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Abstract. The current algorithm for calculating mass flow rate in gas 

production and transportation systems via outlet pressure measurements is 

generalized to the case when the inner cross section of pipe changes with 

time and is also to be determined while solving the general problem. The 

algorithm is recommended for identification of gas hydrate formation in 

the above-mentioned systems. 

The formation and deposition of hydrates in pipelines is studied using quasi-stationary 

mathematical model [1-8]. In this model imperfect gas flow in pipes is described in the 

frame work of tube hydraulic and dynamics of hydrate formation – in the frame work of the 

generalized Stefan problem in which temperature of gas-hydrate phase transition depends 

on gas flow pressure. The model is closed by some phenomenological relations 

corresponding to the level of description of physical phenomena, so that the equations 

inevitably contain some constants determined on the basis of the selected model from 

additional information [9], which can be, for example, gas pressure and temperature 

measurements. In addition to the phenomenological constants, the model includes 

technological parameters, for example, mass flow rate of gas which is constant at stationary 

flow, that can also be determined from these measurements. This inverse problem of 

determining the coefficients of differential equations via some additional information about 

behavior of the solution is the subject of this paper, where upon the algorithms of 

determining the parameters of ordinary differential equations created in [8, 10, 11] are 

generalized for the hydrate formation model proposed in [1-8]. An essential feature of this 

model is the determination of pipe cross-section that changes with time along with the 

calculation of gas temperature and pressure distribution via solving the Cauchy problem for 

equation  which describes how dimensionless cross-section S changes over time: 

 ))((
ln1

)(
h1

2

he
2 TpTSb

Sb

pTT
b

d

dS








,  (1) 

In the intervals of pipeline where there is hydrate layer builds up, the heat transfer 

coefficient in equation (1) is calculated using the formula 
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and ambient temperature Te is replaced with equilibrium hydrate formation temperature Th. 

Now we will set forth an algorithm for determining mass flow rate of gas from pressure 

measurements at the outlet, when cross-section varies along the length and in time due to 

the formation (dissociating) of hydrate layer. First note that the model proposed in [1-8] is 

sensitive to the input data due to its nature (nonisothermiс process, real properties of the 

gas, cross-section of pipe that changes with time, heat exchange with environment). These 

items are discussed in detail in monographs [8, 11, 12]. 

We define the zero approximation M0 and calculate р0(x) and Т0(x) following the 

method described in [11] and using the model proposed in [2, 8] 
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 , ср – specific heat capacity of gas at 

constant pressure, d – diameter of cross-section, М – constant mass flow rate, p – pressure, 

S – dimensionless cross-section, S0 – dimensional cross-section before formation of 

hydrates, Т – temperature, Тe – temperature of surrounding frozen ground, x – coordinate 

along pipe axis,  – total heat transfer coefficient between gas and surrounding ground, g – 

gas density,  – hydraulic resistance coefficient,   – throttling coefficient which can be 

determined from gas imperfection coefficient, depending on ratio of pressure and 

temperature to their critical values рс and Тс. Here it has the form of the Berthelot equation 

[13]. 

In the system (3) linearized with respect to the (s+1)-th approximation: 
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substitute the solutions  xp s 1
 and  xT s 1

, expressed in terms of the sweep coefficients 

C and D 
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As a result, we obtain the following equations for these coefficients: 
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and the initial conditions 

     000 21 СC ,   01 0 рD  ,   02 0 ТD  .  (11) 

After numerical solution of these Cauchy problems, using the condition at the outlet 

  уpLp   and relation (9), we find 
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where L is the length of the pipeline, ру is the outlet pressure. 

Now the algorithm for the numerical solution of the conjugate problem of heat transfer 

between gas pipeline and frozen ground can be described as follows [2]: 

1. Find the zero approximation of pressure distribution, which correspond to the 

simplified model of isothermal flow of ideal gas without the formation of a hydrate ( 1S ): 
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2. Set initial values of sweeping coefficients according to equations (11) and then find 

the solutions (6). 

3. By solving the Cauchy problem for system (7)-(10) find  хC1  and  хD1 . 

4. According to equation (12) determine the mass flow rate 1sM .  

5. By substituting 1sM  into relations (6) find  xp s 1  and  xT s 1 . 

6. Steps 2 - 5 are repeated until the required accuracy is achieved. This parameter 

depends on characteristics of the object where measurements are performed. The most 

important here is the accuracy of measuring apparatus. 

7. From equation (1) taking a step in time find a new value of cross-section. Coordinate 

x  enters this equation as a parameter. 

8. Determine the temperature distribution in surrounding ground solving the initial 

boundary value problem for equation of heat conduction using the enthalpy method [6]. 

At each time step points 3 - 9 are repeated. 

The calculations were carried out with the following initial data: 2300pc  J/(kg∙K), 

4.10 d  m, 100L  km, 510h q  kJ/kg, operating pressure 8.90 p  MPa, inlet 

temperature 15.2820 T  K, heat exchange coefficient with thermal insulation 

145.00   W/(m2∙K), 02.0 , 0307.0g   W/(m∙K), 88.1h   W/(m∙K), 

5

g 103.1   Pa∙s, 920h   kg/m3, initial ground temperature 15.271fr T  K, temperature 

of ground thawing-freezing 15.273ph T  K, latent heat of ice-water phase transition 

4.334ph q  kJ/kg; for lightly icy sandy clays thermal conductivity and volume heat 
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capacities in thawed and frozen states: 6.1liq   W/(m∙K), 7.1s   W/(m∙K), 

6

liq 108.2 C  J/(m3∙K), 6

s 101.2 C  J/(m3∙K), respectively; density 1760  kg/m3, 

moisture content 233.0 . The gas constant 524.453R  J/(kg∙K), critical parameters 

5.4с p  MPa and 075.195с T  K, coefficients 73.10a  K and 979.117b  K were found 

for natural gas from the Chayandinskoye field. The pipes made of K60 steel with wall 

thickness 0.032 m and heat conductivity 68 W/(m∙K) have burial depth 1.5 m above the top 

of pipe. Pressure at the inlet of pipeline ranged from 6.6 MPa to 7 MPa. 

In all instances the proposed algorithm required 3 - 6 iterations for the calculations of 

mass flow rate with a relative accuracy of 0.1% were. 

Let's analyze the calculation results presented in Fig. 1 - Fig. 6. We first recollect that 

for conjugated formulation the change in ground temperature due to its heat exchange with 

gas in pipe is taken into account, for non-conjugated one it is assumed to be equal to initial 

one (268.15 K).  

First of all we note that dynamics of hydrate formation and their distribution along the 

pipeline are practically unaffected by changes in temperature field of the surrounding 

ground (see surfaces 1 and 2 in Fig. 1). This is explained by rather rapid hydrates formation 

(less than 4 days) which cause complete blockage of the outlet cross-section. 

 

Fig. 1. The change of cross-section along 

pipeline and in time at 6.6у p  MPa:  

1 – conjugated formulation, 2 – non-

conjugated formulation

 

Fig. 2. The change of cross-section along 

pipeline and in time for conjugated 

formulation: 1 – 7у p  MPa, 2 – 6.6у p  

MPa 

Fig. 2 illustrates the effect of the pressure drop along pipeline at the time of complete 

blockage. It is important to note here that for conjugated formulation the growth of hydrate 

layer, especially in the initial part of gas pipeline, occurs less intensively than for non-

conjugated one. At the same time, the dynamics of this layer growth depends more on 

outlet pressure than on ground temperature (compare curves 1 - 4 in Fig. 2). 

Let's compare the analyzed variants with the flow of completely dried gas, when the 

formation of hydrates in pipeline does not occur. First, we estimate the effect of hydrate 

formation on gas temperature. In Fig. 3 is clearly visible that gas temperature during the 

hydrate formation is lower than temperature of dried gas along the entire length of pipeline. 

At the initial part of pipeline (30 km) the difference is approximately 25 K (compare curves 

6 and 3).  

Such a change is explained by the dynamics of pressure distribution along pipeline and 

by the corresponding decrease of gas temperature due to throttling (Fig. 4). In this figure, 

surface 1 corresponds to pressure distribution during transportation of completely dry gas, 

which fully agrees with physics of the process, that is, practically stationary pressure 

distribution with slow temperature change due to heat exchange with the ground. However, 
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when hydrate is formed, pressure in different parts of pipeline changes in accordance with 

the change of cross-section: it decreases slightly in the initial part (approximately 30 km), 

and then very significantly (see surfaces 1 and 2 in Fig. 4). This tendency is fully reflected 

in the character of surface 2 in Fig. 4. 

 

Fig. 3. Temperature variation along pipeline at the end ofcalculations: 1, 3, 6 – 7у p  MPa; 2, 4 – 

6.6у p  MPa; 1, 2 – non-conjugated formulation; 3, 4, 6 – conjugated formulation; 5 – equilibrium 

temperature of hydrate formation; 6 – without formation of hydrates. 

 

Fig. 4. The change of gas pressure along pipeline and in time at 7у p  MPa (conjugated 

formulation): 1 – without formation of hydrates, 2 – with formation of hydrates 

 

Fig. 5. Dynamics of mass flow rate: 1, 3 and 5 – 7у p  MPa; 2, 4 and 6 – 6.6у p  MPa;  

1 and 2 – non-conjugated formulation; 3 and 4 – conjugated formulation; 5 and 6 – conjugated 

formulation without formation of hydrates 

Fig. 5 illustrates the effect of pressure drop and hydrate formation on the dynamics of 

mass flow rate of gas, that is, on the capacity of pipeline. First of all, here we note that for 
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all computational options mass flow rate in a short initial period increases slightly due to 

the cooling of gas during its heat exchange with the ground. Then, for dry gas it remains 

almost constant, but in the case of hydrate layer formation it decreases to zero in a 

relatively short time. However, the rate of decrease is almost independent of heat exchange 

with the ground (compare the pairs of curves 1, 3 and 2, 4 in Fig. 5). At the same time, it 

depends ambiguously on pressure drop (compare pairs of curves 1, 2 and 3, 4 in Fig. 5), 

although this effect can be explained by the fact that increase of pressure drop corresponds 

to increase of the initial mass flow rate. 

The proposed generalized algorithm for solving the inverse problem of determining 

mass flow rate of gas with time-varying pipeline cross-section by pressure measurements 

revealed that hydrate formation leads to changes in dynamics of pressure and temperature 

distribution along pipeline. It is shown that the time of formation of hydrate plug is 

determined, to the greatest extent, by the pressure drop across pipeline and, to a lesser 

extent, by ground temperature. For the parameters corresponding to a section of the modern 

main gas pipeline of 100 km length, it is 4 to 5 days. 
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