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Abstract: This study presents an economic optimization model for determining the optimal insulation
thickness for both thermal insulation and electric tracing pipelines. Using Life-Cycle Cost (LCC)
analysis, optimization research was conducted under various working conditions to identify the most
cost-effective insulation thickness. Factors such as pipe diameter, operational duration, drilling fluid
temperature, and heat cost were analyzed to assess their impact on the economic thickness of the
insulation layer, specifically within the unique environment of drilling sites. The results provide the
economic thickness and total cost for both insulated and electrically traced pipelines under different
scenarios. For instance, for a DN100 pipe with rock wool insulation operating for 3600 h, the economic
thickness of the electrically traced pipe insulation was determined to be 5.18 cm greater per unit
length compared to the non-electrically traced pipe, resulting in an additional cost of 19.36 CNY /m.
These findings offer valuable insights for optimizing pipeline insulation in drilling applications.

Keywords: insulation thickness optimization; insulation pipes; electric heat tracing pipes

1. Introduction

Surface pipelines are crucial components in the drilling process. Insulating these
pipelines reduces heat loss, ensures the circulation of drilling fluid during winter, and
extends operational shutdown times [1]. By 2022, the annual consumption of thermal insu-
lation materials in the petroleum and petrochemical industries accounted for approximately
25% of the total consumption in China [2]. Effective insulation design reduces heat loss, im-
proves energy utilization, and enhances economic benefits [3,4]. Various thermal insulation
materials are available, including soft insulation materials (e.g., glass wool, rock wool) and
hard insulation materials (e.g., calcium silicate) [5,6]. Soft materials are preferred due to
their low thermal conductivity, cost-effectiveness, and ease of application [7]. Compared
with rigid insulation materials, the thermal conductivity of rock wool and glass wool (at
room temperature, calcium silicate is about 0.05 W/m:-K and rock wool and glass wool are
about 0.04 W/mK) is low; they have a low price and fewer heat leakage problems; and they
are light-weight, soft, easy to cut in construction, and widely used in pipeline thermal insu-
lation [8]. Optimizing pipeline insulation design using thermodynamic simulations and
empirical formulas can significantly reduce heat loss, save energy, and improve economic
efficiency [9,10]. Several studies have explored the performance of these materials under
different conditions. To provide a clearer overview, we have categorized these studies
based on their focus and presented the comparative findings in Table 1.
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Table 1. Thermal performance investigation of various thermal insulation materials.

'l"oh‘:;::lgl Thermal Overall
Study Focus Material(s) Used . Conductivity Thickness Findings
Resistance (W/m-K) (mm)
(m?2-K/W)
Air gap in large-diameter
Dasdemir et al. [11] Effect of air gap Various 1.5 0.04 100 pipes significantly impacts
insulation thickness.
Composite Aerogel infiﬁa%?r?itiﬁ?gfes 1vtvei’th
Zhou et al. [12] insulation Lo 2.0 0.018 50 .
traditional aerogel coupled with
structure o, R
traditional materials.
Insulation Soft Summarized advantages and
Wu et al. [13] material 1.8 0.034 80 proposed new overhead
. (glass wool, etc.) . . L.
comparison insulation pipeline structure.
Stability of Recommended using 10 mm
Wang et al. [14] - 4 Aerogel, gel 2.5 0.02 60 aerogel for inner layer and
insulation
50 mm gel for outer layer.
Reflective Designed multi-layer
Wu et al. [15] X . Reflective screens 2.2 0.022 70 reflective heat insulation
insulation L.
structure for pipelines.
Found that PU foam
Shammazov et al. [16]  Insulation coating PU foam 2.1 0.025 65 insulation could increase

fluid temperature by 0.61 K.

In order to ensure the transportation safety of oil products in winter (temperature
range is —2-22 °C, humidity range is 60-81%), electric tracing belts are widely used in
pipeline insulation [17]. An electric tracing zone is a device that converts electrical energy
into heat energy to compensate for heat loss, keeps the medium temperature (maintained at
80 °C) within the working temperature range (—40-150 °C), and ensures the safe operation
of the system [18]. Electric tracing belts can solve the problem of oilfield heat preservation
and anti-freezing, thereby ensuring stability and safety in the production process. Electric
tracing belts have the characteristics of high thermal efficiency and energy saving; at the
same time, the installation and construction of electric accompanying heat tape is relatively
simple, and it can be transformed and upgraded on the basis of not changing the original
pipeline [19].

According to the working principle, electric tracing zones can be categorized into
constant-power electric tracing zones and self-limiting-temperature electric tracing zones.
Constant-power electric tracing maintains a consistent power output regardless of tempera-
ture changes. It is further divided into two subcategories: (1) The series electric tracing zone,
in which configuration the heating cables are connected in series, means that the current
flows through each segment of the cable sequentially, providing uniform heat distribution
along the length of the pipeline. (2) In the parallel electric tracing zone, the heating cables
are connected in parallel. Each segment of the cable operates independently, allowing for
localized heating adjustments. Self-limiting-temperature electric tracing adjusts its power
output based on the temperature of the surrounding environment. As the temperature
increases, the power output decreases, preventing overheating and conserving energy [20].
Wang et al. [21] established a temperature field calculation model for electric tracing in
wellbores and oil pipelines. They optimized the length and intensity of the tracing zone to
ensure efficient heat distribution. The study’s methodology involved creating a numerical
simulation to analyze temperature profiles along the pipeline, and the results showed that
optimizing the tracing zone length and intensity significantly improved thermal efficiency
and reduced energy consumption. Li et al. [22] proposed using a combination of insulation
materials and heating cables to prevent water pipes from freezing. The methodology in-
cluded a comparative analysis of different heating methods. The results demonstrated that
this combined method could save approximately CNY 5 million compared to steam heating,
highlighting the cost-effectiveness and energy efficiency of the approach. Ma et al. [23]
used the design of electric tracing for a coastal oil depot as a case study. They calculated
the heat loss of the pipeline and designed the appropriate length, type, and voltage level
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of the electric tracing system. The methodology involved detailed thermal calculations
and simulations to determine the optimal design parameters. The results indicated that
the properly designed electric tracing system effectively minimized heat loss and ensured
operational reliability. Luo et al. [24] introduced the principles of electric tracing belt de-
sign and analyzed the rationality of self-limiting electric tracing pipe schemes based on
engineering examples. The methodology included both theoretical analysis and practical
engineering applications. The results showed that self-limiting electric tracing pipes were
highly effective in preventing overheating and conserving energy, proving their practicality
in various industrial applications. Yu et al. [25] developed a prediction formula for the
average fluid temperature under normal transmission and shut-down conditions of long
submarine transmission heat tracing pipelines. The methodology involved extensive data
collection and statistical analysis to derive the formula. The results provided a reliable tool
for predicting temperature variations in submarine pipelines, ensuring efficient thermal
management during both operational and non-operational periods.

There are several methods for calculating the thickness of pipe insulation: (1) The
economic thickness method finds the insulation thickness that minimizes the total cost
over the pipeline’s lifecycle, including installation, energy savings, and maintenance costs.
(2) The maximum allowable heat loss method determines the insulation thickness needed
to keep heat loss below a specified limit, ensuring the pipeline maintains the desired tem-
perature. (3) The thermal conductivity method selects insulation materials based on their
ability to conduct heat. Using materials with low thermal conductivity allows for effective
insulation with thinner layers. (4) The empirical formula method uses formulas based on
experimental data to estimate insulation thickness, considering factors like ambient temper-
ature, pipe diameter, fluid temperature, and wind speed [26]. Ai [27] developed a model for
calculating the optimal insulation thickness for square pipes. This model considered factors
like surface heat loss, outer surface temperature, and the temperature drop of the fluid
inside the pipe. These findings showed that optimizing these factors helps minimize energy
loss and maintain the desired fluid temperature, leading to significant energy savings. Guo
et al. [28] used the allowable temperature drop method to find the best insulation thickness.
They aimed to keep the temperature drop of the fluid within acceptable limits. The results
showed that setting a specific allowable temperature drop allowed for the calculation of
the necessary insulation thickness to maintain the fluid temperature along the pipeline.
Li et al. [29] focused on the outer surface temperature to determine insulation thickness.
Their research indicated that controlling the outer surface temperature minimizes heat loss
and ensures safety. They found that optimizing insulation thickness can achieve better
energy efficiency and safety standards. Luo [30] applied the maximum allowable heat loss
method to calculate insulation thickness. The goal was to limit heat loss from the pipeline
to a maximum value. Luo’s study showed that capping heat loss helps optimize insulation
thickness for efficient thermal performance and energy conservation.

The economic thickness method, which considers the economic cost of insulation, is
a commonly used method for calculating insulation at present. The methods commonly
used in the economic thickness method include Life-Cycle Cost (LCC), Life-Cycle Assess-
ment (LCA), and the Combined Economic and Environmental Method (CEEM). Agikkalp
et al. [31] proposed using the Combined Economic and Environmental Method (CEEM)
to determine the economic thickness of pipeline insulation and compared the results of
Life-Cycle Cost (LCC) and Life-Cycle Assessment (LCA). The study found that the eco-
nomic thickness obtained using CEEM was between the values calculated by LCC and
LCA. Specifically, the annual energy-saving cost using CEEM was twice that of the LCC
calculation, with economic thickness values ranging from 25 mm to 35 mm. Fan et al. [32]
analyzed the effects of investment, operation, and environmental costs on the insulation
layer thickness of buried pipelines. The study compared the effects of using coal, oil, and
natural gas as fuel on insulation thickness. The results indicated that using natural gas
as fuel reduced the total cost by approximately 15%, with insulation thicknesses ranging
from 40 mm to 60 mm. Salem et al. [33] optimized the insulation layer thickness calcula-
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tion model with the goals of minimizing total costs and maximizing energy savings. The
results showed that the optimal insulation thickness ranged from 70.7 mm to 130.4 mm,
depending on the specific conditions and parameters considered. Li et al. [34] established a
thermal insulation layer calculation model aimed at minimizing costs, and they analyzed
the effects of heating costs, insulation material prices, and interest rates on the insulation
layer thickness. The study reported optimal insulation thickness values between 50 mm
and 100 mm, with variations based on the economic parameters used. Zhang et al. [35]
analyzed the influence of pipe diameter on life-cycle cost and economic thickness. The
results showed that with increasing pipe diameter, both the life-cycle cost and economic
thickness decreased. For instance, for pipe diameters ranging from DN50 to DN300, the
economic thickness decreased from 60 mm to 30 mm. Li et al. [36] studied the impact
of insulation thickness on total cost and compared the heat loss costs between economic
thickness and original thickness. The study found that optimizing insulation thickness
could reduce total costs by up to 20%, with economic thicknesses ranging from 45 mm to
75 mm. Zhang et al. [37] calculated the optimal insulation thickness, energy-saving benefits,
and investment payback period for three typical district heating pipelines under various
conditions, including different nominal pipe diameters, fuel types, insulation materials,
and buried depths. The optimal insulation thicknesses ranged from 55 mm to 120 mm,
with payback periods varying from 3 to 7 years.

The primary innovation of our study lies in the application of the economic thickness
model to electric heat tracing pipelines. Electric heat tracing is widely used to ensure that
the circulating flow of drilling fluid remains heated, particularly in high-power electric
heat tracing zones. However, there is a scarcity of research on the optimal combination
of electric heat tracing and insulation materials in drilling pipelines. In actual production
processes, the use of high-power electric heat tracing often leads to resource wastage.
To save energy, it is necessary to choose an effective electric heat tracing and insulation
structure. While there is extensive research on the design of thermal insulation layers
for ground insulation pipelines, there are few studies focused on the design of thermal
insulation layers for central electric tracing pipelines in drilling sites. The objectives of this
research are as follows: (1) To determine the optimal insulation thickness for both thermal
insulation and electric tracing pipelines. (2) To analyze the impact of various independent
parameters—including pipe diameter, operational duration, drilling fluid temperature, and
heat cost—on the economic thickness of the insulation layer. (3) To use Life-Cycle Cost
(LCC) analysis in the methodology to evaluate the total cost of the insulation system over
its life cycle. This paper addresses this gap by conducting optimization research on the
thermal insulation structure of drilling pipelines, thereby providing engineering technical
support and a scientific basis for drilling sites.

2. Method

Applying thermal insulation materials to the exterior of pipelines effectively prevents
the drilling fluid inside from freezing. According to [38], industrial equipment must be
insulated if the external surface temperature exceeds 50 °C or if process requirements
necessitate minimizing temperature reduction or delaying medium condensation. The
insulation design should be based on process requirements and a balance of technical and
economic considerations. Typically, the economic thickness method is used to calculate
the required insulation thickness, and for smaller required thicknesses, the maximum
allowable heat loss method is used for verification. This study employs the economic
thickness method within the framework of Life-Cycle Cost (LCC) analysis to determine
the most cost-effective insulation thickness for pipelines. LCC analysis evaluates the
total cost of an insulation system over its entire lifecycle, including initial investment,
operational, and maintenance costs. This method is widely used in engineering to assess
the economic viability of different insulation thicknesses. By considering all associated
costs, LCC analysis helps identify the insulation thickness that minimizes total expenditure.
While extensive research exists on the design of thermal insulation layers for ground
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pipelines, there are few studies focused on the design of insulation layers for central
electric tracing pipelines in drilling sites. This paper addresses this gap by conducting
optimization research on the thermal insulation structure of drilling pipelines, thereby
providing engineering technical support and a scientific basis for drilling sites.

2.1. Economic Thickness Method for Insulated Pipelines

The thickness obtained by minimizing the annual average total cost of the insulation
layer throughout its entire lifecycle is the economic thickness. The annual average total cost
of the insulation layer mainly consists of two parts: the initial investment annual sharing
cost and the annual heat loss cost. For single-layer insulation pipelines, the calculation
formula for the initial investment annual sharing cost is mainly as follows [3]

7T
— X

H =
4

(d% - d%) x (B1P+ P') + mdz(B2Py + P2) 1)
where d; is the outer diameter of the insulation pipe and d; is the inner diameter of the
insulation pipe. B is the tax and loss coefficient of the insulation layer, set at 1.10; this
value accounts for the expected losses due to taxation and the inherent inefficiencies in
material usage that may occur during the installation process. This coefficient is slightly
above 1 to conservatively estimate the non-ideal conditions that might affect the insulation
performance. P is the unit price of insulation layer materials and current market rates
for rock wool and glass wool were utilized, quoted at 380 CNY/m3 and 300 CNY/m?,
respectively. These prices reflect the average costs obtained from multiple supplier quotes,
ensuring that our cost estimates are robust and reflect current market conditions. P’
is the construction cost of the insulation layer, priced at 264 CNY/m?3; this parameter
includes labor, equipment uses, and incidental materials necessary for the installation of the
insulation. This cost was benchmarked against recent construction projects within similar
industrial settings to ensure accuracy. 3, is the tax and loss coefficient of the protective
layer; this coefficient was set at 1.3 to account for the additional costs associated with
taxation and potential material wastage, which is slightly higher due to the complexities
involved in applying and securing the protective layer. Py is the unit price of the protective
layer, and this article takes 3.5 CNY/ m? for this value; P, is the construction cost of the
protective layer, which is set at 40 CNY/m? in this article.

P,=SxLxH (2)

where S is the average annual amortization rate of investment loans, in %, which can be
calculated using Formula (3) [4].
‘(14 N
S = % (3)
(1+i)" -1

where S is the average annual amortization rate of investment loans, in %; i is the initial
investment annual interest rate for which, in this article, 10% is taken; and N is the number
of years of repayment for investment loans, usually considered as the service life of the
pipeline. This article selects 10 years for this variable.

For insulated pipelines, the annual heat dissipation loss cost of the insulation layer is

P, = 3.6 x 10° x 7d,LqPst (4)

where g is the heat loss per unit area of the outer surface of the insulation layer, in W/ m2,
which can be solved according to Formula (5); Pfis the energy price, in CNY/GJ, which
can be solved according to Formula (6); and 7 is the average annual operating time of the
insulated pipeline, in h.
ts — tair
e A (5)
253+
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where {; is the temperature of the outer wall of the pipeline, in °C; t,;, is the average outdoor

temperature, in °C; and A, is the thermal conductivity of the outer surface of the insulation,

in W/(m °C).

Cq1 x Cy x Pr
qr X 1B

where C; is the operating condition coefficient for which, in this article, 1.4 is taken; C;
is the alpha coefficient; Pr is the fuel to factory price, in CNY/t; gr is the low-level heat
generation of the fuel received, in kJ /kg; and #p is the boiler thermal efficiency, taken as
0.76 in this article.

To ensure the minimum annual average cost Py of the insulation layer, the outer
diameter of the insulation pipeline is solved as follows:

P; = 1000 (6)

9Py 9P, 9P, _

o, ad, T ad, @

After collation,

PeAyt(ts — ta,) (1 —2Ay/hod
doin 2 3705 x 1073, | AT~ far) (1= 24 [hod2) - 20, ®)
dy S[(B1P + P') +2(B2P1 + P2)/d2]  ho
The economic thickness is 5 —d

2.2. Economic Thickness Method of Electric Tracing and Insulation Pipeline

For the electric tracing heat preservation pipeline, the calculation formula of the initial
investment annual cost allocation is mainly as follows:

P, =NxLx (H+ A (10)

where N is the annual average amortization rate of an investment loan, in %, the calculation
formula for which is mainly shown in (11); A; is the cost of heating elements required for
heating tracing per unit length of the pipeline, in CNY/m, and its calculation formula is
shown in (13):

ie(1+1i.)"
N=_S~ ¢ 11
(1+12)"—1 )
. 1+
€:1+i;_1 (12)

where i, is the effective annual interest rate, in %; i; is the annual interest rate, in %; and
ip is the rate of electricity price increase, in %. In this paper, the rate of electricity price
increase i, = 1.

ﬂdz(ts—tl) y Aj

dy 1,92 As

Ay = (13)

where t refers to the external ambient temperature, in °C, which is generally the lowest
limit temperature in the antifreeze pipeline area. In order to ensure the safety of the design,
the temperature outside the insulation layer is selected to be consistent with the ambient
temperature, and the lowest limit temperature is —30 °C. A, indicates the unit price of the
heating cable. The value is 32.85 CNY/m. A3 indicates the power per unit length of the
heating cable, in W/m.

The power of the electric tracing zone is selected according to the heat dissipation Q
of the pipeline: the heat dissipation per unit length of the pipeline multiplied by the safety
factor is calculated as the heat loss for the selection of the electric tracing belt, taking into
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account the influence of wind speed and extremely low temperature on pipeline insulation.
The safety factor is taken as 1.1-1.2, as shown below:

A3 =1.2Q (14)
dy(ts — tgi

— 7-;22( 22 az;) (15)

2,1 T g

For electric tracing and insulation pipes, the annual heat loss cost
1073 x mwdyLBT(ts — ty

P, = PR ( i air) (16)

25,13 1

where B is the electricity price, in CNY/(kW-h).
In order to ensure the minimum annual average cost Py of the insulation layer, the
outer diameter of the insulation pipeline is solved:

B 2
NL[Fds(B1P + P') + 7e(BaPy + Po) — 6o (€1 + 1)

(17)
= 1073 7LBT (ks — tair) (5% — 1)
_ dy . (dy
G 1
=1 + 1
G =g (19)
1

3. Results and Discussion
3.1. Validation

The heat transfer and pressure drop characteristics of drilling fluid flow in the surface
pipeline during circulation are crucial parameters for determining the appropriate insula-
tion thickness. The model, based on the calculation procedure for drilling fluid flow in the
surface pipeline, was validated using Fluent software (2020R2). The validation involved
solving the temperature distribution of water-based drilling fluid at the pipeline outlet
under the same conditions: a DN40 pipeline with a length of 100 m. The validation results,
shown in Figure 1, indicate that our model’s calculations align well with the Fluent data,
with a maximum error of 2.82%. For the numerical calculations in this chapter, the external
environmental parameters were set as follows: an ambient temperature of —20 °C, a wind
speed of 2 m/s, an initial fluid temperature of 20 °C, a thermal conductivity of the pipe
wall of 48 W/(m-°C), a specific heat capacity of 483 ]/ (kg-°C), and a density of 7850 kg/m?.

Radius/m
0.000 0.005 0.010 0.015 0.020

21.0 T T T T T 2
® Fluent-Along
—8— C++-Node | 20
® [Fluent-Along |~
20.51 —8— (C++-Node
L}
- g l‘.} -
g &
Py B
3 20.0 418 3
=) = [
?é. 15
: - v £
19.51 ¥ e ey
L] ~—e_
e o 16
® L]
19.0 T T T T T T 15
0 20 40 60 80 100

Length of pipeline /m

Figure 1. C++ and Fluent Validation Results.
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3.2. Effect of Pipe Diameter on Economic Thickness and Cost
3.2.1. Insulated Pipes

Unlike conventional heating pipelines, whose operational periods are predefined, the
operational duration of drilling fluid circulation systems is dictated by real-time production
conditions at drilling sites. Consequently, this study investigates the influence of varying
operational durations on the economic thickness of surface pipeline insulation. Figure 1
illustrates how the average drilling fluid temperature of 20 °C affects the economic thickness
across various pipeline diameters. The dimensions of the insulated pipe—specifically its
diameter—and the duration of operation significantly impact the economic thickness.
This thickness generally increases as both the operational duration and pipe diameter
expand. This trend is due to escalating heat dissipation costs, which, in turn, necessitate
an increased insulation thickness to maintain efficiency. As depicted in Figure 2a for a
DN100 pipeline, extending the operational period from 1440 h (approximately 2 months,
marking the onset of insulation deployment in November) to 3600 h (about 5 months)
results in the economic thickness of rock wool insulation escalating from 1.29 cm to 2.24 cm.
Similarly, when comparing different pipeline diameters during a constant operational
period of 3600 h, the economic thickness rises from 1.42 cm in a DN40 pipe to 2.24 cm
in a DN100 pipe. Moreover, Figure 2b reveals variations in economic thickness between
different insulation materials. Over an operational span of 3600 h, the economic thickness
for a DN100 glass wool pipe exceeds that of a rock wool pipe by 0.1 cm. This discrepancy
is primarily attributed to differences in the thermal conductivity and cost per unit of the
materials; rock wool, possessing lower thermal conductivity and a higher cost, results in a
thinner economic thickness compared to glass wool. These findings underscore the critical
influence of operational duration and pipe diameter on the optimal insulation thickness,
highlighting the need for tailored insulation strategies based on specific operational and
material characteristics.

24+ a 24+
—@— DN40—9— DN50 —@— DN65 —9— DN40—9— DN50 —@— DN65

—a— DNB80 DN100 —o—DN8O DN100

/

08} 08}

1 1 1 1 1 1 1

3 4 3 4
Running time/Month Running time/Month

N
=]
[
=]

o
T

Economic thickness/cm
— —
[} =N
T T
Economic thickness/cm
(=)}
T

(S
w
[S]
w

Figure 2. Economic thickness of insulation under different pipe types: (a) rock wool and (b) glass wool.

If the thickness obtained via the economic thickness method is small in engineering
practice, the rationality of economic thickness should be checked according to the maximum
allowable heat loss. The maximum allowable heat loss was selected according to Appendix
B of the national standard [35]. Since the external surface temperature of the pipeline in this
section cannot correspond to the data in Appendix B one for one, the maximum allowable
heat loss at different running times was linearly fitted with a fitting degree of 0.99933, and
the fitting formula was obtained as follows:

Q = 55.6 + 1.00443+ — 9.28571 x 104> (20)

After calculation, when the running time is 1440 h, the heat loss of DN40 and DN50
rock wool and glass wool insulation pipes under economic thickness is greater than the
maximum allowable heat loss. Therefore, the maximum allowable heat loss should be
selected as the index to design the insulation thickness under this working condition. The
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economic thickness method should be used in other working conditions. Tables 2 and 3
list the heat loss under the economic thicknesses of rock wool and glass wool pipes with
different pipe diameters.

Table 2. Heat loss under economic thickness of rock wool pipe with different pipe diameters.

Heat Loss of Economic Thickness of Different Pipe Diameters/W/m?>

Running
Time/h DN40 DN50 DN65 DNS80 DN100
1440 81.06 73.09 65.66 60.85 55.07
2160 65.97 60.33 53.92 50.42 45.86
2880 55.51 50.29 45.67 42.79 39.04
3600 47.49 43.24 39.47 36.87 33.67

Table 3. Heat loss under economic thickness of glass wool pipe with different pipe diameters.

Heat Loss of Economic Thickness of Different Pipe Diameters/W/m?

Running
Time/h DN40 DN50 DN65 DNS80 DN100
1440 84.02 75.38 67.51 62.81 56.74
2160 67.87 61.45 55.67 51.61 46.96
2880 57.07 51.98 4743 43.87 40.06
3600 49.02 4458 40.46 37.77 34,53

Figure 3 illustrates the insulation thickness required to stay within the maximum
allowable heat loss for DN40 and DN50 pipelines, utilizing both rock wool and glass
wool as insulation materials. This comparison is specifically for a fixed running time of
1440 h. The data indicate that insulation thickness correlates positively with pipe diameter;
larger diameters necessitate greater insulation thickness to maintain thermal efficiency.
For instance, the insulation thickness for a DN50 rock wool pipe is 0.85 cm, marginally
thicker by 0.02 cm than that for a DN40 pipe. Furthermore, the figure demonstrates that
under conditions of maximum allowable heat loss, glass wool insulation requires a thicker
layer compared to rock wool. This is attributed to the higher thermal conductivity of glass
wool; despite equal heat dissipation losses, glass wool’s thermal properties require a thicker
barrier to achieve the same insulative performance. In quantitative terms, the insulation
thickness for a DN50 glass wool pipe is 7.30% thicker than its rock wool counterpart.
This distinction highlights the critical role material properties play in determining the
appropriate insulation thickness for optimizing energy efficiency in pipeline systems.

I JRock wool 1 Glass wool

=4

oo

[
T

Thickness/cm
o
[e]
(=]

=4

~

w
T

0.70 L L
DN40 DN50

Figure 3. Insulation layer thickness under the maximum allowable heat losses of DN40 and DN50
rock wool and glass wool pipes.

Figure 4 delineates the total costs associated with the insulation layer for different pipe
diameters, categorized into initial investment and ongoing heat loss costs. This analysis
reveals that the total cost escalates with both running time and pipe diameter. Specifically,
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the initial investment cost for a DN100 rock wool pipe rises from CNY 0.92 to 24.47% when
the operation extends from 1440 to 3600 h. Concurrently, the cost attributable to heat loss
surges by CNY 4.37, an increase of 73.57% over the same period, illustrating that the total
cost is directly proportional to the running time. The comprehensive cost analysis for the
same DN100 rock wool pipeline shows an overall increase in the total cost per unit length
of CNY 5.3, or 54.70%, as the running time expands from 1440 to 3600 h. Additionally,
as the pipe diameter enlarges, the required insulation thickness also increases, thereby
raising both the initial investment and heat loss costs. For instance, at the 3600 h mark, the
total cost per unit length for a DN40 rock wool pipe is 36.63% less than that of a DN100
pipe, clearly demonstrating the impact of pipe diameter on cost dynamics. This detailed
breakdown underscores the significant economic factors that must be considered in the
design and material selection for pipeline insulation systems.

—e— DN40—=— DN50 a —— gﬂi‘; —— gggg b
15k —&— DN65—=— DN80 15 F bt D100 b
DN100
> 2
Z SRS
g 1or o3
o Al
=)
5k 5r
1 1 1 1 T T T T
2 3 4 5 2 3 4 5
Running time/Month Running time/Month

Figure 4. Total cost of insulation thickness per unit length of different pipeline models: (a) rock wool
and (b) glass wool.

Figure 5 presents a comparative analysis of the total costs associated with rock wool
and glass wool pipe insulations per unit length. The analysis underscores that the cost
differential between the two materials escalates proportionally with both pipe diameter
and operational duration. Specifically, the total cost for glass wool insulation exceeds that
of rock wool due to its higher thermal conductivity, which necessitates a thicker insulation
layer. This increased thickness, in turn, augments both the initial investment and the heat
loss costs associated with glass wool insulation. Quantitatively, for a DN100 pipe, the total
cost per unit length for glass wool insulation is higher than that for rock wool by CNY 0.19
at 1440 h of operation, which further widens to CNY 0.35 at 3600 h. These data effectively
illustrate how material properties such as thermal conductivity influence the economic
implications of insulation choices over varying operational durations.
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Figure 5. Differences in the total cost of two kinds of pipe insulation.
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3.2.2. Electric Tracer Pipes

The relationship between the economic thickness of insulation and operational factors
such as running time and pipe diameter is similarly observed in electric tracing insulation
pipes. Figure 6 illustrates the economic thickness variations for electric tracing insulation
pipes made of rock wool and glass wool across different pipe diameters. Notably, the
economic thickness increases in proportion to both the running time and the pipe diameter,
emphasizing the significant role of pipe diameter on the initial investment costs of the
insulation layer. For instance, for a DN100 electric tracing rock wool pipe, increasing the
running time from 1440 h to 3600 h leads to a rise in economic thickness from 4.91 cm to
7.42 cm, an increase of 51.12%. Similarly, when the running time is maintained at 3600 h
and the pipe diameter is altered from DN40 to DN100, the economic thickness escalates
from 5.77 cm to 7.42 cm, marking a 28.60% increase.
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Figure 6. Economic thickness of the insulation of the power-off tracing pipes of different pipeline
models: (a) rock wool and (b) glass wool.

Furthermore, Figure 6a,b reveal that the economic thickness of the electric tracing
glass wool pipe is consistently greater than that of its rock wool counterpart. Specifically, at
a running time of 3600 h and a diameter of DN'100, the economic thickness of the glass wool
pipe exceeds the rock wool pipe by 0.56 cm. This greater thickness in electric tracing pipes,
compared to non-electric tracing pipes using the same insulation material, can be attributed
to the additional costs associated with converting electricity into heat in the tracing process.
For example, the economic thickness for the DN100 rock wool electric tracing pipe is
5.18 cm higher than that for a non-electric tracing pipe at the same running time and
diameter. These findings underscore the critical impact of operational parameters and
material properties on the design and cost-effectiveness of pipeline insulation in thermal
management systems.

Because the heat dissipation of the electric tracing pipe can be compensated by the
electric tracing belt, the economic thickness of the electric tracing pipe is no longer checked.
The total cost of electric tracing rock wool and electric tracing glass wool pipes with
different pipe diameters per unit length is shown in Figure 7. It can be seen from the
figure that the total cost of the thermal insulation of non-electric heat tracing pipes is the
same as the relationship between pipe diameter and running time; the total cost of the
thermal insulation layer of electric heat tracing pipes is also proportional to pipe diameter
and running time. With the increase in pipe diameter, the initial investment cost of the
thermal insulation layer and heat dissipation loss cost increase, the total cost increases in
the thermal insulation layer, and the increase in heat dissipation costs after the increase in
running time leads to the increase in total cost. When the running time is 3600 h and the
pipe type is changed from DN40 to DN100, the total cost of the insulation layer per unit
length of the power tracing rock wool pipeline was increased from CNY 24.82 to CNY 26.77
(7.86%), CNY 29.23 (17.77%), CNY 31.30 (26.11%), and CNY 34.71 (39.85%) respectively.
When the running time is increased from 1440 h to 3600 h, the total cost of the insulation
layer of the DN100 electric heating tracing rock wool pipeline per unit length is increased
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by 42.02% from CNY 24.44 to CNY 34.71. Taking the running time of 3600 h and the DN100
rock wool as insulation material as an example, since the initial investment cost and heat
loss cost of electric heating tracing are higher than those of non-thermal insulation pipes,
the total cost per unit length of electric heating tracing pipes is CNY 19.72 higher than that
of non-electric heating tracing pipes.
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Figure 7. Total cost of the insulation layer thickness of the power-off tracing pipes for different pipe
types: (a) rock wool and (b) glass wool.

Figure 8 illustrates the variation in the total cost per unit length between electric
heating tracing rock wool and glass wool pipelines. As depicted in Figure 7a,b, the economic
thickness for the electric heating tracing glass wool pipeline exceeds that of the rock wool
pipeline. This is attributed to glass wool’s higher thermal conductivity, which leads
to increased heat loss costs. Consequently, both the economic thickness and the initial
investment costs for glass wool are higher, resulting in a greater overall cost compared
to the rock wool pipeline. Moreover, Figure 8 highlights that the difference in total cost
becomes more pronounced with extended running times. Specifically, as the running time
extends from 1440 h to 3600 h, the disparity in the total cost per unit length for a DN100
pipeline increases from CNY 0.24 to CNY 0.54. This trend underscores the significant
impact of insulation material properties and operational duration on the cost-effectiveness
of electric heating tracing systems. The increasing divergence in cost with longer running
times emphasizes the need for the careful selection of insulation materials based on both
thermal performance and economic considerations.

5

=

[=}

o

=4

()

£

an

S3

= I DN100

= [ DNgo
[ |DNes

2 I DN 50
I DN4o
0 1 2 3

P,/CNY

Figure 8. Difference in the total cost of the insulation layer thickness of two kinds of electric heating
tracing pipe.
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3.3. Effect of Average Drilling Fluid Temperature on Economic Thickness and Cost
3.3.1. Insulated Pipes

The average drilling fluid temperatures are 10 °C, 20 °C, 30 °C, 40 °C, and 50 °C,
respectively. The economic thickness of glass wool pipes per unit length when the pipe
type is DN100 is shown in Figure 9. It can be seen from the figure that the average drilling
fluid temperature has an important influence on the economic thickness of insulation.
With the increase in temperature, the heat loss cost of the insulation layer increases, the
economic thickness increases, and the increase rate decreases gradually. Taking the running
time of 3600 h as an example, when the average drilling fluid temperature is increased
from 10 °C to 50 °C, the economic thickness of the insulation layer per unit length was
increased from 1.79 cm to 2.35 cm (31.28%), 2.79 cm (55.87%), 3.20 cm (78.77%), and 3.54 cm
(97.77%), respectively.
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Figure 9. Economic thickness of insulation layer at different average drilling fluid temperatures.

The heat loss per unit length and at different average drilling fluid temperatures under
the economic thickness of the glass wool pipe is less than the maximum allowable heat
loss, as shown in Table 4. Therefore, the economic performance is selected as the index
to optimize the insulation thickness, and the optimization results of insulation thickness
are shown in Figure 9. As can be seen from Table 4, with the increase in average drilling
fluid temperature, heat loss also increases. This is mainly because the increase in drilling
fluid temperature increases the temperature difference with the external environment, thus
increasing the heat loss. Take the running time of 3600 h as an example. When the drilling
fluid temperature increased from 10 °C to 20 °C, 30 °C, 40 °C, and 50 °C, the heat loss of
the insulation pipeline increased from 28.18 W/ m? to 34.39 W/m? (22.04%), 39.56 W /m?
(40.38%), 43.50 W /m? (54.36%), and 47.32 W/m? (67.92%), respectively.

Table 4. Heat loss of economic thickness of glass wool pipe at different average drilling fluid temperatures.

Running Average Drilling Fluid Temperatures/°C

Time/h 10 20 30 40 50
1440 45.43 56.74 65.80 73.09 79.54
2160 38.71 46.96 53.52 59.21 64.19
2880 33.13 40.06 45.56 50.21 54.54
3600 28.18 34.39 39.56 43.50 47.32

The total cost of DN100 glass wool pipe with different average drilling fluid tempera-
tures per unit length is shown in Figure 10. When the drilling fluid temperature is 10 °C,
20 °C, 30 °C, 40 °C, and 50 °C respectively, the total cost of insulation per unit length is
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CNY 12.27, CNY 15.33, CNY 18.02, CNY 20.41, and CNY 22.68, respectively. After the
drilling fluid temperature increases, the thickness of the insulation layer increases and the
initial investment cost and heat loss cost of the insulation layer increase, resulting in an
increase in the total cost.
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Figure 10. Total cost per unit length of insulation layer thickness under different average drilling
fluid temperatures.

3.3.2. Electric Tracer Pipes

Figure 11 shows the economic thickness of the DN100 electric heating tracing glass
wool pipe when the average drilling fluid temperature is 10 °C, 20 °C, 30 °C, 40 °C, and
50 °C, respectively. Similar to the relationship between the economic thickness of insulation
pipes and the average temperature of drilling fluid, the average temperature of drilling
fluid has an important influence on the economic thickness of electric tracing pipes, and
the economic thickness of electric tracing pipes increases with the increase in the average
temperature of drilling fluid. Taking the running time of 3600 h as an example, when the
average drilling fluid temperature increased from 10 °C to 50 °C, the economic thickness of
the electric heating tracing pipe increased from 6.54 cm to 11.06 cm, by 69.11%. After the
average drilling fluid temperature increases, the heat loss cost of the insulation layer of the
electric tracing pipe increases, resulting in an increase in its economic thickness.
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Figure 11. Economic thickness of electric heating tracing pipe with different average drilling fluid temperatures.
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When the average temperature of drilling fluid is 10 °C, 20 °C, 30 °C, 40 °C, and
50 °C, respectively, the cost of the insulation layer of the DN100 electric heating tracing
glass wool pipe per unit length is shown in Figure 12. After the average temperature of
the drilling fluid increases, the temperature difference between the drilling fluid and the
external environment gradually increases and the cost of heat dissipation increases, thus
increasing the total cost of the thermal insulation layer. Meanwhile, it can be seen from the
above research that the increase in the average temperature of drilling fluid also increases
the economic thickness of the pipeline, resulting in an increase in the initial investment cost
of the thermal insulation layer and the cost of heat dissipation loss, thus increasing the total
cost. When the drilling fluid temperature increases from 10 °C to 50 °C, respectively, the
total cost of insulation per unit length increases by CNY 3.88 (12.37%), CNY 8.43 (26.87%),
CNY 13.05 (41.60%), and CNY 17.60 (56.10%).
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Figure 12. Total cost of the insulation layer of electric tracing pipelines under different average
drilling fluid temperatures.

4. Conclusions

This study introduces an economic optimization model for thermal insulation layers
tailored for both traditional thermal insulation and electric tracing pipelines, specifically
designed for drilling operations. Our comprehensive analysis underscores the profound
influence of pipe diameter, running time, insulation material, and drilling fluid tempera-
ture on the economic thickness of insulation layers, providing critical guidelines for the
development of cost-effective and efficient insulation systems under a variety of opera-
tional conditions.

(1) The data reveal that both the pipe diameter and the running time substantially affect
the economic thickness of the insulation. Notably, when operating for 3600 h with
drilling fluid temperatures between 10 °C and 50 °C, the economic thickness per unit
length of the insulation layer increases dramatically by 97.77% from 1.79 cm.

(2) The thermal conductivity of the insulation material and the temperature of the drilling
fluid are pivotal in determining the economic thickness. High values of these param-
eters necessitate increased insulation thickness to maintain efficiency. The optimal
design thickness should, therefore, be established based on the maximum allowable
heat loss to ensure operational efficiency.

(3) Similar trends observed in thermal insulation pipelines are evident in electric tracing
pipelines, where the economic thickness escalates with increases in pipe diameter,
running time, insulation material, and fluid temperature. Additionally, the economic
thickness of electric tracing pipelines surpasses that of non-electric tracing pipelines,
leading to higher costs per unit length in the electric tracing systems.
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(4) For a pipeline with a running time of 3600 h using DN100 rock wool insulation, the
total cost per unit length for the electric tracing pipeline is notably higher, by CNY
19.72, than that for the non-electric tracing pipeline.

(5) The findings from this study highlight the critical need to tailor insulation designs to
the specific operational conditions and environmental requirements of drilling sites.
Future research should focus on exploring new materials and advanced technologies
to further enhance the cost-effectiveness and thermal efficiency of insulation systems
in such challenging environments.
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