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ABSTRACT: Water scarcity poses a significant challenge globally, driving the need for
effective solutions in water transport and purification. This paper examines the innovative
use of vapor pipelines that leverage water vapor for efficient transportation, based on the
principles of evaporation and condensation. It focuses on optimizing water treatment and
transmission by investigating pressure differentials that enable vapor flow from the
evaporation to the condensation section under sub-atmospheric conditions. The study
compares two desalination pipeline systems: an adiabatic system and a steam trap system.
Findings indicate that the steam trap system transfers 30% to 35% more water than the
adiabatic system, with an additional 5% collected during transit. Temperature
assessments reveal that the adiabatic system maintains higher temperatures, correlating
with reduced energy consumption, while the steam trap system displays greater variation
in vapor velocity. Additionally, the steam trap experiences a 20% greater pressure drop,
suggesting potential benefits for the adiabatic approach in specific contexts. Economic
feasibility is contingent on environmental conditions, with each system facing distinct
operational challenges. This study highlights the necessity of evaluating both systems
based on their unique circumstances to effectively tackle the pressing issue of water
scarcity. Ultimately, tailored solutions are essential for optimizing water resources
worldwide.

Keywords: Water Resource Management; Sustainability; Renewable Energy;
Environmental Conservation; Water Science and Technology.

1. Introduction

Water scarcity is a pressing global issue
worsened by  population  growth,
urbanization, and environmental decline.
As freshwater demand rises, regions face
shortages, prompting the need for
innovative  solutions  like  seawater
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desalination, which converts seawater into
drinkable water. This paper explores the
importance and implications of
implementing desalination technologies
(Amonovich and Sobir Ahror, 2023; Naeeni
et al., 2023; Aghazadeh and Attarnejad,
2026a). Desalination methods such as
reverse osmosis and thermal distillation
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effectively remove salts and impurities,
providing reliable water sources along
coastlines. While enhancing drought
resilience and diversifying water supplies,
these  technologies  require  careful
consideration of environmental, economic,
and social factors (Rahmani Firozjaei et al.
20244, 2025; Lotfy et al., 2022).
Environmental challenges include salt
discharge impacts, high energy use, and
greenhouse gas emissions. Mitigation
measures like advanced waste disposal,
energy-efficient tech, and renewable energy
integration are vital, alongside protecting
coastal  ecosystems  for  sustainable
desalination  (Xue et al, 2020).
Economically,  desalination  demands
significant upfront investments, ongoing
maintenance, and operational costs. Careful
planning, affordable technology, and
ensuring equitable access are essential for
the technology's long-term success and
social acceptance (Al-Mutrafi et al., 2018).
Recent literature converges on three key
themes for advancing next-generation
desalination: drastically reducing energy
consumption through low-temperature or
vacuum-assisted  processes, integrating
renewable energy sources to decarbonize
water production, and minimizing or fully
recovering brine to protect coastal
ecosystems. Membrane-based methods
such as forward osmosis and membrane
distillation have demonstrated progress at
pilot scale, effectively addressing energy
reduction and renewable integration, but
they still rely on electrically driven
circulation pumps and encounter scaling
and fouling issues at high salinity levels.
Simultaneously, gravity-driven vacuum
desalination exploits altitude effects to
lower boiling points, yet existing prototypes
are typically limited to lengths under 5 km
and have not yet addressed the challenge of
long-distance water conveyance. Thermal
solutions like heat-pipe seawater stills
achieve near-adiabatic heat recovery, but
the capital costs escalate steeply with
increasing pipe diameter beyond a certain
threshold, impairing economic viability.

The seawater desalination pipeline
system  operates  efficiently  under
atmospheric pressure, utilizing minimal
thermal energy to evaporate seawater. This
innovative system extends from coastal
areas to elevated mountainous regions,
where significant temperature differences
between the warm seawater and the cooler
mountain  air facilitate the natural
movement of water vapor. As the vapor
ascends to higher altitudes, it condenses
into liquid water, which can then be
transported downhill to its intended
destination without any additional energy
expenditure. This method not only
effectively addresses the pressing issue of
water scarcity but also leverages natural
temperature gradients to optimize overall
system efficiency (Aghazadeh and
Attarnejad, 2024). Careful consideration of
factors like thermal volume optimization
and vacuum levels is vital for maximizing
desalination performance. Properly
designed evaporation and condensation
chambers enhance heat exchange and
reduce energy losses, enabling sustainable,
efficient freshwater production to help
alleviate water scarcity (Rahmani Firozjaei
et al., 2024b; Sun et al., 2023).

The efficiency of the proposed
desalination  system is  significantly
influenced by environmental factors such as
temperature fluctuations, altitude,
humidity, and atmospheric pressure, all of
which  affect  vapor  transmission.
Temperature differences between seawater
and ambient air drive evaporation and
condensation, with  higher altitudes
improving condensation due to cooler
temperatures. Humidity and pressure
variations require adaptive controls to
maintain stable vapor movement, while
seasonal  temperature  changes are
accounted for through simulations to ensure
consistent performance year-round. By
integrating these environmental
considerations, the system is designed to be
adaptable and effective across diverse
geographic regions facing water scarcity.
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Vapor transmission pipelines  for
desalination  offer  advantages  over
conventional methods like reverse osmosis
and thermal distillation, such as better
energy efficiency using natural temperature
gradients, simpler infrastructure with fewer
high-pressure pumps, improved water
recovery through condensation, and
reduced environmental impact. However,
its effectiveness depends on local
conditions, requiring precise pressure
control and specialized engineering. Initial
costs and feasibility may be higher, and
managing condensation along the pipeline
adds complexity. While promising as a
sustainable alternative, thorough regional
studies are necessary to address operational
and environmental challenges.

In vacuum distillation, seawater is
heated under reduced pressure, lowering its
boiling point to promote evaporation and
salt separation. The produced vapor is
transported through specialized pipes to a
condenser, where it reverts to freshwater.
The efficiency of this vapor transport
depends on thermal volume, vacuum levels,
and the design of the chambers (Ghandi et
al., 2025; Grzegorzek et al., 2023; Rahmani
Firozjaei et al., 2020).

Vapor transmission pipelines convert
liquid water into vapor using pressure and
temperature gradients, then condense it
back into liquid at the destination. This
method offers advantages like lower energy
use, less water loss, and reduced costs, but
requires careful modeling and optimization
of system parameters for maximum
efficiency (Hajebi et al., 2024; Hirata et al.,
2023). Despite its potential, vapor transfer
technology faces challenges in pipeline
design, flow management, treatment
efficiency, and energy consumption.
Robust numerical analysis is essential to
address these issues and develop effective
water transportation and treatment systems
(Bereda et al.,, 2023; Bonomelli et al.,
2024).

The primary objective of this research is
to investigate the efficiency and
effectiveness of transmission pipelines

specifically designed for transporting water
vapor during water purification processes.
This study focuses on examining two
distinct cases concerning the characteristics
and operational conditions of the
transmission pipeline. In the first scenario,
the pipeline is thermally insulated, creating
an effectively adiabatic system that
prevents heat exchange with the
surrounding environment. This
configuration is anticipated to enhance the
efficiency of the vapor transport process,
allowing for the maintenance of optimal
temperatures within the system and
minimizing energy loss.

In contrast, the second scenario
involves a transmission pipeline that lacks
thermal insulation, which does not incur
additional costs for the creation or
maintenance of an adiabatic setup. In this
case, heat transfer occurs between the steam
and the environment, resulting in the
condensation of a portion of the steam
within the pipeline.

This research not only aims to deepen
the understanding of transmission pipeline
dynamics in the context of water vapor
transport but also seeks to contribute to the
development of best practices for the design
and operation of efficient water purification
systems. Through a thorough analysis of
both insulated and non-insulated scenarios,
this study will provide insights into the
advantages and trade-offs associated with
each configuration, ultimately informing
future innovations in vapor transportation
technologies in  water  purification
applications. While desalination
technologies have traditionally focused on
methods such as reverse osmosis and
thermal distillation, this study introduces a
novel approach by leveraging vapor
transmission  pipelines to  enhance
efficiency in water transport. The
integration of sub-atmospheric pressure
differentials as a driving force for vapor
movement represents a fundamental shift in
desalination pipeline design, offering
significant  advantages in  energy
optimization and system sustainability. By
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comparing adiabatic and steam trap
configurations, this research provides new
insights into the interplay between thermal
insulation, pressure management, and water
yield, addressing critical gaps in previous
studies. The findings not only contribute to
advancing desalination infrastructure but
also pave the way for scalable, energy-
conscious solutions in global water resource
management.

2. Methodology

The overall design of the desalination
pipeline system is illustrated in Figure 1.
The system is divided into three primary
components: the evaporation section, the
transportation section, and the condensation
section.

1) Evaporation section: This segment
collects seawater, wastewater, or rainwater,
de-aerated, evaporates, and transforms into
vapor under sub-atmospheric pressure in a
heated environment. Before evaporation, it
is crucial to remove soluble gases such as
carbon dioxide and oxygen from the
seawater. These gases, which cannot be
condensed, remain in the transportation
pipeline, potentially leading to increased
pressure within the system.

i) Transportation section: In this
section, the steam produced during the
evaporation phase must be transported to its
destination via transfer pipes. The
temperature  difference  between the

Wastewater
‘ u De-aeration and
- evaporation
part
Rainwater |
] ,
Seawater Horizontal transportation -

evaporation and condensation sections
creates a pressure differential, facilitating
the flow of steam from the evaporation
section to the condensation section. This
segment ensures that the steam produced in
the evaporation phase is adequately
prepared for transfer. The vapor, being
cooler than the ambient temperature,
requires additional heat to maintain process
continuity and efficiency. As a result, the
steam heats up as it flows through the
warmer transfer section towards the
condenser. In the horizontal transfer zone,
condensation is minimal due to the
temperature being close to that of the
surrounding environment. However, as the
height of the transfer increases, the
temperature drop of the steam within the
pipe accelerates, while the surrounding
environment's temperature decreases more
rapidly due to elevation.

At this stage, two scenarios for the
pipeline are defined, which are the focus of
this research. The first scenario posits that
the transmission pipeline is insulated
thermally, making the transfer system
effectively adiabatic with no heat exchange
with the environment. In this scenario, the
water vapor in the pipe experiences only
temperature differences resulting from
friction, compressibility, or changes in
height, preventing any phase change, and
thus maintaining a single-phase flow
throughout the transfer process.

condensation
part

Height of the mountain

v

Fig. 1. Schematic outline of the desalination pipeline system
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In the second scenario, the system is not
thermally insulated, and no additional costs
are incurred for creating or maintaining an
adiabatic system. Consequently, heat
transfer to the environment leads to the
condensation of a portion of the steam
within ~ the transmission pipe. As
condensation occurs, the heat extracted
from the steam is transferred to the pipe
walls, maintaining their temperature in
equilibrium with the water vapor. With only
water vapor present in the system, the
pressure inside the pipe aligns with the
pressure corresponding to the ambient
temperature, indicating a stable
equilibrium. This equilibrium demonstrates
that the vapor tends to remain saturated. The
system actively works to maintain this
stability against any disturbances. If the
pressure rises or the temperature decreases,
additional vapor condenses to restore
equilibrium and reduce the internal
pressure. Conversely, if the pressure drops
or the temperature increases, the vapor
enters a non-saturated state, which
increases internal pressure. The system
compensates for this by evaporating liquid

water within the pipe, thereby stabilizing
the operating temperature across all
components.

This approach simplifies operational
conditions and reduces overall costs.
Condensed water, which may form as a
result of this process, should be collected in
a designated chamber, relying on gravity for
this purpose. To prevent the risk of system
procedure from the 2-phase flow, the
collecting of water is essential. For this
reason, steam traps are strategically
installed under the transportation pipe.
Collecting the condensed water helps
maintain a vacuum condition within the
system. When valves are opened, external
pressure prevents the complete drainage of
water from the pipe, with the volume of
drained water approximately equal to that at
altitudes exceeding 10 m. Supported steam
traps are employed to facilitate the transfer
of condensed water into an adjacent pipe for
continued operation, ensuring the system
remains efficient and effective during the
condensation process (Aghazadeh and
Attarnejad, 2025).

Fig. 2. Schematic representation of the removal of condensed water by steam traps
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iii) Condensation section: In this final
stage, the steam that has passed through the
transportation section is converted back
into liquid water. Various methods can be
employed for this conversion, including
condensation chambers, heat pipes, and
phase-change energy-prompted Processes.
However, this research focuses exclusively
on the transportation aspect and does not
delve into the details of the condensation
stage. The process concludes with the
preparation of potable water through the
addition of essential minerals, ensuring
compliance with established consumption
standards. This comprehensive design
effectively harnesses the principles of
thermodynamics and fluid mechanics to
convert seawater into potable water
efficiently. It also addresses critical
operational factors, including pressure
differentials and  energy  recovery,
enhancing overall system performance.

The overall calculation framework is
based on several key assumptions to
streamline the analysis. It assumes that
steam behaves according to the ideal gas
law due to low-pressure conditions
throughout the system. The pipeline’s
horizontal sections are maintained at
ambient  temperature, with  minor
condensation effects considered negligible,
while at higher altitudes, water is
immediately collected to ensure flow
remains single-phase. The surrounding air
temperature is assumed to vary linearly
with altitude, reflecting natural
environmental gradients. All parameters
are treated as constant over time, adhering
to steady-state conditions to simplify the
analysis. Detailed dynamics of evaporation
and condensation, such as pressure drops
during phase changes, are omitted to focus
on transportation processes.

Throughout  the  system,  sub-
atmospheric pressure is maintained to
facilitate vapor movement, and the latent
heat of vaporization is assumed to be stored
within the evaporation section for energy
balance. The entire pipeline system is
designed to be fully sealed to prevent water

ingress, ensuring  system integrity.
Additionally, the initial transportation
pipeline is considered adiabatic, meaning
no heat exchange occurs with the
environment during transit. Finally, the
pipes are modeled as round, smooth, and
resistant to flow resistance, which helps
optimize efficiency and reduce energy
losses.

3. Formulation

This section explores the flow equations
that govern steam transfer within a pipeline.
A representative segment of the pipe is
considered, and the relevant equations are
formulated accordingly. In shorter pipes
and nozzles, the effects of viscosity can
generally be neglected; however, for longer
pipelines, it is essential to account for flow
friction against the pipe walls. To facilitate
practical formulation, a finite volume
element of the pipe is selected, from which
the governing equations for fluid transfer
are derived based on the principles of
continuity, energy, and momentum. The
results of this formulation apply
comprehensively to the entire length of the
transfer system.

A thorough understanding of the
physical aspects of the problem is
paramount. Key parameters include the
linear distance, the elevation difference
between the cold and warm points, and the
range of temperature variations between
these points. The pipeline may consist of
numerous interconnected segments, each
exhibiting distinct thermodynamic
conditions at the inlet and outlet, which
leads to variable fluid velocities across the
segments. Figure 3 illustrates the pipeline at
various positions with a constant diameter,
exemplifying a transport pipeline. To
accurately analyze the behavior of the
pipeline, three fundamental equations
(continuity, momentum, and energy) are
utilized to calculate the wvelocity and
temperature at the pipe outlet, specifically
at the moment when the steam reaches the
condensation stage.
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Fig. 3. A typical element of the: a) Horizontal adiabatic transfer pipeline; b) Inclined adiabatic transfer pipeline;
¢) horizontal transfer pipeline equipped with steam trap; and d) Inclined transfer pipeline equipped with steam
trap

Continuity equation as Eqg. (1) (Gas
Processors Suppliers Association, 2004;
Anderson, 1983):

dp  d(pU)
ot T Tox 0 (1)

where p: is the density of water vapor
(kg/m3), u: is the vapor’s velocity (m/s) and
t: is the time.

Momentum equation as Eq. (2):

d(pU?) 0P 4 _
dx ax _pw~ posin(@) ?)
_9(U)

ot

where p, U, P, D, ww, @, and a represent
vapor density, vapor velocity, vapor
pressure, pipe diameter, wall shear stress,
gravitational acceleration, and the angle of
pipeline relative to the horizon,
respectively.

Energy equation as Eq. (3) according to
the first law of thermodynamics.

dE
AU—E—Q—W—O 3)
where A U: is the change in internal energy
of the system, Q: is the heat added to the
system and W: is the work done by the
system.

In the first scenario, where the
transmission pipeline is equipped with
thermal insulation and does not exchange
heat with the environment, the main
governing equations can be simplified to
Egs. (4-5) (Attarnejad and Aghazadeh
2020).

Pil; = Pi+1Ui4+1 (4)
Di — Div1 = PIAZ + pip1Uiyr ?

2fLpU? (5)
—piwy 2 + B

where p: is the vapor pressure (Pa), g: is the
acceleration due to gravity (m/s?) and Az: is
the height difference between the two ends
of the element (m).

Eq. (6) can be written according to the
first law of thermodynamics (Aghazadeh
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and Attarnejad, 2026b).

uiz
hi + T + gAZ

() O
=0

where h: is the vapor enthalpy (J/kg) and
Ax: denotes the length of the element.
Simultaneously, when solving the
governing equations, variations in density,
velocity, temperature, and pressure along
the transport pipeline can be determined.
The mass flow rate through the pipe can be
calculated through a comprehensive
analysis of the transport pipeline and the
extraction of relevant parameters as Eq. (7).

nD?
my = p; Tui (7)

where m,: is the transportation rate (kg/s)
and D: is the pipe diameter (m).

In the second scenario, where the
system lacks thermal insulation and
employs a steam trap to collect vapors, Egs.
(1) to (3) can also be rewritten and
simplified as follows (Aghazadeh and
Attarnejad, 2020). Based on the continuity
equation, it is understood that the rate of
vapor transport yields a singular result for
each element, thus diminishing the
necessity to write out the equations for each
variable individually as Egs. (8-9).

piui A= piuipr A+ (m—myyq)  (8)
Q. Ax + (m; — myy1)hsg

ul-z
=i | hi + —-gAzZ | Mg | hiva

2
u.
+i>=0

©)
2

where h: is the vapor enthalpy (J/kg), Q: is
the amount of heat flow extracted per unit
length (W/m), Ax: is the length of the
element and hgg: is the change of specific
enthalpy from saturated vapor into saturated
liquid and it is negative value due to
condensation (J/kg).

In order to obtain the heat exiting the
pipe, Eg. (10) is used in the transition phase
(VDI-Gesellschaft Energietechnik, 1992):

TI - To
R, ln(r_l) R, (10)

27TT1 Znﬂ,k 27TT2

Q:

where T; : is the temperature of the liquid
inside the pipe (K), T,: is the external air
temperature (K), R;: is the inner surface
heat transfer resistance between fluid and
material of the pipe (m2.k/w), R,: is the
outer surface heat transfer resistance
between fluid and material of the pipe
(m2.k/w), A;: is the thermal conductivity
of pipe (W/m.K), ry: is the internal radius of
the pipe (m), and r,: is the external radius of
the pipe (m).

To calculate the pressure difference
along each segment of the pipeline, Eq. (11)

is applied, incorporating hydrostatic,
frictional, and dynamic effects.
2fLpU?
Pi— Pi+1 = pgAZ+ —
2 (11)
t Piv1li+1

2
— piu;

where f: is friction coefficient, L: is segment
length (m) and U: is the median velocity of
vapor (m/s).

After analyzing the transfer pipe and
obtaining the speed, temperature and other
necessary parameters for each element, the
amount of mass transmitted through the
pipe is calculated as Eq. (12).

nD?
My = pnTun (12)

where m,4: is the rate of vapor that has been
transferred and should be condensed (kg/s)
and D: is the pipe diameter (m).

After analyzing the transport pipeline
and obtaining the velocity, temperature, and
other requisite parameters for each element,
the mass transmitted through the pipe can
be expressed mathematically. To ascertain
the total amount of condensed water along
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the pipeline, it suffices to aggregate the
condensed water amount from each element
as Eq. (13).

my = ) m, (13)
i=1

where m;: is the condensation rate in i
element (kg/s), n: is the number of elements
and my,: is the condensation rate in the
transport part (kg/s).

To quantify the behaviour of water-
vapour flow in both the adiabatic and
steam-trap pipelines, a one—dimensional,
steady-state model that couples mass,
momentum, and energy conservation was
developed and solved in Python.

4. Case Study

This system is applicable to various
locations near high altitudes, particularly
regarding seawater. However, this research
specifically targets the seawater of the
Persian Gulf in Iran, with a case study
focused on Bandar Abbas City. Bandar
Abbas is a notable coastal city situated
along the Persian Gulf, serving as the
capital of Hormozgan Province. It
functions as a crucial commercial and
transportation hub, boasting strategic port
facilities. The city is recognized for its

vibrant culture and rich history. Located
northwest of Bandar Abbas is Genu
Mountain, which rises to an altitude of
2,347 m. This cooler mountainous area
offers a stark contrast to the warm coastal
climate of Bandar Abbas. Genu Mountain
is celebrated for its natural beauty and
biodiversity, attracting outdoor enthusiasts
and researchers interested in studying the
ecological and meteorological differences
between coastal and mountainous regions.

The case study involves collecting
meteorological data to analyze the climate
interactions between Bandar Abbas and
Genu Mountain. This includes the mean sea
temperature of Bandar Abbas, the city's air
temperature, and ambient temperatures at
various elevations of Genu Mountain, all
detailed in Figure 4. The horizontal
distance between the Persian Gulf and
Genu Mountain is approximately 15.5 km,
consisting of segments measuring 2.5 km, 2
km, and 11.5 km, in addition to the
horizontal distance there is the inclined
distance. The inclined distance is about
11.5 km which is different from horizontal
distance. Average temperatures in Bandar
Abbas and ambient temperatures at Genu
Mountain's elevations are illustrated in
Figure 4. Additionally, the geographical
relationships between the Persian Gulf,
Bandar Abbas City, and Genu Mountain are
depicted in Figure 5.

40
36.7 .
34.9 i 34.7 -
35 :
31 318 36 32
' 34.2 345 30.2
. 33.6 %=
g 0 272 Bandarabbas temperature 31.2
= %298 301 30 991
5 - Geno temperature :
o seawater temperature
s 24.6
£ 20
= 20.4
19.8
19.3 185 e
= To, 164 12.1
10.7 % 14
10 12.7

Jan Feb  Mar Apr May

Jul Aug  Sep Oct  Nov Dec

Fig. 4. Air temperature and seawater temperature for target regions



216

Aghazadeh et al.

mapna group

;

b oe—""
factory - o

Persian gulf

Fig. 5. Location of coastal Bandarabbas city and Genu Mountain

5. Results and Discussions

5.1. Calculation Method

In the proposed desalination pipeline
system, it is assumed that evaporation and
condensation rates always exceed the
transfer rate, making transfer the limiting
factor in the process. Therefore, the
analysis focuses solely on the transfer rate
and compares results between the first and
second scenarios. To balance
computational efficiency and accuracy, a
spatial step of 200 m has been chosen based
on previous experience with solving
transportation  equations  numerically.
Before starting calculations, it is important
to identify key factors such as the
temperatures of the warm source, cold
source, and environment, as these influence
thermal dynamics. The length of the
horizontal pipeline must be specified, while
the inclined section’s length and height are
also critical. The pipeline’s arrangement,
including the segments and their intervals,
should be clearly defined; each segment

will be set at 100 m to ensure consistency
and accuracy in the modeling process.
Once these foundational parameters
have been established, the next phase
involves calculating key fluid properties at
the end of each element within the
horizontal ~ pipeline.  This  includes
determining the temperature, density,
pressure, and velocity of the fluid, using
transportation equations tailored to these
specific conditions. These calculations will
be repeated for all elements along the
pipeline until the endpoint is reached.
Moreover, it is essential to calculate the
maximum transportation rate within this
section (first scenario (Mg porizentai)s
second scenario (M1 porizentar), 2IONG With
the exit temperature (T, norizentar), @and to
evaluate the behavior of any condensed
vapor present within the pipeline (m;,).
Following the completion of the
horizontal pipeline calculations, a similar
approach is applied to the inclined pipeline.
The same fluid properties like temperature,
density, pressure, and velocity must be
calculated using the earlier determined exit
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temperature  (Tephorizentar), from  the
horizontal section, along with other
relevant information. These computations
will provide insight into the performance of
the inclined segment, allowing for the
determination of  the maximum
transportation rate (Mg inciinea), and the
temperature at the inclined section's peak.
At this stage, it is vital to derive key
values resulting from the calculations.
Specifically, the temperature at the top of
the mountain section (T,) must be closely
defined, and the overall transportation rate
(m;) will be set as the minimum between
the rates obtained from the horizontal and
inclined pipelines. Finally, a
comprehensive  assessment  of  the
evaporation and condensation processes
will be conducted in accordance with the
calculated transportation rates, along with
other essential parameters, to ensure a
thorough understanding of the system’s
thermal  dynamics. This  structured
approach enables a systematic examination
of the transportation pipeline, facilitating
accurate predictions and assessments of the
fluid behavior under varying conditions.

5.2. Calculation Results for the System in
Target Regions: Adiabatic
Transportation Pipeline and
Transportation Pipeline with Steam
Trap

Using the available data, including
temperature, height, length, and diameter of
the selected transmission pipe, the
transmission capacity is calculated based
on the equations derived in the previous
section. These transmission capacity
calculations are implemented in a Python
program. Since the transmission capacity
serves as the limiting factor for this system,
the results obtained from both scenarios are
compared.

Figure 6 presents the quantities of
produced and transferred water, along with
the temperature at the end of the pipe,
measured at 1 m and 2 m for this system
operating with adiabatic pipes. According
to our findings, the volume of distilled and
transported water for a 1-m diameter
transmission pipe is calculated to be 26,595
mq/year, while for a 2-m diameter pipe, it is
124,830 m?/year.
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Fig. 6. Distilled and transferred water and vapor temperature at end of the pipe in the first scenario
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Figure 7 illustrates the steam velocity
within the transmission pipe as well as the
corresponding pressure drop in the system
for pipe diameters of 1 m and 2 m,
specifically in the context of adiabatic
pipes. A lower pressure drop within the
system indicates an enhanced capacity for
the length of transportation pipe. As shown
in Figure 6, an increase in pressure drop
correlates with elevated temperatures at the
end of the pipe. This is significant because
a higher temperature in the end of the
transmission pipe results in an increased
temperature of the water vapor during
condensation, ultimately leading to reduced
energy requirements for the condensation
process.

In the case of the transmission pipe with
a diameter of 1 m, a greater pressure drop
was observed compared to that of the 2 m
diameter pipe. Despite the minimal
difference in velocity between the two
pipes, this variation in pressure drop can be
attributed to the smaller diameter of the 1 m

Consequently, the frictional losses in the
narrower pipe are more impactful, resulting
in a lower pressure drop and improved
transmission efficiency.

At this stage, the results pertain to the
second scenario, in which the thermal
insulation of the pipe is compromised,
resulting in a non-adiabatic system. In this
scenario, the changes in steam conditions
are taken into account due to condensation
occurring  within  the water pipe.
Consequently, it is essential to report not
only the volume of water transferred
through the system but also the amounts of
water that are generated during the
transportation  process. This analysis
highlights the significance of accounting
for the water collected due to condensation,
as it contributes to the overall efficiency
and productivity of the system. By

evaluating both the transferred and
produced water quantities, a
comprehensive understanding of the

system's performance can be gained under

pipe, which experiences a more non-adiabatic conditions.
pronounced effect of friction.
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Figures 8 and 9 depict the volume of
water produced in the area, along with the
length of the transportation route and the
destination. These figures also provide
information on the temperature at the end
of the pipe and the vapor velocity within the
transportation pipe, with reference to the
pipe diameter, either Lmor 2 m. Fora2 m
diameter pipe, the production rate of
distilled water at the destination is 165,301
m3/year. In contrast, the production rate for
a 1 m diameter pipe is significantly lower,
at 35,478 md/year. Additionally, the
volume of water produced during the

transportation phase, given the specified
pipe diameters, is 8,751 m3/year for the 2 m
diameter pipe and 2,024 m®/year for the 1
m diameter pipe. The capacities of both
pipe diameters indicate that the water
production is consistent with the flow rate
of a small aqueduct. The calculations
demonstrate that the desalination pipeline
system is capable of supplying distilled
water annually. However, it is essential to
note that the production rate of refined
water is positively influenced by the
temperature differential between the
seawater and the air temperature on land.
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Figure 10 illustrates the pressure drop
within the system for pipe diameters of 1 m
and 2 m, specifically in the context of
adiabatic pipes. The results demonstrate a
pattern similar to that observed in the first
scenario; however, the values associated
with the pressure drop are notably higher
than those in the previous conditions. This
indicates that the system exhibits greater
transmission  capability over longer
distances in the initial scenario. As with the
previous findings, the 1 m diameter pipe
exhibits a more pressure drop compared to
the 2 m diameter pipe. Despite the minimal
difference in steam velocity between the
two pipes, the increased pressure drop in
the 1 m pipe can be attributed to its smaller
diameter, which leads to a more
pronounced effect of friction.
Consequently, the frictional losses in the
narrower pipe are more significant,
resulting in a greater pressure drop and
influencing the overall efficiency of the
transmission system.

Based on the results presented above,
the differences between the two states of
transmission pipeline system are evident.
This study examines two scenarios: the first
scenario represents an adiabatic system,
while the second scenario involves steam
traps. The findings indicate that the volume
of water transferred in the second scenario

was greater than in the first scenario, with
variations observed across different months
due to changing conditions. Specifically,
the amount of water transferred in the
second scenario ranged from 30% to 35%
more than that in the first scenario.
Additionally, there was an extra 5% of
mentioned water along the route in the
second scenario.

Temperature measurements reveal that
the average temperature at the end of the
pipe and the wvapor entering the
condensation phase differ between the two
scenarios. For the first scenario, the average
temperatures for the 1 m and 2 m diameters
were 25.85 °C and 24.38 °C, respectively.
In contrast, the second scenario recorded
temperatures of 22.15 °C and 23.85 °C for
the same diameters. Higher temperatures at
the end of the pipe correlate with reduced
energy  consumption during the
condensation phase. Moreover, elevated
steam temperatures under consistent
conditions indicate greater steam power for
continued transmission. The results above
can be verified using the references
introduced in the introduction, which
include both numerical and experimental
studies. This combination enhances
reliability by integrating theoretical
modeling with empirical validation.
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A more detailed analysis was
conducted to confirm the statistical
robustness of the observed 30-35%
increase in water transfer with the steam
trap system. Using a Monte Carlo
uncertainty analysis, random realizations
for each pipeline diameter (1 m and 2 m)
and scenario (adiabatic vs. steam trap), was
generated based on published data. The
resulting annual transferred volume
distributions, summarized by their means
and 95% confidence intervals, indicate a
statistically significant mean increase of
approximately 33% for the 1 m diameter
and 31% for the 2 m diameter.

Vapor velocity was similar in both

scenarios, but speed variations were more
pronounced in the second due to lower end-
pipe temperatures. The pressure drop was
20% higher in the second scenario,
favoring the adiabatic system for longer
steam travel. Environmental factors impact
feasibility, adiabatic systems require
insulation, while steam-trap systems need
high-altitude piping and space. Each
system has distinct advantages, requiring
evaluation based on specific conditions.
A  Levelized-Cost-Of-Water  (LCOW)
model analyzed two pipeline layouts over
25 years at a 6% discount rate, considering
CAPEX  (capital  expenditure  for
construction and installation), routine
O&M (annual operations and maintenance
costs), and energy costs (2025 USD). The
adiabatic system requires insulation costing
150 USD/m, adding 6 M USD to a 40 km
route, while the steam-trap system avoids
insulation but requires traps at 7 USD/m,
totaling 0.28 M USD. Annual O&M for
steam traps is 85000 USD, compared to
40000 USD for the insulated line, and
energy costs are 19000 USDl/year for
steam-trap fans, while the adiabatic system
requires none. Despite higher O&M and
energy costs, the steam-trap system
achieves a five-fold lower LCOW due to
dramatically reduced CAPEX and greater
volumetric yield. Even at 0.35 USD/kWh or
double maintenance costs, LCOW remains
below the adiabatic system.

6. Conclusions

This study investigated the differences
between two states of a transmission
pipeline system used in desalination: an
adiabatic system and a system utilizing
steam traps. For ease of comparison, the
two configurations were discussed case-by-
case. In the fully adiabatic line (Scenario A)
a 1 m diameter pipe delivered about 26,600
m3 of distilled water per year, while
enlarging the pipe to 2 m raised output to
roughly 124,800 m3. The higher end-of-line
vapor temperatures (= 25.9 °C for 1 m and
24.4 °C for 2 m) cut condensation-stage
energy use, and the overall pressure drop
was about 20 % lower than in the alternative
design. Capital expenditure, however, was
elevated because continuous thermal
insulation was required. Conversely, the
non-insulated line equipped with steam
traps (Scenario B) achieved larger
throughputs, approximately 35,500 m3/year
for a 1 m pipe and 165,300 m3/year for a 2
m pipe, plus an additional 5% condensate
recovered along the route. These gains
came at the cost of a steeper pressure
gradient (= 20% higher) and slightly greater
condensation energy because the vapor
reached the condenser colder (= 22.1 °C and
23.9 °C, respectively). Although the
omission of insulation trims initial capital
outlay, routine maintenance of the steam-
trap network must be factored into long-
term operating costs. In practice, regions
with pronounced temperature gradients and
where volumetric yield is paramount favor
the steam-trap design; energy-constrained
sites or those with modest A7 and expensive
elevation works are better served by the
adiabatic alternative.
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9. Nomenclature

D Diameter of pipe (m)

h Enthalpy of vapor (J/kg)

L Length of the element

M Mass flow rate of wastewater (kg/s)

m;  Rate of evaporation (kg/s)
m;, Rate of transportation (kg/s)
m,, Rate of condensation vapor (kg/s)

ps  Pressure of the system (kPa)

Amount of heat flow extracted per unit

Q  Jength (W/m)

Q. Total heat used in the condensation part
t Time

T,  Temperature at the end of the pipe (°C)

T,  Temperature of the system (°C)

u Vapor velocity (m/s).
w Work input (W/m)
Az Height of the element (m)

7,,  Wall shear stress (N/m?)

A,  Latent heat of condensation of vapor (J/kg)
Ae Latent heat of vaporization of water (J/kg)

p Density of vapor (kg/mq)
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