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Influence of heat transfer on two-phase flow  
behavior in onshore oil pipelines

Influencia de la transferencia de calor en el comportamiento  
de un flujo bifásico en ductos terrestres de petróleo

O. J. Romero1, H. C. Saad2, I. B. Pereira3, and M. I. Romero4 

ABSTRACT 

Computational tools for simulation of multiphase flow in oil pipelines are of great importance for the determination of the technical 
feasibility of the production in oilfields. The present article presents the mathematical and numerical modeling of the oil biphasic 
flow in a partially submerged onshore pipeline. The biphasic behavior of the heavy oil of 13,2 ºAPI is translated by the Dukler 
correlation. The oil’s viscosity is regarded as dependent on the temperature and on the API density of the oil by means of the Hossain 
correlation. The pipeline, of 3,600 m and 4 inches (10.16 cm) in diameter, transports the oil from a collecting station to a storage 
center and consists of three sections. The first and third sections are above ground and are in contact with the external environment. 
The intermediate section is sitting on the river bed and is the critical part of the pipeline, once high heat losses are observed. The 
influence on the type of pipe insulation in the pressure and temperature gradients was analyzed with the aid of commercial 1D 
software Pipesim®. The results, of this 1D and non-isothermal problem with prescribed outlet pressure, show that the use of isolation 
when appropriately designed in terms of material quality and thickness is of utmost importance to maintain the heat transfer at low 
levels, in order to ensure the movement of fluids in long sections without compromising the system operation.

Keywords: Heat exchange, oil pipeline, two-phase flow, pressure drop, Pipesim.

RESUMEN

Las herramientas computacionales para la simulación numérica del flujo bifásico en tuberías son importantes para determinar la 
viabilidad técnica de producción de campos de petróleo. En este artículo se presenta el modelamiento matemático y numérico del 
flujo bifásico en una tubería terrestre parcialmente inmersa en un río. La correlación de Dukler es utilizada para modelar la presencia 
de más de una fases de fluidos. La dependencia de la viscosidad con la temperatura y el grado API del petróleo siendo transportado 
es introducida por la correlación de Hossain. La tubería transporta petróleo desde una estación de colecta (que recibe la producción 
de varios pozos) hasta un centro de almacenamiento. Esta tubería, de 3600 m y 4 pulgadas de diámetro, es formada por tres 
secciones. La primera y tercera se apoyan directamente sobre el suelo, intercambiando calor con el aire externo. La segunda sección 
pasa por el lecho de un río, estando expuesta a un intercambio de calor más intenso. La tubería es aislada en toda su extensión y 
la influencia del tipo de material del aislamiento que la recubre, así como la utilización de una bomba para impulsar el fluido, es 
estudiado mediante el software unidimensional Pipesim® para condición de presión prescrita en la salida. Los resultados obtenidos 
para el problema no isotérmico muestran que el tipo de aislamiento es muy importante para garantizar que el intercambio de calor 
entre el petróleo caliente y el medio externo más frío permanezca en niveles adecuados, de forma a que el transporte de fluidos en 
las secciones extensas de la tubería no comprometan la operación del sistema.

Palabras clave: Intercambio de calor, tubería de petróleo, flujo bifásico, disminución de presión, Pipesim.
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Introduction
The integrated and optimized management of operation and 
production processes is strategic to the advancement of the 
oil sector due to the vast and growing technological tools 
and the great challenges, such as fluid transportation, under 
many adverse conditions. The fluid transportation from the 
reservoir to the surface facilities is commonly divided into 
three stages, as shown in the 2D schematic representation 
of Figure 1: recovery, lifting and gathering. The diagram 
corresponds to an onshore production system. Each step 
is highly complex due to the dynamics of the process and 
the microscopic and macroscopic scales present mainly 
in the porous medium. The recovery treats the flow within 
the reservoir rock from the distant frontiers to the bottom 
(Romero & Fejoli, 2015; Romero & Pereira, 2014). The lifting 
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refers to the flow inside the tubing from the bottom to the 
wellhead (Romero & Almeida, 2014; Romero & Hupp, 
2014). The tubing, in turn, is contained in the previously 
drilled and cemented well. The term completed well is used 
to name a well equipped to produce the fluid coming from 
the reservoir in a safe and controlled way. The gathering stage 
refers to the fluid flowing from the wellhead to the facilities 
where they are processed. The last mentioned step consists 
of separating the water, gas, oil, and sediments. The fluid of 
interest is the oil. Water is treated before being discarded. 
The gas is typically burned as it is present in amounts that 
prove its use uneconomical. Sediments are also discarded 
after compliance with environmental legislation.

Figure 1.	 Stages of the oil flow from the reservoir rock to the surface 
facilities.

During oil production, the flow is usually a mixture of 
water, oil, gas and sediments, which provides a multiphase 
flow. When it ascends towards the surface, several flow 
patterns that depend on the dynamics of the production 
process are observed. In a simplified way, the flow may 
be treated as biphasic, in which one phase is gaseous 
and the other liquid. This type of flow is often found in 
the production string into the well and in the production 
pipelines. This can occur in vertical, inclined or horizontal 
sections. Correlations, such as those proposed by Hagedorn 
& Brown (1965), Duns & Ross (1963), Beggs & Brill (1963) 
and Oliemans (1976), have been developed to facilitate the 
flow analysis of this nature.

In the gathering stage, the pipeline engineering is presented 
as a specialty of utmost importance, in which one of the 
main operating/research topics is called flow assurance. Its 
main targets are to identify, qualify and mitigate operational 
problems, especially those resulting from the flow of heavy 
oil, since it can cause difficulties in the flow through the 
pipe. As an example, problems of corrosion and premature 
wear, in addition to the deposition of hydrates, paraffins 
and asphaltenes, resulting in large pressure drop and even 
obstruction of the pipes can be cited.

Since new discoveries of conventional oil are scarce and 
insufficient to meet the increase in energy demand, heavy 
and extra-heavy oils are important to supply this volumes 
of oil. However, as commented by Henaut et al. (2003), 
“a major flow assurance challenge in the near future is the 
production and transport of heavy oils. Despite very large 
reserves, their exploitation is limited by their high viscosity”. 
Looking for best ways to overcome this limitation, several 

reviews, experimental and numerical works are available in 
scientific literature, as for example: Pouraria et al. (2016), 
Hart et al. (2014), Santos et al. (2014), Aiyejina et al. (2011), 
Palau et al. (2011), Phillips et al. (2011), Goldstein et al. 
(2010), Li et al. (2010), Ashrafizadeh and Kamran (2010), 
Guozhong and Gang (2010), Saniere et al. (2004), among 
others, reflecting the interest of the scientific community 
and industry on this topic.

In this context, some practical examples of the challenges 
addressed by world oil companies operating in Brazil are 
briefly commented here. (i) In Ostra and Argonauta offshore 
fields operated by Shell and partners, hot oil is injected at 
the wellhead and then mixed with the low oAPI oil being 
produced. The resulting less viscous oil mixture, offers 
less resistance to flow along the flowline and riser to the 
platform. This technique also allows the reduction of paraffin 
deposition in the inner wall (ANP, 2016). (ii) Oil produced 
from Sabiá da Mata oil field, operated by Sonangol Starfish 
Oil & Gas Onshore, has a very low oAPI and BSW. At 
standard conditions, the oil flow is practically impossible. 
The production is made possible mixing the low API oil 
with a high API oil from Petrobras. (iii) In Fazenda Alegre 
onshore oil field at Espírito Santo basin, Brazil (Portal do 
Espírito Santo, 2016). In order to transport the low API oil to 
TNC – Terminal Norte Capixaba (Iorio e Cerqueira, 2002), 
the oil is previously heated at a certain temperature in order 
to reduce its viscosity and promote gas liberation, which 
helps oil flow. Pig operations are periodically executed to 
reduce paraffin deposition. (vi) Fluids (oil, water and gas) 
produced from offshore fields in Rio Grande do Norte and 
Ceará, Northeast region in Brazil, are pumped together 
through a unique pipeline to the onshore Unit Treatment 
and Fluid Processing plant. This is realized to allow the 
flow of the viscous oil.

Pipelines are the most convenient means of transporting 
crude oil from the producing field to the refinery (Hart, 
2014); for such reason, this article aims to expose the 
influence of the pressure drop and heat transfer during the 
transportation of a biphasic fluid inside the pipeline. This is 
a real problem encountered in Espírito Santo basin. 

Methods

Problem specification

The problem addressed here is the flow of oil-water mixture 
in an onshore pipeline susceptible to heat loss. The goal 
is to determine, by numerical simulation, the influence of 
heat loss in the fluid’s behavior.

As shown in Figure 2a, the onshore system through which 
the mixture flows is formed by:

•	 a collecting station that receives the production from 
15 onshore wells of low flow with pressure of 5 kg/cm² 
and temperature of 66.7 °C. This is the point where the 
flow starts and the input boundary conditions must be 
imposed;
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•	 a pipeline of 3,600 m and 4 inches (10.16 cm) in 
diameter and through which 21 m³/d of oil are disposed; 
and

•	 a storage and exporting center located on land that 
receives fluids. This is the point where the flow ends 
and output boundary conditions must be imposed.

(a)

(b)

Figure 2.	 a) Spatial view of the components that defines the problem 
domain (source: Google Earth, 2015). b) cross section of the pipe showing 
the heat exchange between the hot fluid and the cooler environment.

The pipeline is composed of three segments called “section 
1” with 802 m length, “section 2” with 203 m length, and 
“section 3” with 2,595 m length. All parts have a diameter 
of 4 in (10.16 cm), thickness of 0.251 in (6.37    mm) and 
roughness of 0.001 in (0.0254 mm). In sections 1 and 3 the 
pipe is suspended on land (above ground) with an ambient 
temperature of 26 °C. In section 2 the pipe passes through the 
river bed at a depth of 6 m and a temperature of 16 °C. It is in 
this section that an intense heat loss of the transported fluid 
is observed and, therefore, the need for studies on the use of 
appropriate insolation arises. The insulation used for this case 
study was the base asphalt, typically used in the oil industry.

The lengths of the sections are presented as equivalent 
to straight sections, i.e., all curves and other elements of 
the pipe were converted into straight section lengths, with 
equivalent pressure loss. The fluid properties using the black 
oil model are: gas/oil ratio 24,9 m³/m³, water and sediments 
volume of 30 %, relative gas density of 0.66, relative water 
density of 1.02, oil density of 13.2 °API, H2S of 0.06 %, and 
viscosity of dead oil as 69.4 cP at 93.3 °C and 20,269 cP at 
15.5 °C. The conveyed fluid is formed by liquid and gaseous 
phases, so the Dukler correlation (Taitel & Dukler, 1976) 
is used to determine the pressure drop which considers 
slippage between the phases. As for the viscosity of the oil, 
which is a function of temperature and the API density, the 
Hossain correlation (Hossain et al., 2005) is selected.

For the exchange of heat between the hot fluid and the cooler 
environment, the following information items are required: 
thermal conductivity of the pipe kpipe = 35 W/(m K), thermal 
conductivity of the insulation klayer = 0.7 W/(m K), thermal 
conductivity of the oil koil = 0.08 W/(m K), convective heat 
transfer coefficient from the external environment hext = 4 W/
(m2  K), for approximate air velocity of 0.5 m/s (Pipesim, 2011).

Mathematical model

Horizontal correlation for multiphase flow: The Dukler 
correlation (Taitel and Dukler, 1976) enables the 
determination of the pressure drop in a horizontal pipe 
caused by multiphase flow considering the slippage between 
the phases. For a correct description of the flow inside the 
pipe it is necessary to determine the pressure gradient dp/dl, 
where p is the pressure and l is the length along the pipeline.

	
dp
dl
=
dp
dl
⎛

⎝
⎜⎜⎜⎜
⎞

⎠
⎟⎟⎟⎟
g

+
dp
dl
⎛

⎝
⎜⎜⎜⎜
⎞

⎠
⎟⎟⎟⎟
f

+
dp
dl
⎛

⎝
⎜⎜⎜⎜
⎞

⎠
⎟⎟⎟⎟
acc

	 (1)

The first term on the right side of Equation (1), subscript 
“g”, is the pressure gradient corresponding to the gravity, 
and equals ρkΔz/gc. In a horizontal pipeline this component 
is very small and may therefore be neglected. The second 
term with subscripts “f” is relative to the friction and only 
exists when there is a flow. The last portion, sub index “acc”, 
refers to the pressure loss due to the acceleration and the 
friction term, and only exists in dynamic conditions.

The friction loss component is calculated by dp
dl
⎛

⎝
⎜⎜⎜⎜
⎞

⎠
⎟⎟⎟⎟
f

=
f ρkUm

2

2gcD
, 

where gc is the gravitational constant that converts gravity 
acceleration in weight and D is the inner diameter of 
the pipe. As the problem threats the flow in more than 
one phase, the computation of the equation though 
apparently trivial is not simple. The variables depend on 
others to mathematically translate the complex interaction 
of the phases in the process. Thus, the first variable to be 
calculated is the specific weight of the mixture ρk which 
depends on the specific weight of the liquid phase ρL 
and gas phase ρg, on the liquid fraction of the input 
γ L, on the fraction of the input gas γ g and on the liquid 
hold-up HL (hold-up determination is described in the next 

paragraph) which is equal to ρk =
ρLγL

2

HL

+
ρgγg

2

1−HL

. Another 

necessary variable is the friction factor f obtained from 
f
fn
=1+

y
1,281−0,478y+0,444y2−0,094y3+0,00843y4

, which 

is a function of y and that, in turn, depends on the length 
ln of the pipe and the input liquid fraction γ L γ  = − Ln γ L . fn 

is obtained from fn = 0,0056+0,5NREK
−0,32  and the Reynolds 

number NREK is NREK =
ρkUmD
µod

, where D is the inner diameter 

of the pipe and μod the viscosity of dead oil, which varies 
with the environment temperature and with the API density 
of the oil by means of the Hossain correlation (Hossain et 
al., 2005) detailed in next subsection.
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The value of liquid hold-up HL necessary to calculate the 
density of the mixture is obtained by the following iterative 
process:

1.	 From the data of the fluid, establish fluid density ρL.

2.	 Estimate the hold-up HL.

3.	 With the information from (1) and (2), calculate the 
approximate value of ρk.

4.	 Calculate μod with the Hossain’s correlation, Equation (3).

5.	 With the information from (3) and (4) calculate the 
Reynolds number NREK.

6.	 With the information from (1) and (5), using Figure 3, 
obtain HL.

7.	 Compare the values of the hold-up HL estimated in (2) 
and calculated in (6); if the result of this comparison is 
greater than a certain tolerance, use the calculated va-
lue as the new estimative and repeat the process from 
step (3) on. Otherwise, the convergence is satisfied, 
and the iterative process terminates with the hold-up 
required.

Figure 3.	 Graphical representation of the Dukler’s correlation (Taitel 
and Dukler, 1976) to determine the liquid hold-up.

The acceleration term that is part of Equation (1) is defined 

by EK =
1
gcdp

Δ
ρg ⋅Usg

2

1−HL( )
+
ρg ⋅Usl

2

HL

⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
, with Usg and Usl being the 

average speeds of the gas and of the liquid, respectively, ρL 
and ρg being the specific weight of the liquid and of the gas, 
respectively, and gc the gravitational constant that converts 
acceleration of gravity in weight. Thus, the final expression 
for the calculation of the pressure gradient in horizontal 
pipes carrying multiphase fluids is represented by Equation 
(2), below.

	 dp
dl
=

dp
dl
⎛

⎝
⎜⎜⎜⎜
⎞

⎠
⎟⎟⎟⎟
f

1− Ek
	 (2)

Correlation for the oil viscosity: The Hossain’s correlation 
(Hossain et al., 2005) allows to determine the viscosity of 
the dead oil, μod, for different values of fluid temperature T. 

It is valid for heavy oils with API density, dAPI, ranging from 
10 < dAPI < 22.3. This dependence is evidenced by

	 µod =10
aT b 	 (3)

where a and b are parameters dependent on the oil API 
density dAPI and are defined by a= − 0,71523 dAPI + 22,13766 
and b = 0,269024 dAPI − 8,268047. Figure 4 represents this 
relationship.

Figure 4.	 Oil viscosity dependence of temperature and API density, 
according to Hossain’s correlation.

The heavier the oil, i.e., high viscosity, the more its heating 
results in a higher decrease of viscosity. In other words, 
the viscosity of heavy oil is more affected by temperature 
change. Whereas heavy oil has a higher percentage of 
paraffinic components, the possibility of forming deposits 
is therefore greater.

Heat loss: Heat transfer is a manifestation of thermal 
mismatch between two bodies. Nature seeks to achieve and 
maintain a state of equilibrium. This condition is reached 
when the temperature of cooler body increases and the 
temperature of warmer body decreases. In the specific 
situation of multiphase fluid being transported by pipe, 
the “cooler body” is the big external environment, so its 
temperature will rise very little. In other practical terms, the 
external temperature is kept constant. Thus, the temperature 
of the “warmer body”, which is the fluid inside the pipe, 
will decrease in order to reach the equilibrium with the 
surrounding environment. Several thermal resistances 
are offered to mitigate this heat exchange. Equation (4) is 
the mathematical representation of the heat exchange Q 
(Figure 2b), with Tb as the temperature of hot fluid inside 
the pipe, Ta temperature of the cooler environment, outside 
the pipe, and A is the perpendicular area to the direction 
of heat flow.

	 Q =UA(Tb−Ta ) 	 (4)

The overall heat exchange coefficient, represented by U, 
depends on thermal resistance offered by bodies between 
the fluid of interest and the external environment; in a 
simplified manner, it is calculated by means of Equation (5):

	
1
U
=

1
h 
int

+
1
k pipe

+
1

k layer
+

1
h ext

	 (5)
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where parameters hint (or, in this study, hoil), kpipe, klayer and 
hext are, respectively, the heat transfer coefficient of the 
multiphase fluid flowing in the pipe (“int”), the thermal 
conductivity of the metallic pipe (“pipe”), the thermal 
conductivity of the isolation layer, in this base situation 
asphalt (“layer”), and the heat transfer coefficient of the 
external environment (“ext”), which can be either air or 
water depending on the section.

According to Kaminsky (1999), for a laminar flow with a 
Reynolds number NREK < 2.300, hint can be obtained using 

hint =
2−HL( )hi1p
HL
2/3

, hi1p =
kLNu1p
D

, Nu
1p =1,86 NREKPr

D
L
⎛

⎝
⎜⎜⎜⎜
⎞

⎠
⎟⎟⎟⎟

1
3 µL
µw

⎛

⎝
⎜⎜⎜⎜

⎞

⎠
⎟⎟⎟⎟⎟

0,14

, 

Pr =
µLCpL
kL

, where μL is the oil viscosity; μw is the viscosity 

of water; CpL is the specific heat capacity of oil; kL the 
thermal conductivity of oil; D is the diameter of the pipe; 
Nu is the Nusselt number and its value can vary between 0 
and 1; and Pr the Prandtl number.

The second and third terms on the right side of Equation 
(5) refer to the heat exchange through the wall of the pipe 
and thermal isolation; they are obtained from the equations 

hpipe =
kpipe

D
2
+ wt

⎛

⎝
⎜⎜⎜⎜

⎞

⎠
⎟⎟⎟⎟ln

D
2
+ wt

D
2

⎛

⎝

⎜⎜⎜⎜⎜⎜⎜⎜⎜

⎞

⎠

⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟

 and hlayer =
klayer

D
2
+ wt

⎛

⎝
⎜⎜⎜⎜

⎞

⎠
⎟⎟⎟⎟ln

D
2
+ wt+ wtlayer
D
2
+ wt

⎛

⎝

⎜⎜⎜⎜⎜⎜⎜⎜⎜

⎞

⎠

⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟

 

with wtlayer being the thickness of the isolation layer adjacent 
to the pipe.

The last term on the right side of Equation (5), which is the 
convective heat transfer coefficient between the isolation 
layer and the external environment, hext, is obtained from 
the equations 

hext =
kNuext
D+2wt

, Nuext = 0,53Ra
0,25 , Ra= PrGr  and Gr = L

3ρ2βgΔT
µ2

, 

where L is the length of the pipe, and Gr and Ra are the 
Grashof and the Rayleigh numbers, respectively.

For sections 1 and 3 of the pipe, which are above ground, 
the hext coefficient has the typical value of 4 Wm-2K-1 for 
natural convection with the approximate speed of the air 
being 0.5 m/s.

Boundary conditions: To solve the equations system 
it is necessary to determine its solution domain; this 
means establishing the boundary conditions to have a 
mathematical system can be solved.

As a one-dimensional problem (Figure 2a), the boundary 
conditions at the input and output of the pipe should be 
imposed, as mentioned previously. In this paper two situations 
were analyzed. They are identified as cases 1 and 2.

•	 Case 1 - Low input pressure: fluid pressure at the input 
is prescribed in 5 kg/cm². This means that the fluid 
pressure in the output should be calculated; and

•	 Case 2 - Pressure provided by a centrifugal pump: fluid 
pressure in the output is prescribed at 3 kg/cm², meaning 
that the fluid pressure at the input should be calculated.

In both situations the oil enters at a fixed flow rate of 21 m³/d 
and a temperature of 67 °C. The outside environment 
temperature is 26 °C in air and 16 °C in water.

Numerical model

All the equations presented are solved using the Pipesim® 
software, whose use is widely spread in artificial lift 
engineering as well as in pipeline engineering. The 
procedure to obtaining the solution implemented in this 
software is based on the technique called Nodal Analysis®. 
This procedure consists in segmenting the flow line in a 
number of sections, denoted by the index j. Each section is 
subdivided into even small intervals denoted by the index i. 
The pressure gradient correlation is selected in function of 
the fluid and flow characteristics. This correlation is solved 
at each small interval.

Such technique is commonly applied for multiphase flow 
analysis, since the PVT (pressure / volume / temperature) 
properties of the fluid significantly alter the extent in which 
the fluid is transported; furthermore, the geometry where 
these fluids flow may change in diameter, in the roughness 
of the inner wall, and inclination of the pipe. The purpose 
of the division into sections j is to be able to contemplate 
pipes with different inclinations.

The numerical integration of Equation (2) along the length 
L of the pipeline results in Equation (6), which allows to 
calculate the differential pressure ∆p of the pressure 
gradient dp/dl for n different segments of pipe and m pipe 
sections:

	 △p= dp
dl

 
0

L

∫ dL= dp
dL
⎛

⎝
⎜⎜⎜⎜
⎞

⎠
⎟⎟⎟⎟i=1

n

∑
i=1

m

∑
ij

△Lij 	 (6)

In our situation, m = 3. Figure 5 illustrates the application 
of the technique to the case of a submarine system for 
petroleum production.

Figure 5.	 Nodal Analysis® technique application in a submarine pro-
duction system.

Results and discussion

Case 1: low input pressure

The problem analyzed in this article is detailed in Figure 2a. 
For case 1, the representation in Pipesim® symbology is very 
similar to that shown in Figure 10 for case 2 (without the 
presence of the pump); for this reason, it is not repeated here.
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Initially, the pressure check in the collecting station (pipeline 
input), serves to verify if the fluid is able to move to its final 
destination in the storage and export center considering 
low heat exchange along the section. In other words, the 
overall heat exchange coefficient U, is approximated by 
U = 1,135 W/(m2 K). The main objective of this first stage is 
to determine if artificial mechanisms are necessary in order 
to increase the pressure in the pipe input, or not.

The calculated pressure gradient is shown in Figure 6. It 
can be seen that pressure drop along the pipe is non-linear 
due to the presence of more than one phase, and for this 
conditions the fluid does not have sufficient energy to flow 
to the end of the tubing of 3,600 m length. It only runs 
through the first 2,950 m, 82 % of the full length. Thus, it 
can be established that in these conditions the production 
is not viable. It is noteworthy that to achieve the end of the 
pipe the fluid should have a minimum pressure of 3 kg/cm² 
to overcome internal resistance in the storage tank.

Figure 6.	 Pressure variation over the pipeline for case 1, with low 
heat exchange, U1,2,3 = 1,135 W/(m² K), in sections 1, 2 and 3.

In Figure 7 the temperature gradient for case 1 condition 
is shown. The oil enters the pipeline with a temperature of 
67 °C and decreases along the pipeline until it reaches the 
temperature of approximately 31 °C at 2,950 m, which is 
the maximum distance that the fluid is moved, 82 % of the 
full length. As section 1 is 802 m long, section 2 is 203 m, 
and section 3 is 2,595 m, the oil tends to seek equilibrium 
with the external environment, which is at a temperature of 
26 °C, and therefore reaches only part of section 3.

Figure 7.	 Variation of temperature along the pipe for case 1, with low 
heat exchange, U1,2,3 = 1,135 W/(m² K) in sections 1, 2 and 3.

Another analysis can be obtained by considering a more 
intense heat exchange in all pipe sections. This means that 

in sections 1 and 3, which are exposed to air, the value 
of the coefficient U is equal to 113.6 W/(m² K), 100 times 
bigger than previous one; and in the second section, which 
is submersed in water, U is 1,135.7 W/(m² K), 1,000 times 
bigger than previous one.

Figures 8 and 9 illustrate graphs of the pressure gradient and 
temperature gradient, respectively, for this new U values. 
As expected, once the conditions are more unfavorable to 
avoid heat exchange, a greater pressure drop occurs along 
the route, causing a smaller displacement of fluid compared 
to the situation mentioned previously (low heat exchange). 
In other words, it requires additional energy to move the 
fluid. This can be seen in Figure 9, where the abrupt and 
continuous decrease of the fluid temperature until the 
equilibrium with the external medium that is 26 °C, allows 
the arrival of fluid just in the end of section 1.

Figure 8. Pressure variation along the pipeline for case 1, whereas high 
heat exchange. Sections 1 and 3 U1,3 = 113.57 W/(m² K) and section 2 
U2 = 1,135.7 W/(m² K).

Figure 9. Temperature variation along the pipeline for case 1, whereas 
high heat exchange. Sections 1 and 3: U1,3 = 113.57 W/(m² K) and sec-
tion 2: U2 = 1,135.7 W/(m² K).

The main reason is that with the decrease of the oil 
temperature, the oil viscosity increases sharply and paraffin 
eventually begins to precipitate in the inner wall of the 
pipeline. The appearance of paraffin deposits is manifested 
by the breaking of phase equilibrium, caused by the oil 
cooling and/or release of the lighter fractions dissolved 
originally in oil. Paraffin, when exposed to a certain 
temperature, called WAT (wax appearance temperature), 
precipitates in crystal forms and is characterized by a solid 
phase; it deposits on the internal walls of the pipelines, 
obstructing the flow and promoting the increase of 
pressure drop in production lines. Among other problems, 
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decreasing of the flow rate of the fluid and the obstruction 
of the production pipeline section may occur.

Case 2: pressure provided by a centrifugal pump

Based on the previous results it was decided to use a 
centrifugal pump with 1,491.4 W power and efficiency of 
50 %. The pump will be installed in the inlet plane, close 
to the collecting station. The new configuration in Pipesim® 
symbology is shown in Figure 10.

Figure 10.	Representation in Pipesim® symbology of the new configu-
ration with the pump in the pipeline inlet.

Provided that there is a need to increase pressure in the 
system, the question to be answered is: what level of 
pressure should be used? The prescribed pressure of 3 kg/
cm² in the pipe output, which is the arrival of fluid in the 
storage and export center, determines that the minimum 
pressure in the input pipe should be 10.5 kg/cm². This result 
assumes a low heat loss in the system (U = 1,135 W/(m² K); 
the minimum pressure gradient is shown in Figure 11.

The temperature profile, Figure 12, shows that an increase 
in pressure has a smaller temperature decrease compared 
to situation 1, Figure 7, reaching the final destination of 
approximately 29.5 °C.

Figure 11.	Pressure variation along the pipeline for case 2, with low 
heat exchange, U1,2,3 = 1,135 W/(m² K) in sections 1, 2 and 3.

Figure 12.	Temperature variation along the pipeline for case 2, with 
low heat exchange, U1,2,3 = 1,135W/(m² K) in sections 1, 2 and 3.

Again, with a pressure of 3 kg/cm² in the output of the 
pipeline, and similar to case 1, a high heat transfer 
conditions, i.e., segments 1 and 3 with U = 113.57 W/(m² K) 
and segment 2 with U = 1,135.7 W/(m² K), and pressure and 
temperature gradients are presented in Figures 13 and 14, 
respectively.

Figure 13.	Pressure variation along the pipeline for case 2, high heat 
exchange. Sections 1 and 3 U1,3 = 113.57 W/(m² K) and section 2 
U2 = 1,135.7 W/(m² K).

Because heat loss is more severe, the temperature of the 
oil being transported considerably decreases, negatively 
impacting in the viscosity values since inverse dependence 
with temperature is governed by Equation (3), which 
accordingly increases the pressure gradient. The input 
pressure of the system goes from 10.5 kg/cm² (Figure 11) 
to about 24.6 kg/cm² (Figure 13). When snalyzing the 
graphics, there is a more significant decrease in pressure in 
section 2 due to the fact that the pipeline crosses the river 
bed at temperatures below air temperature.

Unlike small temperature variations obtained with low heat 
exchange −Figure 12, in this situation−, with high heat 
exchange, temperature has an abrupt decrease, from 67 °C at 
the input to pipe to 26 °C in the first 400 m, as seen in Figure 
14. As the second section is submerged in the river, the oil 
temperature further decreases to equilibrate to 16 °C external 
water over 203 m. In section 3, oil exchanges heat with 
air at a temperature of 26 °C, comes into equilibrium and 
maintains this temperature until the pipe output at 3,600 m.

When a pressure increases 20 % more than the minimum 
required in the discharge pipe to meet operational 
fluctuations, the new boundary condition at the output plane 
is set to 3.6 kg/cm². The new pressure profile, with low heat 
transfer U1,2,3 = 1,135 W/(m² K) in all sections, is very similar 
to that of Figure 11; additionally, the temperature profile 
along the pipe hasn’t changed significantly in relation to 
Figure 12, and therefore the results are not shown.

As in the previous analysis performed, the response of 
the system with this new pressure condition, to high heat 
exchange, section 1 and 3 U1,3 = 113.57 W/(m² K) and 
section 2 U2 = 1,135.7 W/(m² K), was also sought. Again, 
the pressure and temperature behavior are similar to those 
described in Figures 13 and 14.
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Final remarks and future work
It is clearly noticeable that the influence of temperature 
drop on the flow can provide great difficulties in flowing 
through the pipe, especially when dealing with heavy oils. 
The appearance of paraffins, hydrates and/or asphaltenes 
are examples of problems caused by this thermal unbalance, 
which requires further increase of the fluid pressure at the 
inlet and more effective isolation conditions.

Figure 14.	Temperature variation along the pipeline for case 2, high 
heat exchange. Sections 1 and 3 U1,3 = 113.57 W/(m² K) and section 2 
U2 = 1,135.72 W/(m² K).

For the problem analyzed here, there is a need for using a 
pump suitably selected to drive the fluids to the delivery 
location, serving inaccuracies in the simulation results 
as well as operational fluctuations that may occasionally 
occur. The use of isolation when appropriately designed, 
in terms of material quality and thickness, is of extreme 
importance to maintain the heat transfer at low levels, in 
order to ensure the movement of fluids over long sections 
without compromising system operation.

A refinement of this paper involves studying the initiation 
of growth of paraffin deposits (Aiyejina et al., 2011), which 
occurs when the oil temperature becomes equal to, or lower 
than, the WAT; after that cleaning operation of pipeline, such 
as pigs, are necessary (Figure 15). This, however, requires the 
use of other commercial software or development of specific 
in-house applications (Romero, 2005).

  

Figure 15.	Schematic of pig operation (left) and photograph of cleaning 
process (right).
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