Available online at www.ijournalse.org

L]
ol EMERGING SCIENCE JOURNAL

(ISSN: 2610-9182)

L] ‘ Emerging Science Journal

EMERGING SCIENCE JOURNAL

Vol. 9, No. 4, August, 2025

CFD Analysis of Heat Exchanger Effectiveness and LMTD
with Varying Pipe Length

Shahed A. Al-Rawashdeh !*

! Department of Marine Science, Al Balga Applied University, Aqaba, Jordan.

Keywords:

Abstract
Heat Transfer;

This paper presents a new numerical analysis for 2D heat exchanger (HE) model by employing
computational fluid dynamics (CFD) simulations to analyze the impact of pipe length on the
efficiency and the Log Mean Temperature Difference (LMTD) of parallel and counterflow double-
pipe heat exchangers while maintaining constant flow rates, inlet temperatures, and fluid properties. =~ CFD; LMTD.

The findings demonstrate that heat exchanger efficiency and LMTD in both the parallel and counter-

flow HEs are significantly influenced by pipe length, with longer heat exchangers improving heat

transfer effectiveness by allowing more time for thermal exchange, larger heat exchange surface  Article History:

area, and achieving a more uniform temperature distribution. Counterflow heat exchangers also

showed higher efficiencies at all lengths than parallel flow heat exchangers due to the larger Received: 07  March 2025
temperature difference between the fluids. These insights are particularly valuable for engineers and
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designers seeking to optimize heat exchanger configurations for industrial applications, where
enhancing heat transfer efficiency and minimizing energy losses are critical for cost-effective and ~ Accepted: 05 July 2025
sustainable thermal management systems. Published: o1 August 2025

1- Introduction

Environmental and energy issues are among the most important pressing challenges in the world, particularly in recent
times [1-3]. Given the growing demand for energy across various sectors, ensuring the efficient use of available energy
with minimal losses is critical [4, 5]. This highlights the need for high-efficiency energy transmission systems, such as
heat exchangers (HEs), turbines, pumps, and other supporting components. HEs are considered one of the most important
systems used for transferring heat energy in a variety of engineering applications, including power plants and automobile
engines [6-10]. Here, work to optimize heat energy transport and recycle from heat exchangers is highlighted. An HE is
a device or system that facilitates heat transfer between two or more media, which may be liquid, gaseous, or both [11,
12]. These media may be separated by a solid wall of a specific thickness to prevent mixing, or heat transfer may occur
through direct contact between the media with no physical barriers or separators between them [13]. The operation of
heat exchangers primarily depends on their design, the flow rate inside the HE, the nature of materials used in
construction, and their thermal properties [9, 13-15].

HEs are typically made of copper, aluminum, carbon steel, stainless steel, and titanium alloys. However, aluminum
and copper alloys are the two most commonly used materials for HEs. Both metals have excellent thermal properties
and corrosion resistance, making them excellent choices [16]. The function of the HEs is determined and classified into
several types based on their characteristics, such as process function (cooling or heating), fluid flow direction,
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construction (tubular, plate, regenerative, and extended surface), and heat transfer mechanisms [17-19]. Therefore, there
are four types of HEs: concentric pipe heat exchangers, cross-flow heat exchangers, shell-and-tube heat exchangers, and
compact heat exchangers. The most common type of HE is the concentric pipe or double pipe heat exchanger, in which
one pipe is placed inside another due to its simplicity, reliability, and ease of maintenance [19, 20]. These HEs can be
configured in two main ways: counterflow and parallel flow. The counterflow arrangement, where the fluids flow in
opposite directions, generally provides higher heat transfer efficiency than the parallel flow configuration [21].

Double-pipe HEs are utilized to collect and recycle energy in various traditional or renewable energy systems [22,
23]. These devices are essential for completing engineering cycles, and certain systems cannot function properly without
them. Therefore, the effectiveness of a heat exchanger and its heat transfer performance are critical considerations in the
design of HE [23]. In double-pipe HE, the Log Mean Temperature Difference (LMTD) is a crucial parameter that affects
heat transfer efficiency. LMTD represents the temperature variation between the hot and cold fluids at different points
along the exchanger [24, 25]. The heat transfer efficiency and LMTD in these exchangers are significantly impacted by
various factors such as the fluid flow dynamics, material of the pipes, properties of the fluids, and geometric factors like
the diameter and length of the pipes [14, 24]. Hesselgreaves et al. [9] and Miguel & Rocha [26] highlighted that the
LMTD approach is influenced by factors such as the length, diameter, and flow configuration of the heat exchanger. In
particular, the geometric dimensions of the inner and outer pipes directly affect the heat transfer rate and pressure drop.
A study by Kays and London focused on the relationship between LMTD and the flow arrangement, noting that
countercurrent flow configurations generally result in higher heat transfer rates compared to parallel flow [27].
Additionally, experimental and numerical investigations, such as those by Zhang & Davie [28] have analyzed the effects
of pipe diameter and length on the heat transfer coefficient and pressure drop in double-pipe HE. Moreover, studies by
Mangrulkar et al. [29] demonstrated that increasing the length-to-diameter ratio of the pipe enhances the LMTD, which
in turn increases the heat transfer rate.

The design of HEs plays a pivotal role in heat transfer, affecting the flow pattern, thermal boundary layer
development, and available heat transfer area. Several studies have been conducted to explore how the geometry of two-
pipe HEs can improve their performance [30, 31]. They examined how the design of heat exchangers affects both the
rate of heat transfer and the distribution of temperature within the system. The findings showed that different design
parameters—such as the shape, size, and arrangement of the exchanger—can significantly influence how efficiently heat
is transferred. This research highlighted the importance of optimizing heat exchanger design to improve thermal
performance and energy efficiency [30]. Ghaderi et al. [32] examined the effects of various geometrical modifications,
including pipe diameter, spacing between the two pipes, and the effect of insulation thickness. Their study concluded
that increasing the pipe diameter and optimizing the spacing between the pipes improved heat transfer by reducing the
thermal resistance, especially under turbulent flow conditions. Ajay et al. [33] conducted a study comparing heat transfer
performance in double-pipe HEs with varying geometrical configurations, including eccentric and concentric pipe
arrangements. Their numerical results showed that eccentric arrangements of the inner and outer pipes provided better
heat transfer rates due to the increased turbulence and mixing, whereas concentric designs were more suited for laminar
flow conditions. Khaled et al. [34] have also looked into more advanced design modifications to enhance heat transfer
while considering pipe length. Xie et al. [35] studied the effect of pipe length on heat transfer in HEs with enhanced
surfaces (such as finned tubes). Their findings indicated that for HEs with enhanced surfaces, the effect of pipe length
was more pronounced, as longer pipes allowed for a more significant improvement in heat transfer due to the increased
surface area. However, the study emphasized that the optimal pipe length depended heavily on the type of enhancement
and the flow regime. Zhao & Deng [36] explored the impact of pipe length on heat transfer performance in the presence
of turbulent flow. They found that the optimal length for turbulent flow was shorter compared to laminar flow conditions,
as the increased turbulence effectively enhanced the heat transfer coefficient over shorter distances, reducing the need
for long pipes.

In recent years, numerical simulation has become increasingly crucial for optimizing the length of pipes in HEs,
serving as a powerful tool to analyze heat transfer and fluid flow behaviors. Computational fluid dynamics (CFD)
simulation provides valuable insights into temperature distribution, velocity patterns, and local heat transfer
characteristics, enabling more accurate predictions of HE performance under various geometries through mathematical
equations based on the law of conservation of energy, momentum, and mass [37-42]. It is a dynamic simulator that
converts differential flow equations into integrated algebraic equations to produce approximate solutions that mimic
practical and laboratory results [43-48]. Additionally, CFD is distinguished by its combination of mathematical and
physical modeling of engineering phenomena, as well as the application of a variety of numerical methods to achieve
highly accurate results and graphs in the shortest amount of time [48-54]. For instance, studies by Karwa [55] and Saha
et al. [56] employed CFD simulations to investigate the impact of geometric variations, such as pipe length, diameter,
and the flow configuration, on heat transfer performance. Meesala et al. [57] developed a 3D CFD model to study. They
concluded that the temperature gradient, and consequently the LMTD, increased as the length of the pipes was extended.
However, the computational cost of simulating longer pipes became prohibitive, suggesting the use of simplified models
for longer HEs.
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Despite the valuable insights provided by these studies, gaps remain in the comprehensive understanding of the
combined effect of geometry and pipe length on the heat transfer performance of double-pipe HEs. Previous studies have
focused primarily on isolated effects of geometry or flow arrangements, but few have integrated the effects of these
parameters in a systematic manner to create more accurate performance models. This research aims to address this gap
by employing numerical simulations to investigate the impact of the length of copper double-pipe HEs on the LMTD
and, consequently, the heat transfer performance. This study will explore a range of pipe lengths (250, 550, 700, and
1000 mm) under constant operating conditions like flow rates, inlet temperatures, and fluid properties. The results will
provide valuable guidelines for the optimal design and operation of double-pipe HEs in various applications, contributing
to enhanced thermal efficiency and energy savings in industries relying on heat exchange processes. Therefore, this study
provides a detailed computational investigation into the impact of varying pipe lengths on 2D heat exchanger
performance, as follows:

e It focuses on the relationship between pipe length and key parameters such as heat exchanger efficiency and LMTD.

e Our study uniquely explores how pipe length affects heat transfer effectiveness in both parallel and counterflow
systems.

e It offers a clear, quantifiable comparison of heat transfer performance across different pipe length.

2- Methods
2-1- Heat Exchanger Performance Analysis Using Log Mean Temperature Difference (LMTD)

To design the heat exchanger and predict its performance, the inlet and outlet temperatures of the fluids, the total heat
transfer coefficient, and the total surface area of heat transfer between fluids must be interconnected. Two of these
relationships can be derived by applying the principal equilibrium of total energy to both the cold and hot liquids as
shown in Figure 1 [13, 58].

Heat Transfer Surface Area

Figure 1. Energy balance between the inlet and outlet of a two-fluid [13]

When applying the equations of steady flow energy to the process of heat transfer between the cold and hot fluids at
the entrance and exit of the heat exchanger, the total heat transfer is represented by the following equations [13, 58]:

q = 1y, Cpp(Thi — Tho) (1-a)

q= ri‘1ccp,c(Tc,0 —Tei) (1-b)

Finally, the overall heat transfer can be summarized by Equation 2, which relates the cold fluid to the hot fluid
according to the overall heat exchange coefficient [58].

q = UAAT,, )

where AT, is the appropriate mean temperature difference and the values of the overall heat transfer coefficients can be
extracted as a limited value based on the fluid type. Figure 2 makes it evident that the construction of the HE has a
significant influence on the total heat exchange for the parallel and counter HE, which is based on the temperature
difference as the log mean difference. The HE's structure affects heat transfer because the flow's direction affects the
amount of heat transferred at each stage. As a component of the structure, the exchanger's length affects both the quantity
of heat transfer and its duration, which can be changed.
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Figure 2. (a) Temperature distribution for a parallel flow heat exchanger; (b) Temperature distribution for a counterflow
heat exchanger

Based on the HE's structure, the log mean temperature is determined under the assumptions of negligible axial
conduction along the tube, and that the total heat transfer coefficient is constant. Thus, the log mean temperature
difference can be expressed as follows:

AT,—AT
ATim = —gm5- 3)

InGG52)

For parallel flow, it flows that Ty; = Ty 1, Ty o = Ty 2, Tei = Te1, Teo = Te2, and therefor: AT; = (Th,i - Tc,i)§
AT, = (Th,o - Tc,o)-

For counter flow, it flows that Ty; = Ty 1, Tho = T2 Tei = Te2, Teo = Ten > and therefor AT, = (Th,i - Tc,o)§
AT, = (Th,o - Tc,i)-

The effectiveness ¢ of a heat exchanger can be determined by the ratio of actual heat transfer in a heat exchanger to
the maximum heat transfer that can be achieved by the heat exchanger.

g =1 “

Amax

The maximum possible rate of heat transfer (qu,ay) is achieved by the fluid with a minimum value of heat capacity
ratio encountering the maximum AT through the heat exchanger.

Qmax = (mcp)min ATmaX (5)

where (MCp)pyin is the minimum value of heat capacity rate that is equal to(thCp). or (mCp,)y, whichever is
smaller, and AT, is equal to the temperature difference between hot and cold fluid at the inlet of heat exchanger

(Th,i—Tci ).

2-2-The CFD Methodology

The research approach is centered on evaluating the effects of HE pipes lengths ranging from 250, 550, 700, and 1000
mm using a CFD modeling program in order to identify the most suitable HE with the ideal length for different
engineering applications. A comparison is then made between the effects of the various lengths of the work on the
thermal effectiveness of HE, then completing the comparison by testing the subsequent length. The CFD analysis
methodology is shown in Figure 3.
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Figure 3. The CFD Methodology
2-2-1- Geometry Modeling

The two-dimensional HE geometry is built in the ANSYS workbench design module. It consists of an outer tube of
copper with a 32.45 mm diameter, inside which there is another copper tube with a 25.4 mm diameter.

2-2-2- Mesh Generation

The HE was created as a fine mesh of elements (rectangle-shaped elements) with a general size of 0.5 mm. In order
to determine the number of elements, it has relied on the convergence of simulation results represented by the
temperature difference between the inlet and outlet of cold and hot fluids. Figure 4 shows the HE meshes details. In
order to determine the number of elements, it has relied on the convergence of simulation results represented by the
temperature difference between the inlet and outlet of cold and hot fluids.
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Figure 4. (A) Mesh Created; (B) Zoomed View; (C) Details of Mesh
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2-2-3- Boundary Conditions

Boundary conditions include the definition of input conditions for inward and outward flow as indicated in Table 1.
The output conditions of the inner flow and the outer flow are represented by the ambient condition.

Table 1. Inlet boundary condition

Inlet Conditions
Inner Flow (Hot Fluid) Outer Flow (Cold Fluid)
Mass flow rate (Kg/s) 0.085 Mass flow rate (Kg/s) 0.085
Temperature (K) 328.15 Temperature (K) 299.15

3- Results and Discussion

The effects of HEs length were analyzed for different types, such as parallel and counterflow double-pipe HE. For a
variety of system lengths involved, including 250, 550, 700, and 1000 mm, the effect of HEs length was examined.
Figures 5-a to 5-d illustrate the temperature distribution between the hot and cold substances inside the parallel HE. The
dark blue color indicates the lowest temperature, 299.15K, and the dark red color indicates the highest temperature,
328.15K.

Temperature

Figure 5. Parallel HE temperature distribution at lengths of (A) 250 mm, (B) 550 mm, (C) 700 mm, and (D) 1000 mm

The average temperature values at the cold and hot inlets and outlets of the parallel heat exchanger are shown in Table
2. Based on the simulation results, it is clear that the calculated log mean temperature difference of HE shrinks with
increasing length, because the temperature difference between the hot and cold fluids becomes more uniform and smaller
over a longer distance, and the logarithmic formula for LMTD reflects this reduction in temperature gradient, as shown
in Figures 6-a to 6-d. It was 24.41 K for 250 mm, 20.79 K for 550 mm, 19.24 K for 700 mm, and 16.59 K for 1000 mm.

Table 2. CFD Analysis Reading for Temperatures of Parallel HEs

Heat Exchanger Cold water temperature Hot water temperature Cold water temperature Hot water temperature at
Length at the inlet at the inlet at the outlet the outlet
250 mm 299.15K 328.15K 303.08 K 32341 K
550 mm 299.15K 328.15K 306.26 K 320.56 K
700 mm 299.15K 328.15K 307.47K 319.43 K
1000 mm 299.15K 328.15K 309.33K 317.69 K
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Figure 6. Temperature difference gap p in the parallel HE at lengths of (A) 250 mm, (B) 550 mm, (C) 700 mm, and (D) 1000 mm
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Figure 7 shows how the effectiveness of the parallel-flow heat exchanger calculated based on the simulation results
increases with increasing length, as it was 13.8% for 250 mm, 23.6% for 550 mm, 27.67% for 700 mm, and 33.98% for
1000 mm. This is due to the increase in the heat exchange surface area and the increase in the heat exchange duration,
thus increasing the heat transfer rate. The results also show that the rate of improvement in HE’s efficiency becomes
noticeable with increasing length because a longer heat exchanger provides more surface area for heat transfer. As the
length increases, the fluid has more time to interact with the surface, allowing more heat to be transferred between the
hot and cold fluids. Additionally, longer heat exchangers can help improve the temperature difference between the fluids,
which increases the overall effectiveness of the heat exchange process, which is what was supported in this study by
Meesala et al. [57]. This leads to a more efficient system as heat transfer continues to improve with greater length.

40
35 W Parallel-Flow Heat Exchanger Effectiviness (%)
30
25
X 20
15
10
5
0
L(1)=250mm L(2)=550mm L(3)=700mm L(4)= 1000mm

Figure 7. The parallel heat exchanger effectiveness

The internal temperature distribution of the counter-flow HE is shown in Figures 8-a to 8-d. The average temperature
values at the cold and hot inlets and outlets of the counter heat exchanger are shown in Table 3. As the length of the HE
increases, it is obvious that the log mean temperature difference of the HE shrinks, as shown in Figures 9-a to 9-d; it was
24.41 K for 250 mm, 21.156 K for 550 mm, 19.80 K for 700 mm, and 17.56 K for 1000 mm. When comparing the results
for parallel flow and counterflow across the four different lengths, the logarithmic temperature value for counterflow is
consistently higher than that for parallel flow. This difference becomes more pronounced as the length increases, because
the counterflow HE maintains a more consistent and effective heat exchange due to the opposite flow directions, which
is what was supported in this study [27].
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Figure 8. Counter HE temperature distribution at lengths of (A) 250 mm, (B) 550 mm, (C) 700 mm, and (D) 1000 mm
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Table 3. CFD Analysis Reading for Temperatures of Counter HEs

Heat Exchanger Cold water temperature Hot water temperature Cold water temperature Hot water temperature at
Length at the inlet at the inlet at the outlet the outlet
250 mm 299.15K 328.15K 303.27K 323.16 K
550 mm 299.15K 328.15K 306.67 K 319.99 K
700 mm 299.15K 328.15K 308.04 K 318.65K
1000 mm 299.15K 328.15K 310.33K 316.45 K
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Figure 9. Temperature difference gap p in the counter HE at lengths of (A) 250 mm, (B) 550 mm, (C) 700 mm, and (D) 1000 mm

Improved counter-flow HE effectiveness calculated based on the simulation results is shown in Figure 10. The
effectiveness was found to rise with the length of the HE, reaching 13.56% at 250 mm, 24.63% at 550 mm, 29.26% at
700 mm, and 36.95% inside the 1000 mm length HE.
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Figure 10. The counter heat exchanger effectiveness

A comparison between parallel and counterflow HEs showed that the effectiveness of counterflow becomes more
evident compared to parallel flow, where the temperature gradient decreases with length, as shown in Figure 11.
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Figure 11. Effectiveness comparison between parallel and counter flow HEs
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The results demonstrate how the design conditions impact the performance of heat exchangers (HEs). It was observed
that the length of the HE significantly affects the heat exchange between the hot and cold materials. As the length
increases, the heat exchange efficiency improves in both types of HEs, namely the parallel-flow and counter-flow
exchangers. This improvement is attributed to the greater surface area for heat transfer and the extended exposure time
for heat transfer between the materials. Additionally, the results indicate that the counter-flow HE is more efficient than
the parallel-flow HE due to the larger temperature difference in the counter-flow exchanger.

Modern science has focused on improving the performance of heat exchangers (HEs) through several methods. Here
we found Chang & Gwak [38] an increase in heat exchange surface area enhances heat transfer, which this study's
findings supported. Alrwashdeh et al. [30] additionally examined the HE channels' length and discovered that internal
HE design modifications increase the HE's efficiency. This conclusion aligns with the findings of this study, despite
differences in analytical methods.

4- Conclusion

The results show that as the length of a heat exchanger increases, the temperature distribution becomes more uniform,
leading to improved heat exchange efficiency. This improvement is attributed to the larger surface area and longer
duration for heat transfer. Counter-flow heat exchangers are found to be more efficient than parallel-flow ones because
they maintain a higher log mean temperature difference, which enhances heat transfer. Additionally, advancements in
heat exchanger design, such as the optimization of fluid flow channels, have been shown to further improve heat
exchange efficiency, as supported by previous studies.

5- Nomenclature

HE Heat Exchanger CFD Computational Fluid Dynamics

ATy (LMTD)  Log Mean Temperature Difference, K q Heat transfer rate, W

m, Mass flow rate, cold side, kg/s my, Mass flow rate, hot side, kg/s

Thi Tho Inner and outer hot temperatures, K Tei, Teo, Inner and outer cold temperatures, K

A Area, m? AT, Mean temperature differences, K

Cpn Specific heat at constant pressure, hot side, J/kg. K Cpe Specific heat at constant pressure, cold side, J/kg. K.
€ The effectiveness. U Overall heat transfer coefficient, W/m?.K
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