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Abstract. The work deals with the thermodynamic analysis of the 
parameters of the gas in a closed volume with rigid walls, during its 
leakage and heat exchange with the environment. Based on the first law of 
thermodynamics, the law of Fick and the equation of the gas state, we 
obtained an equation that characterizes the effect of temperature gradient 
on the mass gas leakage in parallel processes of leakage and heat transfer. 
The regularity of the leakage coefficient change, determined by the 
diffusion coefficient, depending on the mass-average temperature in a 
closed thermodynamic system, is established. The variation of the leakage 
coefficient for the corresponding ranges of temperature gradients are 
shown. The research results can be implemented in the development of 
techniques and technologies for monitoring the tightness of hollow 
products under excessive pressure of the gas medium. 

Introduction 

The issues related to the loss of tightness of products and systems are particularly relevant  
due to the fact that the loss of tightness in some cases is not only unacceptable from a 
technical point of view, but also dangerous for staff and production in general. The  loss of 
tightness can cause significant environmental damage; may have disastrous economic 
consequences. Currently, the problem of ensuring the tightness of products working under 
excessive pressure is becoming increasingly important for various industries, especially 
when detecting mini leaks on large volumes; in case of inaccessibility of the outer surface 
of sealed containers (closed with thermal insulation of the surface of the fuel tanks of 
launch vehicles, tanks dug into the ground and intended for the storage of petroleum 
products, compressed natural gas, toxic materials). Currently, the problem of ensuring the 
leakproofness of products working under excessive pressure is becoming increasingly 
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important for various industries, especially when detecting mini leaks on large volumes; in 
case of inaccessibility of the outer surface of sealed containers (surfaces of the fuel tanks of 
launch vehicles covered with thermal insulation, tanks for the storage of petroleum 
products, compressed natural gas, toxic materials dug into the ground). 

The most attractive in terms of industrial applications is a manometric method of 
tightness control, where the pressure drop of the test medium is recorded. These methods 
are classified as “pressure drop” methods. The main disadvantages of this method of 
estimating the gas pressure drop in the control unit per unit of time are the low value of the 
allowable decrease in gas pressure during the exposure time and the difficulty of 
determining its average temperature under very high requirements for its measurement 
accuracy [1 - 6]. 

In classical thermodynamics, which studies the most common properties of macroscopic 
systems and methods of energy transfer and energy transformation, the issues of heat 
exchange with the environment are studied in detail, but the effect of heat transfer on the 
leakage of gaseous media has not been studied enough [7-11]. In this section of the 
phenomenological science, based on a generalization of experimental facts, the focus is on 
temperature gradients, and systems consisting of a very large number of particles are 
examined. In this regard, the methods of classical mechanics are not always acceptable to 
describe the behavior of the gaseous medium in two parallel processes - leakage and heat 
transfer, so, it is necessary to develop new thermodynamic descriptions for these processes. 

 It should also be noted that within the applied gas dynamics, a lot of attention was paid 
to the issues of gas leakage through various nozzles, but the problems of leaky vessels with 
microleaks of gas under conditions of heat exchange with the environment were not 
investigated [12 - 15]. 

The purpose of this work is to establish the thermodynamic laws of the processes of gas 
leakage from a closed volume with rigid walls and its heat exchange with the environment 

Methods 

We used the method of thermodynamic analysis of a leaky product with rigid walls, under 
the heat exchange with the environment; in this product the parameters of the gaseous 
medium change under the action of two parallel processes: leakage and heat transfer. 

In the general case, the differential equation of energy balance for any thermodynamic 
system is [8 – 11, 16]: 

,dLdPdKdQt                                                          (1) 

where dQt is some heat supplied to the system (or removed); dK is the change in the 
kinetic energy of gas molecules due to the heat supplied (removed); dР is a change in 
potential energy of gas molecules; dL is an external work done by gas molecules. 

To calculate the amount of heat supplied (reduced) Qt per unit of time , formula of 
Newton [11, 16] is usually used, in which the heat flux is considered proportional to the 
temperature difference between the heat carrier and the wall: 

  ,FTT
Q

ft

t




                                                         (2) 

where  is a heat transfer coefficient, W/(m2K); Tt is a heat carrier temperature, K; Tf is 
a wall temperature, K; F is an area of surface of contact between the heat carrier and the 
wall, m2. 

It should be noted that the Newton's formula is a formal expression of the heat flux and 
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does not explicitly take into account all factors affecting the heat transfer intensity [11, 16]. 
Therefore, this effect should be taken into account by the heat transfer coefficient. 

In practice, the intensity of heat transfer is usually unequal over the entire area of 
contact of the heat carrier with the wall and the heat transfer coefficient has different values 
for different parts of the contact surface. 

In the general case, the change in the internal energy of the gas dU is equal to                 
dU = dK + dP, and the elementary deformation work (external work) of gas in volume V 
under pressure P is equal to dL = PdV [8 – 11, 16]. Given that a closed volume with rigid 
walls is considered, in our case the external work will is zero and equation (1) for one 
kilogram of gas can be rewritten as: 

,dUdQt                                                                  (3) 

so, heat supplied or removed is spent only on changing the internal energy of the gas and  
Qt = U. 

For an ideal gas with a constant heat capacity cV, the change in internal energy, taken 
into account two parallel processes, heat transfer and leakage, is equal to: 

 ,1122 TmTmcU V                                                        (4) 

where m2 and m1 – are final and initial mass of gas, kg; T2 and T1 – final and initial gas 
temperature, K. 

It should be noted that the temperature of the gas medium in the volume may have 
different values. In general, the expression for the average temperature Ts,i (i = 1; 2) of the 
gaseous medium in a closed volume is: 

      ,)2;1(    τ,,,τ,,,ρ
1

τ,  idzdydxzyxTzyx
m

T iiiiiiiii
i

is               

where mi is a mass of gas in a closed volume, kg; (xi,yi,zi,) is a density of gas, 
kg/m3; T(xi,yi,zi,) is thermal field distribution function, К; xi,yi,zi are corresponding 
coordinates, m. 

This equality shows that the average temperature of the gas in a closed volume is the 
mass-average temperature of the gas medium. Consequently, the temperatures in equality 
(4) 2T and 1T are mass-average values. 

Taken into account (2) and (4) and the fact, that m2 = m1 – mf  (mf  – mass of gas leaked 
due to leakage of the product, kg)  equation (3) takes the form: 

      .τα 21211122 TmTTmcTmTmcFTT fVVft                        (5) 

In the problems of gas outflow from a product, where the pressure is greater than the 
surrounding pressure, two cases are possible: when the flow rate is less than the critical one 
and when the flow rate is equal to the critical speed [12 - 15]. However, the magnitude of 
the gas leakage depends on the location, configuration, and size of the orifice area, which 
are unknown. Therefore, the use of the theory of outflow from a hole in a product with 
pressure is not possible in this case. 

Without study of the localized process of gas outflow, we consider the movement of gas 
through the walls of the product, averaging this process over the entire surface of the 
product. Since the gas consumption in this problem is very small, we interpret its 
movement through the product wall as diffusion and use Fick’s law [5, 10]: 
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                                                    (6) 

 here m is mass of gas transferred by diffusion, kg; D is effective coefficient of gas 
diffusion through the product wall, m2/s; /x is a density gradient of a substance along 
the coordinate in the direction of mass transfer, kg/m4; S is  mass transfer surface area, m2.  

In this task 
V

m

V

mm f


 12ρ , kg/m3; x =  is a wall thickness, m. Considering 

this and integrating equality (6), we have: 

,
δτ

1

V

S
D  

whence it follows that the time of leakage of gas from the product will be equal to: 

 .
δ

τ
DS

V
                                                                 (7) 

Thus, the time during which mf of gas flows out of the product due to its leakage is 
directly proportional to the wall thickness and free volume of the product, inversely 
proportional to the diffusion coefficient and the surface area of the product. In this case, the 
diffusion coefficient is a quantitative characteristic of the diffusion rate, which depends on 
temperature and is determined by the properties of the medium, as well as the type of 
diffusing particles. 

According to the molecular-kinetic theory, the diffusion coefficient characterizes the 

mass transfer rate and is determined by the formula ,
3

1
luD  where u  is average 

arithmetic speed of molecules, m/s; l –is average free path of molecules, m. 

As  u  ,T and l 1/Р  1/Т, whereе Р and Т are respectively, the pressure and 

temperature of the gas, the diffusion coefficient is proportional to D  РT  .1 T  

Taking into account equality (7), equation (5) takes the form: 

    ,δ
α 2121 TmTTmc

DS

VF
TT fVft   

After solving relatively mf, we have: 
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or, using the equation of state for an ideal gas: 
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
                                          (8) 

where P1 is the initial value of the gas pressure in the volume, Pа; R is universal gas 
constant, J/(kgK). 

The first member of the right side of equation (8) is the change in mass of a gas in a 
closed volume with rigid walls under pressure, and the second is the change in mass of this 
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gas due to heat exchange with the environment and gas leakage (diffusion) into the 
environment. 

The heat capacity of an ideal gas does not depend on temperature and, using well known 
in thermodynamics ratio cV = R/( – 1), where  is an adiabatic index (Poisson’s ratio), 
equation (8) is converted to: 

  .1γ
αδ

1
222

1

1

1
































T

T

T

T

DS

F

T

T

T

Р

R

V
m ft

f                                 (9) 

Equation (9), obtained on the basis of the first law of thermodynamics, Fick's law and 
the gas state equation, characterizes the influence of gas-dynamic parameters (temperature 
and pressure) on the mass of gas that has flowed out from a closed volume with rigid walls 
due to its leakage. Taking into account that it is difficult to specify some parameters in this 
equation (, , F, S and Tf), it is very problematic to apply equation (9) to quantify the mass 
of gas leakage. However, this equality can be applied for a qualitative assessment of the 
influence of heat exchange processes and leakage on the value of mass of gas leakage in the 
product. 

Since the process of gas leakage through existing leakages in the joints or microcracks 
of the product walls has a very low flow rates at the molecular level, it is quite legitimate to 
consider it as the equivalent of some diffusion described by Fick's law and to determine 
according to the formula (6). However, when the product has a complex shape and 
configuration, it is rather difficult to determine the equivalent wall thickness of the product 
, the total surface area F and the leakage surface area S. For this case, the entire leakage 
ratio KS can be identified as 

.
αδ

DS

F
KS                                                             (10) 

Taking into account that , , F and S are constant values, it can be stated that КS  1/D. 
Considering the wall temperature of the product as a certain mean value                       

Tf  = (Tt + T1 + T2)/3, taken into account (10), equation (9) is converted to: 
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f                                (11) 

To estimate an assessment of the heat transfer effect to mass gas leakage, we consider in 
the inequality obtained from equality (11) taking into account the fact that, in its physical 
sense, mf  0:  



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
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T
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KТ tS                                          (12) 

At ambient temperature Tt  T1, the right side of inequality (12) is always negative, and 
its left side can be as positive (T1  T2 despite the leakage, inside the considered volume of 
the product, due to its heat exchange with the environment, gas is heated, which causes a 
slight increase in gas pressure), as negative (Т1  Т2  gas leakage and heat exchange of the 
product with the environment cause a decrease in the temperature and pressure of the gas in 
the product). At the same time, while the gas temperature in the product decreases, the 
leakage coefficient KS decreases due to an increase in the diffusion coefficient (taking into 
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account, as shown above, its inversely proportional dependence on temperature), and an 
increase in the gas temperature leads to an increase of KS. 

When Тt   T1, and (Тt – Т1)/Т2  1, (this is possible in the case when the difference 
between average mass temperatures Тt  – T1 is less than the average mass temperature Т2) 
the picture of the processes of leakage and heat exchange is similar to the above described 
case of the negative value of the right side of inequality (12). 

While Тt   T1 and (Тt – Т1)/Т2  1 (the average mass temperature Т2 does not exceed the 
difference between the average mass temperatures Тt  – T1), the right side of inequality (12) 
is positive. This means that inside the volume, due to the heat exchange of the product with 
the environment, there is a significant heating of the gas with an increasing its pressure 
Т2  Т1 and the left side of inequality (12) has a positive value, and due to a decrease in the 
diffusion coefficient under a general increase in gas pressure, the leakage coefficient KS is 
increased within the limits of a change in the mean-mass gas temperature in the product. 

For this case, taking T1/T2  0 and 1/T2  0, inequality (12) can be written in the form: 

0  КS    ,
1γ

3

1

21

tTТ

TР
                                                    (13) 

 and equation can be written (11) as: 
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And finally, when Tt  T1  T2 = T (the temperature field inside the volume is uniform, 
stationary and in thermal equilibrium with the environment), inequality (12) is satisfied 
regardless of the gas temperature; the value of leakage, in accordance with equation (11), is 
determined only by its properties and diffusion characteristics (the degree of leakage of the 
product): 

 .1γ
3


R

VK
m S

f                                                       (15) 

Results and discussion 

Thermodynamic analysis of equations (11), (14) and (15) shows that a change of the 
temperature field of a gas inside a closed volume of a product with rigid walls, caused by a 
leak and heat exchange with the environment, does not have a significant effect on the 
value of gas leakage from this volume. At the same time, the influence of temperature 
gradients (increase or decrease in Т2) to the mass gas leakage is compensated by a 
corresponding change in the leakage coefficient (increase or decrease of KS) due to a 
change in the diffusion coefficient. 

Conclusions 

The defining of thermodynamic laws of joint processes of gas leakage from a closed 
volume with rigid walls and its heat exchange with the environment is an important 
scientific and technical issue, that solves the problems of developing technology and 
techniques for determining the degree of leakage of hollow products under excessive 
pressure of a gas medium. The justification of compensating the effect of temperature 
gradients on the mass gas leakage by changing the diffusion coefficient and, as a result, by 
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changing the leakage coefficient, allows us to broaden our understanding of the joint 
parallel processes of leakage and heat transfer. As the results of research we can formulate 
new directions in the field of non-destructive tightness control of products and their 
systems. 
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