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Abstract. For carrying out the high-technological processes in heat power installations the fragile 
capillary-porous coatings up to a limiting condition of heat exchange surface were researched. The 
coatings made of metallic materials (copper and stainless steel) and of natural mineral media (quartz, 
granite and teschenit) were studied. A model of the nucleation of steam bubbles in the cells of the porous 
coatings was developed during vaporization of coolant from their explosive emergence, taking into 
account the development of the "dry" spots before the damage; also the dynamic angle was defined in the 
range of (74÷80) degrees. The limiting state of the medium according to the model of the bubbles is 
studied when solving the problem of thermal elasticity. During the destruction of the coating caused by 
only a compression a number of curves corresponding to a definite thickness of the coming-off coating 
particle were obtained. Intervals of the specific heat fluxes coming to steam bubbles are established. In 
these intervals there is a destruction of a porous coating and metal surfaces at the joint action of capillary 
and gravity potentials. 

1 Introduction 
Carrying out high-heat-stressed processes is bound to 
emergence of the limiting state (before the damage) of 
the heated surface. In one case, the targeted destruction 
of material is made, for example, by means of flame-jet 
burners of rocket type [1,2] from nozzles of which 
supersonic high-temperature streams expire, and in the 
other, it requires a cooling system of the nozzles 
themselves and the combustion chambers in order to 
avoid burnout and damage of steam generating surface 
covered with a porous structure [3-17]. 

As a consequence of operating conditions or specifics 
in production process, many engineering applications 
also require consideration of thermo-mechanical 
problems. The affected structures range from relatively 
small ones, such as fiber feedthroughs [18] to large 
dimension structures as bearings [19] or rail-wheels [20]. 

Based on the above it is of interest to study the 
capillary-porous structure, produced of natural materials. 
Such surfaces are being used in large-scale production of 
power installations (labyrinth seals, gas turbine blades) 
[4,7,9]. Investigation of the limiting condition of metallic 
wall and its capillary-porous covering is also important. 
The limiting condition of structure can be studied by 
solution of thermal elasticity problem. 

In some papers the decisive role is assigned to the 
thermal tensile stresses, because the value of the 
compression strength of the structure is much higher of 

tensile strength, and this value is higher in several times 
in the metallic wall of energy equipment of power 
installations. 

It is well known that the tensile stresses produce 
cracking of the structure, and they are not decisive for 
the thermal destruction and major breaking stresses are 
the shear stresses. Increasing the temperature of the 
coating for a very short period of time the resulting in a 
strong dynamic effect. These effects become very 
significant and the compressive stresses reach their high 
values, often in several times higher than the 
compression strength of the material. Therefore, it is 
necessary to consider these stresses when studying the 
mechanism of thermal damage of porous coatings. It is 
necessary to establish the type of stresses more quickly 
reaching their limits for the supplied heat fluxes. 

2 Model of nucleation of vapor bubbles 
A model of the nucleation of steam bubbles in the cells 
of capillary-porous structure (Fig. 1) is developed. 

The parameters of the figure 1 are as follow: Рs , Рv  –  
saturation and vapor pressure in the bubble; ∆Рg+cap – 
operating pressure generated by gravity and capillary 
forces; q – the thermal load; r, Rcr – the coordinate and 
critical radius; Fliq , Fw – the contact surface between the 
liquid and the wall; θ – dynamical contact wetting  
angle; ,  –  volume segment of the upper and 
lower part of the bubble. 
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Fig.1. Type of the nucleation of vapor bubble on the steam-
generating surface in the cells of the porous structure: 
а) The birth explosion of a steam germ (t = 10-8 ÷ 10-6 s); 
б) "viable"  steam germ having "dry" spot at the base  
(t = 10-2 ÷ 1 s); 
в) "dying" steam germ of (t = 1 ÷ 10 s). 

The cubic equation relevant in terms of Figure 1 [1] 
can be presented with the following: 

3 2cos 3cos 3cos 0c  − − + =            (1) 

where с =1+8 (Rcr /R)2,  R – the current radius of the 
bubble. 

The cubic equation (1) by the Cardano formula 
further reduced gives the following solution: 

,1cos += y   ,6~ −=P   ,4~ −=q 4Q = −              (2) 

with the following assumptions temperature difference 
∆Т = ∆Тmax , c = cmin = 1, ,P~ Q~  - the terms of equation. 

Since Q~ < 0, a trigonometric solution is accepted: 

22 / 3 cos( )
3 3
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where  ,707,0)3/~(2/~~cos 3 =−= Pq   =~ 45 degrees. 
Then у = – 0,73 and the angle θ = 74º 18´. 
A similar procedure at the ∆Т = ∆Тmin gives the angle 

θ = 75º 42'. 
The values of  θi  are slightly different from the 

average value of  ~  adopted in the model of micro-layer 
growth of the steam bubble  ( 80~

= ), which apparently 
can be explained by neglecting of the bubble shape. 

3 Mathematical model and the research 
method 
To determine the limit state of two-phase medium 
according to the model (Fig.1) it is considered the 
solution of thermal elasticity problem for natural 
capillary-porous structure (rock) material type and the 
steam-generating metallic surface. 

For a thermal damage of a porous surface and metal 
wall will be estimated the influence of specific heat flux 
q supplied to the surface Fw and the time of exposure t to 
generate the destructive stresses, granulometric 
composition of the husk (δi) for the structure and the 
penetration depth of temperature indignation (h)  for 
metal (Fig.1). 

In some papers the decisive role is assigned to the 
thermal tensile stresses, because the value of the 

compression strength of the structure in 10 different 
times is higher of tensile strength, and this value is 
higher in several times in the metal wall. 

It is considered that the tensile stresses only cause a 
cracking of the structure and they will not be decisive for 
the thermal damage and major breaking stresses are the 
shear stresses. 

However, when the coating temperature increases in 
a very short time the dynamic effects become very 
considerable; the compressive stresses reach its high 
values, often in several times higher than the 
compression strength of the material. Therefore, it is 
necessary to take into account these stresses in the 
mechanism of thermal damage of porous coatings. It is 
necessary to find out what kind of stresses more quickly 
reaches its limits for supplied heat fluxes. 

We consider a plate, free in all its sides, and with 
thickness of 2h. To the surface of z =+h, since the 
moment of t = 0, a constant specific heat flux of q = c is 
introduced. The bottom surface and lateral edges of a 
plate are considered as adiabatic [2]. We consider that 
the heat flux q enters the steam bubble through the liquid 
micro layer, located at the base of the bubble at an angle 
θ, and through the "dry" spot with radius r. 

The heat conductivity equation with boundary and 
initial conditions may be written as follows: 

2

2w
T Ta

tz
 

=


                                    (4) 

,0<,0 tT =  

,hzq
z
Т

w +==

  

,0 hz
z
Т

w −==

  

where 
wa  – thermal diffusivity coefficient of the 

material; w  –  thermal conductivity coefficient of the 
material. 

Temperature distribution on plate thickness depends 
on the thermal-physical properties of a material, the 
value of a heat flux and the time of its appearance: 
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where сw  –  heat capacity of the material; ρw  – density 
of the material;  n – positive integers;  μ = w /h  – 
parameter, may considered as conditional heat 
conduction parameter. 

In case the temperature distribution in a plate is 
known, it is possible to calculate the thermal stress of 
stretching and the compression, appearing at some 
moment t at various depth from a surface δi = (h–zi) at 
the given value of a heat flux of q = c. 

The tensile state of the plate is clear at a variable 
plate temperature by thickness. The tension σ is defined 
with accordance to the following equation: 
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where the first term is part of the compressive stress and 
the second term is stretching component; α – coefficient 
of linear expansion; Е – Jung's module; ν – the 
coefficient of lateral contraction. 

The product (α×E) doesn't depend on temperature; 
therefore the expression for tension of stretching is 
simplified. 

Assuming the limiting values for compressive 
stresses and stretching for each of the rocks and metal 
coating, a functional relation of the heat flux qi caused 
the damage is obtained for the time and penetration 
depth. When the plate surface temperature is equal to 
temperature of melting for both coating and the metal, 
the values of the specific heat fluxes, necessary for the 
melting of the top layer during different operating modes 
are determined.  

Thus, for each case the relations of a heat flux in 
terms of time influencing the surface are: 
- melting of a plate surface at a temperature Tm 
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- production of limiting compressive stresses σcomp 
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- production of limiting tensile stresses σstr 
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4 The research results 
For the plates made of quartz, granite, teshenit and 
metallic coatings, the functional relations for q1, q2, q3 in 
terms of time for fixed values of the particle size of 
coatings, or a penetration depth of temperature 
indignation for metal are calculated. Thermal mechanical 
characteristics of rock and metals are presented in table 
1. 

Results from calculations are shown on fig. 2 and fig. 
3. In case of a porous quartz plate, heat fluxes are 
calculated for extended time interval (10-8 ÷ 103) s. The 
lower interval value (10-8 s) is the relaxation time when 
the birth explosion of a steam germ has taken place. 

Table 1. Thermo-mechanical properties of the tested materials. 
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Fig.2.  Curves of heat fluxes causing compressive stresses of a 
quartz coating in terms of action time for various thickness of 
coming-off particles: I – tensile stresses, sufficient for damage; 
II – melting of surfaces;  I' – copper, h = 0,1×10-3 m, I'' - 
stainless steel, h = 0,1×10-3 m.   

It is clear (figure 2) that for time interval (10-8 ÷ 10-3) 
s equations q1 and q2, represented by the hyperbolic type 
curves in coordinates (q; t), lost its physical sense since 
in the problem description the heat conductivity equation 
is assumed as a basis. When considering the micro 
processes, it is necessary to add the following term 

.2

2

t
ТK


  As far as a thermal destruction is regarded as a 

macro process, we accept that it proceeds for the time 
(5·10-8 ÷ 103) s. Curves for the heat fluxes q1 , q2 , q3  in 
terms of time on the plates made from quartz coating is 
shown in figure 2. 

5 Discussion of results and analysis  
In case of a coating damage only by compression, a 
number of curves were obtained as each of them 
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It is clear (figure 2) that for time interval (10-8 ÷ 10-3) 
s equations q1 and q2, represented by the hyperbolic type 
curves in coordinates (q; t), lost its physical sense since 
in the problem description the heat conductivity equation 
is assumed as a basis. When considering the micro 
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macro process, we accept that it proceeds for the time 
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terms of time on the plates made from quartz coating is 
shown in figure 2. 

5 Discussion of results and analysis  
In case of a coating damage only by compression, a 
number of curves were obtained as each of them 
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corresponds to a certain thickness of a coming-off 
particle. For each value of heat flux and certain interval 
of time the particles with a thickness of δi are obtained. 
For the quartz and granite coatings the maximal 
thickness of the particles coming-off under the action of 
compression is (0,25÷0,3) ×10-2 m. 

To confirm the calculation theory of the equation (4) 
the experiment was performed (Fig. 3). 

 

Fig. 3. Filming of husk flight with size 2,5×10-3 m at the 
damage of teschenit coating when exposed to torch of a rocket 
burner (q = 1,2×106 W/m2 ;  τ = 2,2 s). 1 - area of cover 
damage; 2 - flying particles; 3 - nozzle of fiery-jet burner; 4 - 
capillary-porous coating. 

Sections of compressive curves defining a separation 
of the larger particles with thickness of δ >0,3 ×10-2 m  
for big heat fluxes and short times of action t are 
shielded by a curve of melting, and in case of small heat 
fluxes and considerable intervals of time – by a curve of 
stretching. Moreover, the curve of surface melting of a 
quartz coating is considerably higher than of a granite 
one that explains the steady damage of fragile coatings 
of quartz and quartz-bearing rocks. 

 

 

Fig. 4. Diagrams of stresses in thickness for plate with teshenit 
coating at different q and t: q1 = 6,6 ·106 W/m2; q2 = 1·104 
W/m2; 76 – tensile strength; σ,105 N/ m2; Е,105 N/ m2. 

Relationship of compressive and tensile stresses can 
be seen in Fig. 4, which represents the stress distribution 
inside the plate of teshenit coating for various time 
intervals from the beginning of the process. At the time 
of impact (approximately t ~10-1 s), there are only 
compressive stresses.  Since t ~1 s, in a region of ∆ (h – 
zi) to  0,3×10-2 m  the compressive stresses become the 
tensile stresses in a very short period of time as for the 

different time intervals they are located at different 
depths from the surface of the plate.  In the region of 
transition from compressive stress to the tensile stress, 
probably the greatest shear stresses of layers of rock 
surface will be observed. In time dependence, the shear 
stresses reach their limit values after destructive 
compressive stresses and, obviously, before the 
maximum values of tensile stresses. 

When increasing the specific heat flux in a heated 
layer, and decreasing the heating time, the impact of 
compressive stresses increases. Despite of the high 
resistance to compression, the damage of the capillary-
porous coating by the compressive thermal stress occurs 
in more favorable conditions, immediately and in a very 
small volumes. 

The curve of surface melting of a quartz coating is 
considerably higher, than of a granite one, and even 
more above than of teschenit, which explains the steady 
damage of fragile coatings of quartz-bearing structures. 

6 Conclusion 
 

The damage of natural coatings under the action of 
compressive forces comes in time much earlier than the 
tensile forces. Probable damage will occur under the 
action of compressive and shear forces. Intervals of heat 
flux are different for coating of quartz (qmax = 7·107  
W/m2;  qmin = 8·104  W/m2) and granite (qmax = 1·107  
W/m2;  qmin = 21·104  W/m2) within this damage occurs. 

Each values of thickness δi  of coming-off particles 
under the influence of compression forces correspond to 
their limiting values of heat fluxes within to specified 
ranges. 

For uncooled metal surfaces the value of qmin= 1·104 
W/m2 and in the case of porous cooling system operating 
at the combined action of capillary and mass forces, the 
value of qmax= 1·106  W/m2 [6]. 

The maximal thickness of the particles separated 
under the action of compression, for coatings of granite, 
quartz and teschenite is (0,25 ÷ 0,3)×10-2 m. 

Time separation of particles from the teshenit coating 
defined by high-speed filming [2] is less than 0.5 
seconds, depending on the supplied heat flux, which is 
agreed with the data given in Fig. 3, when tmin  ≥ 0,1 
second. 
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