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Abstract

Bridging the gap between theoretical heat exchanger analysis and physical intuition re-
mains a persistent challenge in engineering education, particularly when students are
confronted with real-system effects such as pressure losses, measurement uncertainty, and
deviations from simplified models. This work addresses this challenge through the coupled
development of a pedagogical framework and an experimental platform. A modular heat
exchanger test bench was conceived, designed, and constructed by graduate students
within a structured project-based learning environment, in which competitive and coopera-
tive phases were combined to emulate real engineering practice. This approach positions
the test bench not only as a laboratory tool, but as the outcome of an active learning
process that integrates system design, instrumentation, and modeling. The resulting plat-
form enables the comparative study of multiple heat exchanger technologies—including
three water-to-water heat exchangers (plate, shell-and-tube, and double-pipe) and one
air-to-water fin-and-tube heat exchanger—under parallel, counterflow, and crossflow ar-
rangements across a wide range of operating conditions. Comprehensive instrumentation
(temperature, flow rate, and pressure measurements) supports rigorous energy balance
analysis, effectiveness evaluation, and hydraulic performance assessment. Beyond under-
graduate experimentation, the test bench provides a framework for advanced learning
objectives, including uncertainty propagation, ε–NTU analysis, model development, and
experimental validation. The confrontation between model predictions and experimental
data, including observed discrepancies, is shown to play a central role in developing criti-
cal engineering judgment. The proposed approach demonstrates how the integration of
project-based learning with a reconfigurable experimental platform can create a sustainable
and scalable environment for heat transfer education.

Keywords: heat exchanger education; experimental set-up; active learning

1. Introduction
Heat exchangers play a central role in thermal and energy engineering systems, rang-

ing from power generation and refrigeration to chemical processing and building services.
Their analysis constitutes a fundamental component of mechanical, chemical, and energy
engineering curricula, as it requires the combined application of thermodynamics, heat
transfer, and fluid mechanics. Classical design and analysis rely on global energy bal-
ances, the ε-NTU formalism, and semi-empirical correlations for heat transfer and pressure
losses [1,2].
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In parallel, recent research has explored a wide range of approaches, including the
development of advanced experimental test facilities [3] and detailed studies of heat transfer
performance under varying operating conditions [4], as well as data-driven methods for
monitoring and predicting heat exchanger behavior [5].

While these classical analysis tools are essential, students often struggle to develop
physical intuition about real heat exchanger behavior, particularly when confronted with
real-system effects such as pressure drop, heat losses to the surroundings, measurement un-
certainty, and deviations from theoretical predictions. This difficulty is further exacerbated
by the separation between theoretical instruction and experimental practice, where labora-
tory activities are often limited in scope or disconnected from system-level understanding.
As a result, students may develop a formula-driven approach without fully grasping the
underlying physical trade-offs encountered in real engineering systems.

Traditional teaching approaches that primarily rely on lectures and analytical exercises
may reinforce a formula-driven view of heat exchanger analysis. Numerous studies have
demonstrated that active and hands-on learning strategies significantly improve student
engagement, conceptual understanding, and retention in engineering education [6,7]. In
the context of heat transfer, laboratory-based activities that allow students to manipulate
operating conditions and observe system responses have been shown to foster deeper
understanding of thermal phenomena and modeling assumptions [8].

Over the last two decades, educational research has increasingly emphasized project-
based learning (PBL), challenge-based learning (CBL), and cooperative learning frame-
works as means to better align engineering education with professional practice. PBL has
been widely adopted in engineering education as a means to expose students to open-
ended problems, long-term planning, and the integration of multiple technical skills. In
thermal and aerospace engineering contexts, PBL has been shown to enhance system-level
understanding and student autonomy [9]. CBL further emphasizes problem-solving under
constraints by framing learning activities as concrete challenges inspired by real-world
engineering scenarios. Studies report that CBL can increase motivation and encourage
iterative exploration, particularly when performance objectives are clearly defined [10].

Complementary to these approaches, cooperative learning frameworks focus on struc-
tured collaboration, shared responsibility, and peer interaction. Extensive evidence indicates
that cooperative learning improves both academic performance and interpersonal skills in en-
gineering programs [11]. Together, these pedagogical strategies aim to bridge the gap between
academic instruction and professional engineering practice. In addition, competition-based
learning has been explored as a mechanism to stimulate early engagement and motivation.
When carefully integrated into a pedagogical design, competitive elements can promote
initiative and rapid exploration without undermining collaboration [12]. Recent educational
models increasingly advocate for hybrid structures that combine competitive and coop-
erative phases, thereby reflecting the dynamics of real engineering projects. Research
demonstrates that mixed strategies combining both competitive and cooperative elements
yield superior learning outcomes in project management education [13], with evidence
from software engineering contexts showing that such hybrid approaches address the
evolving demands of engineering teaching methodology [14]. However, these pedagog-
ical approaches are most effective when supported by experimental platforms explicitly
designed to reflect these learning objectives. In this context, the design of the experimental
system itself becomes an integral part of the learning process, rather than a passive support
for pre-defined laboratory activities.

In the specific case of heat exchanger education, several laboratory test benches have
been proposed to support hands-on learning. Many existing setups focus on a single heat
exchanger type, such as shell-and-tube or double-pipe configurations, and are primarily
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intended to validate theoretical heat transfer and effectiveness correlations [15]. Other plat-
forms emphasize compact or low-cost designs suitable for undergraduate laboratories but
remain limited in configurability and comparative capability [16]. While these experiments
are pedagogically valuable, they often do not allow students to directly compare different
heat exchanger technologies under similar boundary conditions, nor do they explicitly
address the discrepancies between idealized models and experimental measurements. As
a result, key engineering trade-offs—such as the balance between thermal effectiveness
and hydraulic penalty, or the influence of flow arrangement on global performance—may
remain insufficiently explored within a single coherent laboratory framework. Moreover,
these platforms are rarely developed within a pedagogical framework that actively involves
students in their design and implementation, thereby limiting opportunities to integrate
system-level thinking, instrumentation, and modeling within a unified learning experience.

The novelty of this work lies in the explicit integration of three elements that are
typically addressed separately: (i) a structured project-based learning methodology, (ii) the
design and implementation of a multi-configuration experimental platform, and (iii) a wide
range of laboratory activities through which students manipulate experiments and can
confront model predictions with experimental data.

The present work introduces a modular heat exchanger test bench in which the design
and construction of the experimental platform are treated as core elements of the edu-
cational process. The associated learning objectives are threefold. First, the system was
designed and constructed by graduate students within a structured pedagogical framework
evolving over the academic year: an initial competitive phase promotes engagement and
exploration, followed by a cooperative phase in which the cohort operates as a single
engineering team with self-assigned tasks of varying difficulty and duration. Second,
the platform enables undergraduate students to investigate multiple heat exchanger tech-
nologies under different flow arrangements using a common measurement infrastructure.
Third, graduate students gain hands-on experience in measurement techniques, uncertainty
analysis, and data post-processing, while applying the ε–NTU approach, comparing results
with manufacturer data, and developing and validating heat exchanger models. This
perspective establishes a direct link between educational methodology and experimental
capabilities, enabling students to engage with heat exchanger analysis at multiple levels of
complexity, from fundamental principles to model-based validation.

The structure of the paper follows the aforementioned topics. Section 2 presents
the newly developed project-based learning methodology. Section 3 describes the test-
bench architecture, instrumentation, and the geometric characteristics of the studied heat
exchangers. Section 4 discusses the hands-on laboratory sessions, for both graduate and
undergraduate students, illustrating how experimental results can enhance understanding
of heat exchanger performance, limitations, and trade-offs.

2. Design and Construction of a Laboratory Test Bench Through
Project-Based Learning

The test bench was designed by graduate students, with a strong emphasis on technical
development and hands-on practical work. The entire cohort of 18 students was tasked with
designing and developing an educational test bench to illustrate heat transfer phenomena
across various heat exchanger configurations. The main requirement was to develop a
test bench capable of experimentally assessing the thermal and hydraulic performance of
multiple heat exchanger technologies. During this course, a novel project-based learning
strategy was implemented to mirror industry project management practices. The project
was conceived and supervised by one academic and four teaching assistants. In addition,
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three other academics were invited to the students’ presentation to provide feedback and
share their perspectives on the project.

2.1. Intended Learning Outcome

During this project, the students developed both technical and soft skills, such as:

• the ability to manage and to carry out a project in the energy field;
• the ability to establish synergy between theoretical and practical aspects;
• an applied sciences approach (report structure, critical thinking, literature review);
• the analysis and criticism of experimental measurements;
• the management of a group project (planning, cost tracking, . . . );
• collaboration with technicians;
• the search for creativity when facing new challenges.

2.2. Technical Requirements

The test bench main requirements were established with the educational aspect as the
main focus:

1. The test bench should be easy to handle, and its components should be easily identifi-
able, while ensuring students’ safety during its use.

2. The test bench should allow testing four heat exchangers: a plate heat exchanger, a
double-pipe heat exchanger, a shell-and-tube heat exchanger, and a fin-and-tube heat
exchanger. The direction of water flow in the heat exchangers should be reversible to
enable both parallel and counterflow configurations.

3. The test bench should be instrumented to be able to verify the first principle
of thermodynamics.

4. The working temperature and/or the flow rate should be controllable to be able to set
the heat transfer rate or implement sudden changes in temperature or flow rate to test
various operating conditions.

5. The total cost of the test bench must remain within the allocated budget (a total of
6000 € was allocated for purchasing new components), while encouraging the use of
existing lab equipment.

6. The energy and water consumption during the utilization phase should be minimized.

The remaining features were defined by the students themselves, following the bench-
mark described in Section 3.1.

2.3. Pedagogical Philosophy

For this project, a novel pedagogical methodology was implemented, as illustrated in
Figure 1. The project was divided into three main phases: design of the test bench by the
students, validation of the design by the supervising staff, and construction of the test bench
by the students, with assistance from technicians and academic staff. The project spanned a
full academic year, with 3 months for the design phase, 1 month for the validation phase
(which took place during the students’ exam period in the 1st semester), and 5 months for
the construction phase.

During the project’s design phase, the students worked in groups of three. Each group
was asked to review the literature on existing educational test benches, prepare a P&ID,
and present a first draft of the project budget. The design phase was organized as a contest
between the groups to encourage creativity. The groups worked separately on their design,
and the project drafts were evaluated independently. Finally, the best design was selected
as the basis for the test bench.
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Figure 1. Illustration of the three major steps of the project according to the implemented pedagogical philosophy.

Between the design and construction phases, the supervising staff reviewed all pro-
posed designs and selected the groups whose proposals best met the defined criteria to
serve as project leaders for the construction phase. Potential improvements in the students’
P&IDs were also suggested to ensure that all technical requirements were met.

During the construction phase, a project management strategy was implemented to
achieve project objectives, foster cross-functional collaboration, and introduce students to
team management. First, a project leader (PL) was designated from among the winners
of the design phase. The PL was responsible for ensuring the smooth execution of the
project and maintaining effective communication between its components. The project was
divided into five work packages (WPs):

• WP1—Hardware: Construction of the test bench.
• WP2—Electrical Supply: Management of the test bench components’ electric supply.
• WP3—Data Acquisition: Development of the data acquisition chain, from sensor

selection to real-time monitoring, using LabVIEW.
• WP4—Numerical Modeling: Development and validation of semi-empirical models

for the heat exchangers under test.
• WP5—Educational Aspects: Design of laboratory sessions for undergraduate students

and preparation of the associated laboratory notes.

Each WP was led by a work package leader (WPL), who was responsible for breaking
the WP into tasks and ensuring the WP’s final goal was achieved. For each task, objectives
and expected outputs were clearly defined. WPLs also provided supplementary informa-
tion, including the estimated number of workers required, difficulty level, task priority
within the project, and deadlines.

Students not assigned to management roles formed a multidisciplinary pool of workers
called task operators (TOs). TOs could participate in tasks across any WP and were
encouraged to work on at least three different WPs throughout the project to broaden their
experience across various fields.

During the construction phase of the test bench, weekly meetings were held with
students and supervising staff. During those meetings, each WPL had to present a flash
report summarizing the status of their WP, provide updates on task completion, possibly
request support for ongoing tasks, and discuss various issues with the supervising staff.
The meetings were not necessarily long, but their weekly format allowed both students and
supervising staff to monitor the project’s overall progress and maintain cohesion within
the group.
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2.4. Evaluation

The students’ final evaluation for the project included a common grade for the entire
promotion to reflect the importance of teamwork, and an individual grade to account for
their personal involvement in the project.

First, the grade was divided into two distinct components to reflect the work per-
formed during the design and construction phases of the project. All grades, denoted G,
were assigned on a 0–20 scale.

Gtot = 0.4 · Gd + 0.6 · Gc (1)

The final grade was computed from the grades obtained during the design (Gd) and
construction (Gc) phases, with weights reflecting the amount of time spent on each phase
during the year. The evaluation of the design phase was common to all students in the
same group and was based on their written report and oral presentation of their work. The
evaluation of the construction phase was less straightforward because the project included
three distinct roles: project leader, work package leader, and task operator. The grade
computation for each role is detailed below.

The assessment of task operators comprised an overall grade, Gglobal, based on the
final deliverables of all WPs, and an individual grade, Gtot,task,TOi , reflecting the completion
of their assigned tasks:

Gc,TOi =
1
3
· Gglobal +

2
3
· Gtot,task,TOi (2)

Greater weight was assigned to task completion than to the overall project evaluation.
While assessing the collective outcome remains necessary, greater emphasis was placed on
individual contributions to ensure a fair evaluation of each student’s work.

The WPLs also had the opportunity to actively participate in task realization, thereby
developing both technical and management skills. Their final evaluation combined a global
assessment of the deliverables across all WPs with an individual assessment reflecting their
leadership, overall achievements within their WP, and task completion. The project leader
was evaluated using a similar approach, with an emphasis on their overall coordination
and project management.

Gc,WPLi =
1
6
· Gglobal +

3
6
· GWPi +

2
6
· Gtot,task,WPLi (3)

Unlike the task operators, the WPLs were primarily evaluated based on their manage-
ment and the results of the corresponding WP. Task participation was also included in the
global evaluation, but its weight was reduced because the WPLs had less time than the TOs
to complete their tasks.

To evaluate the tasks, an equivalent number of worked hours was computed for
each task:

Heq,ij = Hij · Pij · Dij ·
Rij

5
(4)

The equivalent number of worked hours of student i for the task j thus depends on
the total number of worked hours H for the considered task, which is then multiplied by
several factors. P is a percentage reflecting the involvement of the considered student in the
task, decided between the students themselves; D represents the task difficulty, estimated
by the WPL on a scale from 1 to 5; R is the rating of the task by the WPL once finished by
the task operators, on a scale from 1 to 5. When rating a task, the WPL should consider
whether the task objectives have been achieved within the allocated time and the quality of
the work.
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The total evaluation of students’ tasks depends on the ratio of the total equivalent
number of worked hours for their tasks to the maximum equivalent number of worked
hours achieved by any student:

Gtot,task,i =
∑Ti

j=1 Heq,ij

maxi∈{1;N}

(
∑Ti

j=1 Heq,ij

) · 20 (5)

where Ti is the number of tasks performed by student i, and N is the total number of
students. This grading scheme implies that at least one student attains the maximum score
for task completion, thereby establishing a reference level for the others. Its main advantage
is that it fosters both competition and collaboration. The individual task rating, based on
duration and difficulty, allows students to choose between completing numerous short
tasks or focusing on fewer, more demanding ones. As a result, students are incentivized
both to maximize their individual contributions and to ensure the successful completion of
the overall project.

One potential concern is that the cohort may collectively minimize effort to limit
increases in the equivalent worked hours counter, thereby maintaining higher relative
grades. However, this is mitigated by the project leader and the work package leaders. As
their evaluation is more strongly influenced by the overall project outcome and the progress
of their respective WPs, and as they may also contribute to task execution, they have a
direct incentive to sustain engagement and drive the group toward high performance.

The grades obtained by the students at each step are shown in Figure 2. They are
discussed below.

• Students A, B, and C were among the top-performing students in the cohort. They
conducted a thorough literature review and proposed a robust test bench design. They
were subsequently appointed as project leader and Work Package Leaders (WPLs)
for WPs 1 and 2 (test bench construction and electrical supply). They demonstrated
strong leadership, and the objectives of both work packages were achieved by the
end of the year. Overall group cohesion was maintained by the project leader, who
successfully sustained student motivation and guided the project to completion.

• Students F, G, and N proposed the second most robust test bench design. They were
subsequently appointed as Work Package Leaders (WPLs) for WPs 4, 5, and 3 (nu-
merical modeling, educational aspects, and data acquisition), respectively. WPs 4
and 5 were effectively managed, although they were less critical to the overall
project completion.

• Difficulties were encountered with Student N, whose engagement in leading WP 3
was limited. As a result, part of the leadership responsibilities for this work package
was assumed by Student D. Despite obtaining insufficient grades for his own WP
and task completion, Student N ultimately passed the course, benefiting from group
performance during the first semester.

• Students M, O, and Q encountered difficulties during the test bench design phase,
primarily due to limited group cohesion. However, two of these students subsequently
demonstrated increased engagement in task completion, which contributed to an
improvement in their overall grade.

• Students P and Q failed the course due to a major lack of implication in the project.
• The global grade of the project was 15/20, as the test bench was not entirely operable,

mainly regarding data acquisition.

In summary, evaluating individual contributions through equivalent working hours
produces a natural ranking of students, with grades that reflect their actual involvement in
the project. Unlike standard project-based courses, this task-oriented approach enables the
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identification of students who might otherwise rely on their teammates’ work. Contribu-
tions are validated through task-level reporting, including the distribution of work among
participants, ensuring that unsubstantiated involvement is not counted toward the total
equivalent hours.

Figure 2. Grades obtained by the students at each step.

The main challenge of this grading approach lies in balancing the relative weights
assigned to the design and construction phases. If the design phase is underweighted,
students may lack incentive to develop a well-conceived test bench. Conversely, if it is
overweighted, early contributions may be disproportionately rewarded, to the detriment
of students who demonstrate significant engagement and progress during the construction
phase of the project.

2.5. Students’ Perspective on the Experience

Students were asked to provide feedback on the overall experience through a Likert-
scale survey, with 9 out of 18 students responding. The questions were grouped into
three categories: soft skills, technical skills, and pedagogical methodology. A detailed
presentation of the questions and responses is provided in Appendix A, while Table 1
summarizes the average scores for each category.

Table 1. Average Likert-scale scores (1–5) for the three main survey categories.

Category Mean Score [-]

Soft skills 3.97
Technical skills 3.94
Pedagogical methodology 3.53

Overall, the results indicate a positive perception of the experience across all categories,
with mean values above the neutral level (3). The development of soft skills is particularly
well rated, with high scores in teamwork, project management, and critical thinking,
reflecting the impact of the structured roles and collaborative framework implemented
during the project.

Technical skills are also positively evaluated, particularly in linking theoretical con-
cepts to experimental observations and in understanding the physical behavior of heat
exchangers. Slightly lower scores are observed for modeling and electrical design aspects,
which may reflect varying levels of student involvement in some specific tasks. The breadth
of activities made it difficult for students to be deeply involved in all tasks.
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The pedagogical methodology consistently receives strong evaluations, particularly
for motivation and perceived relevance to professional practice. The competitive design
phase is identified as a key driver of engagement, while the task-based organization is
appreciated for its contribution to both autonomy and accountability.

From a global perspective, these results support the effectiveness of the proposed
approach in simultaneously developing and technical competencies. Moreover, the con-
sistency between student feedback and the qualitative observations reported in Section 5
reinforces the validity of the pedagogical framework. However, the relatively small sample
size limits the statistical significance of the results.

3. Test Bench Architecture and Features
This section describes the final test-bench configuration developed by the students, in

accordance with the technical requirements defined in Section 2.2.

3.1. Educational Test Bench Benchmarking

One of the first tasks undertaken by the students was to conduct a benchmark study
of off-the-shelf heat exchanger test benches provided by training equipment manufacturers.
Table 2 summarizes the main experimental setups and their key characteristics.

Table 2. Overview and benchmarking of educational heat exchanger test benches.

Test Bench Structure Type Data Interface Key Features Source

TecQuipment TD360
Base unit with
interchangeable
exchangers

LCD displays or
PC connection

Color-coded piping,
tank level indicator,
electric heater, manual
reconnection for
each exchanger.

[17]

Gunt Hamburg WL 110
Base unit with
interchangeable
exchangers (up to 5)

Digital displays (PLC),
possibility of data
acquisition

Integrated flow diagram,
parallel and counterflow
configurations, optional
setup of a closed cold
water circuit.

[18]

Gunt Hamburg
WL 315C

Fixed structure:
comparison of
5 exchangers

Digital displays (PLC),
possibility of data
acquisition

Real-time comparison of
different types of
exchangers, parallel and
counterflow
configurations, mobile
unit, manual adjustment
of valves to select the
heat exchangers to
be studied.

[19]

Deltalab MP104
Fixed structure:
comparison of
4 exchangers

Visual or data
acquisition system (data
acquisition system)

Comparison of heat
exchangers with the
same heat transfer area,
16 Pt-100 probes,
float-type flow meter or
magnetic flow meters
(optional), supports
parallel and counterflow
configurations,
operation in a
closed circuit.

[20]
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Table 2. Cont.

Test Bench Structure Type Data Interface Key Features Source

Edibon TIUSB
Base service unit with
interchangeable heat
exchangers

Electronic console

Base service for flow and
operating-condition
control, 9 different types
of heat exchangers,
digital display of the
temperature sensors,
heating-element control
(temperature control).

[21]

Bayport Circulation
Trainer Stand-alone Visual observation

without measurement

Transparent
shell-and-tube model,
colored fluids to
visualize flow paths
and baffles.

[22]

Based on the benchmark results, the following desirable features for the test bench
were identified by the students:

• a fixed but mobile structure,
• closed-loop operation to reduce energy consumption,
• a real-time data acquisition and visualization system,
• the use of interchangeable heat exchangers was not considered appropriate due to the

time required for reconfiguration by students,
• manually adjustable valves to control flow configuration and flow rates for pedagogi-

cal purposes,
• an informational panel to facilitate understanding of the operating principle, given

the complexity of the system architecture.
• a transparent heat exchanger to allow flow visualization (considered a desirable

feature but not a priority).

3.2. Set-Up Description

Following the technical requirements of the test bench specified in the project statement
and the performed benchmark, the developed test bench enables testing of three water-to-
water heat exchangers: a plate heat exchanger (P), a shell-and-tube heat exchanger (ST)
and a double-pipe heat exchanger (DP). An electrical heater supplies heat to the water
entering the hot side of the three exchangers, while the ambient air serves as the cold
source using fin-and-tube heat exchangers (FT). The system operates in a closed-loop to
prevent water wastage. The test bench is represented through a two-dimensional Piping
and Instrumentation Diagram (P&ID), shown in Figure 3.

On the left side of the P&ID, the hot fluid conditioning circuit begins with a circulator
pump (CP1) driving water through the heating loop. The flow rate is measured by a flow
meter (FM1) before entering the heat exchangers and is regulated by a gate valve (GV1).
A pressure sensor is installed at the heater outlet, and temperature sensors are located at
the heater inlet and outlet to facilitate energy balance calculations. A differential pressure
sensor determines the pressure drop occurring across the heat exchangers. A gate valve
(GV3) upstream of the heater enables fine adjustment of the heat capacity ratio between the
hot and cold sides.

In the central portion of the P&ID are the three water-to-water heat exchangers (P, ST,
and DP), with six on–off valves allowing the selection of the exchanger under test. Two
three-way valves (3WV1 and 3WV2) enable experiments to be performed in both coun-
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terflow and parallel-flow configurations, while pressure and temperature measurements
are taken on the hot and cold sides of each heat exchanger. The sensors are installed in a
common manifold to reduce the total number of sensors required.

The right section of the diagram corresponds to the cold-fluid conditioning loop,
which includes two fan-cooled fin-and-tube heat exchangers (FT1 and FT2) acting as a
sufficient cold source for the test bench. A three-way valve (3WV5) allows FT2 to be either
engaged in series with FT1 or bypassed. This configuration enables investigation of the
effect of adding a second fin-and-tube heat exchanger in series with the first. This loop
mirrors the hot circuit and incorporates a circulator pump (CP2), a flow meter (FM2), and a
gate valve (GV2) to generate, measure, and regulate flow. On the water side, pressure and
temperature sensors are installed at the inlet and outlet of both fin-and-tube exchangers to
support detailed thermal and hydraulic analyses. The final control elements comprise two
three-way valves (3WV3 and 3WV4) that determine which outlet stream (hot or cold) is
directed to the heater or the fin-and-tube exchangers. On the air side, the air mass flow rate
is determined from the pressure drop measured across a calibrated nozzle placed in the air
passage. Because the air temperature variation at the inlet of the heat exchanger is negligible,
a single temperature measurement at the inlet of the upstream fin-and-tube heat exchanger
(FT2) is considered sufficient. Furthermore, a grid consisting of nine thermocouples is
installed at both the inlet and outlet of FT1, which is positioned upstream of the fan, to
ensure accurate determination of the mean air temperature.

Depending on the heat exchanger under test, the cold-side outlet temperature may
exceed the hot-side temperature; in such cases, the control system allows redirection of
the hotter flow to the heater and the cooler flow to the fin-and-tube units. This adaptive
configuration minimizes the heater’s electrical consumption across all testing conditions.

Figure 3. Piping and Instrumentation Diagram of the test bench.

3.3. Test Bench Configuration for Counterflow Plate Heat Exchanger with Balanced Mass Flow Rates

The test bench has been designed to allow each heat exchanger to be investigated
separately over a wide range of operating conditions. For the sake of completeness and
to facilitate the reader’s understanding, Figure 4 illustrates the configuration in which the
plate heat exchanger operates in a counterflow arrangement with balanced mass flow rates.
In this configuration, all on–off valves are closed except those on the plate heat exchanger
line. The three-way valves 3WV (1 to 4) are set to direct the hot-fluid exhaust flow toward
the fin-and-tube heat exchanger. Since the plate heat exchanger is highly effective (>50%),
the hot-fluid outlet temperature is lower than that of the cold fluid. Consequently, this
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routing reduces the heater’s electrical power consumption. Balanced mass flow rates are
ensured by fully closing valve GV3. Only one fin-and-tube heat exchanger is used, as valve
3WV5 is closed.

Figure 4. Test bench configuration for plate heat exchanger in counterflow with balanced mass
flow rates.

3.4. Range and Accuracy of the Measurement Devices

All sensor measurement accuracies and operating ranges are summarized in Table 3.
The experimental data are acquired, displayed, recorded, and processed using a dedicated
data acquisition system from National Instruments.

Table 3. Summary of the range and accuracy of the measurement devices.

Measurement Device Range Accuracy

Thermocouple −200 to 350 ◦C ±0.5 ◦C
Differential pressure sensor—hot side 0–25,000 Pa ±0.065% f.s.
Differential pressure sensor—cold side 0–25,000 Pa ±0.065% f.s.
Differential pressure sensor—hot side fin-and-tube 0–60,000 Pa ±0.065% f.s.
DP nozzle sensor 0–1000 Pa ±0.065% f.s.
Mass flow sensor—cold side 0 to 7 m3/h ±2% m.v.
Mass flow sensor—hot side 0 to 7 m3/h ±2% m.v.
Absolute pressure sensor—upstream pump (hot side) 0–2.5 barA ±1% f.s.
Relative pressure sensor—downstream pump (hot side) 0–5 barR ±1% f.s.
Absolute pressure sensor—upstream pump (cold side) 0–2.5 barA ±1% f.s.
Relative pressure sensor—downstream pump (cold side) 0–5 barR ±1% f.s.

3.5. Heat Exchangers Characteristics

This section describes the characteristics of the four heat exchangers studied.

3.5.1. Plate Heat Exchanger

Figure 5 summarizes the main geometrical and operational characteristics of the heat
exchanger, including its plate geometry. These parameters can be used to guide the selection
of appropriate correlations for the convective heat transfer coefficient and the friction factor.
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Figure 5. Plate heat exchanger characteristics and dimensions.

3.5.2. Double-Pipe Heat Exchanger

In this type of heat exchanger, two fluids circulate in concentric tubes. One fluid flows
through the inner tube, and the other moves through the annular space between them. The
model of this arrangement is illustrated in Figure 6 and shows a total heat transfer area of
0.106 m2.

Figure 6. Double pipe heat exchanger characteristics and dimensions.

3.5.3. Shell and Tube Heat Exchanger

This shell-and-tube heat exchanger consists of a fluid flowing through the shell across
a bundle of tubes that carry another fluid. The studied exchanger operates in a single-
pass arrangement and includes no baffles. The 37 tubes are arranged in a reversed-square
geometry, which promotes more uniform fluid distribution within the shell. The dimensions
of the studied heat exchanger are summarized in Figure 7, resulting in a total heat transfer
area of 0.3 m2.

Figure 7. Shell-and-tube characteristics and dimensions.
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3.5.4. Fin-and-Tube Heat Exchanger

This is the only heat exchanger presented that operates in crossflow. One fluid (water)
flows inside finned tubes, which provide an increased heat-transfer surface area, while the
other fluid (air) flows transversely across the tube bundle. The characteristics of the studied
heat exchanger are given in Figure 8.

Figure 8. Fin-and-tube characteristics and dimensions.

3.6. Final Test Bench

Figure 9 shows the final test bench as implemented in practice.

Figure 9. Practical implementation of the final test bench.

4. Hands-On Test Bench Sessions
As mentioned, the primary aim of developing the test bench was to encourage gradu-

ate students to participate in a collaborative project. However, its ultimate purpose is to
provide students with hands-on laboratory sessions. This section outlines the key learning
outcomes delivered by the test bench, depending on whether the students are undergrad-
uates or graduates. For clarity and conciseness, only selected experimental results are
presented; investigations for all heat exchangers are not included. All data post-processing
files and heat exchanger modelling codes are available, or will be made available, in
a dedicated GitHub repository https://github.com/SamuelGendebien/HXs-test-bench
(accessed on 30 March 2026). An example of laboratory session notes to help the stu-
dents to prepare their laboratory sessions can be found on the Laboratory website https:
//www.labothap.uliege.be/cms/c_12821542/en/heat-exchangers-characterization (ac-
cessed on 30 March 2026).
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4.1. Practical Implementation Details
4.1.1. Session Logistics

Before the lab session, students are asked to carefully read the laboratory notes, which
describe the test bench in detail and provide theoretical reminders regarding heat exchangers.

Each lab session is organized for a group of three students and is supervised by a
graduate or PhD student, referred to as the supervisor. The supervisor’s role is to guide
students throughout the lab session. They must ensure students’ understanding while
allowing them a degree of autonomy. The actual lab session is organized as follows:

1. Students must be aware of the safety instructions and follow them with caution.
2. Students should identify the components of the test bench and validate their compre-

hension of the test bench behavior with the supervising staff.
3. The test bench can be started by the students under the surveillance of the supervising staff.
4. Depending on the students’ level (undergraduate or graduate), they have to perform

different manipulations to test various theoretical concepts. The theoretical concepts
that can be illustrated with the test bench are described below, first for undergraduate
students, then for graduate students.

5. During the whole session, students have to complete a questionnaire with
their measurements.

After the lab session, students are expected to analyze the measurements they collected.
Depending on the course, they may be required to apply similar reasoning in a final written
exam or in a report to demonstrate their understanding of the test bench.

4.1.2. Energy Costs of a Lab Session

As mentioned, the test bench operates in a closed loop, resulting in no water con-
sumption. Regarding electricity costs, a conservative assumption is that the test bench
consumes approximately 10 kWh over a 2-h laboratory session, leading to an estimated
cost of between 3 and 4 €, based on the average electricity price in Belgium.

4.1.3. User Guide and Safety Procedure

Prior to attending any laboratory session, students must read the Test bench user
Guide, which includes safety procedures for the test bench. These instructions are also
reiterated orally by the supervising staff before the operation. The main safety guidelines
are summarized below:

• Safety goggles must be worn at all times.
• Any modification of the operating conditions must be performed by the supervising

staff or under their direct supervision.
• The location of the emergency stop buttons must be identified prior to operation.
• Direct contact with piping should be avoided, as surfaces may be hot; thermally

insulated gloves are available if needed.
• Contact with electrical wiring is strictly prohibited.
• Particular caution is required when the fan is operating, despite the presence of a

protective grid.
• Physical interaction with the test bench should be limited to actions explicitly autho-

rized during the experiment.
• The test bench must not be operated if the electrical cabinet is open.

4.1.4. LabVIEW Interface

A dedicated data acquisition and visualization interface was developed using the
National Instruments CompactRIO platform and the LabVIEW environment to enable real-
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time monitoring, data logging, and safe operation of the test bench. The interface, shown
in Figure 10, provides a simplified schematic inspired by the P&ID, allowing measured
quantities to be directly associated with their physical locations.

Figure 10. LabVIEW-based user interface for real-time monitoring and data acquisition of the heat
exchanger test bench.

All sensor signals (temperature, pressure, and mass flow rate) are acquired at a
sampling time of 1 s, balancing the need to capture system dynamics with the requirement
for stable averaged measurements under quasi-steady-state conditions, typically reached
within a few minutes, while remaining suitable for future dynamic analyses.

The interface displays real-time values directly on the system schematic, enabling
visualization of thermal and hydraulic states and facilitating the identification of temper-
ature gradients, pressure losses, and flow configurations. All variables are continuously
recorded and exported for post-processing, enabling time averaging, heat transfer rate and
effectiveness computation, and uncertainty analysis.

Overall, the LabVIEW interface acts as a bridge between raw sensor data and engi-
neering interpretation, supporting both undergraduate and graduate learning objectives.

4.2. Intended for Undergraduate Students
4.2.1. Prerequisites

The prerequisites for undergraduate students to attend the laboratory sessions are as
follows: basic concepts in general thermodynamics, fluid mechanics, heat transfer, energy
transfer between a system and its environment, the first law applied to closed systems
(extended to open systems), and the properties of pure substances.

4.2.2. Energy Balance

As illustrated in Figure 11, the first concept demonstrated through the laboratory
sessions is energy conservation and the use of control volumes.

Figure 11. Energy balance and control volume.

Regardless of the configuration, an overall energy balance can be written for the heat
exchanger control volume:

ṁHhH,in − ṁHhH,out + ṁChC,in − ṁChC,out + Q̇amb = 0 (6)
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Two key assumptions simplify the analysis: the fluids’ specific heat capacities are
constant over the relevant temperature range, and the heat exchanger is externally adiabatic,
with no heat exchanged with the surroundings. While some heat losses may occur in
practice, these can be discussed during the laboratory session.

Under these assumptions, the heat transfer rate can be represented as:

Q̇H = ṁHcp,H(TH,in − TH,out) (7)

Q̇C = ṁCcp,C(TC,out − TC,in) (8)

Figure 12 shows the type of results that can be obtained from the test bench for several
tested heat exchangers under a wide range of operating conditions (parallel and counterflow
arrangement, balanced and unbalanced mass flow rate, wide range of temperatures. . . ).

Figure 12. Parity plot comparing the heat transfer rate measured on the hot and cold sides for all
tested heat exchangers.

A similar energy balance can be performed by considering a control volume encom-
passing the entire test bench, comparing the electrical energy supplied to the heating
resistance Ẇelec with the energy dissipated by the fin-and-tube heat exchangers Q̇a,FT .

4.2.3. Heat Exchanger Thermal Performance

Another concept that can be demonstrated using the test bench is heat exchanger
effectiveness. The LMTD method can also be explored in the laboratory sessions, but it is
not detailed here for the sake of concision.

The ε-NTU method relates the actual heat transfer rate to the maximum possible heat
transfer between the two fluids, which occurs when the fluid with the minimum heat
capacity rate undergoes the maximum possible temperature change. The effectiveness
serves as a dimensionless measure of the heat exchanger’s performance:

ε =
Q̇

Q̇max
=

Q̇
min

(
ĊH , ĊC

)
(TH,in − TC,in)

(9)

The test bench was designed to test different water-to-water heat exchangers under
identical operating conditions. As shown in Figure 13, the setup highlights differences in
effectiveness due to the heat exchangers’ geometries, providing a basis for discussions on
heat exchanger design.
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Figure 13. Comparison of water-to-water heat exchanger effectiveness in counterflow (left) and
parallel-flow (right) arrangements for balanced flow rates.

4.2.4. Flow Arrangement

Another concept that can be illustrated by the test bench is the impact of the flow
arrangement on the heat exchanger thermal performance. As expressed in many reference
books [1,23,24], the flow configuration can have a large effect on the performance of direct
transfer heat exchangers, as energy is removed from hot fluid and added to the cold fluid,
causing their temperatures to change, affecting the temperature difference that drives the
heat transfer process. The test bench allows investigation of three configurations: parallel
flow and counterflow for water-to-water heat exchangers (both of which can be selected
and set by the user) and crossflow for air-to-water heat exchangers. Figure 13 illustrates a
typical investigation that can be conducted on water-to-water heat exchangers.

4.2.5. Trade-Off Between Thermal and Hydraulic Performance

In a heat exchanger, the pressure drop is the loss of fluid pressure as it flows through
the device channels or tubes. The pressure drop increases with flow velocity, fluid viscosity,
and the length and roughness of the flow path. From a design perspective, minimizing pres-
sure drop is important because it directly determines the pumping or fan power required
to maintain a given flow rate. However, enhancing heat transfer typically requires higher
velocities or increased turbulence, which also increases pressure losses. Engineers must
therefore balance thermal performance and hydraulic losses when sizing and configuring
a heat exchanger. Figure 14 shows the evolution of the pressure drop for the different
water-to-water heat exchangers.

Figure 14. Comparison of the pressure drop evolution as a function of the water mass flow rates for
the different types of tested heat exchangers.

4.3. Intended for Graduate Students
4.3.1. Prerequisites

The prerequisites for graduate students attending the laboratory sessions are: applied
thermodynamics, basic measurement techniques, fundamentals of heat exchanger mod-
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eling, and an understanding of key irreversibilities (e.g., finite temperature differences,
pressure drops in heat exchangers, and friction losses).

4.3.2. Introduction to Measurement Technique, Uncertainty Analysis, and Data
Post-Processing

The test bench provides a practical setting in which students can familiarize themselves
with measurement techniques (temperature measurement using thermocouples, air flow
rate determination via a head-type flow meter, and pressure measurement) and apply the
concept of uncertainty propagation to experimentally derived quantities. Since quantities
of interest, such as heat transfer rate or overall heat transfer coefficient, are derived from
primary sensor readings, their uncertainties must be rigorously propagated before any
meaningful comparison with model predictions or proper energy balance can be made.
The uncertainties of the reported findings are therefore evaluated from the known sensor
accuracies following the NIST method [25], in which the uncertainty Uy of a calculated
quantity y = f (x1, x2, . . . , xn) is obtained from the individual measured uncertainties
Ux,i via:

Uy =

√√√√ n

∑
i=1

(
∂y
∂xi

)2
U2

x,i. (10)

As an example, applying this propagation framework to the energy balance equations
yields a more comprehensive representation of the experimental results. Uncertainty can
therefore be included in Figure 15, leading to a more appropriate representation of the
energy balance.

Figure 15. Parity plot comparing the heat transfer rate and its related uncertainties measured on the
hot and cold sides for all tested heat exchangers.

The test bench also enables students to perform their own data post-processing,
including time-averaging the acquired signals and extracting the quantities of interest from
the raw measurements.

4.4. Illustration of the ε-NTU Approach

For graduate students, the ε-NTU method can be addressed in greater depth rather
than being limited to a simple effectiveness measure. One feature of the test bench is the
possibility of using one or two fin-and-tube heat exchangers in series. By maintaining
identical water and air flow rates, the heat transfer area can be doubled while the heat
capacity rates remain unchanged, thereby doubling the NTU. As illustrated in Figure 16,
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this configuration enables comparison between the experimentally determined effectiveness
and the theoretical prediction through the ε-NTU relationship:

Figure 16. Effect of NTU Doubling on Heat Exchanger Effectiveness: Illustration Using One or Two
Fin-and-Tube Heat Exchangers in Series.

4.5. Modelling

The test bench provides access to various exchanger geometries and controlled operat-
ing conditions, allowing students to develop, assess, and calibrate their models. Comparing
model predictions with measured outlet temperatures, heat duties, and pressure drops
enables quantification of errors and identification of critical assumptions.

Heat exchanger modelling spans a hierarchy of fidelity. Zero-dimensional (0D) models
describe the exchanger with global quantities—conductance UA, number of transfer units
NTU, and effectiveness ε—at mean conditions. One-dimensional (1D) models resolve
temperatures along the flow direction, while higher-dimensional (2D, 3D) models capture
additional effects at greater computational cost.

For shell-and-tube exchangers, the Kern method treats the shell-side flow simply but
neglects leakage and bypass streams, causing systematic errors. The Bell–Delaware method
corrects for these effects with explicit shell-side factors, improving accuracy at the cost of
added complexity [23].

4.5.1. Plate Heat Exchanger 0D Modelling

A typical 0D model of a plate heat exchanger is presented below to illustrate the
modelling and validation procedure. This serves as an example of the type of investigation
and experimental validation that can be implemented.

Geometry

The geometric parameters and derived relations for the plate heat exchanger, including
the surface enlargement factor, effective heat transfer area, and hydraulic diameter, are
calculated following the methodology presented by [26].

Fluid Properties

Thermophysical properties are evaluated at the arithmetic mean of the inlet and
outlet temperatures on each side and at the corresponding operating pressure, using the
COOLPROP equation-of-state library [27]. The thermal conductivity of the stainless-steel
wall is treated as a temperature-dependent function evaluated at the overall mean wall
temperature. Since the fluid properties depend on the yet-unknown outlet temperatures,
the model is solved iteratively.
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Convective Heat-Transfer Coefficients

Convective coefficients are obtained from the Wanniarachchi [28] correlation, which
gives the Nusselt number for corrugated chevron plates as:

Nu =
(

Nu3
1 + Nu3

2

)1/3 1/3
Pr , (11)

with

Nu1 = 3.65 β−0.455 ϕ0.661 Re0.339, (12)

Nu2 = 12.6 β−1.142 ϕ1−m Rem, m = 0.646 + 0.0011 β, (13)

where β denotes the chevron angle in degrees. The convective coefficient is h = Nu k/Dh.

Overall Heat-Transfer Coefficient and Thermal Conductance

The overall heat-transfer coefficient is calculated using a one-dimensional series ther-
mal resistance model including convection on both fluid sides and conduction through the
plate wall, while fouling resistances are neglected:

UA =

(
1

hH
+

δw

kw
+

1
hC

)−1
Atotal (14)

Effectiveness–NTU Method

The number of transfer units is defined as:

NTU =
UA
Cmin

, Cmin = min
(
ĊH, ĊC

)
, (15)

The heat exchanger effectiveness is related to NTU and the heat-capacity ratio through
standard analytical expressions that depend on the flow arrangement [1]. Once the ef-
fectiveness and the maximum possible heat transfer rate are assessed, the predicted heat
transfer rate is obtained from Equation (9).

Solution Procedure

The problem is nonlinear because UA depends on the outlet temperatures. It is
expressed as two algebraic equations enforcing energy conservation:

R1 = ĊH(TH,in − TH,out)− Q̇ = 0, R2 = ĊC(TC,out − TC,in)− Q̇ = 0, (16)

where the predicted heat transfer rates Q̇ depends on the outlet temperatures. The system
is solved iteratively for the outlet temperatures starting from physically reasonable guesses.

Pressure Drop

Fanning friction factors are evaluated at mean-temperature conditions using the
Wanniarachchi correlation [28]:

f = 4
(

f 3
1 + f 3

2

)1/3
, (17)

f1 =
1774 β−1.026 ϕ2

Re
, (18)

f2 = 46.6 β−1.08 ϕ1+p Re−p, p = 4.23 × 10−3 β + 2.23 × 10−5 β2. (19)
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The single-pass pressure drop is given by:

∆P = f
ρ u2

2
L

Dh
. (20)

4.6. Manufacturer Data Cross-Check

For graduate students, another key aspect is to cross-check their obtained results
against the manufacturer’s data or design specifications, such as the heat transfer area or
nominal heat duty, to validate the experimental findings. It also provides an opportunity
for students to process data and extract key parameters from multiple datasheets, since
manufacturers typically supply one file per operating condition.

4.7. Experimental Validation

After gathering datasets from both the experimental campaign and manufacturer data,
the model parameters were calibrated and subsequently validated against measured heat
transfer rates and pressure drops. The Wanniarachchi correlation [28] was found to accu-
rately predict heat transfer without additional tuning, whereas a correction factor of 1.3
was applied to the pressure drop correlation (Equation (17)) to improve agreement with
experimental observations. Since the objective of the present study was not to establish
a fully systematic parameter-identification procedure, but rather to illustrate the type of
model–experiment confrontation enabled by the test bench, the correction factor was ob-
tained through manual adjustment against the cold-side pressure-drop parity plot shown
in Figure 20. The correction factor was kept constant over the full Reynolds number
range investigated.

Figures 17 and 18 present parity plots comparing predicted and measured outlet
temperatures for the cold and hot sides, respectively. In both cases, the data points closely
follow the parity line, indicating good agreement between the model and the experiment
over the full range of operating conditions. The limited scatter observed reflects measure-
ment uncertainty and deviations from ideal heat exchanger assumptions, including heat
losses and non-uniform flow distribution. From an educational perspective, these results
illustrate that simplified models can capture the dominant thermal behavior while still
exhibiting small but meaningful discrepancies.

The comparison of heat transfer rates shown in Figure 19 further confirms the validity
of the modeling approach. Both experimental and manufacturer data collapse well onto
the identity line, demonstrating that the ε-NTU framework, combined with the selected
heat transfer correlation, provides a consistent estimation of the global heat duty.

Figure 20 shows the comparison between model predictions and experimental results
in terms of hydraulic performance. In contrast to the heat transfer predictions, the pressure
drop model required calibration through the introduction of a tuning factor of 1.3 applied
to the empirical correlations. With this adjustment, good agreement with the experimental
data is obtained, comparable to that observed for thermal quantities. This behavior high-
lights the sensitivity of pressure-drop predictions to empirical correlations. This represents
an important learning outcome, as students observe that hydraulic performance can require
calibration to achieve reliable predictive accuracy.
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Figure 17. Comparison of model predictions and experimental results for the cold side outlet temperature.

Figure 18. Comparison of model predictions and experimental results for the hot side outlet temperature.

Figure 19. Comparison of model predictions and experimental results for heat transfer rate.

Figure 20. Comparison of model predictions and experimental results for the cold-side pressure drop.

Overall, the validation results demonstrate that the proposed model reliably predicts
heat exchanger performance while maintaining a level of simplicity suitable for educational
purposes. The comparison between model and experiment not only validates the test bench
but also serves as a valuable pedagogical tool, highlighting the strengths and limitations of
classical heat exchanger models.
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5. Discussion
This section examines lessons learned from implementing the project-based learn-

ing framework and from experimental use of the test bench, highlighting their technical
performance and pedagogical implications.

5.1. Pedagogical Observations During the Construction Phase

The implementation of a hybrid pedagogical framework combining competitive and
cooperative phases proved effective in sustaining student engagement throughout the
project. The initial competitive phase stimulated rapid exploration and creativity, leading
all six groups to produce technically consistent P&ID proposals. The subsequent transition
to a cooperative structure enabled convergence toward a single, feasible design while
fostering cross-disciplinary collaboration.

The structured role distribution (project leader, work package leaders, and task op-
erators) reproduced key elements of industrial project organization. Students reported
that this structure enhanced both accountability and autonomy, while exposing them to
realistic constraints such as task coordination, time management, and interdependency
between subsystems.

An important observation is that the framework naturally revealed differences in
student engagement, allowing individual contributions to be more accurately assessed
compared to conventional group-based projects. The successful replication of this method-
ology in a separate student project further suggests that the approach is transferable and
not specific to the present case study.

5.2. Test Bench Capabilities

The experimental results demonstrate that the test bench provides reliable and phys-
ically consistent measurements across a wide range of operating conditions. The en-
ergy balance closure presented in Figure 12 remains within a ±10% band, which is con-
sistent with the propagated measurement uncertainties reported in Table 3. This con-
firms the robustness of the instrumentation chain and the suitability of the setup for
quantitative analysis.

The comparative analysis of heat exchanger performance (Figure 13) highlights clear
differences among technologies under identical boundary conditions. The plate heat ex-
changer exhibits the highest effectiveness due to its high surface-area density and enhanced
turbulence, whereas the shell-and-tube configuration shows lower performance. The
double-pipe heat exchanger, despite its limited heat-transfer area, achieves intermediate
effectiveness due to higher convective coefficients resulting from increased pressure drops.
These observations illustrate a key engineering concept: thermal performance is governed
by the overall conductance UA, not by surface area alone.

The pressure drop trends (Figure 14) further emphasize the trade-off between thermal
and hydraulic performance. Configurations that enhance heat transfer by increasing turbu-
lence also induce higher pressure losses, directly affecting pumping power requirements.
This trade-off, often introduced theoretically in textbooks, becomes directly observable
through the experimental platform.

From a modeling perspective, the comparison between experimental data and predic-
tions (Section 4.7) shows that classical correlations accurately capture thermal behavior but
are less reliable for pressure drop estimation without calibration. This discrepancy consti-
tutes a central pedagogical outcome: students are exposed to the limitations of empirical
correlations and are encouraged to critically assess modeling assumptions.

More broadly, the ability to compare multiple heat exchanger technologies under
consistent boundary conditions represents a key added value of the test bench. Unlike

https://doi.org/10.3390/thermo6020035

https://doi.org/10.3390/thermo6020035


Thermo 2026, 6, 35 25 of 28

conventional laboratory setups that focus on a single configuration, this platform enables
students to explore design trade-offs and system-level behavior within a unified frame-
work. This suggests that similar multi-configuration platforms could be extended to other
domains of thermal and energy systems education.

5.3. Hands-On Laboratory Sessions

The experimental platform provides students with direct access to system behavior
that is typically introduced only through theoretical models. The ability to manipulate
operating conditions (e.g., flow rates, flow configuration) and observe the resulting changes
in temperature profiles, heat transfer rates, and pressure drops enables a more intuitive
understanding of heat exchanger performance.

In particular, the experimental results presented in Section 4 highlight the consistency
between measured data and theoretical predictions (e.g., ε-NTU framework), while also
revealing systematic deviations due to non-ideal effects such as heat losses and measure-
ment uncertainty. This dual observation plays a central pedagogical role: students not only
validate theoretical models but also learn to question their underlying assumptions.

The progressive use of the test bench across different stages of the curriculum further
can enhance learning outcomes. At the undergraduate level, the focus is placed on energy
balances and effectiveness, while at the graduate level, students engage with uncertainty
propagation, model calibration, and validation. This layered approach allows students to
revisit the same system with increasing levels of complexity, reinforcing both conceptual
understanding and critical thinking.

6. Conclusions
This work presented a heat exchanger test bench developed within a project-based

learning framework, where the experimental platform itself emerged from the educational
process. The novelty lies in the integration of pedagogy, experimental system design, and
model–data confrontation within a single coherent framework.

The combination of competitive and cooperative phases proved effective in fostering
engagement, collaboration, and individual accountability, while exposing students to
constraints representative of real engineering practice. The resulting platform enables the
comparative analysis of multiple heat exchanger technologies under consistent boundary
conditions, with sufficient accuracy to support quantitative interpretation.

A key outcome is the direct confrontation between theoretical models and experimental
data, including observed discrepancies, which promotes critical engineering judgment and
a deeper understanding of modeling assumptions. This shows that the educational value
of laboratory platforms does not lie only in their technical performance, but in how they
are used to connect theory, experimentation, and interpretation.

The proposed approach provides a transferable framework for heat transfer education,
enabling students to transition from theoretical analysis to experimental validation and
model-based reasoning.

Future work will focus on the extension and dissemination of the modeling and
experimental framework.
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Nomenclature
The following Nomenclature is used in this manuscript:

Nomenclature
A Heat transfer area (m2) Subscripts
Ċ Heat capacity rate (W/K) a Air
Cr Heat capacity rate ratio (-) amb Ambient
cp Specific heat capacity (J/kg K) C Cold fluid
D Task difficulty (-) c Construction phase
Dh Hydraulic diameter (m) d Design phase
∆P Pressure drop (Pa) elec Electricity
G Grade (-) eq Equivalent
H Number of hours (-) H Hot fluid

h
Convective heat transfer coefficient HX Heat exchanger
(W/m2K) i Student index

h Specific enthalpy (J/kg) in Inlet
k Conductivity (W/m K) j Task index
L Length (m) max Maximum
m Nusselt correlation parameter (-) out Outlet
ṁ Mass flow rate (kg/s) tot Total
Nu Nusselt number (-) w Wall or Water
P Task participation percentage (%)

p
Friction factor correlation parameter Abbreviations
(-) 3WV Three-way valve

Pr Prandtl number (-) CFD Computational fluid dynamics
Q̇ Heat transfer rate (W) CP Circulator pump
R Task rating (-) DP Double-pipe heat exchanger
Re Reynolds number (-) FT Fin-and-tube heat exchanger
T Temperature (°C) FM Flow meter
U Uncertainty (-) GV Gate valve
UA Overall conductance (W/K) HR Heating resistance
u Velocity (m/s) LMTD Log-mean temperature difference
Ẇ Power (W) NTU Number of Transfer Unit
x Measured variable (-) PBL Project-based learning
y Calculated quantity (-) P&ID Piping and instrumentation diagram

PL Project leader

Greek symbols ST Shell-and-tube heat exchanger
β Corrugation angle (deg) TO Task operator
δ Thickness (m) WP Work package
ε Effectiveness (-) WPL Work package leader
ϕ Enlargement factor (-)
ρ Density (kg/m3)
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Appendix A. Students Perspective on the Experience
The questions and the analysis of the responses are presented in Figure A1.

Figure A1. Survey questions and students answers.
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