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DETERMINING THE DISTRIBUTION OF 
TEMPERATURE FIELDS IN CONSTRUCTION 
ELEMENTS OF SHELL-AND-TUBE HEAT 
EXCHANGERS USING ANALYTICAL AND 
NUMERICAL HEAT AND HYDRAULIC 
CALCULATIONS

The object of research is numerous and analytical thermohydraulic calculations of a shell-and-tube heat ex-
changer of a counterflow type. To determine the thermally stressed state of heat exchangers, calculations of the 
temperature fields of their elements are performed. At the same time, it is not a trivial task to perform numerical 
thermohydraulic calculations for a heat exchanger that has a large number of heat exchange tubes. This state-
ment is due to the fact that the calculation model will contain a large number of finite elements. Difficulties in 
performing these calculations may arise when using electronic computers with limited technical parameters. Such 
calculations may take quite a long time, or may not be performed at all.

The authors proposed an approach to determining the temperature fields in individual elements of a heat 
exchanger. It consists of a combination of analytical and numerical thermohydraulic calculations of individual 
elements of the heat exchanger and the internal bodies in contact with them. This allows to reduce the time and 
bit depth of calculations.

To validate the above-mentioned approach, two calculation models of a shell-and-tube heat exchanger of 
a counterflow type were built. As the first calculation model, the entire body of the heat exchanger was constructed, 
taking into account the bodies of its coolant and cooling water. For this model, only numerical thermohydraulic 
calculations were performed. As the second calculation model, a part of the heat exchanger was built, taking into 
account all the bodies of the coolant and cooling water, belonging to it. With the help of analytical thermal cal-
culations, the temperatures at the inlet to the shell-and-tube spaces of the second design model were determined. 
Subsequently, the results obtained analytically served as boundary conditions for performing numerical thermo-
hydraulic calculations.

As a result of the calculations performed, a comparison of the obtained results of the distribution of temperature 
fields in the above-mentioned calculation models is made. Based on the analysis of the results, it was concluded 
that it is possible to use a combined method (a combination of analytical and numerical thermohydraulic calcula-
tions) for determining the temperature fields in individual elements of heat exchangers.
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1. Introduction

Analysis of approaches to performing numerical thermo-
hydraulic calculations shows that most research and analyti-
cal work is based on the analysis of primitive calculation 
models, for example [1–3]. This is justified by the fact that 
the performance of numerical thermohydraulic calculations 
of a heat exchangers, which have a large number of heat 
exchange tubes, requires the use of a significant number 
of finite elements for constructing the internal bodies, as 
well as its body elements. Difficulties in performing these 
calculations may arise when using electronic computers 
with limited technical capabilities. Such calculations may 
take quite a long time, or may not be executed at all. 

At the same time, in some analytical works, studies are 
being carried out to optimize the performance of thermo-
hydraulic calculations, an example of such studies can be 
cited in [4, 5].

It should be noted that numerical hydraulic calcula-
tions can only be an intermediate stage, for example, when 
determining the thermally stressed state of heat exchanger 
elements. In cases where it is necessary to determine the 
thermally stressed state of individual elements of shell-and-
tube heat exchangers, the authors propose not to perform 
thermohydraulic calculations of the entire heat exchanger 
model, but only in its individual elements, using a com-
bination of analytical and numerical thermal calculations. 
This will reduce the time and bit depth of calculations.
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In this regard, the object of this research is the nume-
rical and analytical thermohydraulic calculations of a shell-
and-tube heat exchanger of a counterflow type. The aim 
of this research is to substantiate the possibility of using 
a combined method for determining temperature fields in 
heat exchangers, obtained by combining analytical ther-
mal calculations and calculations by the finite element 
method (FEM).

2.  Methods of research

2.1.  Description  of  the  research  object. Let’s consider 
a shell-and-tube heat exchanger of a counterflow type, 
the general view of which is shown in Fig. 1.

To solve this research aim, two calculation models have 
been developed:

– the first design model, which includes all elements 
of the heat exchanger (Zone 1, Fig. 1);
– the second calculation model, which includes only 
Zone 2 of the heat exchanger (Fig. 1).
The temperature of the cooling water, that enters the 

tube space, at the inlet to the heat exchanger is 5 °C. The 
temperature of the coolant, that enters the shell side of 
the heat exchanger, changes at the inlet from +60 °C to 
+150 °C, in accordance with the graph of the temperature 
variation with time, which is shown in Fig. 2.
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Fig. 2. Coolant temperature variation with time

The value of the pressure of the coolant and cooling 
water is constant and equal to 2.1 and 0.5 MPa, respec-
tively. Similarly, the mass flow rates for the coolant and 
cooling water are equal to 700 t/h and 150 t/h. Water is 
taken as the coolant and cooling water, and structural steel 
is used as the material of the heat exchanger elements.

2.2.  Description of  the mathematical model of numerical 
thermohydraulic  calculations. To solve the problem posed 
to determine the distribution of temperature fields in the 
elements of the heat exchanger, numerical thermohydraulic 
calculations performed using the FEM method [6] were 
used. To perform such calculations, a mathematical model 
of fluid flow was used, which is based on the Reynolds-
averaged Navier-Stokes equations for an incompressible 
fluid. They are represented by the equations of continuity, 
change in momentum and conservation of energy.

Proceeding from the fact that the fluids in the heat 
exchanger move turbulently, to simulate the effect of tur-
bulence and describe the turbulent boundary layer on 
solid surfaces, Menter’s k–ω model is adopted as a tempo- 

ral model [7, 8]. This model provides 
sufficient accuracy of the results and 
effective convergence of the iterative pro- 
cess even with rather coarse grids and 
with a moderate bit depth of the limit-
ing layer [9].

Heat transfer in the housing is mo-
deled by the heat conduction equation:

d

dt
c T

d

dx

dT

dx
qp

j j
vρ λ( ) =







+ ,  (1)

where t – time; xj – Cartesian coordinates; 
ρ – density; сp – heat capacity at constant 
pressure; Т – temperature; λ – thermal 
conductivity, qv – heat flux.

The boundary conditions for performing numerical ther-
mohydraulic calculations are the mass flow rate, pressure 
and temperature of the liquid at the inlet to the shell-and-
tube spaces. It was assumed that from the outside the heat 
exchanger does not have thermal insulation and is blown 
by air with a temperature of 20 °C and natural convection.

To solve the general problem of thermal hydraulics 
and thermal conductivity, on the boundary between the 
liquid and the elements of the heat exchanger body, the 
equality of temperatures and heat fluxes is taken.

2.3.  Description  of  the  first  calculation model. As the first 
calculation model, the entire body of the heat exchanger was 
constructed, taking into account the bodies of the coolant and 
cooling water. The general view of the first finite element calcu-
lation model of the heat exchanger is shown in Fig. 3. This mo-
del includes 3,269,908 nodes and 4,421,121 finite elements, and 
takes into account five cells in the boundary layer of the fluid.

2.4.  Description  of  the  second  calculation  model. As the 
second calculation model, a part of the heat exchanger was 
built. Еhe general view of the finite element calculation model 
of the heat exchanger, coolant and cooling water is shown in 
Fig. 4. This model includes 984,912 nodes and 1,332,479 finite 
elements, and takes into account five cells in the boundary 
layer of liquids. Analytical thermal calculations were performed 
to determine the temperatures at the inlet to the shell-and-
tube spaces of the second design model. With the help of 
these calculations, the average value of the temperature of 
the coolant and cooling water in a given section of the heat 
exchanger is determined. In the future, the results obtained 
analytically serve as boundary conditions for performing nu-
merical thermohydraulic calculations by the FEM method.

 Zone 2 Zone 1 

Fig. 1. General view of a shell-and-tube heat exchanger of counterflow type
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Let’s formulate a mathematical model of ana-
lytical thermal calculation to determine tempera-
tures over the cross-section of shell-and-tube heat 
exchangers of the counterflow type [10, 11].

The formula for the temperature difference, 
changing along the length of the heat exchanger, 
in accordance with:

∆ = ∆ −t t e mkF
0 ,  (2)

where ∆ = −t t t2 1  – temperature difference between 
the coolant and cooling water of the heat exchanger, 
at one point of its length, °С; ∆t0  – temperature 
difference at the end of the heat exchanger, °С:

∆ = ′′− ′t t t0 2 1,

where ′t1  – initial temperature of the cooling wa-
ter, °С; ′′t2  – final temperature of the coolant, °С; 
k – heat transfer coefficient; F – heat exchange 
surface area, m2; m – constant, с⋅deg/J:

m
G cp G cp

= −
1 1

1 1 2 2
,

where G1, G2 – mass volume of liquids, kg/s; cp1, 
cp2 – specific heat capacities of liquids, J/(kg⋅deg).

Let’s use the formula for the heat balance of 
the heat exchanger:

Q G cp t t G cp t t= ′′− ′( ) = ′ − ′′( )1 1 1 1 2 2 2 2 ,  (3)

where ′t2  – initial temperature of the coolant, °С; 
′′t1  – final temperature of the cooling water, °С.

From formula (2), it is possible to determine 
the temperature value over the cross section of 
the heat exchanger, at given points of the length 
of its heat exchange elements:

t t
G cp
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2 2

1 1
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−

,  (5)

where, t1 – cooler temperature, at a given point of 
the heat exchanger length, °С; t2 – coolant tem-
perature, at a given point of the heat exchanger 
length, °С.

3.  Research results and discussion

3.1.  Results  of  numerical  thermohydraulic  cal-
culations of  the  first  computational model. As a re-
sult of the performed numerical thermohydraulic 
calculations using the FEM method, the distri-
bution of temperature fields over the thickness 
and length of the walls of the heat exchanger 
elements was obtained.

A graphical view of the distribution of the tem-
perature fields obtained for the calculation execu-
tion time of 1 s and 3600 s is shown in Fig. 5.
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Fig. 3. General view of the finite element calculation model of the heat exchanger:  
a – body; b – cooling water; c – coolant
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Fig. 4. General view of the finite element calculation model of separate part of the 
heat exchanger: a – body; b – cooling water; c – coolant
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3.2.  Results  of  numerical  thermohydraulic  calculations 
of  the  second  computational  model. With the help of ana-
lytical calculations performed using equations (2)–(5), it 
was determined that the temperature value at the inlet 
of the coolant into the shell of the second design model 
changes from 59.7 °С to 147.8 °С. Cooling water change 
from 5.8 °C to 7.0 °C. These temperature values served 
as boundary conditions for the numerical thermohydraulic 
calculation of the second calculation model performed using  
the FEM method.

A graphical view of the distribution of temperature 
fields in the elements of the second calculation model, ob-
tained for a computation time of 1 second and 3600 second,  
is shown in Fig. 6.

3.3.  Comparison  of  the  obtained  results. Compare the 
values of the obtained temperatures of the coolant over 

the cross section of the heat exchanger, obtained analyti-
cally for the second calculation model, and as a result 
of the numerical thermohydraulic calculation of the first 
calculation model. The graphs of temperature changes over 
time are shown in Fig. 7.

As seen in the graph in Fig. 7, the difference in tem-
peratures obtained by analytical and numerical calculations 
does not exceed 4 %. This indicates the sufficient accuracy 
of analytical thermal calculations and the possibility of 
their application to determine the boundary conditions 
for numerical thermohydraulic calculations.

Compare the values of the obtained temperature varia-
tion in the elements of the calculation models, with time. 
For this, let’s compare three similar points in the first and 
second calculation models of the heat exchanger. Graphs 
of temperature variation with time, at the indicated points 
of the heat exchanger elements are shown in Fig. 8–10.
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Fig. 5. Distribution of temperature fields in the elements of the first calculation model of the heat exchanger for:  
a – 1 second; b – 3600 second from the calculation
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Fig. 6. Distribution of temperature fields in the elements of the second calculation model of the heat exchanger for:  
a – 1 second; b – 3600 second
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An analysis of the obtained results showed that 
the difference in temperature values at similar points 
of the first and second calculation models does not 
exceed 3.8 %. That is, it can be argued about the 
high accuracy of the results obtained by using the 
approach proposed by the authors to determine the 
temperature fields in shell-and-tube heat exchangers. 
At the same time, the dimension of the problem 
and calculations decreased by 3.32 times (from 
4,420,000 finite elements for a complete model of 
a heat exchanger to 1,330,000 finite elements for 
a model of its separate part).

4.  Conclusions

In this article, the authors provide an approach to 
determining the temperature fields in shell-and-tube 
heat exchangers using a set of analytical calculations 
and calculations by the FEM method. Additionally, 
a detailed comparison of the results of thermal cal-
culations performed using the proposed approach 
and the classical method of calculating the entire 
heat exchanger is performed.

Based on the results of the analysis of the ob-
tained calculation results, the following conclusions 
can be drawn:

1) the values of the temperatures of the coolant 
and cooling water over the cross section of the heat 
exchanger, obtained using analytical thermal calcu-
lations, show the possibility of using these results 
as boundary conditions for subsequent numerical 
thermohydraulic calculations;

2) the difference between the calculation results 
obtained using only numerous thermohydraulic calcu-
lations by the FEM method, as well as the results of 
a set of analytical calculations and numerous thermo-
hydraulic calculations by the FEM method, for the 
considered calculation models does not exceed 3.8 %;

3) the dimension of the calculation model has 
decreased by 3.32 times, the time for performing 
calculations has decreased in the same way.

As a research result, it can be concluded that 
to determine the temperature fields in individual 
elements of heat exchangers, there is no need to 
perform calculations of all its elements, it is enough 
to determine the boundary conditions for the neces-
sary part of it, which should include the objects of 
research. This approach allows to reduce the number 
of finite elements and the time for performing calcula-
tions, and also allows to get fairly accurate results.
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Fig. 9. Distribution of temperature variation with time at point 2
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INVESTIGATION OF HYDROCARBON 
SOLVENTS FOR THE CONTROL OF 
PARAPHYN-HYDRATE DEPOSITS   
IN OIL WELLS

The object of research is hydrocarbon solvents for the elimination of paraffin-hydrate deposits. The chemical 
methods of control of paraffin-hydrate deposits, in particular, application of hydrocarbon solvents are considered 
in the article. Studies of the effect of various chemical reagents on the dissolution of hydrate formations using 
a laboratory installation at different thermo-baric regimes, closest to the real conditions of the pipe space of oil 
and gas wells: the temperature varied discretely from –10 to +40 °C and pressure from 0 to 10 MPa. To study 
the effect of hydrocarbon solvents on the process of removing hydrate formations, the most rational methods of 
regression analysis and mathematical planning of the experiment were used – simplex-grid planning. The G-cri-
terion of plan optimality was used, which includes 22 experiments. The synthesis of the plan was implemented by 
numerical methods on a software-controlled device for information processing. The use of such methods makes it 
possible to reasonably organize experimental research, adjust the time, equipment, materials and perform the re-
quired number of experiments. The results of measurements are shown in the diagrams for each solvent separately. 
The obtained data allowed to a priori substantiate the choice of the optimal variant of application of chemical 
reagents for complete dissolution and removal of paraffin-hydrate formations from the surface of the internal well 
equipment. Analysis of the data shows that the solubility reagents butyl cellosolve and ethylacetat solvents, which 
can be recommended for wide application in the oil and gas industry, are characterized by the highest solubility 
and efficiency for removal of paraffin-hydrate deposits from the surface of well equipment. An important fact 
is that the consumption of the proposed solvents per оne well operation is not more than 4 m3, which is 2–3 times 
less than in other known analogues. The use of new solvents also allows to increase the inter-cleaning period of 
the well more than 2–3 times, which reduces the cost of extracted products.

Keywords: paraffin-hydrate deposits, hydrocarbon solvent, internal well equipment, chemical reagent, well 
cleaning interval.
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1.  Introduction

Resins, asphaltenes and paraffins are deposited on the 
surface of downhole equipment (casings and compressor pipes, 
pump housings, pump rods) along with hydrate formations.  

It is necessary to use a multipurpose reagent for dissolving and 
removing all types of such deposits at the same time. Labora-
tory tests were performed to select such a chemical reagent.

The analysis of scientific literature sources showed there is 
a problem of precipitation of paraffin-hydrates in the process  


