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Abstract: The basic theory of exergy was used to derive the formulae of physical and chemical
exergy in the process of pipeline transportation, combined with the effect of wax deposition on the
thermodynamic parameters including specific heat, density, chemical potential and concentration
gradient. On the basis of this, the expression of various exergy losses were derived, and the exergy
balance model was then built in the process. For the case study, a waxy crude oil pipeline in China
was selected. The mechanism for how wax deposition affected the physical and chemical exergy loss
was studied through analyzing the axial pipeline distribution of pressure, temperature, flow rate
and thickness of insulation layer. Finally, under the design flow of 66 x 10% kg-h~!, the orthogonal
experimental analysis method was used for comparing the degree of specific factors which could
influence the total exergy efficiency. The highest exergy efficiency combination of working conditions
was then determined. This research could provide a theoretical basis for guiding safe and economic
operation in the actual pipeline transportation process.
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1. Introduction

Most Chinese crude oil is high-pour-point and viscous, waxy crude oil; it generally needs to be
heated for transportation [1,2]. In the process of transportation, the oil pump assembly should be set to
overcome the head loss. Meanwhile, in order to effectively prevent the tube from condensation, it is also
necessary to set the heating devices to maintain the minimum oil temperature above the condensation
point. This transportation equipment consumes a lot of energy, especially for those pipelines with long
distance and low throughput, for which the heating fuel consumption could account for 0.25 to 0.35%
of the transportation volume [3]. With the increasing demand for crude oil, the consumption of
pipelines will be further increased, which means that the economic operation of pipelines faces greater
challenges. Therefore, it is of great significance to carry out an energy-consumption analysis of waxy
crude oil pipelines.

Calculating energy efficiency is the traditional method of energy-consumption analysis, in this
method, only the “quantity” attribute of energy is considered. However, energy also has another
attribute of “quality,” called exergy, which refers to the maximum working capacity [4]. Energy with
a large “quantity” but low “quality” in a system would have a low working ability. If we took the
traditional way to analyze such a system, the “quantity” of energy would be treated as the key point
to improve energy utilization, the investment in equipment would be large, and the economy of
this system would be poor. Compared with the traditional analysis method, and exergy analysis can
reveal the essence for the reduction of energy quality and energy levels, and comprehensively identify
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the weaknesses in an energy system, so that reasonable energy saving measures can be put forward,
which make energy utilization more efficient and economical.

According to the capacity of doing work in different potential fields, exergy can be divided
into two categories: physical exergy and chemical exergy. In 1965, Persian Yake Vic advocated the
concept of constrained and non-constrained balance, which laid the foundation for distinguishing
the difference between the physical exergy and chemical exergy of a material system [5]. In 1984,
Nabusawatorao proposed selecting the general formulae according to the types of fuels, and provided
general formulae for liquid and solid fuels [6]. Afterwards, in 1988, Zhu introduced the deriving
process of chemical diffusion exergy in the general thermodynamic system in his book “The Analysis
of Energy System by Exergy” for the first time [7]. With the continuous improvement of the theory
of exergy, some experts and scholars applied exergy to energy-consumption analyses of the pipeline
transportation process, and made certain achievements. In 2009, M.Chaczykowski et al. analyzed
the gas system of Yamal-Europe based on the exergy theory, in which the effective energy and the
energy loss in the process of gas transmission were determined, then the position where the exergy loss
occurred and the magnitude of the energy loss was also given [8]. In 2013, M.Ameri and M.Askari et al.
carried out exergy and economic analyses on a crude oil transportation pipeline and related pump
stations in Iran, in which the exergy loss and exergy efficiencies were calculated for each part of the
whole system and itself [9]. In addition, to reduce the flow resistance, the method to heat crude oil with
waste gas was proposed. In 2015, Cheng et al. took a crude oil pipeline as an example, and discussed
the distribution of exergy flow and the rules for how thermal and pressure exergy transferred and was
delivered, providing the theoretical and rational basis for the energy-saving calculation of a pipeline
system [10].

It is noteworthy that many experts and scholars have done a great deal of research into exergy
analyses of general pipeline transportation processes, however, for the pipeline transportation process
of waxy crude oil, their studies might be more reasonable and accurate if they had considered wax
precipitation, which can impact the physical and chemical exergy. In fact, wax precipitation will lead to
a change in some corresponding thermodynamic parameters, and the thermal exergy, pressure exergy,
chemical reaction exergy and chemical diffusion exergy will be thus be affected [11]. According to
the characteristics of waxy crude oil, this paper deduced the calculation method for physical exergy
and chemical exergy in the process of waxy crude oil pipeline transportation. Furthermore, a waxy
crude oil transportation pipeline from an oilfield in eastern China was taken as an example, an exergy
analysis of the transportation system was carried out, the distribution of various types of exergy loss
was provided, and the reasons for this phenomenon were analyzed.

2. Physical and Chemical Exergy in the Process of a Waxy Crude Oil Pipeline Transport Process

The potential fields can be divided into physical fields and potential chemical fields [12].
According to the working ability for different potential fields, we can divide the exergy into
two categories, physical exergy and chemical exergy, in the process of waxy crude oil pipeline
transportation [13].

2.1. The Physical Exergy of Waxy Crude Oil Pipeline Transportation

The research done in this paper was based on a horizontal pipe, and the waxy crude oil has no
change of elevation in the process of pipeline transportation, so the potential exergy can be ignored [14].
Owing to the fact that the process of pipeline transportation can be treated as steady-flow, and the
speed exergy is smaller compared to the enthalpy, this can also be ignored. To sum up, the physical
exergy can be divided into two parts: thermal exergy and pressure exergy.

Thus, the physical exergy can be expressed as:

Exph = Ext + Exp 1
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where Ey; and Ey, respectively represent the thermal exergy and the pressure exergy of stable
material flow.

2.1.1. The Calculation of Thermal Exergy

The exergy caused by the temperature difference is referred as thermal exergy:
T To
= 1——)dT 2
Cxt . Cp ( T )d )

If the range of the temperature is not large, taking the average ¢, as 2.133 kJ-kg~1-K~! under the
temperature of Ty~T, and the non-dimensional temperature T* = Tlo is introduced, the formula will be

simplified as:

ext = CP/T(l — TO)dT =Cp |:(T — T()) —Toln T:| = Ep[(T — TO) — T()II’IT*] 3)
To T Ty
With the increase of the transportation distance, the crude oil temperature drops to the wax
precipitation point, then the original dissolved waxy molecules will separate out due to their different
molecular weight. Therefore, the specific heat capacity of waxy crude oil changes with temperature,
which should not be ignored for precise calculations. According to the capacity—temperature curve,
based on the wax precipitation point Ts;, and the maximum specific heat capacity temperature Ty,
the specific heat capacity which changes with the temperature can be divided into three regions:
When T > Tsr:

oy = \/;? (1.687+ 3.39 x 10*3) @)

where ¢ is the specific heat capacity, and d}° is the relative density of oil at 15 °C.

When Tsp, > T > Tepay, with the drop of oil temperature, the wax precipitation rate of the unit
temperature drop gradually increases. This process released more latent crystallization heat, so the
specific heat increases gradually. The relationship between specific heat capacity and temperature can
be fitted by the following formula:

cy = 4.186 — Ae"T (5)

where A and 7 are relatively the constants varying with the crude oil.

When T < Tgyx, most of the wax in the crude oil has been precipitated with the decrease in
temperature. As the cooling process continues, the specific heat capacity of crude oil will decrease,
and the relationship between it and the temperature can be fitted by the following formula:

¢y = 4.186 — Be T (6)

where B and m are relatively the constants varying with the crude oil.
In this paper, the conditions under which the specific heat capacity changes with the temperature
can be summarized as:

1. When the temperature is lower than 22 °C:
¢y = 4.186 — 1.4829¢ 001817 7)
2. When the temperature is between 22~48 °C:

¢y = 4.186 — 0.7179¢%017°T )
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3. When the temperature is greater than 48 °C:

¢~ 2.45 ©)

where c is the specific heat capacity of crude oil, and T is the temperature of crude oil.

2.1.2. The Calculation of Pressure Exergy

The exergy which is caused by the pressure difference is referred as pressure exergy:

b1
exp = To/po P (10)

The relationship between the density and temperature of crude oil is:
p = p20 — (T —20) (11)

where p is the density of crude oil, pyy is the density of crude oil at 20 °C, and ¢ is
temperature coefficient.
Then the pressure exergy at any temperature can be expressed as:

P 1 _ Th(P-P) (P~ Fy)
=], =g = - a0 ~ T

For the crude oil in the process of transportation, the above formulae indicate:

1. Inthe certain environmental state of (T, Pp), the thermal exergy eyt and pressure exergy ey, are all
state parameters of the materials, moreover, thermal exergy ey is only a function of temperature
and pressure exergy ey is a function of both pressure and temperature;

2. The crude oil properties have no effect on pressure exergy ey,. Although thermal exergy ey
relates to the crude oil properties, it only depends on the constant pressure-specific heat cj.
Therefore, this simple relation will bring about convenience for calculating and analyzing the
physical exergy of crude oil.

2.2. The Chemical Exergy of Waxy Crude Oil Pipeline Transportation

The chemical exergy of materials refers to the maximum working ability, which is caused
by chemical non-equilibrium between materials and their environment. The chemical exergy of
a thermodynamic system can be considered as the sum of chemical reaction exergy and chemical
diffusion exergy:

Exen = Ec+Ep (13)

2.2.1. The Chemical Reaction Exergy of Waxy Crude Oil Transportation

In principle, the chemical reaction exergy of fuels has little difference to other compounds.
As long as its composition and enthalpy are given, it can be calculated according to the corresponding
equations [15]. However, the fuels in practical use usually contain many complex substances, of which
the compositions are difficult to accurately determine, especially for those solid fuels which are
usually composed of unstable molecular aggregations. Thus, for general liquid and solid fuels,
including coal and oil, various semi-empirical formulae and approximate formulae of fuel exergy
are often adopted in engineering exergy analysis. The frequently-used approximate algorithms now
include the “Rant method”, “Nabusawatorao method” and “Szargut-Styrylska method” [16].

In the literature [17], various approximate algorithms were used to calculate the chemical reaction
exergy of the crude oil in Shengli, Daqing and the other five oil fields in China. All the deviations were
based on the “Szargut-Styrylska method”, which showed that all the deviations were less than 2.3%,
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close to the previous results for kerosene’s chemical reaction exergy. This indicates that this estimation
method for the chemical reaction exergy of crude oil was available, the numerical value of the chemical
reaction exergy was in the range of the gross heat value and the low heat value, and that the reaction
exergy of crude oil increased with the H-C ratio (Hydrogen-Carbon ratio).

In the process of pipeline transportation, the chemical reaction exergy of crude oil is not completely
invariant. This is because the dissolved wax gradually separates out and deposits on the pipeline
wall, leading to a composition change of chemical elements, and the loss of chemical reaction exergy.
However, in the process of pipeline transportation, the loss of elements in this part is smaller than that
of the crude oil itself, and it can be ignored in the actual engineering calculation accordingly [18].

2.2.2. The Chemical Diffusion Exergy of Waxy Crude Oil Transportation

In the process of waxy crude oil pipeline transportation, with the increase of wax precipitation,
the molecular concentration gradient severely changes [19], so diffusion exergy cannot be ignored [20].
In this paper, 1 atm and 298.15 K are used as the reference pressure and temperature of the environment,
and the crude oil in the pipeline transportation process is regarded as the multi-component system,
with temperature T, pressure P, and a constrained equilibrium state. The standard substances of the
environment are components of alkanes, cycloalkanes etc., the mole of which is the same as that of
crude oil at 298.15 K and 1 atm.

When the multi-component system undergoes a reversible process and achieves a non-constrained
equilibrium state, there will exist mass exchange between the system and the environment, meanwhile,
the maximum useful work is made to the external world. If the system and the environment
formed an adiabatic joint system C, there would be a work exchange with the external world in
this process, and the exchange work is the maximum useful work Wpax. According to the first law of
thermodynamics Wax = —AU, there is:

k
Whax = Y_ i (Plz‘,o - V?) =Ep (14)
i=1

In the state of non-constrained equilibrium, the mole number 7;y3 of components in the
multi-component system is the same as that of any state, therefore, the expression of diffusion exergy
of 1 kmol in the multi-component system can be further expressed as a more general form:

k
ep = )i (0 — i) K-kmol ! (15)
i=1
Since the system compositions are complex in pipeline transportation, this cannot be treated as
the ideal solution. The calculation of the chemical diffusion exergy can be referred to the method of
the non-ideal solution, and the corresponding molar diffusion exergy can be transformed into:

k

_ 7i,0%i,0

ep = RT()Z Xi 0 In 0.0 (16)
i=1 T

where ;5 and r? are respectively the activity coefficients of component i in a state of constrained and
non-constrained equilibrium; and x; and x¥ are respectively the molar fractions of component i in a
state of constrained and non-constrained equilibrium. From this formula, the main two parameters for
calculating the chemical diffusion exergy are the activity coefficient » and the molar fraction x.

1. The calculation of the component molar fraction

In this paper, phase equilibrium theory is used to solve the problem of the composition of solid
and liquid components in the system. When the thermodynamic system reaches phase equilibrium,
the fugacity of each phase state is equal:

fiL = fz‘S (17)



Energies 2017, 10, 1956 6 of 20

The liquid—solid phase fugacity of the component i is:

P yLgp

fir =rixift exp( | RT ) (18)
P VS4p

S S..S ro0S

f7=rxf eXP( A EQT ) (19)

where £;°L and f;°° respectively represent the standard-state fugacity of the liquid and solid phase of
component i, and V;* and V;® respectively represent the molar volume of the liquid and solid phase of
component i.

When the thermodynamic system is in a state of low or medium pressure, there is little influence of
the component volume difference on the solid-liquid equilibrium constant, so the effect of the Poynting
factor on the equilibrium constant can be neglected; then the liquid—solid equilibrium constant of

component i is obtained:
S L foL
KSL— i _ 1t fi
i L .S roS
X 1 fi

(20)

The standard fugacity ratio in Equation (20) can be obtained by the following formula:

f / y

foL AH; T 1 /Tl- 1 [T AC,
- 1— =) - == [ AC,dT + — T 21
s~ OP\RT ) wT) AT RS Tl @b

1

where AH{f is the dissolved enthalpy of component i.
For the dissolved enthalpy of n-alkanes [21]:

7 < Cy <21 AH/ = 0.137M;T/ (22)
8 < Cy <22 AH/ = 0.192M,T/ (23)
21 < C, <38 AH/ = 0.119Mm;T/ (24)

Cy > 38 AH! = 0.1605M,T/ (25)

For isoparaffin and cycloalkanes:
AH = 0.05276 M, T/ (26)

For aromatics:
aH = 1121/ (27)

During the transportation process, when the temperature decreases to the dissolution temperature
of component i, the wax molecules which originally dissolved in the crude oil will crystallize and
separate out. To calculate the dissolution temperature of the n-alkanes, Won proposed the following
Equation [22]:

20172

1

T/ = 374.5+0.02617M; — (Mi < 450 gmorl) (28)

32326

1

T/ — 4114

(Mi > 450 g~mol_1) (29)
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To determine the dissolution properties of the non-alkane component, Lira-Galeana proposed the
following Equation:

15760.33

Tif = 370.12 4+ 0.002403M; —
M;

— 139.67 exp(—0.008546 M;) (30)

To calculate the change of specific heat capacity, the following Equation was taken:
ACyi = Cpy; — C5; = 0.3033M; — 4.635 x 10 *M;T (31)

where M; represents the molar mass of component i.
2. The calculation of the activity coefficient
In this paper, a more accurate theoretical model of the regular solution is adopted to calculate the
activity coefficient:
Vi(0n —81)?

The solubility parameters J,, in this Equation can be represented as é,; = ) J;¢;, while the ¢; can
be determined with ¢; = x; V(¥ xiVi)fl. According to the Equation (32), the activity coefficient can be
obtained by calculating the solubility parameters and molar volume of component i.

The solubility parameters of the liquid phase of n-alkanes can be used with the formula built by
Riazi and Al-Sahhaf:

oL =86 —exp (2.219195 — 0.54907M?~3) (33)

The liquid-phase solubility parameters of other types of hydrocarbons can be used with the
formulae built by Leelvanacihkul:

For isoparaffins and cycloalkanes: & = 8.7 — exp(2.219195 — 0.54907M?'3)

For aromatics: 6© = 8.8 — exp(2.219195 — 0.54907 M%)

The solid-phase solubility parameters of component i can be calculated by the following Equations:

. — 48.227
67 =7.62+224 [1 —exp (5.975]\/1’62883) } M; < 450 (34)
67 =10.30 + 1.42584 x 1073(M; — 394.77), M; > 450 (35)

The solid and liquid molar volume of component i can be calculated by the following Equation:
Vi =V} =Mi/dps (36)

The formula of the liquid phase density of component i at 25 degrees can be used with the
following Equation established by Leelvanaichkul:
For n-alkanes:
dips = 0.815 4 0.06272 x 10~*M; — 13.06/ M; (37)

For isoparaffins and cycloalkanes:
dips = 0.865 4 0.06272 x 10~ *M; — 13.06/ M; (38)

For aromatics:
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3. Exergy Loss and Exergy Efficiency in the Process of Waxy Crude Pipeline Transportation

3.1. The Exergy Balance Equation of the Pipeline Transportation

The total exergy in the process of pipeline transportation is the sum of physical exergy and
chemical exergy. The process does not involve chemical reactions, so only the change of pressure exergy,
heat exergy and chemical diffusion exergy in the system should be considered. Therefore, the total
exergy of pipeline transportation can be written as [23]:

T T Pl k
E, = Exph + Ep = / GCp (1 — O)dT-f- GT()/ 7dp + Zni (l’li,O — y?)
Ty T po PT i—1
(40)
* Pl £ 0
=Gcp(T—-To—ToInT )+GT0/pO p—poJr Zﬂi(ﬂi,o *P‘i)
i=1

In order to evaluate the energy-saving potential from the aspect of energy quality utilization, a
general exergy analysis needs to be carried out for the pipeline transportation system. A model of

exergy analysis in the process of pipeline transportation was built as in Figure 1.

Insulation layer Exlt t t Exlp

E xin ‘ ‘ Exout

Crude oil Wax precipitation layer

Figure 1. The exergy analysis model in the process of pipeline transportation.

According to the exergy analysis model, the exergy balance equation can be written as:
Exin = Exout + Ex (41)

where Ey; = Eyjin + Exjout-
In Equation (41), E;; and Ey,y are respectively the physical exergy which inflow and outflow
from the pipeline; E,j;, and E,,,; are respectively the internal and external exergy loss of the pipeline.

3.2. The Formula for Calculating the Exergy Loss in Pipeline Transportation

3.2.1. The Exergy Flow Loss in the Pipeline Transportation

1. The loss of thermal exergy

h Ty T2 T %
Exlt:Em—Extz:G/T op(1= 2 )dT =G [ “ep(1= 32 )dT = Gep(Ti — T+ Ty InTy") (42)
0 0

where Ty, T, are the inlet and outlet temperatures of the pipeline respectively, G is mass flow rate of
the crude oil, kg-s™!, and Ty ,* = % is the non-dimensional temperature.
2. The loss of pressure exergy

E.p, = Eypp — E —GT/pl L GT/pZ L (43)
xlp = LEaxpl xp2 = Glo o PTh p 0 o P12 p

where P1, P, are the inlet and outlet pressures of the pipeline, respectively.
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3. The loss of chemical diffusion exergy

2o

Z X; (Vi,l - V?) -

i=1

2o

Evip = Exg1 — Exap =

k
> xi(pia — 1) (44)
i=1
where M is the molar mass of the crude oil.

3.2.2. The Internal and External Exergy Loss in the Pipeline Transportation

For exothermic objects, when heat and exergy flow out of the objects together, the reduced material

2
Exy = /1 (1 - TTO)(SQ (45)

6Q = —GedT (46)

flow exergy is:

where the heat loss of the pipeline is:

Thus, the corresponding external heat dissipation exergy loss in the pipeline is:

E= /(1—>5Q_—G (1—T>dT 47)

3.2.3. The Total Exergy Loss in the Process of Pipeline Transportation

According to the sections above regarding the calculation equation of physical and chemical
exergy, the material flow exergy can be respectively written as:

Eyin = (Hy — Ho) — To(S1 — So) + Exein (48)

Exout = (H2 — Ho) — To(S2 — So) + Excio (49)

where E;, is the exergy flow of the pipeline inlet, and Eyy is the exergy flow of the pipeline outlet.
From the two formulae above, the total exergy loss in the process of pipeline transportation can
be expressed as:

Ey; = Eyin — Exout — Exg = (H1 — Ha2) — To(S1 — S2) + Exeni — Excnp — Exg (50)

3.3. The Exergy Efficiency in the Process of Transportation

In the process of energy transmission and conversion, the ratio of the gained exergy E, ¢, to the
paid exergy Ey pqy is defined as the exergy efficiency, and 7., is used to express the exergy efficiency [24]:

Ex,gain

He, = (51)

Ex,pay

According to the second law of thermodynamics, any irreversible process will cause exergy loss,
therefore the difference between the gained exergy E, ¢;i;, and the paid exergy Ex pay is the exergy loss:

Ex,L = Ex,pay - Ex,gain (52)
Additionally, there is:
Ex pay — Eyr EyL
= =1-———=1- 53
Ter Ex,pay Ex/P”y v 9

where ¢p = xpL is named as the exergy loss coefficient.
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4. Application Example Analysis

4.1. Basic Data

For the case study, a typical example of an oil pipeline in an eastern Chinese oil field was taken [17].
The basic operating parameters of the pipeline are shown in Table 1.

Table 1. Pipeline operating parameters and physical parameters of the crude oil.

Items Numerical Value
Operating time, day 350
Thickness of insulating layer, mm 40
Thermal conductivity of insulating layer, W-m~!.cC~! 0.025
Thermal conductivity of soil, W-m~l.eCc1 14
Pipeline thermal conductivity, W-m~!.°cC~! 45.24
Pipe length, km 50
Pipeline diameter, mm 207.9
Top of the pipe buried depth, mm 1600
Environment temperature, °C —4
Absolute roughness, mm 0.15
Thickness of pipeline, mm 5.6
Out-station pressure, kPa 2300
Out-station temperature, °C 70
Flow rate, kg/h 63,000
Density of waxy crude oil at 20 °C, kg-m*3 844.1
Wax content of waxy crude oil, % 20.2
Wax precipitation point, °C 48
Abnormal point, °C 36.2

Besides, the length of the pipeline is about 18 km, the specification of the diameter is
$219.1 mm X 5.6 mm.

4.2. Analysis of Exergy Loss in the Process of Pipeline Transportation

The exergy loss for the pipeline system is calculated based on the basic data, and the ratios of
various exergy losses to the total exergy loss are shown in Figure 2.

Il Heat exergy loss I Internal exergy loss
Bl Pressure exergy loss Il External exergy loss

Il Diffusion exergy loss
-

(a) (b)

72%
68%

17%

11%

Figure 2. (a) The ratios of various exergy losses to total exergy loss; (b) The ratios of internal exergy
loss and external exergy loss to total exergy loss.

Through analyzing the results in the Figure 2, we can see that the thermal exergy loss occupies a
large part, the second level of the ratio is the diffusion exergy loss, and the pressure exergy loss only
accounts for about 11%, which illustrates that the process of waxy crude oil transportation is greatly
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affected by the temperature field, the effect of the wax molecule concentration field is in second place,
and the effect of the pressure field is the least strong.

For the total exergy loss, the external thermal exergy loss also accounts for a large part. It can be
seen that during actual pipeline transportation, the transmission temperature should be reduced as
low as possible under the premise of ensuring the safety of transportation.

The internal exergy loss accounts for a smaller proportion of the total exergy loss compared to
the external exergy loss. The sources of the internal exergy loss of the pipeline transportation are
mainly three kinds: the pressure differential, the temperature differential and the chemical potential
differential. The internal exergy loss is usually caused by the irreversibility of the process, which one
can attempt to reduce but not eliminate.

4.3. The Mechanism Analysis of Exergy Loss in the Pipeline Transportation Process

The model mentioned in the above chapters was used to calculate pressure exergy loss,
thermal exergy loss, diffusion energy loss and the total exergy loss in the process of pipeline
transportation. In 2013, M. Ameri and M. Askari carried out a similar analysis as that in this study,
for comparison, their method was used to calculate the total exergy loss for the pipeline selected in
this study [9]. The axial distribution curve of various exergy losses is illustrated in Figure 3.

It can be seen from Figure 3 that various exergy losses are increasing along the axial direction of
the waxy crude oil pipeline. The thermal exergy loss is far greater than the pressure exergy loss and
the diffusion exergy loss. There is little difference between the diffusion exergy loss and the pressure
exergy loss.

In the initial stage, the temperature difference between the pipeline and the surrounds is high,
which leads to a great decrease in the crude oil temperature, so the thermal exergy loss increases greatly.
With the increase in transportation distance, the decreasing tendency of the temperature becomes slow,
the reasons can be explained as, on the one hand, due to a part of the wax molecules separating out
from the oil flow, releasing the latent heat and slowing down the temperature change; on the other
hand, due to the decrease of temperature difference between oil flow and the environment, the heat
loss of the pipeline decreases, which also leads to the slowing down of the thermal exergy loss trend.

1804 —*— Total exergy loss
—=a— Thermal exergy loss
o Diffusion exergy loss
1604 —w— Pressure exergy loss
+e— Total exergy loss calculated by M.Ameri‘s method

46.26 kJ-s

140

—~ 120 4
" I
- 37
=
o 1001
1]
o
-
>
= 80 4
(0]
x
[11]
60
40 § 40.68km

/

ss00000000000
'Y A
'S add

poes
eeseeee®®®

0 10 20 30 40 50
Distance (km)

204

Figure 3. The axial distribution curve of exergy losses.
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With the increase of transmission distance, the change of axial diffusion exergy loss is relatively
slow. When the transmission temperature is lower than the wax precipitation point, the wax molecules
constantly precipitate, and the molecule concentration of the liquid crude oil become small, so the
tendency of the diffusion exergy loss increases. After 40.68 km, the precipitation amount of the wax
molecules gradually slows down, resulting in a slower trend of diffusion exergy loss.

With the increase in transportation distance, the trend of the pressure exergy loss in the axial
pipeline is stable, which can be explained as the pressure exergy being mainly affected by the
transportation pressure.

In Figure 3, one can see that between the two curves of total exergy loss, calculated by M. Ameri’s
method and the method of this paper, there exists a large deviation, this deviation reaches the maximum
value of 46.26 kJ-s~! at 50 km. The reason for this is the neglect of wax precipitation in M. Ameri’s
study; wax precipitation will affect some physical properties of crude oil, thus various types of exergy
loss will be affected accordingly. For pressure exergy loss, which relates to the density of crude oil,
the process of wax precipitation will cause a change of density (Equations (11) and (12)), and the
pressure exergy loss will change accordingly. For diffusion exergy loss, this relates to the solubility
parameters of system compositions, thus the precipitation of wax in crude oil would change these
parameters, leading to the production of diffusion exergy loss (Equations (14)-(39)). For thermal exergy
loss, which relates to the specific heat capacity of crude oil, the process of wax precipitation would
release latent heat of crystallization, leading to the specific heat capacity changing with temperature
(Equations (3)-(9)), and the thermal exergy loss will change accordingly.

The total exergy loss was composed of the pressure exergy loss, diffusion exergy loss and thermal
exergy loss; in M. Ameri’s study, they only considered the thermal exergy loss, so the total exergy loss
was equal to the thermal exergy loss. It can be seen in Figure 3, that in the initial stage of pipeline
transportation, the total exergy loss (thermal exergy loss) calculated by M. Ameri’s method is in
correspondence with thermal exergy loss calculated by this paper’s method, due to the consideration
of wax precipitation in this study but not in M. Ameri’s—when the transportation reaches 40.68 km,
the wax precipitation starts, and the deviation between these two curves occurs. For pressure exergy
loss and diffusion exergy loss, according to the calculation results in this paper, these two parts account
for 25.6% of the total exergy loss; their neglect in M. Ameri’s study causes a large curve deviation
compared with this paper, and the maximum value can reach 35.53%. From the above analysis,
if the wax precipitation was not considered in the process of waxy crude oil pipeline transportation,
the calculation results of each exergy loss would be inaccurate, which leads to the incorrectness of the
energy utilization evaluation for pipeline designers.

4.4. The Analysis of Exergy Loss under Different Conditions of the Transportation Process

The pressure exergy loss, thermal exergy loss, diffusion exergy loss and total exergy loss are all
calculated with the model mentioned in the above sections, and the axial distribution curves under
different working conditions are plotted. The concrete conditions are listed in Table 2.

Table 2. Comparison table of parameters under different working conditions.

Conditions Out-Station Temperature °C  Out-Station Pressure kPa Flow Rate 10° kg-h—! Thickness of Insulating Layer mm
Condition1 70 2500 66 45
Condition 2 65 2300 63 40
Condition 3 60 2100 60 35

4.4.1. The Axial Distribution of Various Exergy Losses under Different Out-Station Temperatures

The axial distribution the curves of various exergy losses under different out-station temperatures
are drawn in Figure 4.
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Figure 4. (a) The axial distribution of thermal exergy loss under different out-station temperatures;
(b) The axial distribution of pressure exergy loss under different out-station temperatures; (c) The axial
distribution of diffusion exergy loss under different out-station temperatures; (d) The axial distribution
of total exergy loss/efficiency under different out-station temperatures.

From Figure 4, through analyzing various exergy losses under different out-station temperatures,
we can draw the following conclusions. The higher the out-station temperature, the greater the
thermal exergy loss, which can be explained as being due to the fact that the higher the out-station
temperature, the larger the temperature difference between the oil and the surroundings, resulting in
the greater thermal loss of crude oil. The higher the out-station pressure, the lower the pressure
exergy loss, because high pressure reduces the viscosity of crude oil. The lower the out-station
temperature, the larger the diffusion exergy loss. When the oil along the pipeline has a low temperature,
the wax molecules originally in the dissolved state begin to precipitate and deposit. The diffusion
and precipitation of the wax molecules all consume a part of the chemical potential as the driving
force, so the chemical potential of the oil flow reduces, and the diffusion exergy loss becomes larger.
The thermal exergy loss and diffusion exergy loss change a lot, and the proportion of pressure exergy
loss is relatively small, so both the change of total exergy loss and total exergy efficiency become larger.

4.4.2. The Axial Distribution of Various Exergy Losses under Different Out-Station Pressures

The axial distribution curves of various exergy losses under different out-station pressures are
drawn in Figure 5.
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Figure 5. (a) The axial distribution of thermal exergy loss under different out-station pressures;
(b) The axial distribution of pressure exergy loss under different out-station pressures; (c) The axial
distribution of diffusion exergy loss under different out-station pressures; (d) The axial distribution of
total exergy loss/efficiency under different out-station pressures.

From Figure 5, through analyzing various exergy losses under different out-station pressures,
it can be shown that different out-station pressures have little effect on thermal exergy loss,
diffusion exergy loss and total exergy loss, but they do impact the pressure exergy loss, though this is
very small. The reason for this is that the out-station pressure has little effect on the temperature drop
along the pipeline, but it has some effects on the pressure drop. In addition, the lower the out-station
pressure, the larger the pressure exergy loss. The possible reasons for this can be summarized as
follows. When the out-station pressure is low, the temperature drop along the pipeline is large, and the
viscosity of the crude oil increases, leading to an increase of pressure exergy loss. As the diffusion
exergy loss is mainly affected by the temperature field, the corresponding change of diffusion exergy
loss is very small. Compared with the thermal exergy loss and the diffusion exergy loss, the pressure
exergy loss accounts for a smaller proportion, resulting in the corresponding total exergy loss and total
exergy efficiency changing little.

4.4.3. The Axial Distribution of Exergy Loss under Different Flow Rates

The axial distribution curves of various exergy losses under different flow rates are drawn
in Figure 6.

From Figure 6, through analyzing various exergy losses under different flow rates, we can draw
the following conclusions. The larger the pipeline flow rate, the smaller the thermal exergy loss,
because the increase of velocity will decrease the external heat loss of the pipeline. The larger the
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pipeline flow rate, the bigger the pressure exergy loss, because the decrease of pipeline flow rate will
lead to an increase of friction loss. The larger the pipeline flow rate, the smaller the diffusion exergy
loss, which is due to the fact that the temperature drop along the pipeline decreases with the increase
in the pipeline flow rate, the high oil temperature leads to a small amount of corresponding wax
precipitation, and the consumption of chemical potential reduces accordingly. Various types of exergy
losses and total exergy efficiency change little under different flow rates, which shows that the flow

15 of 20

rate has little effect on various types of exergy loss along the pipeline transportation.
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Figure 6. (a) The axial distribution of thermal exergy loss under different flow rates; (b) The axial
distribution of pressure exergy loss under different flow rates; (c) The axial distribution of diffusion
exergy loss under different flow rates; (d) The axial distribution of total exergy loss/ efficiency under

different flow rates.

The axial distribution curves of various exergy losses under different insulation thicknesses are

drawn in Figure 7.
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Figure 7. (a) The axial distribution of thermal exergy loss under different insulation thicknesses;
(b) The axial distribution of pressure exergy loss under different insulation thicknesses; (c) The axial
distribution of diffusion exergy loss under different insulation thicknesses; (d) The axial distribution of
total exergy loss/efficiency under different insulation thicknesses.

According to the analysis of the influence of different insulating layer thicknesses on various
exergy losses along the pipeline, it can be seen that the thickness of the insulation layer has little
influence on pressure exergy loss, but has a great effect on thermal exergy loss, diffusion exergy loss,
total exergy loss and total exergy efficiency. It can be seen from the above figures, that the thicker the
insulation layer, the smaller the thermal exergy loss, because with the increase of the insulation layer
thickness, the heat loss of the pipeline decreases. The insulation layer thickness has little effect on the
pressure exergy loss, because the pressure exergy is greatly affected by the transportation pressure,
and the influence of temperature is relatively small. The thicker the insulation layer, the smaller
the diffusion exergy loss, because the drop in temperature decreases with the increase of insulation
layer thickness, the oil flow wax precipitation is smaller, and the chemical potential caused by the
consumption of wax molecular diffusion and deposition decreases accordingly.

4.5. Analysis of the Total Exergy Efficiency of the Orthogonal Test

The axial distribution of all kinds of exergy losses under different conditions was analyzed in
the above chapters, and the main reasons for these phenomena were pointed out, but the degree
of influence of various conditions on the exergy loss is not clear, and it is necessary to analyze the
degree of influence of each working condition by the orthogonal experiment method [25]. In this
test, the 66 x 10° kg-h~! design flow rate is adopted. Assuming no interaction between all kinds of
conditions, three factors of the orthogonal table are selected. For the three factors and two levels of
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orthogonal experiment, there exists at least four experimental groups, which is expressed as Ly (23).
The specific experimental scheme and results are shown in Table 3.

Table 3. The results of the orthogonal experiment.

Level orking Condition

Out-Station Out-Station Thickness of Insulation Total Energy
G4 . . 0,
Test Number Temperature (°C) Pressure (kPa) Layer (mm) Efficiency (%)
1 70 2500 45 18.94
2 70 2300 40 17.17
3 65 2500 40 18.15
4 65 2300 45 18.73

We applyied the range method to analyze the results, which are shown in Table 4.

Table 4. Range analysis of total exergy efficiency.

Condition Category Out-Station Temperature Out-Station Pressure Thickness of Insulation Layer
Ty 36.11 37.09 37.67
Ty 36.88 35.90 35.32
R; 0.77 1.19 2.35

)

It can be shown from the range analysis that, under the 66 x 10% kg-h~! design flow rate, the order

of the influence degree on total exergy efficiency under different working conditions are insulating
layer thickness, out-station temperature and out-station pressure. From the aspect of reducing the total
exergy loss of waxy crude oil pipeline transportation, the key for energy conservation work should

be carried out according to the above orders. The combined scheme with the highest total exergy
efficiency is: an out-station temperature of 65 °C, out-station pressure of 2500 kPa, and an insulation
layer thickness of 45 mm. Through calculating the program, obtained a total exergy efficiency of
20.68%, higher than the results of four tests which have been carried out, which shows that the scheme
can achieve the optimum goal [26].

5. Conclusions

1.

The physical exergy values for the oil flow in the pipeline transportation process were the state
parameters. When the environmental state was given, the thermal exergy was only a function of
temperature, but it was associated with the physical properties C;, of the crude oil. The pressure
exergy of the oil flow was a function of both temperature and pressure, and it had nothing
to do with the properties of crude oil. The pressure exergy decreased with the increase of the
temperature, and increased with the increasing of pressure.

The chemical reaction exergy is generally calculated by approximation algorithms in the process
of waxy crude oil transportation. However, this proportion was so small that it can be ignored in
actual engineering calculations. The chemical diffusion exergy had an association with the
chemical potential of the crude oil components. When the temperature of the oil dropped
to the wax precipitation point, the wax molecules in the crude oil precipitated extensively,
and with the decrease of temperature, the amount of wax precipitation increased, and the
molecular concentration gradient changed intensively, resulting in a great change of chemical
diffusion exergy.

Taking a waxy crude oil transportation pipeline from an eastern Chinese oilfield as an example,
the distribution of various types of exergy loss was studied. The results showed that along the
waxy crude oil pipeline, all kinds of axial exergy losses were increasing, the thermal exergy
loss was far greater than the pressure exergy loss and diffusion exergy loss, and the difference
between the diffusion exergy loss and the pressure exergy was small. It was illustrated that the
waxy crude oil transmission was greatly affected by the temperature field, the effect of the wax
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concentration field on the transportation process was in the second place, and the effect of the
pressure field was the smallest. Compared with the external exergy loss, the internal exergy loss
accounted for a smaller proportion. The internal exergy loss was often caused by an irreversible
process, and we can only attempt to reduce, but not eliminate it.

The orthogonal analysis method was used to analyze the degree of influence of various factors on
the total exergy efficiency. The results showed that under different working conditions, the orders
of the influence degree on out-station total exergy efficiency were: insulation layer thickness,
out-station temperature and out-station pressure. It was confirmed that the highest combination
scheme for total exergy efficiency under the 66 x 10° kg-h~! design flow rate was an out-station
temperature of 65 °C, an out-station pressure of 2500 kPa, and an insulation layer thickness
of 45 mm.
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Abbreviations

The following abbreviations are used in this manuscript:

oD A<SR® S
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exergy (k])
work (KkJ)

constant of ideal gas (-)
temperature (K)

molar volume (m3/mol)
constant of the liquid-solid equilibrium (-)
enthalpy (kJ)

relative molecular mass (-)
molar mass (g/mol)

mass (kg)

flow rate (m3/s)

entropy (kJ/K)

specific exergy (kJ/kg)

specific heat capacity (kJ/kg-K)
relative density (-)

pressure (kPa)

density (kg/m?)

mole number (mol)

molar fraction (-)

activity coefficient (-)

fugacity (-)

reek Symbols

temperature coefficient (-)
chemical potential (kJ/mol)
solubility parameter (-)
exergy efficiency (-)

exergy loss coefficient (-)
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Subscripts

xph physical

xt thermal

xp pressure

0 initial state

xch chemical

C chemical reaction

D chemical diffusion

i component

x,ain gained

x,pay paid

L loss

Superscripts

0 initial state

L liquid

S solid

SL liquid-solid

f fugacity
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