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Abstract. The work aims to determine the undetermined temperature distribution of the medium and the 
pipeline wall using the finite difference method. Time courses of the temperature of the flowing medium 
and pipeline walls caused by a step change in temperature of the medium at the pipeline inlet, obtained by 
the numerical method, were compared with the courses calculated using strict analytical formulas. The 
numerical method of determining transient courses of the temperature of medium and pipeline wall can be 
used in the analysis of heating and cooling of heating or power pipelines with any changes in time of mass 
flow of the flowing medium or temperature of the medium at the inlet to the pipeline. 

1 Introduction 

During start-up and shutdown of power units, heating 
and cooling of pipelines, in particular, the pipeline 
connecting the boiler with the turbine, is an important 
issue. The temperature course of the medium is 
important not only because of the thermal stresses in the 
pipeline wall but also because of the stresses in the 
fittings installed on the pipeline [1-16]. In the case of 
steam or gases, the temperature changes along the 
pipeline length are higher due to the lower density and 
specific heat of the medium. Large wall thicknesses and 
considerable wall lengths also contribute to a significant 
reduction in the temperature of superheated steam in 
power pipelines. 

2 Mathematical formulation of the 
problem 

The heating of the pipeline by a flowing factor is 
described in the energy balance equation for the fluid 
[17] 
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Boundary and initial conditions are in the form 
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where Eqs. (1-5) have the following designations: Tcz i 
Tsc – fluid temperature and wall temperature, 
respectively in C, t – time in s, z+ = z /Lr – 
dimensionless Cartesian coordinate, Lr – steam pipeline 
length in m, T0 – constant initial fluid temperature in C, 
f(t) – fluid temperature changes in time at pipeline inlet 
in C. The following formulae define the number of heat 
transfer units Ncz, and the fluid time constant cz 
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where hcz denotes heat transfer coefficient on the inner 
surface of the pipeline in W/(m2K), Ain = UwLr – inner 
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surface area of the pipeline in m2, czm  = Aczwczcz – fluid 

mass flow rate in kg/s, cz – fluid density in kg/m3, wcz –
velocity of the fluid flowing the pipeline in m/s, cpcz – 
fluid specific heat in J/(kgK), Uin =  din – inner 
circumference of the pipeline in m, Acz =  (din)2/4 – 
cross-sectional area of the channel occupied by the fluid 
in m2. 

The initial boundary problem described by Eqs. (1-5) 
was solved with the control volume method.  

The heating process is analysed on the example of a 
steam pipeline connecting a steam power boiler with a 
turbine. The pipeline wall is divided into eight layers. 
The control volumes in the area of heating medium - 
superheated steam comes into contact with the cells 
located on the internal radius of the pipe rw. Due to axial 
symmetry, only half of the pipeline was analysed.  

 

Fig. 1. Diagram of the pipeline division into control volumes 

Temperature changes of the fluid and the pipeline wall 
describe the elementary balance equations recorded for 
the division shown in Figure 1. Below are presented 
exemplary heat balance equations for the cell (i,j) lying 
inside the wall and the cell (i) for the fluid: 
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n = 0, 1, …; i = 1, …, M; j = 1, …, N, 
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n = 0, 1, …; i = 2, …, N+1. 
In the Eqs. (7-8) the following notations were 

assumed: t - time step in s, z - spatial step in m, r - 

radial step in m, r - radial step in m, ksc - thermal 
conductivity of the pipeline wall material in W/(mK), sc 
- density of the pipeline wall material in kg/m3, csc – 
specific heat of the pipeline material in J/(kgK), rin - 
internal radius of the pipeline in m. The superscripts 
indicate the time step number. The assumption that the 
analyzed pipeline is ideally insulated on the external 
surface was made.  

In order to ensure the stability of calculations of Tcz 
factor temperature and Tsc wall temperature using 
formulae (7-8), the Courant condition [17] must be met. 
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and the condition of stability of the solution of the heat 
conduction equation using the explicit method [6]. 

In this case, the pipeline heating can be analyzed, in 
which the time changes in temperature of the flowing 
medium at the inlet to the channel is described by any 
function f(t). In a particular case, when f(t) = Tcz. This 
problem has a strict analytical solution [18]: 
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where I0 is the modified Bessel function of the zero order 
and the U is the function defined by the formula 
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In Eqs. (10-12) the following designations were 
assumed: 
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Eqs. (11-13) will be used to assess the accuracy of the 
finite difference method. In order to obtain a high 
accuracy of the analytical solution, the double series (12) 
was taken as n > 400 in the computer calculations, as the 
series is slowly converging. 

3 Numerical simulation of pipeline 
heating 

The steam pipeline to be analysed is made of 13HMF 
steel. Its dimensions are as follows: length Lr = 48 m, 
internal diameter din = 0.217 m, and wall thickness gsc = 
0.028 m. The physical properties of the pipe material 
are: density m = 7650 kg/m3, specific heat cm = 519 
J/(kgK) and thermal conductivity m = 35 W/(mK). It 
has been assumed that superheated steam with 
temperature Tcz = 540C and pressure pcz = 11 MPa 
flows suddenly into the pipeline. The steam thermal 
properties are – density cz = 28,492 kg/m3, specific heat 
ccz = 2484 J/(kgK) [19]. 
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The initial temperature of the pipeline and fluid is T0 
= 300C. The value of heat transfer coefficient on the 
inner surface of the pipeline, for the preset flow velocity 
of the fluid wcz, was calculated from the Dittus-Boelter 
correlation formula. The distribution of fluid temperature 
Tcz and pipeline wall temperature Tsc as a function of 
time was determined from the solution of the a system of 
elementary balance equations and analytical solution 
described by Eqs. (10-11). 

The analysis of Figs. 2 and 3 shows that the 
elementary balance method gives results with very good 
accuracy. It can be noticed that at higher steam speeds 
both the medium and the wall reach the steady state 
faster. The method of elementary balances can be 
applied for any changes in time of the medium 
temperature at the inlet and at temperature and pressure 
dependent thermal properties of the medium and wall 
material. In such cases, it is difficult or impossible to 
find an analytical solution. 

 

 

Fig. 2. Time changes of steam temperature for different steam 
flow velocities at the outlet from the pipeline; the points are the 
values obtained by a strict analytical solution and the solid line 
temperature runs determined by the finite difference method 

 

Fig. 3. Change in wall temperature over time at the outlet from 
the pipeline at different steam velocities; the points are the 
values obtained by a strict analytical solution, and the solid line 
temperature runs determined by the finite difference method 

Figure 4 shows changes in temperature difference 
between the inner and outer surface of the pipeline at the 
end of the pipeline. 

 

 

Fig. 4. The temperature difference between the inner and outer 
surface of the pipeline wall 

The analytical solution, allowing to determine the 
change of heating medium temperature and pipeline wall 
temperature was derived assuming that the pipeline wall 
is a body with concentrated thermal capacity and without 
radial heat dissipation inside the wall. Therefore, in the 
next stage, the wall temperature as a function of time 
obtained from the tight solution (8) was compared with 
the average wall temperature of the pipeline (fig. 5) 
determined according to the following formula: 
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where the temperature distribution T(r, z) is obtained 
from a numerical solution. 
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Fig. 5. Comparison of the wall temperature distribution at the 
end of the pipeline obtained from the analytical solution (8) 
with the value of the mean temperature calculated from Eq. 
(11) for the case when the steam flow velocity wcz = 10 m/s. 

4 Simulation of pipeline heating with 
FLUENT program 

FLUENT [20] was used to determine the distribution 
of the temperature field in the cross-section of the steam 
pipeline under analysis. A two-dimensional model of the 
pipeline was built, which included axial symmetry. 

 

Fig. 6. The temperature distribution of steam obtained with the 
fluent program at time t = 0.03 s 

Then as boundary conditions were set: steam velocity 
and temperature at the pipeline inlet, wall temperature, 
heat transfer coefficient on the internal surface of the 
pipe and ideal thermal insulation on the outer surface of 
the pipeline, i.e. dT/dr = 0. The distribution of the fluid 
temperature, at different times points during pipeline 
heating, is shown in Figures 6 and 7. The simulation was 
carried out for the following data: Tcz = 540C, Tsc = 
300C, wcz = 60 m/s, hcz = 4269 W/(m2K). 

 

Fig. 7. Temperature distribution of steam obtained with the 
Fluent program at time t = 0.03 s 

Conclusion 

The explicit differential method presented in this 
paper can be used for the analysis of pipeline heating and 
cooling. A comparison of the calculated time histories of 
factor and pipeline wall temperature with a stepwise 
increase in factor temperature at the pipeline inlet with 
the histories obtained using strict analytical formulae 
shows that the accuracy of the differential method is 
very good. The finite difference method can be applied 
to any temporary changes in temperature of the medium 
at the inlet to the pipeline and depending on the 
temperature of thermo-physical properties of the medium 
and wall. 
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