments of a solid-phase material (dispersing of a material).
The study [125] demonstrates that the neglect of interaction between ejected
products and the energy flow can lead to errors in determining decomposition
parameters, as shielding can significantly change spatial and temporal characteris-
tics of the flow. For ebonite and graphite targets [128, 129] are exposed to radiation
pulses of moderate intensity 108�1011 W/m2, the screening effect of a laser erosion
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plasma jet is found to play a significant role. It is shown that condensed-phase
particles play a decisive role in screening effects of the laser erosion plasma jet,
namely absorption and scattering of laser radiation. In [128], reflection and scat-
tering losses of the laser erosion plasma jet reach the maximum value at a flow
density of *1010 W/m2, e.g. 50% in case of ebonite.

Mathematical modeling of heat and mass transfer and combustion processes of
composite materials in high-enthalpy flows is discussed in [2, 4, 9, 13]. This paper
presents a numerical analysis of carbon fiber reinforced plastic thermochemical
decomposition when this material is exposed to laser radiation of moderate intensity
q� 
 109W/m2. In this regard, the analytical and numerical results of this phe-
nomenon obtained in [134, 135] should be noted. However, no theoretical studies
of radiative-convective heating of composite materials were found in the available
literature.

In order to describe the carbon fiber reinforced plastic thermochemical decom-
position, this paper uses the equations proposed in [4] and the boundary conditions
taking into account the “mechanical” ablation of the material from [9]. Unlike the
mathematical model [9], the carbon fiber reinforced plastic thermochemical
decomposition mechanism cannot be generally described by the model [4].
Furthermore, the conjugate problem of heating a composite body (see Fig. 3.9)
within the condensed phase and pyrolysis of the composite material of the shell’s
conical portion are taken into account.

At relatively small values of laser energy flux density, where an internal problem
can be analyzed more or less independently of an external problem to describe
surface evaporation kinetics, the so-called thermal model [126] is used. It is based
on a solution of the thermal conductivity equation for areas with a moving phase
interface and the relevant boundary conditions.

Fig. 3.9 Schematic flow
around the body: 1 is porous
spherical blunting, 2 is
conical part of a body from a
composite material
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Problem statement. A nine-component model is considered for a conical part of
a body. Dominant components of this model are all components that account for
five or more percent of the total gas enthalpy hw ¼ P9

i¼1 hiciw at least at isolated
points of a flow. Therefore, in contrast to [2, 13], heterogeneous chemical reactions
presented below are supplemented with a cyanogen formation reaction [5, 136].

We assume that the expression describing attenuation of laser radiation while
passing through a laser erosion plasma jet can be expressed as follows (by analogy
with the Buger-Lambert law [137])

qr ¼ q� exp½�nðqvÞR�; ð3:2:1Þ

where ciw is the mass concentration of the ith component, i = 1, 2, …, 9, h is the
enthalpy, ðqvÞR is the total ablation from the carbon fiber reinforced plastic surface,
q� is the laser energy flux density without blowing out, n is the empirical factor
ðm2 sÞ=kg, which depends on the type of material, optical properties of
dispersed-phase particles and a mix of gaseous products of a thermally decomposed
composite material. Subscripts * and R are attributed to characteristic and total
values, respectively, r—to the radiation heat flow, w—to parameters of the body’s
outer boundary.

The physical meaning of (3.2.1) is evident. The more the total mass rate with
which thermochemical decomposition products are injected into the boundary layer,
the higher the concentration of condensed particles and polyatomic gaseous
decomposition products near a solid surface and the weaker the incident radiant
flow.

Furthermore, in order to calculate parameters of the heating process, we should
also know the temporal structure of a radiation pulse. In the first approximation,
radiation conditions can be described by a step function of time [137]:

WðtÞ ¼ 0; t\t2i�1;
WðtÞ ¼ 1; t2i�1 � t� t2i;
WðtÞ ¼ 0; t[ t2i:

8<
: i ¼ 1; 2; . . .;N; ð3:2:2Þ

The radiation spot is concentrated on the leeward side (see Fig. 3.9) of the
conical portion of a composite material in the region D� ¼ �s1 ��s��s2;ð
g1 �g�g2Þ; �s ¼ s=RN :

Hereinafter, t is the current time, s, η are the components of the natural coor-
dinate system, ti is the fixed time point, RN is the radius of a spherically blunted
portion, �s1 = 3, �s2 = 4.771, g1 ¼ 180�, g2 ¼ 205�. Next, we took three spikes of
laser radiation for numerical calculations: i = 1, 2, 3 in (3.2.2) and t1 = 10.001,
t2 = 10.002, t3 = 10.005, t4 = 10.006, t5 = 10.009, t6 = 10.01 s.

The condensed-phase process at the conical portion of the body is based on the
following physics [2, 4, 9, 13]. Under the influence of a high-temperature flow, the
temperature T2 increases to the resin decomposition temperature. This process is
followed by pyrolysis with the formation of carbon residue (coke), which is retained
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within a reinforcing fiber matrix. At T2w > 1000 K, carbon surface is destroyed by
reaction with dissociated air components. Pyrolysis gases can be filtered to the
interface of media n = 0 blown into the boundary layer and, along with products of
carbon fiber reinforced plastic oxidation, combustion and sublimation as well as
solid-phase particles, and can reduce a radiative and convective heat flow coming to
the body.

We make the following assumptions for the problem statement:

(1) the Reynolds number in the incoming hypersonic air flow is sufficiently high
(Re∞ 
 1), and the boundary layer has formed in the vicinity of the body
surface;

(2) the air at the outer edge of the boundary layer is in thermochemical equilibrium
and composed of five components O, O2, N, N2, NO;

(3) transfer processes in the boundary layer are considered on the basis of sim-
plifying assumptions that diffusion coefficients are equal to each other and
Lewis number (Le) = 1;

(4) in order to calculate the composition at the interface of gas and condensed
phases, we will use the analogy of heat and mass transfer processes [4];

(5) the thermal state of a hemispherical shell in the region 1 (Fig. 3.9) is deter-
mined by solving the transient energy conservation equation for the porous
spherically blunted portion within the framework of a single-temperature model
and the quasi-stationary equation for filtration rate of a coolant gas in pores;

(6) filtered gas in the region 1 is assumed to be uniform and have a molecular mass
of air, while density of the gas phase will be determined from the ideal gas
equation;

(7) the mass flow rate at a normal n to the surface exposed to a flow is significantly
higher than that along s and circumferential η coordinate of this surface;

(8) the following heterogeneous processes take place at the outer surface of the
conical portion at s 	 sA [5, 9, 13, 55, 136]:

1ÞCþO2 ! CO2; 2Þ2CþO2 ! 2CO; 3ÞCþO ! CO;
4ÞCþCO2 ! 2CO; 5ÞCþN ! CN; 6ÞOþOþC ! O2 þC;
7ÞNþNþC ! N2 þC; 8ÞC , C1; 9ÞC , C3:

ð3:2:3Þ

(9) reinforcing filaments of the composite material (carbon fibers) are not melted;
(10) the energy of the laser radiation is absorbed on the surface instantaneously,

i.e., the length of the absorption zone in a solid is small in comparison with the
depth of heating during the period of interest;

(11) the dispersing condition for particles of a filler (carbon) is assumed to be
fulfilled at the maximum density of reinforcing fibers: qc½xðtÞ; t� ¼ qc�;

(12) the dispersing mechanism is associated with ejection of particles, and velocity
of these particles can exceed the filtration rate [9]:
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vsw ¼ �z1ðqvÞ1w=qcw; 0\z1\1:

If serial numbers of components correspond to the following order of enumer-
ation: O; O2; N; N2; CO; CO2; CN;C1;C3, molar rates of chemical reactions
(3.2.3) take the form [9, 13]:

U1 ¼ k1c2wq
ð2Þ
w

m2
exp � E1

RT2w

� �
; U2 ¼ k2c2wq

ð2Þ
w

m2
exp � E2

RT2w

� �
;

U3 ¼ k3c1wq
ð2Þ
w

m1
exp � E3

RT2w

� �
; U4 ¼ k4c6wq

ð2Þ
w

m6
exp � E4

RT2w

� �

U5 ¼ k5c3wq
ð2Þ
w

m3
; U6 ¼ k6c1wq

ð2Þ
w

m1
; U7 ¼ k7c3wq

ð2Þ
w

m3
;

Ui ¼ AciðP�
ci � PciÞ

ð2pRT2wmiÞ0:5
; P�

ci ¼ 105 exp Di � Ei

Tw

� �
;

m�1
w ¼

X9
a¼1

caw
ma

; Pci ¼ Peciwmw

mi
; i ¼ 8; 9:

ð3:2:4Þ

By using (3.2.4), we will find the mass rates of generation (disappearance) of
components as a result of heterogeneous reactions:

R1 ¼ �m1ðU3 þU6Þ; R2 ¼ �m2ðU1 þU2 � U6=2Þ; R3 ¼ �m3ðU5 þU7Þ;
R4 ¼ m4U7=2; R5 ¼ m5ð2U2 þU3 þ 2U4Þ; R6 ¼ m6ðU1 � U4Þ;
R7 ¼ m7U5; Ri ¼ AcimiðP�

ci � PciÞð2pRTwmiÞ0:5 i ¼ 8; 9:

Mass ablation rates can be expressed as [13]:

ðqvÞ2w ¼ u2q
ð2Þ
w

m6

m2
� 1

� �
c2wB1 þ 2

m5

m2
� 1

� �
c2wB2

�

þ m5

m1
� 1

� �
c1wB3 þ 2

m5

m6
� 1

� �
c6wB4 þ m7

m3
� 1

� �
k5c3w

�
;

ðqvÞ3w ¼ u2

X9
i¼8

miAciðP�
ci � PciÞ

ð2pRT2wmiÞ0;5
; Bi ¼ ki exp �Ei=RT2wð Þ; i ¼ 1; 4;

ðqvÞð2Þw ¼
X3
i¼1

ðqvÞiw; ðqvÞR ¼ ðqvÞð2Þw þ z1ðqvÞ1w:

ð3:2:5Þ

The seventh and ninth assumptions are justified in [2] and [136], respectively.
C is the designation of solid carbon, which is contained in the thermal-protective
coating. There are five components in the boundary layer: O; O2; N; N2;NO,
which are involved in three equilibrium chemical reactions: O2 $ 2O; N2 $ 2N,
NO $ NþO. There are five components at the interface of condensed and gas
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phases: CO; CO2;CN;C1;C3, which are generated by seven heterogeneous reac-
tions of combustion and sublimation (3.2.3). Two catalytic recombination reactions
of the components O2; N2 are taken into account here [55]. We neglect argon in the
boundary layer and the sublimation component C2 at the surface of the cone, since,
according to [5, 136], their values in the considered temperature range are less than
1 and 5%, respectively.

Subject to the assumptions (5)–(7) for the porous spherical shell 0\s\sA, in
case of one-dimensional filtration of the gas injected toward the normal to the
surface in the coordinate system tied to the symmetry axis of the body, we have
[2, 9, 13]:

@½ðqvÞð1Þu1r1F1�
@n

¼ 0; ð3:2:6Þ

ðqcpÞ1ð1� u1Þ
@T1
@t

¼ 1
r1F1

@

@n
r1F1k1ð1� u1Þ

@T1
@n

� ��

þ @

@s
r1k1
F1

ð1� u1Þ
@T1
@s

� �
þ @

@g
F1k1
r1

1� u1ð Þ @T1
@g

� ��
þ cð1Þpg qvð Þð1Þw

r1w
r1F1

@T1
@n

;

ð3:2:7Þ

Al1v
ð1Þ þBu1q

ð1Þvð1Þ vð1Þ
�� �� ¼ � @P

@n
; ð3:2:8Þ

P ¼ qð1ÞRT1
M

; F1 ¼ RN � n
RN

; ð3:2:9Þ

r1 ¼ ðRN � nÞ sinð�sÞ; l1 �
ffiffiffiffiffi
T1

p
; k1 �

ffiffiffiffiffi
T1

p
; u1 ¼ const:

For the conical portion of the body ðsA\s\skÞ, the mass and energy conser-
vation equations in the movable coordinate system can be written on the basis of the
mathematical models proposed in region 2 and 3 on a Fig. 3.9 recording [4, 9]:

qccp2
@T2
@t

� w
@T2
@n

� �
þ cð2Þpg G

@T2
@n

¼ @

@n
k2

@T2
@n

� �

þ @

@s
k2

@T2
@s

� �
þ 1

r22

@

@g
k2

@T2
@g

� �
� Qc

dqc
dt

;

ð3:2:10Þ

dqc
dt

¼ @qc
@t

� w
@qc
@n

� �

¼ �kcqc0
qc�qc�
qc0


 �
exp � Ec

RT2


 �
; qc [ qc�;

0; qc � qc�;

( ð3:2:11Þ
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cðiÞpg ¼ b1 þ b2Ti; i ¼ 1; 2; r2 ¼ RN � nð Þ cos hþ s� sAð Þ sin h;

G ¼
Z l

0

dqc
dt

dn; w ¼
X3
i¼2

ðqvÞiw þ z1ðqvÞ1w
" #

=qcw; ðqvÞ1w ¼ Gw;

and for graphite V-1 at i = 2 in region 2 and substrate from asbestos cement in
region 3 at i = 3 we obtain

qicpi
@Ti
@t

� w
@Ti
@n

� �
¼ @

@n
ki
@Ti
@n

� �

þ @

@s
ki
@Ti
@s

� �
þ 1

r22

@

@g
ki
@Ti
@g

� �
; i ¼ 2; 3:

ð3:2:12Þ

In order to determine the temperature of dispersed-phase particles, [9] we use
Ts
2w ¼ T2ðt � t�Þ, where t� is the time to reach the maximum density qc�. This

formula corresponds to the case where the detachment time t� was not sufficient for
a particle to exchange energy with the ambient gas medium, and the particle
maintained the same temperature as it had at the beginning of the detachment.

The system of Eqs. (3.2.6)–(3.2.8), (3.2.10)–(3.2.12) needs to be solved with
regard to the initial and boundary conditions:

Initial conditions:

Tijt¼0¼ T0; i ¼ 1; 2; 3; qc t¼0j ¼ qc0: ð3:2:13Þ

Boundary conditions.
At the external shell surface exposed to a flow ðn ¼ 0Þ, the conditions [2, 13]

take place at 0�g\2p

q1w � ð1� u1Þe1rT4
1w ¼ �k1 1� u1ð Þð@T1=@nÞjw; ð3:2:14Þ

QR ¼ �k2 @T2=@nð Þjw;
QR ¼ Qw; t\t2i�1; t[ t2i; i ¼ 1; 2; 3;

QR ¼ Qw þWqr; t2i�1 � t� t2i;

ð3:2:15Þ

Qw ¼ q2w � hw � hcð Þ
X3
i¼2

qvð Þiw�z1 qvð Þ1w hsw � hc
� 


� qvð Þ1w hw � hg
� 
� u2e2rT4

2w;

ð3:2:16Þ

q1w ¼ a1ðhe0 � HwÞ; q2w ¼ a2ðhe0 � hwÞ; hsw ¼ cp2T
s
2w;

hg ¼
ZT2
0

cð2Þpg dT2; Hw ¼ T1wb1 þ b2T
2
1w=2:

ð3:2:17Þ
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The internal surface of the hemisphere DE and the conical portion of the body
DC is subject to the following relations [2]:

k1 1� u1ð Þ@T1=@njn¼L0¼ d T1;L0 � T0
� 


; 0� s\sA; ð3:2:18Þ

qc n¼lj ¼ qc0; k3ð@T3=@nÞjn¼l¼ 0; sA � s� sk: ð3:2:19Þ

The perfect contact conditions are used at the sphere-cone interface ring AD at
s ¼ sA and on the line EF at n ¼ n�:

k1 1� u1ð Þ
F1

@T1
@s

����
s¼sA�0

¼ ki
@Ti
@s

����
s¼sA þ 0

; ð3:2:20Þ

T1js¼sA�0¼ Tijs¼sA þ 0; i ¼ 2; 3

k2
@T2
@n

����
n¼n��0

¼ k3
@T3
@n

����
n¼n� þ 0

; T2jn¼n��0¼ T3jn¼n� þ 0; ð3:2:21Þ

In the conical portion BC: s ¼ sk, an adiabatic condition is used:

ð@Ti=@sÞ s¼skj ¼ 0; i ¼ 2; 3: ð3:2:22Þ

Pressures in pores and the environment are equal to each other on external and
internal surfaces of the spherically blunted area.

Pwjn¼0¼ Peðs;gÞ; Pjn¼L0¼ PL0 : ð3:2:23Þ

When the flow does not have a plane of symmetry, periodicity conditions are
fulfilled:

Tiðt; n; s;gÞ ¼ Tiðt; n; s;gþ 2pÞ; i ¼ 1; 2; 3 ð3:2:24Þ

where

l ¼ L0 � xðtÞ; xðtÞ ¼
Z t

0

w ds:

Hereinafter, A and B are the viscosity and inertial coefficients in the nonlinear

Darcy law (3.2.8); r1w; ri; i ¼ 1; 2; F1 are the Lame coefficients; qvð Þð1Þw is the
flow rate of coolant gas from the spherically blunted surface; G is the mass flow rate

of gaseous carbon fiber reinforced plastic decomposition products; qvð Þð2Þw is the
total ablation from the carbon surface of the conical portion without regard to
dispersion; q is the density; qcw is the mass velocity of the destructed surface;
Qcdqc=dt is the heat absorbed as a result of carbon fiber reinforced plastic pyrolysis
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reaction; u1 is the porosity of the spherically blunted surface; M is the molecular
mass; V is the velocity; u2 is the percentage of the frame of the conical portion; M1
is the Mach number; H1 is the flight altitude of the body; L0 is the initial thickness
of the shell; h is the taper angle; b is the angle of attack; n is the normal to the
surface toward the inside of the shell; w is the linear velocity of the destructed
surface; xðtÞ is the interface between gas and condensed phases (burn-up depth);
Ei; ki, i = 1, …, 4 are, respectively, the activation energy and the pre-exponential
factor of the ith heterogeneous reaction on the shell of the conical portion; kc, Ec

and Qc are, respectively, the pre-exponential factor, the activation energy and the
thermal effect of the pyrolysis reaction.

The subscripts e and e0 correspond to the values at the outer edge of the
boundary layer and in the outer edge at the stagnation point of the body, respec-
tively; subscripts 1, 2, 3—to the characteristics in the sphere, and in the cone in
regions 2 and 3, either to carbon fiber reinforced plastic or B-1 graphite or in the
region 2—graphite and in the region 3—asbestos cement; g—to the gas phase on
spherical and conical portions of the body,—to the values of the incoming gas flow
at infinity; lam, tur, 0—to the characteristics of laminar, turbulent transfer, and the
initial conditions, respectively; L—to the internal shell of the spherical portion; k—
to the peripheral region of the shell. The superscripts (1) and (2) correspond to the
characteristics of the gas phase on the sphere and cone of the body, respectively; the
overline—to non-dimensional parameters; z—to the end time of thermal exposure;
ef—to the effective value; c—to carbon fiber reinforced plastic; *—to the charac-
teristic quantity, m—to the maximum value.

Let us write the balance relationships for mass concentrations of components
ðciwÞ using Fick’s law for diffusion flows, as well the analogy of heat and mass
transfer processes [4, 9]:

Jiw þ qvð Þð2Þw ciw ¼ Riw; i ¼ 1; 9; Jiw ¼ bi ciw � cieð Þ; bi ¼ a=cp;

where a=cp and bi are the heat and mass transfer coefficients, respectively.
Decomposition products are considered to weakly dilute the air mixture in the
boundary layer. This assumption makes it possible to use the setting accepted above
for the equations in the boundary layer.

In order to define a heat flow from the gas phase qw, we can use the formulas
presented in [138] for a spatial case under laminar and turbulent flow conditions in
the boundary layer. For attenuating the heat flow with injected coolant gas that has
the same composition as the incoming air flow, we will use the formulas from [11].
Under laminar flow conditions in the boundary layer [2, 4, 138], we obtain the
following results for the porous spherical portion in the coordinate system tied to
the stagnation point:

q1w ¼ a1 exp½�0:6ðqvÞð1Þw =a1�ðhe0 � HwÞ; alam ¼ 1:05V1:08
1

� ðq1=RNÞ0:5 � 0:55 þ 0:45cosð2~sÞ½ �;
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~s ¼ arccosðcos �s cos bþ sin�s sin b cosgÞ;
he0 ¼ V2

1=2þ h1; a1 ¼ alam; 01 �~s�~s�:
ð3:2:25Þ

For turbulent flow conditions in the boundary layer [2, 138], we have:

q1w ¼ a1 exp½�0:37ðqvÞð1Þw =a1� ðhe0 � HwÞ;

atur ¼ 16:4V1:25
1 q0:81

R0:2
N ð1þHw=he0Þ2=3

� 3:75sin~s� 3:5 sin2 ~s
� 


;

a1 ¼ atur; ~s�\~s\~sA;

ð3:2:26Þ

where ~s� are coordinates of the instability point in the coordinate system referenced
to the stagnation point.

In order to estimate the effect of injection on the heat flow in the curtain zone, we
can use the findings from [139] and the formulas from [96] based on the processed
high-accuracy numerical calculations for the boundary layer and the viscous shock
layer

q2w ¼ a2 1� k1b
k2

� 

he0 � hwð Þ;

a2 ¼ aw exp �0:37ðqvÞð2Þw =aw
h i

;
ð3:2:27Þ

aw ¼ 16:4V1:25
1 q0:81

R0:2
N ð1þ hw=he0Þ2=3

;
2:2�pðue=vmÞ

10;4�r0:22
; �r2 ¼ cos hþð�s� �sAÞ sin h;

�p ¼ Pe=Pe0; ue=vm ¼ ð1� �pvÞ0:5; 1 ¼ ðcef � 1þ 2=M2
1Þ=ðcef þ 1Þ;

~sA �~s�~sB; v ¼ cef � 1
� 


=cef :

According to the law defining the flow rate of the coolant gas:

qvð Þw ~sð Þ ¼ ðqvÞw 01ð Þ 1þ a sin2 ~s
� 


;

we have:

b ¼ 2ðqvÞwð01Þ 1� cos~sA þ a 2=3� cos~sA þ 1=3 cos3 ~sA½ �� �
awð�s� �sAÞ 2 cos hþ ð�s� �sAÞ sin h½ � ; ð3:2:28Þ

cos~sA ¼ cos�sA cos bþ sin�sA sinb cosg; �sA ¼ p=2� h:

Calculation procedure, tests and initial data. The boundary problems (3.2.6)–
(3.2.8), (3.2.10)–(3.2.12), (3.2.13)–(3.2.15), (3.2.18)–(3.2.24) were solved numer-
ically by locally one-dimensional splitting method [82]. We used the implicit,
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totally stable monotonic difference scheme with total approximation error O(s +
H2

g + H2
n þH2

s ), where Hn is the spatial step along the coordinate n, Hs is the spatial
step along the coordinate s, Hg is the spatial step along the coordinate g, s is the
time step. A sequence of spatially condensing grids was used for testing the
numerical calculation algorithm. h1 ¼ hn = 5�10�4 m, h2 ¼ hs1 = 8.75�10�2 (at
the sphere), h3 ¼ hs2 = 8.55�10�2 (at the cone), h4 ¼ hg = 0.087, with
H1;i ¼ 2� hi, H2;i ¼ hi, H3;i ¼ hi=2, H4;i ¼ hi=4, i = 1, 2, 3, 4. The temperature of
the frame was recorded across the depth of the body at different time points. In all
cases, the problem was solved with the variable time step chosen on the assumption
that the prescribed accuracy was equal for all spatial steps. The difference in the
relative temperature error decreased and, by t = tz reached D1 = 9.3%, D2 = 5.2%,
D3 = 2.4%. The calculation results presented below were obtained for spatial steps
H3;i ¼ hi=2, i = 1, 2, 3, 4.

The quasi-stationary equation of continuity (3.2.6) qvð Þð1Þw r1w= F1r1ð Þ ¼
�qð1Þu1v

ð1Þ (the negative sign is explained by the fact that the normal coordinate n
is directed deep into the body (see Fig. 3.9), and the coolant flows in the opposite
direction) can be integrated with the first equation (3.2.9), the nonlinear Darcy law
(3.2.8) and the boundary conditions (3.2.23) in order to find the gas flow rate and
the pressure in the region 1 [2]:

ðqvÞð1Þw ðs;g; tÞ ¼
2BðP2

L0 � P2
wÞu1MDL0=RþE2

L0

h i 0:5
�EL0

2BDL0
; ð3:2:29Þ

Pðn; s;g; tÞ ¼ P2
w þ 2RðqvÞð1Þw BðqvÞð1Þw DþE

h i
=M u1

n o0:5
;

where Dðn; s;g; tÞ ¼ R n
0 T1

r1w
r1F1


 �2
dy; Eðn; s;g; tÞ ¼ A

R n
0 l T1

r1w
r1F1

dy:

The pressure on the inside “cold” surface of the spherical shell ðn ¼ L0Þ is given
by

PL0 ¼ kPe0;

where k is a certain constant. This ensured a necessary flow rate of the coolant (in
particular, the melting temperature of the porous metal frame was not reached [4])
in the thermal exposure area from t = 0 to t = tz (tz = 12 s corresponds to the end
time of thermal exposure).

The flow of chemical-equilibrium air at an angle of attack b ¼ 5� around the
spherically blunted cone with a one-half angle h ¼ 10� was calculated for the fol-
lowing conditions: Te0 = 6739 K, Pe0 = 13.59 � 105 N/m2, V1 ¼ 5:5� 103 m/s,
H1 = 2.4�104 m, RN = 0.2 m, L0 = 0.01 m. The kinetic constants (3.2.4) of the
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reactions (3.2.3) were taken from [9, 140]. The enthalpy of graphite hc was calculated
by formula [58]. The effective adiabatic exponent cef in the latter formula (3.2.27) and
dimensionless pressure �p ¼ Pe=Pe0 were determined according to [115]. Enthalpies
hi; i ¼ 1; 9 and heat capacities of the components involved in the chemical reactions
were derived from [141].

Thermal characteristics of the porous blunted portion correspond to porous
copper: e1 ¼ 0:8, k1 = 2.92 + 4.5 � 10�3 � T1 W/(m K), q1cp1 = (1252 +
0.544 � T1) � 103 J/(K m3), A = 2.3 � 1011 1/m2 , B = 5.7 � 105 1/m [30].
Thermal characteristics of the conical portion correspond to carbon fiber reinforced
plastic [2], or V-1 graphite [124] and asbestos cement [83].

k2 ¼ 3:2� 10�4qc; 293 � T2600K;

k2 ¼ 3:2� 10�4qc þ 2:1� 10�3ðT2 � 600Þ; 600� T2 � 1400K,

cp2 ¼ 950þ 0:7364ðT2 � 293Þ; T2 � 1400K;

k2 ¼ 1:7þ 0:021� T0:5
2 ; cp2 ¼ 1236þ 13:4 � T0:5

2 ; T2 [ 1400K:

The results presented below were obtained at u1 = 0.34, u2 = 0.9, T0 = 293 K,
M1 ¼ 18, q1 ¼ 4:75� 10�3 (c2�kg)/m4, d = 100 W/(m2 K), M = 29 kg/kmol,
r = 5.67 � 10�8 W/(m2 K4), e2 ¼ 0:9, qc0 = 1400 kg/m3, qc� = 1300 kg/m3,
q� = 109 W/ m2, R = 8.314 J/(mole K), kc = 3.15 � 106 s−1, Ec = 8.38 � 104 J/
mole, Qc = 1.26 � 106 J/kg, n = 1 (m2 s)/kg, m1 ¼ 16 kg/kmol, m2 ¼ 32 kg/kmol,
m3 ¼ 14 kg/kmol, m4 ¼ 28 kg/kmol, m5 ¼ 28 kg/kmol, m6 ¼ 44 kg/kmol, m7 ¼
26 kg/kmol, m8 ¼ 12 kg/kmol, m9 ¼ 36 kg/kmol, q3 ¼ 1800 kg/m3, cp3 ¼ 837 J/
(kg K), k3 ¼ 0:349 W/(m K) z1 = 1, b1 ¼ 965:5; b2 ¼ 0:147, a = 1, k = 1.3,
k1 ¼ 0:285; k2 ¼ 0:165.
Discussion of the numerical solution. Figure 3.10a presents the convective

heat flow q2w from the gas phase (1) and the surface enthalpy hw (2) as a function of
time. Figure 3.10b shows profiles of CFRP surface temperature (1) and the total
heat flow to the condensed phase (2) in the fixed section ð�s1 ¼ 3; g1 ¼ 180�Þ of the
blunted cone in the curtain zone as a function of time. The solid curves correspond
to the characteristics of carbon fiber reinforced plastic, and the dashed curves
correspond to the parameters of graphite V-1 without a substrate.

Dependences for the mass concentration of components (solid curves) and
ablation (dashed curves) on the surface of carbon fiber are shown in Fig. 3.11a.
Similar dependences for the concentrations of components and ablation are given
on the graphite surface in Fig. 3.11b. It is seen that when the high-enthalpy flow is
applied, the surface temperature T2w increases, carbon monoxide c5w [13] appears,
and ablation occurs ðqvÞR. When the first radiation pulse is turned on t[ t1, the
surface temperature increases (Fig. 3.11b), and the concentration of cyanide c7w
begins to increase (see Fig. 3.11) and a subliming component c9w appears (see
Fig. 3.11).
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Fig. 3.10 Dependence of the convective heat flux from the gas phase (1) and the enthalpy of the
surface (2) in a fixed section of the conical part of the body versus time (a). Dependence of the
temperature of the surface (1) and the total heat flux in the condensed phase (2) in a fixed section
on time (b). The solid curves correspond to carbon plastic, dashed is graphite V-1 without a
substrate
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At the same time, the value of the convective flow q2w decreases (see line 1 in
Fig. 3.10a), since T2w and the enthalpy hw increases (line 2 in Fig. 3.10a) due to the
growth of components c7w and c9w (see Fig. 3.11). In addition, q2w is weakening
according to the formula (3.2.27), since products of carbon fiber reinforced plastic
thermochemical.

Note that the radiant flux qr (3.2.1) and the total heat flux QR (3.2.15) into the
condensed phase (Fig. 3.10b) also decrease. Then, over time, the value ðqvÞR falls
for carbon fiber reinforced plastic due to the screening effect of the coked layer [2,
9], the thickness of which increases with the progress of the carbon fiber reinforced
plastic [13]. After termination of radiant heating ðt[ t2Þ, T2w decreases, since the
body is exposed to a relatively “cold” (as compared to the surface temperature)

Fig. 3.11 Dependence of the mass concentration of components (solid line) and the total mass ash
(dashed curve) in the fixed section from a time. Figure 3.11, a corresponds to the characteristics of
CFRP, and Fig. 3.11, b—parameters of graphite V-1 without a substrate
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convective heat flow from the gas phase (Fig. 3.10a). This in turn leads to a slowing
down of the pyrolysis of carbon fiber and to a decrease ðqvÞR (see the dashed curve
in Fig. 3.11).

After the exposure to the next laser spikes ti; i ¼ 2; 3, the distribution pattern of
the heat and mass transfer characteristics listed above is repeated. However, when
the body is preheated, the surface temperature in the action zone of the second laser
radiation pulse is higher than that in the first spike. Therefore, the magnitude ðqvÞR
of the second and third pulsed loading in the radiant warm-up section is determined
by sublimation of the carbon surface of the body (see solid curves c9w on Fig. 3.11
for t3 � t� t6). The latter factor leads to attenuation of the radiation pulse according
to the formula (3.2.1) and is associated with the fact that the radiant component is
shielded with both products of heterogeneous chemical reactions and
dispersed-phase particles. As a result, QR Fig. (3.11b) decreases due to the heat
removed during repeated radiation and sublimation of the carbon fiber reinforced
plastic surface. In the absence of radiation heating: t[ t6 the material in the conical
portion D� ¼ �s1 ��s��s2;g1 �g�g2ð Þ) of the body is heated with the total heat
flow Qw from (3.2.16), the value of which is two orders of magnitude lower than
QR for t� t6 and, therefore, not shown (Fig. 3.10b) at t[ t6.

Since Qw falls, the carbon fiber reinforced plastic heating process slows down,
while the surface temperature decreases until the end of thermal exposure. As
expected, ðqvÞR in this period is largely determined by components ðqvÞ1w, ðqvÞ2w
from (3.2.5), (3.2.12), and while the total heat flow Qw is determined by the heating
component attributed to dispersing and pyrolysis of the composite material.

Figures 3.12, 3.13 and 3.14 show the surface temperature T1w; T2w(the solid
curves correspond to the characteristics of CFRP, the dashed curves correspond to
graphite), ablation from the conical portion ðqvÞR (3.2.5), the spherically blunted

portion (solid lines 5) ðqvÞð1Þw (3.2.29), and the convective heat flow q1w; q2w in the
symmetry plane of the flow (3.2.25), (3.2.26), (3.2.27) and (3.2.28) (η = 0–180�) in
windward and leeward sides as a function of the longitudinal coordinate �s. Lines 1–
4 in Figs. 3.12, 3.13, and 3.14 correspond to times t: 1–5, 2–10.002, 3–10.01, 4–
12 s. At the same time points on Figs. 3.15 and 3.16 present distributions of the
surface temperature T2w and total ablation ðqvÞR from the conical portion as a
function of the circumferential coordinate η for �s1 = 3. As it is seen from Figs. 3.12
and 3.15, the maximum surface temperature of the body is recorded on the leeward
side of the cone D�, in the spot exposed to laser radiation. In the same region D� on
the leeward side of the cone, there is maximum ablation from the surface (see
Figs. 3.13 and 3.16), which can shield (attenuate) the radiant heat flow according to
the formula (3.2.1).

According to analyzed heat and mass transfer characteristics of a steel spherical
shell (Figs. 3.12, 3.13, and 3.14), the prescribed injection of coolant gas (5 curve
line in Fig. 3.13) ensures that the critical temperature of the blunted portion will not
exceed T� = 1600 K [8] until t ¼ tz due to attenuation of the heat flow as per
(3.2.25) and (3.2.26). Moreover, the heat is absorbed when gas is filtered into pores
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of the permeable spherically blunted portion. The maximum surface temperature on
the porous sphere corresponds to the maximum heat flow from the gas phase.

For practical purposes, the value of the internal wall temperature of the spherical
blunting, which for the permeable steel was T1L0 = 293 K at L0 = 0.01 m at the
moment t ¼ tz. On the conic part of the body in cross section: �s1 ¼ 3; g ¼ 180� the

Fig. 3.12 Distribution of surface temperature in the plane of symmetry of the flow (η = 0–180°)
on the windward and leeward side of the body on the longitudinal coordinate. Curves correspond
1–6 moments of time t: 1–5, 2–10.002, 3–10.01, 4–12 s. The solid curves correspond to the
characteristics of CFRP, and the dashed curves correspond to the parameters of graphite V-1
without a substrate
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internal wall temperature for carbon fiber reinforced plastic has not exceeded
T2l = 293 K, and for graphite without substrate at L0 = 0.01 m we have
T2l = 1730 K at the moment t ¼ tz. For graphite with a substrate of asbestos cement
(0.0025 m thick) at L0 = 0.01 m, we obtain T2l = 896 K, and at substrate thickness
0.005 m we have T2l = 352 K.

The last result for graphite V-1 (the thermal conductivity of graphite V-1 is 25–
30 times higher than the thermal conductivity carbon fiber reinforced plastic, their
specific heat capacities differ by one and a half times [2, 124] in the considered

Fig. 3.13 Distribution of mass on the surface of the spherical ablation blunt cone in the plane of
η = 0–180° on the longitudinal coordinate on the windward and leeward side of the body. The
notation is the same as in Fig. 3.12
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temperature range) shows that to reduce the internal wall temperature it is necessary
to use a composite material on the conical part of the body.

Neither that decreases twice in the formula for attenuated radiant component
(3.2.1) at z1 ¼ 1, nor z1 that increases twice in the latter equation (3.2.5) at n = 1
significantly inhibits the carbon fiber reinforced plastic heating process and leads to
qualitative changes in the solution to the problem. At the same time, at qr ¼ q�
(n = 0, z1 ¼ 1), the carbon fiber reinforced plastic surface temperature in the second

Fig. 3.14 Distribution convective heat flux distribution in the plane of η = 0–180o longitudinal
position. The notation is the same as in Fig. 3.12
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t	 t4 and third laser spikes will reach the maximum temperature T2w: 4694–
4703 K. This will lead to a higher heating rate of the composite material and more
significant ablation of the material from the carbon fiber reinforced plastic surface
(more than 22 times). It is obvious that such high values of heat mass and transfer
characteristics cannot be implemented in practice due to mechanical carbon fiber
reinforced plastic ablation and attenuation of the incident radiant flow with products
of thermochemical decomposition.

Fig. 3.15 Dependence temperature sectional surface �s1 = 3 on the cone from the circumferential
coordinate. The notation is the same as in Fig. 3.12
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The absence of convective heat in the total heat flow in action zones of the
second and third laser spikes ðt3 � t� t6Þ does not change heat and mass transfer
characteristics presented in Figs. 3.10, 3.11, 3.12, 3.13, 3.14, 3.15 and 3.16. The
fact is that, at the time of radiation spikes, (W = 1) qr is more than an order of
magnitude higher than q2w, while, at W = 0, QR derived from (3.2.16) is largely
determined by ablation of energy due to carbon fiber reinforced plastic thermo-
chemical decomposition.

Fig. 3.16 Dependence of the total mass of ablation from the surface of carbon fiber for �s1 = 3
from the circumferential coordinate. The notation is the same as in Fig. 3.12
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It should be noted that the formulas for densities of convective and diffusion
flows q2w and Jiw lose their physical meaning during strong thermochemical
decomposition, as these formulas are based on concepts and methods of the theory
of boundary layer, which is pushed away by strong injection of decomposition
products. However, the limited nature of the formula for q2w has almost no effect on
the numerical results, since the value of the total heat flow QR during the exposure
to radiation is largely determined by the radiant component. This conclusion agrees
well with mathematical experimental data at q2w = 0 presented above.

3.3 Conclusion

1. Vibrations of composite materials may stimulate interphase heat exchange
between the binder and the filler, with additional vibration “transport” of heat
into the depth of the material. This process is accompanied by earlier decom-
position of the binder and filtration of gasification products through pores of the
external surface. As a result, the temperature of the wall decreases. Due to the
optimal choice of amplitude, vibration frequency and weight content of the
binder, it is possible to regulate heat loads on composite materials and to control
thermochemical destruction.

2. Based on the tested results [2, 49, 63, 65], the problem of the effect of surface
roughness and ablation of coal-plastic thermochemical destruction products on
heat transfer in thermal-protective materials was refined. Ablation through the
rough surface, differently affects the rate of heat transfer in thermal-protective
materials. The numerically calculated data were compared with the known data.

3. Based on the experimental [76, 77] and tested theoretical results [78, 80], a
mathematical model for thermochemical destruction of the multilayer
thermal-protective material was refined. By taking into account the flow across
the body, the state of protected structures under fire conditions could be pre-
dicted more accurately. The lining layer made of intumescent materials is found
to provide more reliable fire protection for the composite body. When the third
layer (intumescent fire-retardant coating) in the multilayer structure is taken into
account, there is less probability that the protected porous steel layer will be
destroyed for a limited time of fire exposure (t� 20 min). This conclusion is
consistent with the known data [80].

4. The mathematical model was developed to identify data of the experiment in
transpiration cooling systems from permeable metals. Increasing thermal con-
ductivity is found to decrease the temperature of the thermal-protective material,
while increasing porosity results in more uniform distribution of the coolant
over the surface and, therefore, a reduction of heat loads on the protected
structure. The findings were proved to be consistent with the experimental data
[2, 44] both in quantitative and qualitative terms.
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5. Transpiration cooling systems are found to be sensitive to pulsations of injected
gas and wall vibrations. Such sensitivity is explained by additional normal and
tangential friction stresses arising when a coolant gas is filtered through pores,
as well as by additional heat transfer into the depth of the porous wall. This
makes it possible to regulate and control hydrodynamical and heat parameters of
such systems to improve heat resistance, intensity of internal heat transfer, gas
permeability of porous materials, and thermal protection effectiveness of tran-
spiration cooling systems.

6. Based on laboratory experiment, a mathematical model was developed to cal-
culate heat and mass transfer parameters in two-phase transpiration cooling
systems with and without low-energy perturbations. Without low periodic
perturbations, phase transition of a liquid in porous materials causes unstable
cooling processes and wall temperature fluctuations. The latter factor must be
adequately taken into account in the mathematical statement of the problem.

7. The conjugate formulation of the problem allows to consider the impact of
non-isothermal shell wall on the characteristics of heat and mass transfer in the
boundary layer.
Investigated of rotation effects on parameters conjugate heat and mass exchange
with a high-enthalpy flow around a spherically blunted cone at an angle of attack
and ablation from the surface. The effects of rotational motion of a body on heat
migration to a thermal-protective coating have been analyzed. It has been shown
that the choice of thermal-protective material and optimal rotational speed
makes it possible to control heat and mass transfer conditions when a body is
moving at hypersonic speed.

8. Gaseous products of pyrolysis and condensed-phase particles are found to play a
decisive role in shielding the body from laser radiation with carbon
fiber-reinforced plastic decomposition products at the initial stage of its expo-
sure to radiation. In case of repeated pulse loading, shielding for T2w > 3800 K
can be implemented mainly with carbon vapors and solid-phase particles.
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Conclusion

1. Vibrations of composite materials may stimulate interphase heat exchange
between the binder and the filler, with additional vibration “transport” of heat
into the depth of the material. This process is accompanied by earlier decom-
position of the binder and filtration of gasification products through pores of the
external surface. As a result, the temperature of the wall decreases. Due to
the optimal choice of amplitude, vibration frequency and weight content of the
binder, it is possible to regulate heat loads on composite materials and to control
thermochemical destruction.

2. Based on the tested results [2, 49, 63, 65], the problem of the effect of surface
roughness and ablation of coal-plastic thermochemical destruction products on
heat transfer in thermal protective materials was refined. Ablation through the
rough surface, differently affects the rate of heat transfer in thermal protective
materials. The numerically calculated data were compared with the known data.

3. Based on the experimental [76, 77] and tested theoretical results [78, 80], a
mathematical model for thermochemical destruction of the multilayer thermal
protective material was refined. By taking into account the flow across the body,
the state of protected structures under fire conditions could be predicted more
accurately. The lining layer made of intumescent materials is found to provide
more reliable fire protection for the composite body. When the third layer
(intumescent fire-retardant coating) in the multilayer structure is taken into
account, there is less probability that the protected porous steel layer will be
destroyed for a limited time of fire exposure (t � 20 min). This conclusion is
consistent with the known data [80].

4. The mathematical model was developed to identify data of the experiment in
transpiration cooling systems from permeable metals. Increasing thermal con-
ductivity is found to decrease the temperature of the thermal protective material,
while increasing porosity results in more uniform distribution of the coolant
over the surface and, therefore, a reduction of heat loads on the protected
structure. The findings were proved to be consistent with the experimental data
[2, 44] both in quantitative and qualitative terms.

5. Transpiration cooling systems are found to be sensitive to pulsations of injected
gas and wall vibrations. Such sensitivity is explained by additional normal and
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tangential friction stresses arising when a coolant gas is filtered through pores,
as well as by additional heat transfer into the depth of the porous wall. This
makes it possible to regulate and control hydrodynamical and heat parameters of
such systems to improve heat resistance, intensity of internal heat transfer, gas
permeability of porous materials, and thermal protection effectiveness of tran-
spiration cooling systems.

6. Based on laboratory experiment, a mathematical model was developed to cal-
culate heat and mass transfer parameters in two-phase transpiration cooling
systems with and without low-energy perturbations. Without low periodic
perturbations, phase transition of a liquid in porous materials causes unstable
cooling processes and wall temperature fluctuations. The latter factor must be
adequately taken into account in the mathematical statement of the problem.

7. The conjugate formulation of the problem allows to consider the impact of
non-isothermal shell wall on the characteristics of heat and mass transfer in the
boundary layer.

Investigated of rotation effects on parameters conjugate heat and mass
exchange with a high-enthalpy flow around a spherically blunted cone at an
angle of attack and ablation from the surface. The effects of rotational motion of
a body on heat migration to a thermal protective coating have been analyzed. It
has been shown that the choice of thermal protective material and optimal
rotational speed makes it possible to control heat and mass transfer conditions
when a body is moving at hypersonic speed.

8. Gaseous products of pyrolysis and condensed-phase particles are found to play a
decisive role in shielding the body from laser radiation with carbon
fiber-reinforced plastic decomposition products at the initial stage of its expo-
sure to radiation. In case of repeated pulse loading, shielding for T2w > 3800 K
can be implemented mainly with carbon vapors and solid-phase particles.
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