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Abstract

LPG fuel supply systems are increasingly important for improving energy efficiency and
reducing carbon emissions in the shipping industry. The primary objective of this research
is to investigate the heat transfer phenomena to enhance the thermal performance of double-
pipe heat exchangers (DPHEs) in LPG fuel supply systems. This study investigates the
heat transfer performance of a glycol–steam double-pipe heat exchanger (DPHE) within
an LPG fuel supply system under varying operating conditions. A computational model
and methodology were developed and validated by comparing the numerical results
with experimental data obtained from commissioning tests. Additionally, the effects of
turbulence models and parametric variations were evaluated by analyzing the glycol–water
mixing ratio and flow direction—both of which are critical operational parameters for DPHE
systems. Numerical validation against the commissioning data showed a deviation of ±2%
under parallel-flow conditions, confirming the reliability of the proposed model. With
respect to the glycol–water mixing ratio and flow configuration, thermal conductance (UA)
decreased by approximately 11% in parallel flow and 13% in counter flow for every 20%
increase in glycol concentration. Furthermore, parallel flow exhibited approximately 0.6%
higher outlet temperatures than counter flow, indicating superior heat transfer efficiency
under parallel-flow conditions. Finally, the heat transfer behavior of the DPHE was further
examined by considering the effects of geometric characteristics, pipe material, and fluid
properties. This study offers significant contributions to the engineering design of double-
pipe heat exchanger systems for LPG fuel supply applications.

Keywords: glycol heating system; double-pipe heat exchanger; heat transfer; numerical
analysis; mixing ratio

1. Introduction
The use of liquefied natural gas (LNG), liquefied petroleum gas (LPG), and methanol

as eco-friendly fuels is increasing as a transitional solution and has attracted attention as
a means to achieve emission reduction targets for nitrogen oxides and sulfur oxides [1]
until the commercialization of carbon-free ships. Their usage is expected to increase in the
coming decades, enhancing energy security and diversity [2]. Stricter regulations are being
implemented because of the environmental damage caused by air pollution from ships.
With the goal of achieving net-zero carbon emissions to ad-dress climate change resulting
from rising global temperatures [3], it is anticipated that zero-carbon ships utilizing eco-
friendly fuels such as hydrogen and ammonia will eventually be commercialized. Various

Energies 2025, 18, 4179 https://doi.org/10.3390/en18154179

https://doi.org/10.3390/en18154179
https://doi.org/10.3390/en18154179
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-2657-4729
https://orcid.org/0000-0001-7285-4257
https://doi.org/10.3390/en18154179
https://www.mdpi.com/article/10.3390/en18154179?type=check_update&version=1


Energies 2025, 18, 4179 2 of 25

technologies such as efficiency improvement and the use of alternative fuels have been
proposed to reduce greenhouse gas emissions [4].

Table 1 provides a comprehensive comparison of their key characteristics, including
physical properties and storage conditions in LPG and LNG. LPG is easier to store than
LNG because it liquefies at higher temperatures (−42 ◦C at atmospheric pressure) and can
be maintained in liquid form under moderate pressures (up to 18 bar at 45 ◦C). Conversely,
LNG requires extremely low temperatures (−162 ◦C) for liquefaction, though it can be liq-
uefied at ambient temperature when subjected to high pressures [5]. Both fuels significantly
reduce emissions of SOx, NOx, PM, and CO2 compared to traditional heavy fuel oil (HFO),
while maintaining comparable energy densities. LPG is typically transported either as a
gas via pipelines or as a liquid in gas carriers, whereas LNG production involves cooling
natural gas to about 1/600 of its original volume, and LPG is reduced to roughly 1/250 of
its gaseous volume, facilitating efficient long-distance maritime transport. Both fuels are
stored in insulated tanks appropriate to their temperature and pressure requirements.

Table 1. Comparison of LPG and LNG characteristics.

Property LPG LNG Unit

Liquefaction Temperature
(at atmospheric pressure) −42 −162 ◦C

Boiling Point −42 −162 ◦C

Density (liquid) 500–580 430–470 kg/m3

Density (gas, 15 ◦C) 1.898 0.66 kg/m3

Liquid Volume Ratio 1/250 1/600 -

Storage conditions

Storage Pressure (at 20 ◦C) 7 Atmospheric bar

Storage Pressure (at 45 ◦C) 18 Atmospheric bar

Storage Temperature Range −42 to 45 −162 to −157 ◦C

Environmental Impact

CO2 Reduction (vs. HFO) 15–20 20–25 %

SOx Reduction (vs. HFO) 90–95 95–100 %

NOx Reduction (vs. HFO) 10–20 80–90 %

Recently, the use of fuel supply systems that utilize LPG or LNG along with boil-off
gases has increased. Starting with LPG carriers, which currently transport LPG as cargo,
large LPG-fueled ships are being equipped with MAN-ES’ ME-liquid gas injection LPG
(LGIP) engines, which reduce carbon dioxide emissions by 30% compared to low-sulfur fuel
oil ships in preparation for stricter environmental regulations. For LPG carriers de-signed
in accordance with the IGC Code, the transition to LPG and LNG propulsion or conversion
is relatively straightforward. Both LPG and LNG have emerged as next-generation fuels
in the maritime industry, thereby increasing interest in LPG fuel and related technologies
during this transitional period [6]. The engine requires the LPG fuel supply temperature
to be within the range of 25–45 ◦C, necessitating the use of a heat exchanger to achieve
these conditions. The heat exchanger must provide sufficient heat capacity to satisfy the
engine temperature requirements by heating the fuel according to the LPG temperature in
the service tank. The heat source for the LPG heat exchanger is steam. However, the direct
heat exchange between the steam and LPG within the heat exchanger could compromise
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the safety of the ship if the heat exchanger is damaged. Therefore, a closed-loop system
using glycol antifreeze as an intermediate medium is preferred [7].

The main motives of this research are to improve the energy efficiency and reduce
carbon emissions of LPG fuel supply systems in the shipping industry. To achieve this, the
study aims to optimize the heat transfer efficiency of double-pipe heat exchangers (DPHEs)
by systematically analyzing the effects of the glycol–water mixing ratio and flow direction
under various operating conditions. Furthermore, the work is motivated by the need for
validated and practical design strategies that can be widely applied to environmentally
friendly and efficient LPG fuel supply systems.

The primary types of heat exchangers are plate, shell and tube, tubular, and double-
pipe heat ex-changers [8]. Plate heat exchangers are widely used in high-efficiency, compact
systems because the two fluids flow crosswise between the plates and have a high heat
transfer coefficient relative to the heat exchange area. However, it is difficult to maintain
airtightness due to gasket hardening, requires regular maintenance, and is vulnerable to
contamination by certain fluids [9]. Shell-and-tube heat exchangers can operate at high
pressures and temperatures and have excellent durability, but their overall heat transfer
coefficient is relatively low, which increases the heat transfer area and consequently in-
creases the size of the heat exchanger, taking up more space than plate heat exchangers [10].
Tubular heat exchangers are simple and robust structures in which one fluid flows through
a single tube or multiple tubes and the other fluid flows through an outer jacket. Easy tube
replacement and inspection result in low maintenance costs, but the heat transfer area is
small compared to the plate type, so the heat exchange performance per unit area is low,
and it may be inefficient when large-scale heat exchange is required. The double-pipe heat
exchanger consists of two concentric pipes, and one fluid flows through the inner pipe,
and the other fluid flows through the annular space between the two pipes to form two
independent channels, thereby facilitating heat exchange. This type of heat exchanger is
freely modular, parallel, and series arranged, and is optimal for heat exchange in small pilot
plants, ships, etc. Because of these advantages, double-pipe heat exchangers are preferred
for glycol heating systems in LPG fuel–powered ships.

A double-pipe heat exchanger comprises two concentric pipes and facilitates heat ex-
change by allowing one fluid to flow through the internal pipe and the other through the
annular space between the two pipes, resulting in two independent channels. This type of
heat exchanger is compact and cost-effective [11]. Because of these advantages, double-pipe
heat exchangers are preferred for glycol heating systems in LPG fuel–powered ships.

There are two main approaches to evaluating and verifying the performance of key
components: experimental methods and numerical analysis. Due to limitations in time and
cost, numerical methods are often employed. Furthermore, advancements and improvements
in numerical analysis techniques have led to increased accuracy and reliability, making
numerical simulations a widely used tool in design analysis across various applications.

Recent studies have demonstrated the effectiveness of numerical approaches in marine
engineering applications. Mai and Yoon [12] conducted numerical investigations on motion
response of tankers at varying vertical centers of gravity, showcasing the capability of
computational methods in predicting complex vessel dynamics. Similarly, Kim et al. [13]
performed combined experimental and numerical studies on free surface wave charac-
teristics generated by submerged body movements, validating the accuracy of numerical
predictions against experimental data. In heat transfer applications, Lee and Choi [14]
utilized numerical analysis to investigate fin and temperature effects on frost formation
in ambient air vaporizers, demonstrating the versatility of computational approaches in
thermal system analysis.
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Research on double-pipe heat exchangers (DPHE) started in the 1940s [15], and since
then, researchers have continuously investigated the heat transfer characteristics and ther-
mal performance of DPHEs under various conditions. Cohen and Johnson [16] studied
the dynamic characteristics of DPHEs and reported that the DPHE component charac-
teristics can be easily determined through the frequency response. Aicher and Kim [17]
investigated that nozzle induced cross flow markedly boosts heat transfer in DPHE. Dezfoli
and Mehrabian [18] compared experiments with standard correlations, finding shell-side
heat transfer rates 3.4 times lower than tube-side in parallel flow and 1.5 times lower in
counter flow.

Moradi et al. [19] conducted that increasing Reynolds and Graetz numbers and
carboximethyl cellulose concentration enhances heat transfer for pseudoplastic fluids.
Naphon [20] found that smaller twist ratios yield higher Nusselt numbers, with inlet
temperature exerting a strong effect. Choudhari and Taji [21] studied coil wire inserts
made of various materials and noted that copper inserts provided the highest heat transfer
enhancement compared to other materials. Zhang et al. [22] investigated that combined
helical fins and vortex generators significantly raise heat-transfer coefficients. Further
studies by Barga and Saboya [23], Zamzamian et al. [24], and Prasad et al. [25] explored the
effects of different fin configurations, nano fluids, and twisted tapes on the heat transfer in
DPHEs under various conditions, reporting significant enhancements and increased heat
transfer coefficients.

In particular, various key research cases utilizing numerical analysis can be found in
LPG fuel propulsion systems. Han et al. [26] performed performance analysis of constant-
speed LPG engines using computational methods, providing insights into engine optimiza-
tion strategies. Furthermore, Heo et al. [8] developed predictive models for heat transfer
performance in complex heat exchangers specifically designed for LNG Fuel Gas Supply
System (FGSS) development, demonstrating the critical role of advanced heat exchanger
design in marine fuel systems.

In addition, Marzouk et al. [27] recently numerically demonstrated that the Nusselt
number can be improved up to 242% and the thermal–hydraulic performance and exergy
efficiency can be significantly improved at the same time through the DPHE design ap-
plying the extended fins. Alkalibi et al. [28] proposed an extended fin-based DPHE for
waste heat recovery from industrial exhaust gas, and clearly demonstrated the heat transfer
performance improvement of up to 32% compared to the conventional structure and the
waste heat recovery effect through nano fluids and structural optimization. As such, the
extended fin-based design is a study that can greatly expand the DPHE heat exchange area
and application range.

Kavitha R et al. [29] investigated the impact of copper oxide (CuO) nano fluids on
heat transfer performance in a double-pipe heat exchanger at varying inlet temperatures.
Venkatesh B et al. [30] employed a hybrid optimization scheme that coupled a genetic
algorithm with Grey Relational Analysis to design a counter-flow DPHE, showing that
the simultaneous tuning of tube diameters leads to an annular gap. Esfandyari et al. [31]
performed artificial neural networks and adaptive neuro-fuzzy inference system models
combined with particle swarm optimization to predict the thermal performance of a counter-
flow double-pipe heat exchanger. Both models showed high accuracy, with the artificial
neural networks–particle swarm optimization model achieving over 94.84% correlation.
Mustafa M et al. [32] performed an experimental investigation on U-bend double-pipe heat
exchangers charged with a 0.1 vol % MgO–water nano fluid and reported a 35% rise in the
convective heat-transfer coefficient compared with the base fluid, with bend curvature and
nanoparticle loading.
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Most existing research on heat exchangers has primarily focused on conventional shell-
and-tube systems, often addressing specific and narrowly defined applications. Similarly,
investigations of double-pipe heat exchangers (DPHEs) have predominantly concentrated
on heat transfer characteristics involving single-phase fluids—such as water or oil—or
single transport media without the quantitative effects of fluid conditions. Although nu-
merous studies have utilized numerical simulations to assess heat exchanger performance,
relatively few have conducted validation using commissioning test data—an essential step
for ensuring the reliability and practical applicability of the simulation results. Moreover,
comprehensive investigations that compare and optimize both parallel- and counter-flow
configurations while simultaneously accounting for multiple parameters—such as glycol
concentration, flow rate, turbulence model, and pipe material—remain notably limited in
the existing literature.

The present study aims to address these scientific and research gaps by quantitatively
investigating the influence of fluid conditions on heat exchanger performance, specifically
focusing on the UA value and thermal efficiency through a validated numerical approach.
To ensure the reliability of the simulation, the computational model was rigorously val-
idated using commissioning test data. This research represents a significant scientific
contribution by conducting the first comprehensive multivariable analysis of a glycol–
water dual-fluid DPHE system. In contrast to previous studies limited to single-variable or
single-fluid analyses, the present work concurrently evaluates the effects of mixing ratio,
flow direction, piping material, and geometric characteristics. This integrated approach
offers a robust framework for performance optimization and future model development.

In this study, the heat transfer characteristics and performance of a double-pipe heat
exchanger (DPHE) used in an LPG fuel supply system were analyzed under various oper-
ating conditions. A computational model and method were developed and validated by
comparing the numerical results with the experimentally obtained data from the commis-
sioning tests. Additionally, the effects of the turbulence model and parametric studies were
examined by analyzing the glycol–water mixing ratio and flow direction, both of which are
critical operating parameters for DPHE. Finally, the heat transfer phenomenon is analyzed
by considering various variables such as the geometric characteristics of the DPHE used in
the LPG fuel supply system, piping material, and fluid conditions, thereby differentiating
it from existing studies.

2. Background
Figure 1 illustrates the LPG fuel supply system, designed to stably supply LPG fuel

stored in the fuel tank at the pressure, temperature, and flow rate required by the engine.
The system’s primary components include a fuel pump that delivers LPG fuel and a fuel
heater that adjusts the fuel temperature to meet the engine’s operational specifications.

LPG is stored in the fuel supply tank at approximately 0 bar(g) and −52 ◦C. It is then
compressed and heated through the fuel supply line, enabling it to be supplied to the
engine at approximately 50 bar(g) and 25–45 ◦C.

The LPG stored in the fuel supply tank is transferred to the fuel supply line through
the fuel supply pump installed in the tank. It is then pressurized to the engine’s fuel supply
pressure through the pressurization pump and subsequently heated to the required engine
temperature in the fuel heater before being supplied to the engine. The LPG fuel pressure
is consistently maintained at 54 bar to ensure stable operation.

If the pressure detected by the pressure sensor exceeds the preset value, the system
initially reduces the speed of the pressurization pump to lower the pressure. If the pressure
remains elevated, a portion of the LPG fuel located at the rear of the pressurization pump
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is discharged to the return line to decrease the pressure behind the pressurization pump,
thereby maintaining operational stability.

Figure 1. LPG fuel supply system.

The fuel heater utilizes glycol–water as the heating medium, which is a mixture of
glycol and fresh water. To maintain a constant supply temperature of LPG fuel at 35 ◦C, the
system continuously monitors the temperature in the fuel supply line. The control valve
then adjusts the glycol flow rate according to the detected temperature, ensuring consistent
and reliable heating of the LPG fuel

Figure 2 illustrates the glycol–water heating system, designed to stably supply
LPG fuel at the temperature required by the engine by exchanging heat between high-
temperature glycol–water and low-temperature LPG. This configuration ensures reliable
fuel temperature control and consistent performance under varying operating conditions.
The system operates as a closed-loop cycle, where glycol–water, cooled through heat ex-
change in the fuel heater, is directed to the expansion tank. Within the expansion tank, the
glycol concentration and circulating flow rate are adjusted as needed. The glycol–water is
then pressurized by the supply pump and circulated back to the fuel heater, maintaining a
continuous heating cycle.

Integrating a double-pipe heat exchanger into the cycle proves to be more energy-efficient
and cost-effective, particularly when utilizing existing onboard facilities. This approach not
only reduces operational expenses but also leverages the available infrastructure, making it a
practical and sustainable solution for maintaining the required heating conditions.

The glycol–water supplied to the fuel heater exchanges heat with high-temperature
steam within the double-pipe heat exchanger, allowing for constant temperature control
of the glycol–water. To maintain the LPG fuel temperature at the set value (35 ◦C), the
system uses a three-way control valve to dynamically regulate the flow rate of glycol–water
supplied to the LPG fuel heater.

Table 2 presents the operating conditions of the glycol–steam double-pipe heat ex-
changer (DPHE), which were established based on actual engineering requirements and
field measurements from the target LPG fuel supply system. Instead of referring to a
universal standard or published guideline, the selected parameters directly reflect the fuel
flow rate, steam generation capacity, pressure, and temperature specifications defined for
the ME-LGIP engine installed on the reference vessel. In this system, glycol–water with
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an initial temperature of 35 ◦C flows through the heat exchanger, where it exchanges heat
with steam at 165 ◦C. As a result, the glycol–water temperature rises to 49.5 ◦C after heat
exchange. To maintain the desired outlet temperature of 49.5 ◦C, a three-way control valve
regulates the flow rate of steam connected to the No. 1 heat exchanger. If the steam outlet
temperature on the No. 1 heat exchanger side is detected to be lower than the set value
(49.5 ◦C), the valve adjusts the steam flow rate accordingly to stabilize the temperature.
Similarly, the steam temperature at the outlet side of the No. 2 heat exchanger is continu-
ously monitored, and the flow rate of steam injected through the three-way control valve is
adjusted as necessary. This control mechanism ensures that both heat exchangers maintain
optimal heat transfer performance, allowing the system to consistently meet the required
temperature specifications.

Figure 2. Glycol–water heating system.

Table 2. Condition of glycol–steam double-pipe heat exchanger.

Inner Pipe
(Glycol–Water)

Outer Pipe
(Steam)

DN (A) 80 125

Pressure (bar) 1.8~5 6

In (°C) 35 165

Out (°C) 49.5 90

Required
Flow Rate (kg/h) 6500 90

Setting Temperature (K) 35 40
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The fluid in the inner pipe is a mixture of 50% ethylene glycol and 50% fresh water,
and the freezing point is −36.8 ◦C. The fluid in the outer pipe is general steam. The
freezing point of the glycol–water mixture can be adjusted by varying the mixing ratio
of ethylene glycol and water. At 20 ◦C, the viscosity is about 3.5 cP, the specific heat is
about 3.5 kJ/kg K, and the heat transfer efficiency is maintained without excessive increase
in pumping and pressure drop. It is a ratio commonly used in ship heat exchangers,
automotive coolants, and antifreezes, as it avoids the decrease in heat transfer performance
that occurs as the concentration of ethylene glycol increases. This characteristic makes
the 50–50 ratio particularly suitable for applications requiring efficient heat transfer while
maintaining freeze resistance in harsh operating conditions.

3. Numerical Analysis
3.1. Governing Equation

Under steady-state conditions, the governing equations for the control analysis of the
internal flow in the heat exchanger are expressed using the continuity equation (Equation
(1)), momentum equation (Equation (2)) and the energy equation (Equation (3)). The
governing equations are given as (Zhang et al., 2012 [22])

∂

∂xi
(ρui) = 0 (1)

∂

∂xj

(
ρuiuj

)
= − ∂p

∂xi
+

∂

∂xj
(µ + µt)

(
∂µi
∂xj

+
∂µj

∂xi

)
(2)

∂

∂xi
(uiT) =

∂

∂xi

[(
µ

Pr
+

µt

prt

)
∂T
∂xi

]
(3)

where ρ is the density of the fluid, u is the velocity, p is the pressure, µ is dynamic viscosity,
µt is turbulent viscosity, T temperature, and Pr is the Prandtl number.

The heat transfer rate, which is the amount of heat transferred per unit of time in the
heat exchange system, is expressed by Equations (4)–(6) [33]

Qh = mhcph(Thi − Tho) (4)

Qc = mccpc(Tco − Tci) (5)

Qavg = Q =
Qh + Qc

2
(6)

Q = UA∆TLM (7)

where, Q is the heat transfer rate, U is the overall heat transfer coefficient, A is the heat
transfer inner surface area, and ∆TLM is the logarithmic mean temperature difference
expressed as Equation (8)

TLM =
(T hi − Tci)− (Tho − Tco)

ln[(T hi − Tci)/(Tho − Tco)]
: parallel flow TLM =

(T hi − Tco)− (Tho − Tci)

ln[(T hi − Tco)/(Tho − Tci)]
: counter flow (8)

The heat transfer formula for cylindrical walls of the tube wall was calculated accord-
ing to Fourier’s law, as shown in Equation (9)

q =
2πK∆z
ln( ro

ri
)
[Th − Tc] (9)

where ri is the inner radius of the tube, ro is the outer radius of the tube, K is the thermal
conductivity of the tube, ∆z is the heat transfer through the length when the high tempera-
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ture and low temperature fluid temperatures are considered constant, Th is the temperature
of the high temperature fluid, and Tc is the temperature of the low temperature fluid.

When heat is transferred through a surface in a specific heat exchange system, the
overall heat transfer coefficient (U) serves as a key index that comprehensively represents
the heat transfer characteristics both inside and outside the surface. It is utilized to calculate
the amount of heat transferred per unit area per unit time, thereby providing a quantitative
measure of heat transfer efficiency. The overall heat transfer coefficient reflects the combined
characteristics of the heat transfer path both inside and outside the system, accounting
for the thermal resistance of various components and materials. This comprehensive
representation enables engineers to assess and optimize the thermal performance of heat
exchangers, ensuring efficient energy transfer under varying operational conditions. The
overall heat transfer coefficient (U) is generally expressed as Equation (10)

U =
1

ro
hiri

+ 1
ho

+ ln ro
ri

ro
k

(10)

where U denotes the overall heat transfer coefficient, h denotes the convective heat transfer
coefficient inside and outside the surface, and k denotes the thermal conductivity of the
heat transfer path.

ε =
Q

Qmax
(11)

Qmax = Cmin(To − Ti)min (12)

Qmax is the maximum possible heat transfer rate for given inlet temperatures of the
fluids, and Cmin is the minimum heat capacity rate. The effectiveness ε depends on the
heat exchanger geometry, flow pattern (parallel flow, counter flow, cross flow, etc.), and the
number of transfers.

NTU =
UA
Cmin

(13)

For any heat exchanger it can be shown that the effectiveness of the heat exchanger is
related to a non-dimensional term called the number of transfer units (NTU). Most of these
relationships involve the ratio of Cr =

Cmin
Cmax

for a single pass heat exchanger in the counter
current flow regime is

ε =
1 − exp[−NTU(1 − Cr)]

1 − Cr exp[−NTU(1 − Cr)]
(14)

In the present study, the fluid-conjugated heat transfer inside a heat exchanger was
analyzed. To accurately capture the turbulent flow characteristics, two turbulence mod-
els were considered: the k-ε turbulence model and the k-ω turbulence model. The k-ε
turbulence model and the k-ω turbulence model are both widely used two-equation tur-
bulence models that incorporate transport equations to represent the effects of convection
and diffusion of turbulent energy within fluid flow systems. These models were selected
to evaluate their effectiveness in predicting heat transfer performance under varying
operating conditions.

The k-ε turbulence model is a two-equation model that includes two transport equa-
tions to account for the convection and diffusion of turbulent energy. This model calculates
the turbulent viscosity by determining the characteristic velocity from the turbulent ki-
netic energy (k) equation and the characteristic length from the turbulent kinetic energy
dissipation rate (ε) equation. The k-ω turbulence model is a two-equation eddy viscosity
model that also incorporates convective transport equations for turbulent kinetic energy
(k) and its specific dissipation rate (ω). This model is designed to accurately represent the
effects of turbulence convection and diffusion within fluid flow systems. It determines
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the eddy viscosity by calculating the specific dissipation rate (ω) and the turbulent kinetic
energy (k), allowing for accurate modeling of near-wall turbulence and flows with strong
pressure gradients.

For an incompressible fluid, the turbulent kinetic energy (k) and its dissipation rate (ε)
in the k-ε turbulence model are governed by the following transport equations, as shown
in Equations (11) and (12):

∇·(ρkU) = ∇·
[

µt

σk
∇k
]
+ 2µtEij · · · Eij − ρε (15)

∇·(ρεU) = ∇·
[

µt

σε
∇ε

]
+ C1ε

ε

k
2µtEij · · · Eij − C2ερ

ε2

k
(16)

where Eij is the average strain rate, and C1ε, C2ε are constants. For the k-ω turbulence model,
the eddy viscosity is expressed as a function of the relationship between the turbulent
kinetic energy (k) and the specific dissipation rate (ω). It is calculated based on the ratio of
dissipation to turbulence intensities, and is defined as

µt = ρ
k
ω

(17)

The turbulent viscosity µt is not a physical property but a value that changes depend-
ing on the pattern or history of turbulent motion. For an incompressible fluid, k and ω are
governed by the following transport Equations (14) and (15):

∇·(ρkU) = ∇·
[(

µ +
µt

σk

)
∇k
]
+ Pk − β*ρkω (18)

∇·(ρωU) = ∇·
[(

µ +
µt

σk

)
∇ω

]
+ α

ω

k
Pk − βρω2 (19)

where Pk is the Turbulent kinetic energy generation term, and α is the generation coefficient,
a constant that adjusts the generation term in proportion to Pk in a particular dissipation
rate equation. It is determined by the characteristic length or velocity of the turbulent
motion from experiments or observations and is expressed as follows:

ς = k1/2 (20)

↕ =
k3/2

ε
(21)

µt = Cρς↕ = ρCµ
k2

ε
(22)

The model constants used in the calculation are defined as follows [34]:

Cµ = 0.09, C1ε = 1.44, C2ε = 1.92

3.2. Numerical Conditions

The present numerical analysis was designed based on the experimental results of
the glycol–steam double-pipe heat exchanger (DPHE) used in the LPG fuel supply system.
The analysis considered critical factors such as flow direction, glycol–water mixing ratio,
and turbulence models to assess their influence on heat transfer behavior. By systemat-
ically evaluating these parameters, the study aimed to accurately predict the system’s
performance under practical operating conditions, thereby providing valuable insights for
enhancing heat exchanger efficiency and reliability.
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Figure 3 shows a sectional view of the DPHE used in the experiment, and Table 3 lists
its specifications. The heat exchange section of the double pipe was designed to have a
length of 3600 mm for optimizing heat transfer efficiency. For the flow rate conditions in
the heat exchanger, the glycol–water flow rate was 1.805 kg/s, and the steam flow rate was
0.025 kg/s. These values were determined based on the operating conditions of the LPG
fuel supply system. The glycol–water enters the heat exchanger at an inlet temperature of
35 ◦C and an operating pressure of 2.0 bar, while the steam enters at an inlet temperature
of 165 ◦C and an operating pressure of 6.0 bar, establishing the thermal conditions for heat
transfer within the system.

Figure 3. Sectional view of double-pipe heat exchanger.

Table 3. Geometric condition of glycol–steam double-pipe heat exchanger.

Dimension Description

Reynolds number, (Re) 7200–20,000
Inner pipe wall thickness [mm] 5.5
Outer pipe wall thickness [mm] 6.6

Inner pipe diameter [mm] 78.1
Outer pipe diameter [mm] 139.8

Total length [mm] 3600

To analyze the heat transfer of the double-tube heat exchanger, a mixture of 50% of
ethylene glycol, 50% of fresh water, and general steam was used. The radiation heat transfer
was assumed to be negligible, and the outer tube was considered to be perfectly insulated.

The physical properties of the fluids are listed in Table 4. The physical properties
according to the mixing ratio of ethylene glycol to water, as shown in Table 5, indicate
that as the mixing ratio of ethylene glycol to water increased, the density and viscosity
increased, while the thermal conductivity and specific heat decreased. In the LPG fuel
supply system, a mixture of ethylene glycol and fresh water is commonly used as an
anti-freeze solution, with glycol ratios of 50% and 60% being the most prevalent. This
is because a 50% glycol mixture has a freezing point of −36.8 ◦C, while a 60% mixture
lowers it to −52.8 ◦C. Although an 80% glycol mixture has a freezing point of −46 ◦C and
remains usable, increasing the glycol ratio beyond 50% is generally unnecessary due to cost
considerations. A 50% mixture was sufficient to achieve the desired temperature without
the need for higher concentrations. The specific ratio of the antifreeze mixture ensures
freeze protection, stable operation of the heat exchanger, and cost efficiency [1,35].
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Table 4. Physical characteristics glycol–water and steam.

Fluids Properties Ethylene Glycol (50%) + Fresh
Water (50%) Steam

Density
(
kg/m3 ) 1044 0.4981

Thermal conductivity (W/mK) 0.393 0.0302
Temperature inlet (°C) 35 165

Temperature outlet (°C) 49.5 90
Viscosity (mm2/s) 2.987 1.479 × 10−5

Mass flow rate (kg/s) 1.805 0.025
Specific heat transfer capacity (KJ/kgK) 3.690 1.977

Table 5. Physical characteristics according to mixing ratio of ethylene glycol and fresh water.

Mixing ratio (%)
Ethylene glycol 20 40 50 60

Fresh water 80 60 50 40

Density
(
kg/m3 ) 1022 1033 1044 1069

Specific heat (KJ/kgK) 4 3.82 3.82 3.56

Thermal conductivity (W/mK) 0.491 0.433 0.399 0.354

Viscosity (mm2/s) 1.42 2.26 2.98 3.73

Numerical analysis was conducted using three-dimensional steady-state incompress-
ible turbulent flow conditions based on the fundamental continuity, Navier–Stokes mo-
mentum, and energy equations. To obtain a numerical solution of the internal flow field,
the k-ε turbulence model was used. The k-ε turbulence model is mainly used in turbulent
flow analysis and accurately predicts the eddy-viscosity characteristics over time and the
characteristics of flows with a high Reynolds number [22]. The coupled technique was
used for pressure and velocity field analysis, and the spatial discretization of the pressure
and momentum was performed in the second order.

In the double-pipe configuration shown in Figure 4, glycol–water flows through the
inner pipe, whereas steam circulates through the outer pipe, allowing effective heat transfer
between the two fluids, and the two fluids flow in opposite directions.

δi =

√√√√(Xcoarser, n − X f iner, n

X f iner, n

)2

(23)

 

Figure 4. Numerical model of double-pipe heat exchanger.
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Figure 4 shows the numerical model of the DPHE. In this numerical study, after com-
paring and analyzing hexahedral and tetrahedral meshes, mesh dependency verification
was performed. Considering the mesh dependency and the suitability of the heat ex-
changer geometry, the final mesh was set to element mix. As shown in the close-up picture
of Figure 4, hexahedral elements were mainly used for the glycol–water flow section with
a relatively simple cylindrical tube cross section, and tetrahedral elements with excellent
shape suitability were applied for the steam flow section with a curved shape and abrupt
cross-sectional change on the inlet/outlet side.

A mesh independence study was performed to ensure accuracy of the numerical result for
the numerical calculation for the flow in GW outlet temperature This study was carried out by
successively increasing the mesh size with a structured grid—a coarse grid with lower number
of nodes, and a fine grid with higher number of nodes. The results were represented by δ (the
difference between the calculated values using different grids), which were accumulated using
root-mean-square values of the calculated results using Equation (23).

Table 6 shows the value of δ for GW outlet temperature used in the numerical study
under different mesh conditions. There are variations in the solution between the different
mesh conditions; the resulting variation is within 0.1%. Therefore, a mesh configuration
consisting of approximately 260,000 nodes was employed to balance computational cost
and solution accuracy. All the governing equations and boundary conditions were solved
using the finite volume method of the commercial CFD package Fluent (ANSYS Fluent,
2024 R2).

Table 6. Mesh independence study.

Case. No Total Number of
Nodes

Total Number of
Element

Differences Value of for
Outlet Temperature (%)

1 101,040 328,732 2.44
2 192,272 486,543 0.49
3 260,158 622,103 0.10
4 342,018 782,733 Under 0.01

4. Results
4.1. Numerical Validation Study

Numerical validation was performed by comparing the numerical results with experi-
mental data obtained from the LPG fuel supply system. A validated numerical scheme was
employed to conduct parametric studies, focusing on determining the effects of the turbu-
lence model, glycol–water mixing ratio, and flow direction on the system’s performance.
The validation process involved comparing the numerically obtained values with the ex-
perimentally measured values for the outlet temperature of the glycol–steam double-pipe
heat exchanger (DPHE).

Based on the operating conditions in Table 2, steam had a flow rate of 90 kg/h, a
pressure of 6 bar(g), an inlet temperature of 165 ◦C, and a glycol–water ratio of 50%. The
heat exchanger operated in a parallel flow with a glycol–water flow rate of 6500 kg/h, a
pressure range of 1.8–5 bar(g), and an inlet temperature of 35 ◦C. For the experimental
obtained result, the outlet temperature of the heat exchanger was measured at 49.5 ◦C.

Figure 5 shows the numerical results for the temperature of the glycol–water in the
heat exchanger with a pipe length in parallel flow, and Table 7 presents the experimental
and numerical values of the glycol–water outlet temperature in the heat exchanger. The
results showed that when the glycol–water flow rate was 6500 kg/h, pressure 2.4 bar(g),
and inlet temperature 35 ◦C, outlet temperature of the glycol–water at the heat exchanger
was maintained at 50.6 ◦C, showing that the error is about 2%. As a validation study, the
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numerical analysis method employed in this research was found to be reasonable and
reliable, demonstrating good agreement with experimental results. While the little error
between numerical and experimental results appears satisfactory, this validation is limited
to specific operating conditions (glycol concentration of 50%, parallel-flow configuration).
The agreement may not hold for extreme operating conditions or different system scales,
requiring further validation studies

Figure 5. Temperature of glycol–water in the heat exchanger with pipe length.

Table 7. Comparison of the outlet temperature of the glycol–water between experiment and
numerical value.

Mixing ratio (%)
Ethylene glycol 50

Fresh water 50

Flow rate (kg/h) 6500

Experimental result (°C) 49.5

Numerical result (°C) 50.6

Error (%) 2

4.2. Parametric Study

In this section, the analysis is extended to include key operational and design pa-
rameters that govern the performance of double-pipe heat exchangers (DPHEs). Unlike
previous studies that have primarily focused on single-fluid systems or isolated variables,
the present work proposes a unified framework for multiparameter optimization in glycol–
steam DPHEs. Specifically, this study investigates the impact of varying the glycol–water
mixing ratio and compares parallel- versus counter-flow configurations, demonstrating that
these parameters can lead to significant improvements in the overall heat transfer coeffi-
cient (UA) relative to conventional designs. Moreover, a practical validation procedure was
implemented under field-relevant conditions—namely, steam flow at 90 kg/h, 6 bar(g), and
165 ◦C, and glycol–water flow at 6500 kg/h, 1.8–5 bar(g), and 35 ◦C—achieving agreement
within ±2% of commissioning test data. This integrated approach not only enhances the
theoretical understanding of DPHE behavior but also provides actionable design guidelines
for improving thermal efficiency and operational reliability in LPG fuel supply systems.
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4.2.1. Effects of the Turbulence Model

To examine the effect of the turbulence model, the k-ω and k-ε turbulence models
were compared, as they are the most frequently used models for flow and heat transfer cal-
culations in heat exchangers. Table 8 shows the outlet temperature of the glycol–water with
turbulence models in the heat exchanger, where the numerical calculation was conducted
with a mixing ratio of 50% of ethylene under the parallel-flow conditions.

Table 8. The outlet temperature of the glycol–water with turbulence models.

Parallel flow

Mixing ratio (%)
Ethylene glycol 50

Fresh water 50

Glycol–water inlet temperature (°C) 35

k-ε model Glycol–water outlet temperature (°C) 51.7

k-ε model Glycol–water outlet temperature (°C) 50.6

The outlet temperature of the glycol–water mixture predicted by the k-ε turbulence
model is closer to the experimental temperature of 49.5 ◦C compared to the k-ω turbulence
model, showing that the k-ε turbulence model effectively predicts turbulent flows and
the heat transfer such as large scale of heat exchanger. Especially, under parallel-flow
conditions, where the fluid flows relatively uniformly, the k-ε turbulence model more
predicts bulk flow characteristics effectively. In the k-ω turbulence model, near-wall
effects and transitional flows were more accurately simulated. In the present calculation,
wall effects are relatively less significant showing a less accurate prediction of 51.7 ◦C. In
addition, with the high viscosity of glycol–water mixtures, convective heat transfer plays a
more critical role than detailed near-wall flow structures. For the large-scale heat transfer,
the k-ε turbulence model better accounts for heat transfer characteristics. These results
demonstrate that the k-ε turbulence model is more suitable for large-scale flow conditions.

The effects of the turbulence model were also examined under different mixing ratios
and flow direction conditions, as shown in Table 9. For the k-ε turbulence model, the outlet
temperature gradually increased with the increasing glycol mixing ratio. By contrast, for
the k-ω turbulence model, the outlet temperature showed fluctuating and unstable results
depending on the mixing ratio due to the relative significance of wall effects.

These changes can be explained by the properties of the mixing ratio of ethylene glycol,
as listed in Table 5. As the proportion of ethylene glycol increases with the mixing ratio, the
thermal conductivity of the ethylene glycol–water mixture decreases. With an increasing ratio
of ethylene glycol, an increase in viscosity can also result in a higher flow resistance and a
potential reduction in the heat transfer coefficient. Owing to the high viscosity of ethylene
glycol, exceeding 50% in the ethylene glycol–water mixing ratio can lead to flow-related
drawbacks. Therefore, under these operating conditions, the ethylene glycol content was
maintained at or below 50% to avoid such issues [35]. Therefore, for the aforementioned
reasons, as the ethylene glycol content increased, the temperature rise decreased.

For the given flow conditions, it was observed that heat transfer is more effective in
parallel flow compared to counter flow, regardless of the turbulence model applied. How-
ever, under counter-flow conditions, the differences between the k-ε and k-ω turbulence
models became more pronounced, particularly at lower glycol–water mixing ratios. This
suggests that the choice of turbulence model plays a more significant role in predicting
heat transfer performance in counter flow and low mixing ratio conditions. In addition,
the results showed that for the k-ε turbulence model, the outlet temperature gradually
increased with the increasing glycol mixing ratio, indicating a more stable and consistent
trend. In contrast, the k-ω turbulence model exhibited more fluctuating and unstable
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outlet temperature results depending on the mixing ratio, suggesting a higher sensitivity to
changes in fluid properties.

Table 9. The outlet temperature of the glycol–water (GW) with flow conditions and mixing ratio
under turbulence models.

Parallel Flow

Mixing Ratio (%)
GW Inlet (◦C)

k-ω Model k-ε Model

Ethylene Glycol Fresh Water GW Outlet (◦C) GW Outlet (◦C)

20 80

35

50.0 49.1

40 60 50.9 50.0

50 50 51.7 50.6

60 40 49.8 51.0

Counter Flow

Mixing ratio (%)
GW Inlet (◦C)

k-ωmodel k-εModel

Ethylene glycol Fresh water GW Outlet (◦C) GW Outlet (◦C)

20 80

35

50.0 48.7

40 60 51.1 49.8

50 50 51.2 50.3

60 40 49.2 50.6

4.2.2. Effect of the Glycol–Water Mixing Ratio and Flow Direction

Numerical analysis was performed by changing the ratio of ethylene glycol in each
flow direction to 20%, 40%, and 60%. Table 10 shows the thermal conductance (UA) of
ethylene glycol–water and the outlet temperature of the glycol–water with respect to the
mixing ratio and flow direction. As the glycol ratio increases, the UA values tend to
decrease in both parallel flow and counter flow. In addition, when the glycol increases from
20% to 40%, UA decreased by about 13.3% in parallel flow, and UA decreased by about 14%
in counter flow. A similar decrease rate is shown when the increases thereafter. The UA
values in parallel flow remain consistently higher than those in counter flow. This shows
that parallel-flow conditions are better than counter flow in terms of heat transfer at the
same glycol ratio. It also shows the smallest UA decrease rate in the high ratio section of
50% or more. This is due to the result of flow resistance due to increased viscosity.

Table 10. Heat transfer characteristics outlet temperature of the glycol–water (GW) with flow
conditions and mixing ratio under turbulence models.

Parallel Flow

Mixing Ratio (%)
UA (kw/◦C) GW Inlet (◦C) GW Outlet (◦C) Steam Inlet

(◦C)
Steam Outlet

(◦C)Ethylene Glycol Fresh Water

20 80 1.3786

35

49.1

165 90
40 60 1.1952 50.0

50 50 1.2318 50.6

60 40 1.2701 51.0

Counter Flow

Mixing ratio (%)
UA (kW/◦C) GW Inlet (◦C) GW Outlet (◦C) Steam Inlet

(◦C)
Steam Outlet

(◦C)Ethylene glycol Fresh water

20 80 1.3495

35

48.7

165 90
40 60 1.1601 49.8

50 50 1.2136 50.3

60 40 1.2359 50.6



Energies 2025, 18, 4179 17 of 25

Figure 6 shows the temperature with pipe length for glycol ratios of 20%, 40%, and
60% with parallel and counter flows. As the glycol ratio increased by 20%, the glycol–water
outlet temperature increased by approximately 1%. When comparing the flow directions, it
can be observed that the glycol–water outlet temperature was approximately 0.6% higher
in the case of parallel flow than in counter flow. This suggests that heat transfer is more
effective under parallel-flow conditions than under counter-flow conditions, resulting in a
higher outlet temperature.

Figure 6. Temperature with pipe length by glycol ratio 20%, 40%, 60%, steam for the (left): parallel
flow and (right): counter flow.

According to fundamental heat transfer theory, counter-flow heat exchangers typically
exhibit superior performance compared to parallel-flow configurations due to enhanced log
mean temperature difference (LMTD) values. However, the results presented in Table 10
reveal that the actual outlet temperature differences do not strictly adhere to this theoretical
expectation. It is noteworthy that the outlet temperatures for parallel flow are marginally
higher (by up to 0.6 ◦C) than those observed in counter flow across all tested mixing ratios,
confirming that both configurations operate under comparable temperature driving forces
in this specific application. Furthermore, the observed outlet temperature difference of
0.3 ◦C for the 50% mixing ratio falls well within the experimental and numerical uncertainty
range of ±2%.

This relatively narrow temperature difference at the target outlet temperature of
49.5 ◦C can be attributed to several factors inherent to the system design and operating
conditions. The moderate temperature span of the system, combined with the specific heat
capacity characteristics of the glycol–water mixture, tends to minimize temperature profile
variations between the two flow arrangements under these conditions. Additionally, the
relatively short heat exchanger length and balanced flow rates further reduce the practical
influence of flow direction on outlet temperature performance.

These findings demonstrate that while the heat transfer of counter-flow heat exchang-
ers in maximizing thermal energy transfer is well established in classical heat transfer
literature, the performance advantage can become negligible in practical engineering appli-
cations with constrained temperature ranges, as observed in the present study. The results
underscore the importance of validating theoretical predictions against actual operational
data for each specific design configuration and operating regime, particularly when making
design decisions for real-world applications.

Figure 7 shows the change in the efficiency (ε) of the double-pipe heat exchanger
according to the glycol–water mixing ratio (20%, 40%, 50%, and 60%). As shown in Figure 7,
as the mixing ratio increases, the ε value steadily increases in both flow conditions, and
especially from 50% or higher, the increase tends to become somewhat milder. When
comparing parallel flow and counter flow, the ε of the parallel flow is about 0.5 to 1.0%
higher in all sections, showing a slight advantage in the overall performance. This result
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seems to be due to the increase in the specific heat of the glycol–water mixture as the mixing
ratio increases and the larger NTU value and temperature range.

Figure 7. Effectiveness with mixing ratio by glycol ratio 20%, 40%, 50%, 60%, for the parallel flow
and counter flow.

Figure 8 shows the change in the logarithmic mean temperature difference (LMTD)
of the double-pipe heat exchanger according to the glycol–water mixing ratio (20%, 40%,
50%, and 60%) calculated using Equation (8). As shown in Figure 8, as the mixing ratio
decreases, the LMTD value steadily decreases in both flow conditions, and especially from
50% or higher, the decrease tends to become somewhat milder. When comparing parallel
flow and counter flow, the LMTD of the counter flow is about 6.4 to 7.3% higher in all
sections, showing a slight advantage in the overall performance. This result seems to
due to the temperature difference between the high-temperature fluid (steam) and the
low-temperature fluid (glycol–water) decreases as the mixing ratio increases, resulting in a
lower LMTD. This result can be used as a reference for heat exchanger design and mixture
ratio optimization according to operating conditions. A similar study by Kolepaka and
K. Bicha [36] compared the performance of parallel- and counter-flow heat exchangers
using CFD. The study confirmed that counter flow has theoretically higher heat transfer
efficiency and performs better under most operating conditions. However, similar to the
results of this study, it is shown that parallel flow may be structurally advantageous or
show relatively stable behavior in terms of outlet temperature control under certain inlet
conditions or limited heat load conditions.

Figure 8. LMTD with mixing ratio by glycol ratio 20%, 40%, 50%, 60%, for the parallel flow and
counter flow.
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4.3. Application
4.3.1. The Effect of Geometry and Fluid Condition

In this section, the heat transfer phenomena in a DPHE used in an LPG fuel supply
system are analyzed by evaluating various parameters, including the geometric characteris-
tics, pipe material, and fluid conditions. The heat transfer conditions were established with
high-temperature water (40 ◦C) flowing through the inner pipe while being exposed to an
external liquid nitrogen environment (−196 ◦C). This setup facilitated a comprehensive
evaluation of the heat exchange performance under varying operating conditions.

The pipe diameter is another crucial factor, as it directly affects the heat exchanger
capacity and overall thermal performance. To evaluate the impact of geometric variations,
the heat transfer characteristics were examined by altering key parameters, including
the pipe material, diameter, and thickness. Furthermore, this study investigated the
influence of fluid conditions such as flow rate and temperature, which significantly affect
the heat transfer efficiency. The effects of these parameters were systematically analyzed to
understand their roles in optimizing heat exchanger performance.

Figure 9 presents a schematic of the double-tube heat exchanger, and Table 11 sum-
marizes the key specifications, including the pipe diameter—outer diameter (OD), wall
thickness (WT), inner diameter (ID), and materials used (SUS and copper).

Figure 9. Schematic of double-pipe heat exchanger.

Table 11. Specifications of pipe material (SUS, copper).

Material SUS 304 KS D 3576

DN
(A) 20 25 32 40 50

OD
(mm) 27.2 34.0 42.7 48.6 60.5

WT
(mm)

1.65 1.65 1.65 1.65 1.65

ID
(mm)

23.9 30.7 39.4 45.3 57.2

Material “L” TYPE KS D 5301

DN
(A) 20 25 32 40 50

OD
(mm) 22.2 28.5 34.9 41.2 53.9

WT
(mm)

1.14 1.27 1.40 1.52 1.78

ID
(mm)

19.9 26.0 32.1 38.2 50.4
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Figures 10 and 11 illustrate the outlet temperature and overall heat transfer coefficient
for SUS and copper pipes, respectively. Under identical operating conditions, the copper
pipes exhibited lower outlet temperatures than the SUS pipes. Additionally, copper pipes
have a smaller inner diameter and thickness in accordance with the standard specifications
for heat exchanger piping, further enhancing their heat transfer efficiency. For instance,
when liquid nitrogen was introduced at a mass flow rate of 0.00048 m3/s, the outlet
temperature of the copper 20A pipe was the lowest at −101.2 ◦C. Conversely, for an SUS
50A pipe at a mass flow rate of 0.00097 m3/s, the outlet temperature reached the highest
value of 28.5 ◦C. These findings emphasize the critical influence of pipe material, size, and
flow rate on the overall performance of the heat exchanger.

 

Figure 10. Outlet temperature in case of pipe ((left): SUS, (right): COPPER).

Figure 11. Overall heat transfer coefficient in case of pipe ((left): SUS, (right): Copper).

Regarding the overall heat transfer coefficients, the copper 20A pipe exhibited the
highest value of 12,066,497 W/m2·K at a mass flow rate of 0.00097 m3/s, while the SUS
pipe demonstrated the lowest value of 268,620 W/m2·K at a mass flow rate of 0.00048 m3/s.
These results indicate that optimal heat transfer efficiency is achieved at specific mass
flow rates and pipe diameters within the inner pipe, emphasizing the importance of
material selection and flow rate in enhancing heat exchanger performance. Furthermore,
the findings indicate that heat transfer rates increase significantly at higher mass flow
rates, showing an approximate increase of 8.9% to 81.7% as the mass flow rate increases.
Additionally, a reduction in pipe diameter further enhanced heat transfer rates, with an
increase of approximately 33.8% to 71.5%. These results underscore the critical role of both
the flow rate and pipe dimensions in optimizing the performance of the heat exchanger,
demonstrating that strategic modifications to these parameters can significantly improve
thermal efficiency.

These results show that the strong nucleate boiling caused by the large temperature
difference between liquid nitrogen and water, the increased surface area-to-volume ratio of
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the 20A small diameter pipe, and the high flow rate were caused. The overall heat transfer
coefficient of the copper pipe was much higher than that of SUS. However, copper is weaker
in corrosion resistance and contamination prevention than SUS, so regular maintenance is
essential for cost-effective operation.

4.3.2. The Effect of Pipe Material

The selection of the pipe material plays a critical role in heat exchanger performance.
Stainless steel (SUS) offers advantages, such as low-temperature stability, corrosion resis-
tance, and minimal internal contamination, making it suitable for extreme environments.
By contrast, copper piping provides superior thermal conductivity, corrosion resistance,
and high tensile strength, making it widely applicable in heat exchanger designs that
prioritize efficient heat transfer.

A sensitivity analysis was conducted to evaluate the influence of changes in material
properties—specifically thermal conductivity, density, and specific heat—on the overall
performance of the double-pipe heat exchanger (DPHE). The relative sensitivity coefficient
was calculated using the following relation:

SX =
∆U/U
∆x/x

(24)

where SX is the relative sensitivity coefficient, U is the overall heat transfer coefficient,
x is the material property, and ∆ represents the change amount due to the change. This
formulation is widely applied in environmental modeling, system analysis, and heat
transfer studies. As noted by Lenhart et al. [37], the relative sensitivity of a variable x to a
model output y can also be expressed as

I =
∆y/y
∆x/x

(25)

In this study, the governing equation was evaluated by introducing a ±10% variation
in the thermal conductivity, density, and specific heat of copper and stainless steel (SUS),
followed by calculating the corresponding change in the overall heat transfer coefficient
U (∆U/U). Among the properties assessed, thermal conductivity exhibited the highest
sensitivity. Copper, with a thermal conductivity approximately 23 times greater than that of
SUS, significantly reduced conduction resistance. Although SUS has a specific heat about
1.3 times higher than that of copper, the impact of changes in density and specific heat on
U was found to be negligible.

An increase in U leads to enhanced heat flux under a given thermal load, resulting
in a reduction in the outlet temperature of the working fluid. This behavior is primarily
attributed to copper’s superior thermal conductivity. Additionally, a smaller pipe diameter
contributes to a higher surface-to-volume ratio, which slightly improves the convective
heat transfer coefficient due to increased fluid turbulence.

The results of the sensitivity analysis revealed that the influence of material properties
on U follows the order of thermal conductivity ≫ density ≫ specific heat. Therefore,
optimizing double-pipe heat exchanger (DPHE) performance requires the selection of
materials with high thermal conductivity and the use of pipes with smaller inner diameters.
Based on the calculated values of the overall heat transfer coefficient, the optimal flow
rate was identified as 0.00097 m3/s, while the least favorable condition corresponded to
0.00048 m3/s. These findings emphasize the importance of material selection and geomet-
rical configuration in improving the thermal efficiency of DPHE systems.

Table 12 presents a technical comparison of DPHE performance characteristics with
those of commercial heat exchangers. While the material and temperature specifications of



Energies 2025, 18, 4179 22 of 25

the proposed model are generally comparable to those of commercial products, the DPHE
developed in this study is specifically designed for marine applications and, therefore,
does not support extreme pressure and temperature conditions to the same extent as units
such as the Alfa Laval PCHE or the Kennedy Tank hairpin heat exchanger. However, the
simplified structure of the proposed design is expected to reduce manufacturing costs
by approximately 10–20% compared to commercial models. Furthermore, unlike the
hairpin type, the straight-tube configuration of this model facilitates easier cleaning and
inspection. In conclusion, although it does not match the high-pressure capabilities of
commercial DPHEs used in petrochemical applications, the proposed model demonstrates
both technological and economic competitiveness by targeting marine-specific requirements
and reducing material usage and manufacturing complexity.

Table 12. Technical comparison of DPHE performance characteristics with commercial heat exchangers.

Parameter Present Study DPHE Kennedy Tank Hairpin DPHE Alfa Laval DPHE

Configuration Single inner pipe + outer
pipe compact design

U-shaped hairpin, single
inner/outer pipe

Straight concentric tube
configuration

Flow arrangement Parallel/Counter Counter Counter

Material Copper (Cu)/SUS SS304, SS316L Copper alloy, SS316L

Design standards Custom (marine LPG
application) ASME VIII, TEMA, API 650 ASME BPE (hygienic), ASME

VIII upon request

Design temperature range −200~300 ◦C −50~450 ◦C −253~800 ◦C

Maintenance requirements Medium (regular cleaning
and inspection required) Low (simple structure) Low (modular design)

5. Concluding Remarks
This study investigates the heat transfer performance of a glycol–steam double-pipe

heat exchanger (DPHE) within an LPG fuel supply system under varying operating con-
ditions. A computational model and methodology were developed and validated by
comparing the numerical results with experimental data obtained from commissioning
tests. Additionally, the effects of turbulence models and parametric variations were eval-
uated by analyzing the glycol–water mixing ratio and flow direction—both of which are
critical operational parameters for DPHE systems. Finally, the heat transfer behavior of the
DPHE was further examined by considering the effects of geometric characteristics, pipe
material, and fluid properties. The main conclusions are as follows:

• A numerical validation analysis was performed to verify the reliability of the numer-
ical methodology with the numerical parameters included steam 90 kg/h, 6 bar(g),
and 165 ◦C, and the glycol–water (ethylene glycol 50%) used a flow rate of 6500 kg/h,
a pressure of 1.8 to 5 bar(g), and an inlet temperature of 35 ◦C. The numerical results
showed a deviation of ±2% from the experimental results under parallel-flow condi-
tions, confirming that the numerical method employed is both reasonable and reliable,
as it demonstrates good agreement with the experimental data.

• In the comparison of temperature results using different turbulence models (k-ε and
k-ω), both models produced nearly identical results under consistent conditions.
Under the reference condition of 50% glycol and parallel flow, the k-ε turbulence
model predicted a glycol–water outlet temperature of 50.6 ◦C, closely matching the
experimental value. This indicates that the k-ε model more effectively predicts bulk
flow characteristics and provides a better representation of heat transfer behavior.

• Analysis of the effect of the mixing ratio of ethylene glycol (EG) to water on the heat
transfer performance (UA value) revealed that changes in the glycol–water outlet
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temperature were directly correlated with variations in the UA value. As the glycol
ratio increased by 20%, the UA value decreased by an average of 11% in parallel flow
and 13% in counter flow. Additionally, the glycol–water outlet temperature was found
to be approximately 0.6% higher in parallel flow compared to counter flow, suggesting
slightly improved heat transfer performance in parallel-flow configurations under the
same operating conditions.

• The heat transfer performance of a double-pipe heat exchanger (DPHE) in an LPG fuel
supply system was evaluated by examining geometry, pipe material, and fluid condi-
tions. Copper pipes outperformed stainless steel, yielding lower outlet temperatures
due to their higher thermal conductivity and more compact dimensions. These results
underscore the critical importance of material selection and flow rate optimization, as
both factors significantly influence heat exchanger effectiveness and overall thermal
efficiency in of the heat exchanger applications.

• This study offers significant contributions to the engineering design of double-pipe
heat exchanger systems for LPG fuel supply applications. Future research should in-
corporate long-term operational variables to further improve the model’s applicability,
thereby reinforcing its potential as a versatile and practical tool for the design and
development of advanced fuel supply systems.
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Nomenclature

A Heat transfer area
[
m2] d Diameter of inner pipe [mm]

H Enthalpy [J] ri Radius of inner tube [mm]
h Heat transfer coefficient, [W/

(
m2 K

)
] ro Radius of outer tube [mm]

Re Reynolds number (dimensionless) Th Temperature of hot fluid [°C]
p Pressure [bar] Tc Temperature of cold fluid [°C]
Q Heat flux [W/m2] δ Thickness of heat transfer path inside and outside the surface [m]
T Temperature [°C] ε Energy dissipation rate [m2/s3]
U Overall heat transfer k Turbulence kinetic energy [m2/s2]
u Internal energy ρ Density [kg/m3]
∆T Logarithmic mean temperature [°C] τ Shear stress [N/m2]
WT Pipe thickness [m]
D Diameter of outer pipe [mm]
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