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ABSTRACT: As a key component in modern building environmental control systems, the production quality and performance of
multi-split central air conditioning systems directly influence the comfort, energy efficiency, and operational stability of buildings.
However, the current manufacturing process primarily relies on a combination of traditional manual labor and automated equipment,
resulting in low efficiency, high energy consumption, and limited automation. This paper first presents an optimized design for an
intelligent manufacturing production line for multi-split central air conditioning heat exchangers to address these issues. It details
the design of key systems for the intelligent production line and ensures continuous production and processing. Additionally, the
paper analyzes the production process of the intelligent manufacturing line, with particular emphasis on the mechanism of the heat
exchanger tube expansion process. Furthermore, it designs the fixture structure of the transfer robot for each process in the
production line and discusses the principles of workpiece positioning and clamping. Utilizing technologies such as sensor networks,
PLC, and industrial Ethernet, the system completes the closed-loop process of perception, transmission, analysis, decision-making,
and execution within the production line, enabling transparency, fault predictability, and automated management. The results show
that the intelligent assembly production line has significantly improved the assembly efficiency, achieving a 300% increase in the
daily production capacity of a single line. While enabling the continuous and intelligent production of multi-split central air
conditioning heat exchangers.

Keywords: Central air conditioner; Heat exchanger; Production line; Process flow fixture; Intelligent control; Robot
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1. Introduction
1.1. Research Background

The advent of the Industry 4.0 era has accelerated the transformation of the manufacturing industry into intelligent
manufacturing [1-3]. At its core, intelligent manufacturing integrates new-generation information technology with
advanced manufacturing techniques, fostering innovation in manufacturing paradigms through the digital integration
and optimization of the entire product lifecycle (design, manufacturing, service) [4,5]. Intelligent production lines, as
the key enabler of intelligent manufacturing, are transitioning from traditional automation models (such as the Ford
assembly line) to modern “lighthouse factory” models. This transformation is largely driven by breakthroughs in key
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technologies, including but not limited to six-axis collaborative robots [6], deep learning algorithms [7], digital twin
systems [8,9], industrial Internet of Things (I1oT) [10], cloud service platforms [11], cyber-physical systems (CPS) [12],
blockchain edge computing architectures [13], big data analytics [14], and artificial intelligence decision-making
systems [15,16]. Through their coordinated development, these technologies collectively empower autonomous
perception, intelligent scheduling, and dynamic decision-making capabilities within the production system. From a
systems theory perspective, intelligent manufacturing systems can be modeled as distributed networks of multiple
intelligent agents. Each node adds value by coupling material, energy, and information flows. Typical applications
include intelligent robots equipped with industrial vision, achieving pm-level precision control in assembly, welding,
and inspection processes via deep learning algorithms [17]. These systems encompass intelligent equipment such as
CNC machine tools, robot execution terminals [18], intelligent logistics systems (conveying/loading), and online
detection devices [19]. A key development is the deployment of wireless sensor networks, based on IloT and
RFID(Radio Frequency Identification technology) technologies, in discrete manufacturing workshops [20], enabling
real-time data collection on the production floor [21]. When combined with cloud-based data mining and knowledge
discovery technologies [22,23], this system supports multi-dimensional perception and dynamic optimization of
production processes [24], full-chain traceability of product quality [25], and predictive maintenance of equipment [26].
Research has shown that hybrid optimization strategies, such as combining backpropagation neural networks (BPNN)
with genetic algorithms (GA), significantly improve the adaptive adjustment of process parameters [27].

Digital twin technology has become a critical tool for configuring and optimizing intelligent manufacturing
systems, with successful applications in fields such as glass manufacturing [28], ship pipeline production [29],
automotive parts manufacturing [30], stepper motor assembly [31], and plastic injection molding (PIM) [32]. The
adaptability and effectiveness of digital twin technology in various manufacturing scenarios have been validated.
Current research in both academic and industrial sectors is evolving from isolated technological breakthroughs to
system-level intelligent collaboration. For example, the intelligent manufacturing framework based on multi-agent
systems and reinforcement learning, developed by Kim et al. [33], has achieved breakthroughs in three areas: autonomous
machine decision-making, system-level social interaction, and dynamic environmental learning mechanisms. This
architecture enables manufacturing systems to adapt to complex changes in the production environment.

In response to increasing task demands in industrial production, Yin et al. [34] integrated a job priority mechanism
within a cloud-edge computing framework. By combining Particle Swarm Optimization (PSO) and Gravitational Search
Algorithm (GSA), they achieved notable improvements in task scheduling optimization, particularly in key performance
indicators such as real-time task completion rates. Similarly, the heterogeneous Demand-Capacity Synchronization
(HDCS) method proposed by Ling et al. [35] represents a new direction for optimizing intelligent production lines. This
method integrates Al and IloT technologies, using computer vision for real-time capacity analysis of assembly units. It
constructs an intelligent decision-making closed loop, supporting millisecond-level information sharing, and improving
the coordination and scheduling efficiency of assembly lines (ACL). Figure 1 illustrates the historical evolution and
development of air conditioners. Understanding this development is essential for grasping the transition toward
digitalization and intelligence in air conditioning design.
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In 1911, the world's first enthalpy and humidity chart of wet air was released, providing a
1848 theoretical basis for the calculation of temperature and humidity in air conditioners.
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Figure 1. The development history of air conditioners.

1.2. Analysis of Literature Data

A search was conducted in the Web of Science Core Collection database, covering the period from 1993 to 2025,
with the search date set as 2 June 2025. The search query used was TS = (“Intelligent Manufacturing” or “Smart
Manufacturing”) and (“Production Line” or “Manufacturing System”). The literature analysis chart based on the search
results is shown in Figure 2. After screening, a total of 829 articles meeting the criteria were identified. Over the years,
the increasing number of publications highlights the growing interest in intelligent production lines and manufacturing
systems. Through literature review and cluster analysis, eight main research hotspots were identified: #0 Intelligent
Manufacturing System, #1 Anomaly Detection, #2 Industry 4.0, #3 Cloud Computing, #4 Intelligent Manufacturing
System (appearing twice), #5 Digital Twin, #6 Intelligent Manufacturing, and #7 Genetic Algorithm. The primary
research fields include engineering, computer science, operations research and management science, automatic control
systems, telecommunications, materials science, and robotics. China, the United States, and South Korea are the top
three countries contributing the most research in this area. Key journals for publishing related articles include the Journal
of Manufacturing Systems, the International Journal of Advanced Manufacturing Technology, Manufacturing Technology,
IEEE Access, the Journal of Intelligent Manufacturing, and Robotics and Computer-Integrated Manufacturing.
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Figure 2. Literature data analysis. (a) keyword search situation. (b) National search situation.

1.3. Logical Lines of Research

While the intelligent transformation of central air conditioning heat exchanger production lines has led to
technological advancements and applications, there is limited research on the transformation of air conditioning heat
exchanger production lines. This article aims to provide a detailed exploration of this topic, focusing on aspects such as
the current state of intelligent manufacturing, the research objectives for intelligent production lines of air conditioning
heat exchangers, overall architecture, key system design, intelligent operation and maintenance plans, core function
realization, and the impact of intelligent manufacturing on air conditioning heat exchangers. By analyzing the structural
composition of air conditioning heat exchangers, we propose the layout and technological processes for an intelligent
production line. The integration and collaboration mechanisms between the intelligent production line and intelligent
operation and maintenance are also examined. A case study of the intelligent production line for air conditioning heat
exchangers is presented, highlighting the importance of reasonable layout and efficient operation. The goal is to propose
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a comprehensive set of construction plans for intelligent production lines for heat exchangers and implementation
strategies for intelligent operation and maintenance in the existing air conditioning manufacturing industry.

2. Design Scheme
2.1. Traditional Production Line

The traditional production process for multi-split central air conditioning heat exchangers consists of four steps.
First, a punch press forms aluminum sheets from rolled stock. Second, copper tubes are manually inserted into the holes
of the aluminum sheets. Third, the heat exchanger is manually transported to a tube expansion machine for expansion.
Finally, U-tubes are manually inserted, and the connections are welded. This production method follows a typical
discrete manufacturing model. In traditional production lines, the transfer of workpieces between processes relies on
the staged accumulation of semi-finished products. Once the semi-finished products in a specific area reach a preset
quantity threshold, forklifts perform centralized transfers [36].

2.2. The Layout of the Production Line

To address the issues in the traditional processing production line, the intelligent manufacturing production line
for multi-split central air conditioning heat exchangers has been optimized [37]. As illustrated in Figure 3, the design
of this optimized production line includes the following key systems:

1. Blanking Machine Feeding System: This system is responsible for unrolling aluminum coil raw materials, blanking
the material, inserting steel needles for positioning, and unloading.

2. End Plate Installation System: This system installs the end plates on both sides of the heat exchanger.

3. Tube Insertion System: In this system, bent copper tubes are inserted into the punched holes of the heat exchanger.

4. Tube Expansion System: This system expands the walls of the copper tubes, reducing the distance between the
punched holes in the aluminum sheet.

5. Drying System: The drying system removes oily substances inside the heat exchanger to minimize oil evaporation.

6. Welding System: This system ensures that the U-bent pipe is securely welded to the copper tube.

7. Intelligent Monitoring System: The monitoring system oversees the entire production line, triggering timely alarms
in case of any operational issues.

All process areas in this intelligent production line are connected by conveyor belts for efficient transportation [38].

Figure 3. Intelligent manufacturing line of multi-split central air conditioning heat exchanger. 1. Unfolding device, 2. Punching
machine room, 3. Positioning the steel needle robot, 4. Punching machine feeding robot, 5. End plate robot, 6. Plug pipe robot, 7.
Tube expanding machine online robot, 8. Drying online robot, 9. Tube expanding machine, 10. Drying machine.

The action process of the intelligent manufacturing production line of the multi-split central air conditioning heat
exchanger is as follows:

1. Uncoiling and Punching Process: The aluminum coil is uncoiled by the uncoiling device and connected to the
feeding end of the punching machine. The punching machine then shapes the aluminum sheet using the die, after
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which it falls into the cutting device. Once the punching is complete, the punching machine pushes the sheet into
the cutting device, and the robotic arm inserts a positioning steel needle. The cutting robot holds the needle and
places the heat exchanger on the conveyor belt, completing the punching and cutting process.

2. End Plate Installation: Once the punch press process is finished, the end plate installation robot installs the raw end
plates on both sides of the heat exchanger. This is done after the heat exchanger is transported and positioned by
the conveyor belt. Once the end plates are installed, the pipe insertion robot inserts the bent copper tube into the
punched holes of the aluminum sheet in two separate stations.

3. Tube Expansion: The offline robot moves the heat exchanger to the tube expansion station after the tube insertion
process. The tube expansion machine then expands the copper tube inside the heat exchanger. The tube expansion
station can rotate 360°, and the tube expansion process is completed after a certain period.

4. Drying Process: Once the tube expansion process is finished, the tube expansion station rotates 90°. The dryer
online robot removes the heat exchanger from the tube expansion station and places it on the dryer conveyor belt.
The dryer offline robot rotates 90° and positions the heat exchanger for drying.

5. Conveyor Belt and Drying: The dryer conveyor belt transports the heat exchanger into the dryer. Once the drying is
completed, the conveyor belt moves the heat exchanger out of the dryer. The dryer’s offline robot then picks up the dried
heat exchanger from the conveyor belt and places it onto the conveyor belt of the automatic welding machine.

2.3. Production Line Management System

The intelligent upgrade of the heat exchanger production process for multi-split central air conditioning systems
involves not only modernizing the production equipment but also establishing a comprehensive intelligent monitoring
and management system. This smart manufacturing system adopts an architecture that integrates digital platforms with
intelligent equipment. The system’s core components include automated terminal devices for mechanical processing, a
Manufacturing Execution System (MES) for data integration and management, a Programmable Logic Controller (PLC)
for process control, and a cloud-based remote monitoring service platform. As shown in Figure 4, the figure illustrates
the structural framework and module diagram of the intelligent manufacturing production line system for multi-split
central air conditioning heat exchangers [39].
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Figure 4. Block diagram and module diagram of the intelligent manufacturing production line system for multi-split central air
conditioning heat exchanger.

The system incorporates an intelligent management platform based on remote terminals to enable data collection,
operational status monitoring, and production information integration on intelligent manufacturing lines. This platform,
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designed with a modular approach, includes the following core components: a smart control interface, a dashboard for
analyzing equipment downtime, a supervision data chart for monitoring production line operations, and a product
improvement analysis chart.

3. Design Methodologies

The main hardware system of the production line is essential for ensuring the continuity of on-site production and
maintaining product quality. The design of the main hardware system for the intelligent manufacturing production line of
multi-split central air conditioning heat exchangers includes the following key aspects.

3.1. Punching Machine Feeding System

The sheet punch machine’s feeding and unloading system comprises a feeding device, a sheet punch machine and
a group of fin unloading devices. The group of fin unloading devices includes a fin storage and retrieval equipment,
and a positioning steel needle robot.

The raw aluminum coil is placed on the uncoiling device, with its end connected to the feeding end of the punching
machine. Inside the punching machine, the aluminum sheet is punched. After being punched, the sheet falls onto the
storage and retrieval device. Once a certain number of punches are completed, the storage and retrieval device slides
out of the protective room outside the punching machine. The positioning steel needle robot then inserts the steel needle.
Following this, the robot from the punching machine places the heat exchanger onto the conveyor belt.

The fin access device comprises an access bracket, a support base plate, a lifting support plate, and an offline robot.
The access bracket is a frame structure within which a storage position is formed. The support base plate is horizontally
placed on the access bracket at the bottom of the storage position. As shown in Figure 5, the support base plate is
equipped with a vertically positioned drop pin. The bottom of the drop pin is fixed to the support base plate, while its
top extends vertically upward, positioning the fins after they are processed and dropped into the storage position.

After being stamped by the punching machine, the aluminum sheets fall onto the lifting support plate of the
positioning steel needle guiding device. At this point, the heat exchanger contains the drop steel needle, but the punched
holes in the aluminum sheet are not filled; some holes remain open for inserting the positioning steel needle. The
opening of the lifting support plate is designed to remain closed for the holes that need the positioning steel needle
inserted. This ensures that when the lifting support plate is raised, the drop steel needle does not move with it, and the
plate does not rise too high, which could otherwise disrupt the alignment of the aluminum sheets. This design ensures
that all the aluminum sheet openings, whether in the same column or row, remain concentric, facilitating the precise
insertion of the positioning steel needle.

(a) (b)

Figure 5. Working state of the flap access device. (a) Initial position of the lifting support plate of the fin access device. 1. fin, 2.
positioning steel needle, 3. lifting support plate, 4. bottom plate. (b) Upward position of the lifting support plate of the fin access device.

3.2. Terminal Plate Installation System

The end plate installation system consists of an end plate robot, a fin conveying line, and its positioning mechanism.
The end plate robot picks up the end plates from the raw material area at the rear and, with the assistance of the conveyor
belt and its positioning mechanism, installs them on both sides of the heat exchanger. This ensures secure installation,
fixing the internal pipes, fins, and other components, which prevents loosening or displacement and guarantees long-
term stable operation [40].
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The fin conveying line is equipped with end plate mounting positions, with a stopper located downstream of these
positions. The stopper rises above the roller as the fin stack moves along the conveying line to the end plate mounting
position. The lifting stopper, installed on the conveying line, rises before the fin stack reaches the end plate mounting
position, effectively halting the movement of the fin stack.

As shown in Figure 6, in terms of the coordinate system, the conveying direction of the fin conveyor line is defined
as the X direction, the width direction as the Y direction, and the height direction as the Z direction. The end plate
dimensions along the Z direction are equal to its width, and the fin stack dimensions along the Z direction are also equal
to its width. The width (L:) of the end plate is greater than the width (L,) of the fin stack. The thickness (L3) of the
support plate must satisfy the following condition:

_(@L-Ly

L, 5

(1

To avoid interference with the roller when the end plate is installed at both ends of the fin stack.

.
\‘ : 4 \\\ . 5

Figure 6. Heat exchanger fin conveying line. 1. Support frame, 2. Lifting member, 3. Lifting stop, 4. Guide section, 5. Alignment
bracket, 6. Center beam, 7. Center component, 8. Roller cylinder, 9. Support plate, 10. Inspection piece.

3.3. Tube System

The catheter system equipment includes a catheter insertion robot, as shown in Figure 7. This robot has a main body and
a catheter insertion fixture attached to it. The fixture includes two spaced-apart catheter insertion components. Two catheter
insertion robots are positioned along the fin conveyor line and spaced apart to improve the efficiency of tube fitting.

Figure 7. Tube insertion robot. 1. Tube insertion robot, 2. U-shaped tube component, 3. Tube insertion fixture.

The clamping system consists of a clamping cylinder and two clamping ends. Each clamping end is equipped with
a shrink end, and the two clamping ends are set apart. Each clamping end forms a clamping recess, where the pipeline
component is securely held in the clamping position created by the two recesses.
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3.4. Expansion Pipe System

As shown in Figure 8, the tube expansion system mainly comprises a vertical tube expansion mechanism. The tube
expansion machine consists of a tube expansion station and a tube expansion controller. The tube expansion station can
rotate 360° to facilitate the placement and removal of heat exchanger fins by the feeding and discharging robot.

The vertical expansion tube equipment features a vertically oriented layout structure. Its core components include
the base support, guide columns, hydraulic drive mechanism, power oil station, diameter expansion adjustment unit,
workpiece positioning fixture, and electrical control cabinet. The system’s control is automated using a programmable
logic controller (PLC), complemented by a human-machine interaction touch interface, ensuring the stability of the
processing process and operational safety [41].

Figure 8. Bulging tube machine. 1. Automatic door, 2. Clamping claw, 3. Expansion tube position, 4. Flaring mobile mechanism,
5. Rotary table.

3.5. Drying System

As shown in Figure 9, the drying system primarily consists of a tunnel dryer. During the punching and tube
insertion processes, a small amount of oily substance is sprayed onto the fins of the heat exchanger to facilitate the
operations. The goal of the drying process is to remove these oily residues to prevent them from volatilizing into the air
when the air conditioning system operates, which could lead to environmental pollution and potential health risks. As
shown in Figure 11, this is a tunnel dryer.

1

Figure 9. Tunnel dryer. 1. Return air duct, 2. Motor, 3. Air outlet, 4. Heating tube, 5. Cooling room, 6. Drying conveyor belt.

The tunnel dryer consists of a drying conveyor belt, return air ducts, outlets, heating tubes, cooling chambers, and
motors. A robot at the top of the dryer places the heat exchanger onto the conveyor belt. The conveyor belt then
transports the heat exchanger to the drying heating area, where two heating zones prevent the heat exchanger from
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accumulating. After the drying process, the heat exchanger is moved to the cooling chamber for cooling. Once cooled,
the heat exchanger is removed from the dryer by a robot at the bottom [42].

4. Analysis of Aluminum Sheet Processing
4.1. Analysis of Fin Forming Process

Given the complex structure of the fins and the requirement for mass production, the forming process must involve
multiple stages of plastic processing, including continuous drawing, precision punching, and flanging. Traditional
single-process molds and composite molds have limitations in processing efficiency and consistency. This study adopts
a continuous progressive die scheme with automatic feeding capabilities to overcome these challenges, enabling high-
precision and efficient production. Figure 10 illustrates the typical process flow for fin stamping. Figure 11 shows the
shapes of the fins after being stamped by different processes.

AR

One stretch Two stretches Three stretches Four stretches Punching and straightening the edge Flip the edge

Figure 10. Typical stamping process of Air conditioning fins.
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Figure 11. The layout of the Air conditioning fins forming. The numbers 1 to 6 indicate that the fin has been extended six times.

4.2. The Analysis of Forming Size and Sampling

The deep drawing process, a core stamping step in fin forming, requires a systematic design of parameters based
on the product’s structural characteristics. For most fins, continuous deep drawing typically requires more than three
cycles. However, the number of processes can be reduced for products with lower hole height requirements (typically
less than one-third of the fin diameter). When the target hole diameter is ¢ 78 mm, theoretical calculations suggest that
34 deep drawing cycles are necessary, with the single deep drawing coefficient controlled within the range of 0.8 + 0.05.
Experiments have demonstrated that increasing the number of deep drawing cycles to 5~6 can significantly improve
wall thickness uniformity and reduce the risk of cracking. Given the high-flange forming characteristics of thin plate
fins, a 6-cycle deep drawing scheme was adopted, and a spherical punch design (with a curvature radius R = 2t, where
t is the plate thickness) was used to promote the directional flow of the blank in the die cavity, resulting in a 12~15%
increase in flange height. The key forming parameters, including the gap between the convex and concave dies and the
fillet radius, were optimized through orthogonal experiments, as shown in Table 1 [43].

In the flanging process, the design parameters and gap control of the punch are crucial to achieving high forming
quality. Experimental data and theoretical calculations indicate that the flanging punch generates significant tangential
tensile stress on the fin material during operation, causing the material thickness to decrease by approximately 15-20%.
To ensure optimal forming quality, the flanging gap should be controlled within the range of (0.9~0.95)t0, with a precise
gap value of 0.24 mm (where t0 is the initial material thickness). The specific mold dimensions are as follows: the
diameter of the flanging punch is ¢ 8.25 £ 0.01mm, and the diameter of the die is ¢ 8.49 + 0.01mm. This combination
ensures uniform material flow and prevents defects such as wrinkling or cracking [44].
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In the design of the heat exchanger fin progressive die, optimizing the sampling scheme is key to ensuring
production efficiency and product quality. Figure 11 shows the shape of the air conditioner fins after each process is
completed during the fin forming process.

Table 1. Deep drawing convex and concave die forming parameters unit: mm.

. Punch Diameter Diameter of Punch Ball Head Punch Profile Radius Die Diameter
i:::::f Parameter Parameter Parameter Parameter Parameter Parameter Parameter Parameter Parameter Paramete Parameter Parameter
1 2 3 1 2 3 1 2 3 rl 2 3
1 $17.5 ¢ 17.5 ¢ 19 ¢ 28 ¢ 28 $26 o7 07 o7 ¢ 18.4 ¢ 18.8 $19.8
2 $17.5 ¢ 17.5 ¢ 19 ¢ 28 ¢ 28 $ 26 o7 07 o7 ¢ 18.4 ¢ 18.8 $19.8
3 ¢ 143 ¢ 14.3 ¢ 15.2 ¢ 30 ¢ 30 $28 5.5 $5.5 5.5 ¢ 15.2 $15.6 ¢ 16
4 0118 ¢ 11.8 ¢ 12.2 ¢ 32 ¢ 32 ¢ 32 o4 04 04 ¢ 12.7 0 13.1 ¢ 13.1
5 $9.8 $9.8 ¢ 10 ¢ 36 ¢ 36 ¢ 36 2.8 $2.8 2.8 ¢ 10.7 o111 o111
6 ¢ 8.2 ¢ 8.2 $7.9 ¢ 38 ¢ 38 ¢ 38 02 ¢ R2 ¢ 1.8 $9.1 $9.2 ¢ 8.8

4.3. Die Design for Tablet Punching Machines

As shown in Figure 12, the multi-station progressive die is designed with a modular approach, incorporating nine
processes: blanking, deep drawing (using a ball head punch with R = 1.5t), precision punching (with a clearance of
8%it), flanging (with a 30° cone angle), double-sided trimming (with a tool edge clearance of 0.05 mm), embossing
(with a depth of 0.3 + 0.02 mm), and cross-cutting. The die features a main structure with dimensions of 1230 mm (L)
x 580 mm (W) x 245 mm (closure height). It utilizes a four-guide-post ball die frame (SKF linear bearings, with
guidance accuracy of +0.01 mm) to ensure high motion stability [45].
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Figure 12. Sectional view of mold structure. 1. Lower die seat, 2. Pressing pad, 3. Guide block, 4. Wool felt, 5. Press plate, 6.
Pressing pin fixing plate, 7. Pressing pin, 8. Upper die seat, 9. Press rod, 10. Spring, 11. Pad, 12. Deep drawing punch, 13. Deep
drawing punch, 14. Deep drawing punch, 15. Deep drawing punch, 16. Deep drawing punch, 17. Deep drawing die, 18. Deep
drawing die sleeve, 19. Deep drawing punch, 20. Punching die sleeve fixing plate, 21. Punching punch fixing plate, 22. Punching
pad, 23. Punching punch, 24. Punching flanging die sleeve, 25. Flanging wedge, 26. Flanging punch, 27. Wedge fixing plate, 28.
Flanging punch fixing plate, 29. Flanging unloading plate, 30. Cutting edge knife block, 31. Cutting edge lower knife block, 32.
Longitudinal cutting upper knife block, 33. Longitudinal cutting lower knife block 34. Knife pad, 35. Cover plate, 36. Adjustable
feeding cover plate, 37. Feeding nail, 38. Adjustable feeding plate, 39. Fixed feeding cover plate, 40. Feeding fixing plate, 41.
Striking rod, 42. Striking block, 43. Limiting block, 44. Sliding plate, 45. Inverted material plate, 46. Longitudinal cutting upper
knife block, 47. Longitudinal cutting lower knife block, 48. Longitudinal cutting knife seat, 49. Flanging lower pad, 50. Flanging
die sleeve, 51. Flanging pad, 52. Die plate, 53. Punching unloading plate, 54. Punching pressing plate, 55. Punching die, 56. Die
fixing plate, 57. Flanging wedge, 58. Deep drawing punch fixing plate, 59. Press plate, 60. Unloading plate.

5. Analysis of the Tube Expansion Process

The tube expansion equipment is a specialized tool designed to create a high-strength connection between metal
pipes and pipe plates. It is commonly used in heat exchangers, refrigeration systems, and boiler pressure vessels. This
equipment operates on the principle of plastic deformation, utilizing either mechanical expansion or hydraulic drive to
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induce controlled deformation in the pipe diameter, resulting in an interference fit with the pipe plate hole [46]. The
expansion lengths of pipes with different outer diameters also vary, as shown in Table 2.

Table 2. Expansion length of different pipe outer diameters, Unit: mm.

Outer Diameter of Pipe  Length of the Extended Hose Fitting The Length of the Welded Pipe That Extends Out

<25 3+2 1+£0.5
>5-38 4+2 2+0.5
<28 5+2 3+0.5

5.1. Overview of Expansion Joint Process

The expansion process of the heat exchange tube and fin is shown in Figure 13:

T

T

Figure 13. The process of the expansion pipe machine expansion. 1. Fin, 2. Heat exchanger tube, 3. Expansion head.

Straight line segment

(1) The expansion joint process is assumed to occur at room temperature, and the thermal effects on material behavior
and deformation are neglected. This simplification allows the mechanical analysis to focus solely on stress and
strain responses driven by mechanical forces, without accounting for temperature-induced material property
changes or thermal expansion.

(2) It is assumed that both the heat exchange tubes and fins are made of ideal elastoplastic materials. This means that
the materials exhibit elastic behavior under small stresses (recoverable deformation) and plastic behavior under
larger stresses (permanent deformation). Additionally, the materials are considered isotropic, meaning they have
uniform mechanical properties in all directions. This simplifies the analysis by treating the materials as having
consistent strength and stiffness regardless of the direction of applied forces.

(3) It is assumed that the central axes of the expansion head, heat exchange tubes, and fins coincide. This alignment
ensures the expansion process occurs symmetrically, with all components expanding uniformly along the same
central axis. This simplifies the analysis by eliminating any misalignment or eccentricity in the expansion process,
ensuring that the forces applied are evenly distributed across the system.

Based on the unexpanded heat pipe-fin assembly shown in Figure 14, this study developed a quasi-static mechanical
analysis model. Under room temperature conditions (T = 20 £ 2 °C), the material is assumed to be ideal elastoplastic and
isotropic, with the expansion head, heat pipe, and fin being strictly coaxial (eccentricity error < 0.01 mm).

TR

! |
! |
| |
.

Figure 14. Selection position of the heat exchange copper tube and fin.
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(1) Analysis of mechanical behavior during the R-angle acting stage before the expansion head: As shown in Figure
15, at the beginning of the tube expansion process, the hydraulic drive system pushes the expansion rod at a
constant speed (v = 0.8 = 0.1 mmy/s), causing the expansion head with a leading fillet (R =2.0 £ 0.1 mm) to contact
the inner wall of the heat exchange tube.

— ==>o=a

1,

Figure 15. Force analysis of the fin.

N

During the expansion process, the fin experiences an oblique force applied by the heat exchange tube. Its
mechanical behavior can be quantitatively analyzed through vector decomposition, as shown in Figure 15.

P, =Psina 2)

Py =Pcosa 3)

In this context, Py represents the axial force, N; « is the tangent of the contact angle between the heat exchange
copper tube and the fin relative to the horizontal line; and Py is the radial force applied to the fin, N.

Under the action of force, the fins expand radially and move along the axial direction, due to the base between the
fins. The gap is very small. Suppose the axial movement distance of the fins is greater than the gap, compression will occur
between the fins, causing the fin holes to become straight walls, deformation will cause certain positions of the straight
wall of the fin holes to not come into contact with the outer wall of the heat exchange tubes, which is not conducive to
the adhesion between the heat exchange tubes and the fins. To reduce the deformation of the fins along the axial
direction, it is necessary to decrease the axial force acting on the fins, that is, to reduce sina and COSd increase in
size.

According to the positional relationship of contact points, as shown in Figure 16, there are:

Re+L; L
Ri+t  Rgp+L+t

cosa = 4)

In the formula, R. represents the radius of the fin hole, m; L, is the vertical distance between the axisymmetric
line and the center of the R-angle in front of the expansion head, m; Rris the radius of the R-angle in front of the
expansion head, m; Rg is the radius of the expansion head, m; and t' is the thickness of the heat exchange copper tube
at that moment, mm; Since L; is a constant, the sum of the two terms is directly represented by L.

C T ~——J_3
| 2
[
</
= [
J— o
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Figure 16. Geometric position of the heat exchange copper tube and fin.

According to the formula, one can start from the dimensions of the expansion head, heat exchange tubes and fins
to reduce the axial force. Reduce the diameter of the expansion head, decrease the wall thickness of the heat exchange
tubes or increase the inner diameter of the fin holes. Under the condition that the production requirements and conditions
are met, select the appropriate parameters of the expansion joint material.

(2) Mechanical analysis of the action stage of the straight section of the expansion head:

As shown in Figure 17, when the expansion head moves to contact the heat transfer tube-fin assembly in the straight
section, the system enters the steady-state expansion stage. Its mechanical characteristics can be simplified into a
double-layer cylinder model for analysis. Among them, the arrow direction is the forward direction of the expansion
head, and the dotted box is the main expansion area of the expansion head and the fin. Micro-element bodies with
circumferential d6 angles, radial dr Thicknesses, and axial lengths of 1 were respectively cut off from the heat exchange
tubes and fins. Their force conditions are shown in Figure 18.

Figure 18. Forces on heat exchange copper tubes and fin microelements.

When analyzing the force balance of microelements of heat exchange tubes, the axisymmetric force state under
the column coordinate system is considered, and the following equilibrium equation system is established:

(0, +do,,)(x +d,)d0 20, {dr-sin[d—zeﬂ =0 (5)

Since df is small and higher-order terms are ignored, it can be simplified as:

Grl

G, +1- -0y, =0 (6)
I

In the formula, o, is the radial stress of the microelement of the heat transfer tube, Pa; and o¢; is the circumferential
stress of the microelement of the heat transfer tube, Pa.
According to the third strength theory, there are:

Og1 ~On =0y )

In the formula, os; is the yield strength of the heat transfer tube, MPa.
According to the formula, its integral is obtained as follows:



Intelligent and Sustainable Manufacturing 2025, 2, 10024 15 of 30

6, =oln” +C, (8)

According to the boundary conditions 6 =—P and 6,w= 0, the pressure at which the heat transfer tube has maximum
plastic deformation:

P =cgIn™ —ogIn" = o4 In® ©9)

In the formula, K is the ratio of the outer diameter ry to the inner diameter r, of the heat exchange tube when it
undergoes maximum plastic deformation [47].

In the mechanical analysis of the contact between the heat transfer tube and the fin, the equilibrium equation of the radial
microelement of the fin is established based on the theory of elastic mechanics. The derivation process is as follows:

de
(or, + doy, ) (r; + d)dO — 200, [dr - sin(7)] =0 (10)
It can be simplified as:
do,
o, +I'2'F—Gez =0 (11)

In the formula, oy, is the radial stress of the fin microelement, Pa; and o, is the circumferential stress of the fin
microelement, Pa.
Then the radial strain of the fin microelement is:

. du,
e =T 12
-, (12)
The circumferential strain of the fin microelement is:
Uy
£, =2 (13)
T,

(3) Load-unloading stage of the head:

At the end of the expansion process, the system enters the unloading rebound stage when the straight section of the
expansion head has completely passed through the contact area and no radial pressure is applied to the rear R-angle.
The mechanical behavior during this stage can be described as follows:

A =[Aq]+[A (14)
The fin buckling amount is A1 :
PR, (K;+1
A —_3"n 2 +MJ 15
A Q(K;1 2 (1)

Under the action of residual contact pressure P, the elastic recovery behavior of the heat exchange tube and fin
can be calculated by the following formula:

|A|_P0Rn R§+rj_ y

B, \R2-1 i (16)
PR (K?+1

A —_¢c™n 2 + 1

=B (7)

Combined with the above formula, the residual contact pressure, P, can be obtained:
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P = 18
TR )1 (K, o
E (R>-1’ t E,(K2-1 s

5.2. Finite Element Simulation of the Expansion Joint Process of Heat Exchangers

In actual operation, the tube expansion machine is capable of expanding dozens of heat exchange smooth tubes
and hundreds of fins simultaneously. To facilitate a more focused study of the expansion process, a simplified model
consisting of a single heat exchange tube and five fins.

Since Marc 2017 software does not provide advanced capabilities for establishing three-dimensional models of
heat exchangers, a more specialized modeling tool, SolidWorks, is used. SolidWorks is capable of creating accurate
three-dimensional models of complex systems, which is crucial for studying the expansion joint process.

For different numbers of grid models, the required operation time varies. Generally speaking, the operation time
will increase exponentially with the number of grid cells. Under the condition of ensuring the accuracy of model
calculation, improving the calculation efficiency by simplifying the model is the conventional practice of using finite
element simulation. A grid independence analysis was conducted to reduce the influence of the number of grids on the
results. The displacement of the same position node of the heat exchange tube was selected as the analysis result, and
the curve graph shown in Figure 19 was obtained. As the number of grids increases, the curve gradually grows and
flattens. Considering the accuracy of the results, the operation time is reduced, and the number of grids selected is
67,061. The final grid division is shown in Figure 20.

0.30

0.25

Node displacement/mm

0.20 . — T ' T T T — —
60,000 65,000 70,000 75,000 80,000 85,000 90,000 95,000
Number of grids

Figure 19. Grid independence of the three-dimensional model of the Heat exchanger.

Figure 20. Mesh division of the three-dimensional overall model of the heat exchanger.

The finite element simulation of the three-dimensional model was completed using the current production
parameters, and the corresponding simulation results were obtained. Figure 21 shows an expansion joint—the equal
effect diagram of the rear light tube and the fin. As can be seen from the figure, the equivalent stress value of the smooth
tube is generally larger than that of the fin. During the entire expansion process, the smooth tube has already yielded
and undergone plastic deformation, and most of the fins have also undergone plastic deformation. A quarter of the fin
model was cut, as shown in Figure 22. The equivalent stress distribution of the fins becomes smaller and smaller along
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the radial direction. Stress concentration mainly occurs at the protrusions and fillets, which are mainly related to the
geometry of the fins. Since the fin material is plastic and the fins are not subject to external loads such as alternating
loads in the working environment of the heat exchanger, the influence of stress concentration on the strength of the fins
can be ignored[48].

2.115%102
2.380x10?

1.851x102
1.587x102

1.323x10?
1.058x102
7.941x10
5.298x10
2.655%10
1.273%10!

-2.630x10

Figure 21. The overall equal-effect diagram of the light tube and the fin.

I 1.364x102

1.201x102
1.038x102
8.757x10

7.131x10
5.504%10

3.877x10

2.250x10

0.236
-1.003x10

-2.630x10

Figure 22. Equal-effect diagram of fins.

When simulating the hydraulic expansion joint of the heat exchanger, the copper tube model was simplified to
expedite the computational process without compromising the simulation’s validity. Specifically, a model with five fins
was used for the analysis. To ensure that the simplified model accurately represents the real-world scenario, it is
necessary to verify the simulation results through comparison with experimental data.

As can be seen from Figure 23, the simulation result for the gap thickness at the front end of the copper tube is the
largest when compared to the experimental result, with a relative error of 10.91%. The relative errors for the remaining
four measurement points are all within 10%. At the rear end of the copper tube, the maximum relative error between
the simulation result and the experimental data is 7.37%, with all errors still within 10%. The gap thickness values at
both the front and rear ends of the copper tube obtained from the simulation are not much different from the experimental
results. This indicates that the simulation model is accurate and meets the required accuracy standards. The small
discrepancies observed between the simulation and experimental results fall within acceptable limits, confirming that
the simulation model is reliable for further analysis and optimization.
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Figure 23. Comparison of gap thickness values between simulation and experiment. (a) Comparison of the thickness values of the
gap at the front end of the copper tube; (b) Comparison of the thickness values of the gap at the rear end of the copper tube.

The node displacements of the inner walls of the straight segments of the fins in the three-dimensional and two-
dimensional models after expansion were extracted, respectively, and the obtained data are shown in the figure. As
shown in Figure 24. The displacements at different node positions on the straight line segment vary. The displacement
gradually decreases along the path from the left end to the right end of the straight line segment. By comparing the
displacement situations of the two models, the displacement of the two-dimensional model after the expansion joint is
larger, but the difference between the two does not exceed 15%. Moreover, the displacement change trends of the three-
dimensional and the two-dimensional models are consistent. It can be considered that the two-dimensional model has a

certain degree of correctness. It can be applied to the subsequent optimization of process parameters.
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Three-dimensional model
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Figure 24. The linear segment displacement of the fins in the three-dimensional model and the two-dimensional model.
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6. Analysis of the Drying Process
6.1. Overview of Drying Process

The presence of residual volatile oil and its associated corrosion mechanisms in the manufacturing process of heat
exchangers has emerged as a critical factor impacting product quality. During processing, a substantial amount of
mineral oil-based lubricating and cooling medium is utilized to stamp fins and form copper tubes. For aluminum foil
stamping, sulfur-containing extreme pressure cutting oil is required, and hydraulic oil is consumed during the bending
of copper tubes. In a humid and hot environment, these residual oils can oxidize and degrade, producing 1200 ppm of
formic acid and 800 ppm of acetic acid within 30 days. This degradation significantly reduces the pH value at the
contact interface from an initial 6.8 to 3.2, leading to corrosion of the copper tubes [49].

6.2. Constant Temperature Analysis of Heat Exchanger Furnaces

Fin oil and copper tube oil are the primary processing oils for heat exchangers. Although both fall under the
category of volatile oils, they exhibit significant differences in physical properties. Laboratory tests indicate that the
density of copper tube oil is approximately 9.9% higher than that of fin oil, which directly affects their volatility. Under
standard test conditions (120 °C for 10 min), the volatility rates of fin oil and copper tube oil reach at least 42% and
22%, respectively [50-53].

However, notable differences exist between the actual production environment and laboratory conditions. The
production site operates within a higher temperature range (150-180 °C) and utilizes a shorter drying time (2.5 min).
Studies have shown that when the temperature is increased to 180 °C, the activation energy for the volatilization of
copper tube oil decreases to 45.2 kJ/mol. According to the Arrhenius equation, each 10 °C increase in temperature can
enhance the volatilization rate by a factor of 1.8. Although the tunnel dryer experiences temperature fluctuations of
+8 °C, optimizing the process parameters ensures that the temperature remains above 165 °C for more than 2.5 min,
which guarantees the complete vaporization of copper tube oil.

7. The Design of the Production Line Process Equipment System
7.1. The Fixture of the Punching Machine Offline

The function of the chip machine offline robot is to remove the heat exchanger fin from the access mechanism and
place it on the conveyor belt. Figure 25a shows the chip machine offline robot fixture schematic diagram:

(b)
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Figure 25. The diagram of the punch offline robot fixture and workpiece positioning. (a) The diagram of the punching line robot
fixture. 1. Clamping claw, 2. Fixture connection plate, 3. Guide rail, 4. Cylinder, 5. Baffle; (b) Punching strip offline robot fixture
claw groove; (c¢) Heat exchanger insertion positioning steel needle diagram. 1. Fin, 2. Positioning a steel needle.

The punch line clamp consists of symmetrically arranged clamping jaws, specifically the first and second lower
clamping pieces. Each jaw has a clamping part designed to secure the two ends of the positioning pin. The clamping
jaws are actuated by a cylinder, which drives the second lower clamping piece to move back and forth [54,55].

The punch strip clamping fixture holds the positioning steel needle, with grooves provided on the jaws to facilitate
the clamping. Before the fixture clamps the heat exchanger fins, the position of the heat exchanger workpiece must be
accurately aligned, as illustrated in Figure 25b. Upon inserting multiple positioning steel needles, the aluminum sheets
that form the condenser can still move vertically. Still, their movement along the X-axis, Y-axis, and around the X-axis,
Y-axis, and Z-axis is restricted by the positioning of steel needles. This configuration allows for limited movement in
the Z-axis direction.

7.2. The Fixture of the End Plate Robot

The function of the end plate robot fixture is to install the end plate on both sides of the heat exchanger fin, restrain
the movement of the heat exchanger fin in the Z-axis direction, and achieve the complete positioning of the heat
exchanger fin. As shown in Figure 26, the end plate robot clamps the end plate.

The connecting middle beam is provided with a piston push head extending to the clamping position of the end
plate. In the end plate of the robot forearm, the piston push head is pushed by the piston push head driving device. The
pushing power member is fixed on the connecting middle beam, and the piston push head is fixed at the output end of
the pushing power member.

The end plate positions the workpiece by positioning pillars A, B, and C and a jaw side plate. The jaw side plate
clamps the workpiece from both sides towards the middle, limiting its movement and rotation in the X-axis direction.
Pillars A, B and C restrict the workpiece’s movement and rotation in the Y-axis direction [56].

1

()
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(b)

Figure 26. End plate robot fixture. (a) Schematic diagram of end plate robot operation. 1. Clamping claw, 2. Piston push head, 3.
End plate; (b) Fixture diagram of end plate robot. 1. Positioning column A, 2. Positioning column B, 3. Positioning column C.

7.3. The Fixture of the Drying Machine Upper and Lower Line

The function of the dryer upper and lower line fixture is divided into two kinds, one is to remove the heat exchanger
that has completed the tube expansion process from the tube expansion station, the second is to remove the heat
exchanger that has completed the drying from the drying conveyor belt, as shown in Figure 27a is the schematic diagram
of the dryer upper and lower line fixture [57].

Symmetrical splint

(]

Figure 27. Schematic diagram of drying machine upper and lower line fixture. (a) dryer upper and lower line fixture diagram. 1.
Motor, 2. Slide rail, 3. Electric control box, 4. Clamp plate; (b) dryer upper and lower line fixture explosion diagram; (¢) Working
drawings of dryer upper and lower line fixtures.

As shown in Figure 27c, the fixture plate on the drying line utilizes a double-sided symmetrical clamp, which
facilitates the positioning of the heat exchanger during clamping and transportation. A thin layer of adhesive film is
applied to the clamp plate to enhance friction between the clamp plate and the end plates of the heat exchanger. The
symmetrical clamp plates on both sides of the fixture secure the end plates at both ends of the heat exchanger, thereby
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restricting its rotation and movement along the Y and Z axes, while allowing rotation along the X axis. To control
movement along the X axis, a thin layer of adhesive film is applied to the clamp plate to increase friction between the
clamp plate and the end plates of the heat exchanger. Given that the upper and lower line robots of the dryer move
slowly, restriction of the X-axis movement degree of freedom is not necessary [58].

7.4. The Maintenance and Control of Clamping Force

PID control is widely used in industrial process control (such as temperature, pressure, flow, efc.) due to its simple
algorithm and strong robustness. It can maintain high reliability, especially in complex systems where mathematical
models are difficult to obtain precisely. Its core advantage lies in the fact that it can adapt to different control
requirements by adjusting three parameters: proportional coefficient (Kp), integral time (TT), and differential time (TD).

PID is the abbreviation of the first letters of Proportion (proportion), Integral (integral), and Differential (differential). It
is a closed-loop control algorithm that integrates the three links of proportion, integral and differential. In a closed-loop control
system, a feedback loop is introduced. By taking advantage of the deviation between the output (actual value) and the input
(target value), the system is controlled to prevent deviation from the predetermined target. The closed-loop control
system, also known as the feedback control system, has a specific control process as shown in the following figure:

The proportional link can proportionally reflect the deviation signal of the control system; that is, the output is
proportional to the input deviation, which can be used to reduce the deviation of the system. The formula for this stage
is as follows:

u=Kp-e (19)

u—Output
K,—Proportional coefficient
e—Deviation.

In practical applications, if only the proportional link is controlled, it may cause a problem in the system: static
error. Static error refers to the deviation between the target and the measured values when the system control process
tends to stabilize [59].

The integration stage can integrate the deviation E. The integration stage will keep functioning as long as there is
a deviation. It mainly eliminates static errors and improves the system’s accuracy. After introducing the integration link,
the formula of proportion + integration link is as follows:

u=Kp-e+Ki~Ze (20)

From the above formula, it can be known that when the integration coefficient K; or the cumulative deviation is
larger, the output will be greater, and the time for the system to eliminate static errors will be shorter.

During the process of clamping workpieces with fixtures, the power element must consistently maintain a certain
clamping force to secure the workpiece. A servo motor in conjunction with a PID control algorithm is employed for the
clamping force of robotic fixtures, as illustrated in Figure 28. The servo motor provides precise torque output, and strain
gauge force sensors are installed on the fixture. These sensors operate based on the principle of resistive strain, which
allows them to convert changes in strain on mechanical components into changes in resistance. This conversion enables
the measurement of physical quantities such as force, pressure, and torque [60—62]. As shown in Figure 29, the Error
curve graph of the PID algorithm is presented.

> K/’
Reference input — Deviationp K ” / T/ K Control quantity | The accused C:utput y
b4 object =2
s K, Tps

Feedback signal

Figure 28. PID control algorithm.
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Figure 29. Error curve graph of the PID algorithm. (a) Proportional link error curve graph; (b) Error elimination curve graph in the
integration stage.

First, the target clamping force threshold is set based on the material, weight, and friction coefficient of the object
to be clamped. When the servo motor detects contact with the object, it drives the gripper to close quickly until it
contacts the surface, as indicated by a force sensor trigger. Subsequently, real-time force feedback is continuously
provided, with the force sensor monitoring the actual clamping force between the gripper and the object’s contact
surface at a high sampling frequency (typically 1 kHz or higher). The sensor data is transmitted in real-time to the
controller via a communication interface [63].

Error calculation:

e() = Fobjective = F reality (21)
PID regulate:
Output torque = K,, - e(t) + Ki - [ e(®dt + Kd - dtde(t) (22)

Motor torque adjustment: The controller adjusts the output torque of the servo motor in real time according to the
PID output to ensure that the actual clamping force is always close to the target value. If the object slides or deforms
(resulting in the actual F falling), the motor automatically increases the torque compensation. In the formula, the unit
of F is N and the unit of torque is N-m.

8. Design Methodologies for Production Lines
8.1. The Design of the System Architecture

As shown in Figure 30, this paper adopts a hierarchical architecture design, comprising four core components: the
perception layer, the solution layer, the decision-making layer, and the communication layer.

1. Perception Layer: This layer is responsible for the real-time collection and data conversion of environmental
physical quantities through adaptation modules and sensor arrays. It enhances the multi-source information
perception capability, ensuring comprehensive environmental data acquisition.

2. Solution Layer: The solution layer handles the real-time processing and noise suppression of digital, analog, and visual
data. This ensures the reliability and security of the data, maintaining the integrity of the information as it is processed.

3. Decision-Making Layer: This layer performs data analysis, issues abnormal alarms, and constructs a hybrid
computing environment. Additionally, it provides system access interfaces, enabling interaction with other system
components and external systems.

4. Communication Layer: The communication layer ensures the reliable transmission of server interactions and
perceived data using efficient transmission protocols. This completes the closed-loop data flow, facilitating
seamless and reliable data exchange throughout the system.

These layers form a robust framework capable of real-time data collection, processing, analysis, and transmission,
ensuring the system’s overall efficiency and reliability [64].
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Figure 30. System architecture diagram.

8.2. The Design of the System Function Module
8.2.1. Intelligent Perception System for Production Lines

Multi-dimensional data acquisition can integrate various sensors, such as those for temperature, pressure, flow,
vibration, and corrosion, to monitor key parameters of the heat exchanger in real-time. These parameters include the inlet
and outlet temperatures of the refrigerant, heat exchange efficiency, and the degree of scaling on the tube wall. By replacing
traditional distributed sensors, this approach eliminates data silos and provides a comprehensive operational profile.

Edge-side data fusion and preprocessing are employed to perform data filtering (such as noise removal), feature
extraction (such as the rate of change in temperature difference), and anomaly detection (such as a sudden increase in
pressure drop) within the module. This process reduces the amount of data that needs to be uploaded by more than 50%,
lowering the load on cloud computing and enhancing response speed. The processed data is transmitted in real-time to
the central controller or edge computing unit through standard interfaces (such as Modbus, CAN bus), enabling dynamic
regulation (such as adjusting the opening degree of the expansion valve). This closed-loop control system avoids the
lag inherent in traditional open-loop systems.

Temperature Sensing System: Infrared thermometers and PT100 temperature sensor arrays are installed at key
workstations, such as copper tube processing, fin stamping, and brazing, to monitor material and process temperatures.
The temperature measurement range should cover —20 °C to 600 °C, with an accuracy of 0.5 °C.

Pressure Monitoring System: Piezoresistive pressure sensors are installed in processes such as hydraulic forming
and air tightness testing. These sensors, with a range of 0—10 MPa and an accuracy of 0.25%FS, monitor processing
and system pressures in real-time.

Visual inspection system: It adopts industrial cameras combined with edge detection machine vision algorithms to
conduct online inspection of parameters such as the fin spacing of heat exchangers, the straightness of copper tubes,
and welding quality. The resolution of the camera should be at least 5 million pixels and be equipped with a ring light
source to ensure high imaging quality.

Vibration and Noise Monitoring: ADXL1002BCPZ MEMS acceleration sensors are installed in processes prone
to mechanical vibration, such as stamping and tube expansion, to monitor the operating status of the equipment. These
sensors should have a frequency response range of 10 Hz to 10 kHz.

By incorporating these systems, the heat exchanger manufacturing process can achieve higher precision, reliability,
and efficiency through advanced monitoring and control techniques [65].
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8.2.2. Edge Computing and Internet of Things Module Design

Local real-time processing via edge computing enables direct handling of sensor data (such as temperature, pressure,
flow rate, efc.) on edge devices located close to the heat exchanger (such as gateways and embedded modules). This approach
reduces reliance on cloud computing and lowers latency. It allows for rapid response to anomalies (such as refrigerant leakage
and scaling warnings), prevents the spread of faults due to network delays, and enhances system reliability.

Edge Device Layer: This layer is deployed at key nodes of the production line (such as brazing machines, tube
expansion machines, and inspection stations). It is equipped with NVIDIA Jetson AGX Xavier high-performance
embedded processors that support real-time data acquisition and local computing. TensorFlow Lite lightweight Al
inference frameworks are integrated to run models for device status monitoring and defect detection.

Edge Gateway Layer: This layer uses Advantech UNO series industrial-grade edge computing gateways equipped
with Cortex-A72 multi-core ARM processors. These gateways run on Linux or real-time operating systems (RT-Linux).
They are responsible for data aggregation, protocol conversion (e.g., Modbus to MQTT/OPC UA), and data caching,
with support for SD card or SSD storage expansion.

Edge Server Layer: Deployed at the workshop level, this layer employs Siemens SIMATIC IPC industrial servers.
It runs Kubernetes edge clusters and supports data preprocessing and process optimization algorithms containerized
microservices. InfluxDB Local databases are provided to store short-term historical data (7 to 30 days), supporting rapid
query and analysis.

Remote Monitoring and Collaboration via [oT: The Internet of Things (IoT) modules upload heat exchanger data
to the cloud platform, enabling coordination with fans and pumps, multi-device linkage and cross-regional management.
Operation and maintenance personnel can view the real-time operational status and remotely debug parameters through
mobile phones or computers, reducing on-site inspection costs.

By implementing this hierarchical architecture, the system can achieve rapid anomaly detection and response,
efficient data processing, and enhanced system reliability, all while reducing operational costs and dependency on cloud
infrastructure. This setup ensures a robust and efficient monitoring and control system for heat exchanger production
and maintenance.

8.2.3. The Module of Data Acquisition and Decision-Making

The data acquisition and decision-making module of the central air conditioning heat exchanger serves as the
“intelligent brain” of the system. It is responsible for real-time data aggregation, analysis, modeling, and dynamic control.
This module integrates data from the heat exchanger body sensors (temperature, pressure, flow), environmental sensors
(temperature and humidity), and equipment status signals (valve opening, compressor frequency). Unifying data formats
(such as JSON/OPC UA) addresses the compatibility issues associated with multi-source heterogeneous data.

Dynamic Energy Efficiency Analysis and Decision-Making: The system calculates key indicators (such as the heat
transfer coefficient and the Coefficient of Performance (COP) energy efficiency ratio) in real-time. PID algorithm
control instructions are generated through preset rule bases or Long Short-Term Memory (LSTM) prediction Al models.
These instructions automatically adjust parameters such as refrigerant flow rate and fan speed, ensuring that the system
operates within the optimal energy efficiency range at all times [66].

Data Acquisition Architecture: The architecture adopts a three-tier system comprising the edge layer, workshop
layer, and cloud layer:

1. Edge Layer: Intelligent sensors and PLCs (Programmable Logic Controllers) are deployed at the device level,
responsible for millisecond-level raw data acquisition.

2. Workshop Layer: The industrial gateway handles data cleaning, format conversion, and short-term storage.

3. Cloud Layer: The big data platform is used for long-term storage and in-depth analysis.

High-Speed Acquisition Technology: The system employs high-speed acquisition for key process parameters (such
as welding current and pressure), achieving millisecond-level acquisition. FPGA (Field-Programmable Gate Array)
technology is also utilized to enable multi-channel synchronous acquisition with a synchronization accuracy of £10 ps.
To handle network fluctuations, a circular buffer is equipped with a default cache capacity of 4 h of data [67].

This architecture and technology framework supports:

Real-Time Data Processing: Enables direct and immediate processing of sensor data at the edge, enhancing
responsiveness and reliability.

Dynamic Control: Automatically adjusts operational parameters to maintain optimal energy efficiency.
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Comprehensive Data Management: Ensures seamless data flow and compatibility across different layers and
formats.

Robust Fault Handling: Uses high-speed acquisition and buffering to prevent data loss during network interruptions.

The central air conditioning heat exchanger can achieve superior operational efficiency, reliability, and energy
management by implementing such a robust system.

9. Applications

The practical application effect of the intelligent production line case is verified through the comparison and
analysis of specific production data. The intelligent production line significantly shortens the production cycle,
improves product yield, and reduces production costs. By leveraging whole-process automation, real-time data-driven
decision-making, and precise control of materials and energy consumption, the intelligent production line exhibits
advantages in six key dimensions: research and development, efficiency, quality, cost, flexibility, and environmental
protection. As a result, the air conditioning manufacturing industry has identified the development of intelligent
production lines as a core direction at the provincial level. A comparison of the production efficiency between intelligent
production and traditional production lines is shown in Tables 3 and 4.

Table 3. Comparison of production line transformation productivity.

Daily Production Daily Output Crew Production

Category Time (min) (Unit) (Person) Takt Time (S/Unit) UPPH

Traditional

Prodgctlon 600 820 47 660 2.03
Line

Intelligent

P ti

roduction 600 1333 20 280 7.75

Line

UPPH (Units Per Person per Hour) is one of the core indicators for measuring production efficiency in the
manufacturing industry, indicating the quantity of qualified products produced per person per hour. It directly reflects
the rationality of personnel allocation and operational efficiency, and is often used in production planning, cost control
and performance management.

Table 4. Comparison between Traditional Production and Smart Production Lines.

Comparison . . . . . .

. . Traditional Manual Production Al intelligent Manufacturing Efficiency Improvement/Advantage
Dimension
Production speed  The average is 60 to 120 s per unit 8 s per unit Increase by 7 to 15 times

Average dail The single line is approximately 3000
g. Y . . & PP Y The single line is 12,000 units per day Increase by 300%
production capacity units per day

Human resource

d d 200 people per production line The dark factory is unattended 24 h a day Reduce the workforce by more than 90%
eman

Proquct ' About 97% 99.9% The quality inspectiOfl accur.acy is eight
qualification rate times that of manual inspection

. . . Photovoltaic energy storage combined with .
Energy utilization Conventional energy consumption, no . . Annual carbon reduction exceeds 6000
. L Al dispatching has reduced carbon
rate dynamic optimization tons

emissions by 85.7%

) . It takes 45 min to change the cable . . )
Flexible production . 3-min quick model change, multi-model . .
and only supports large quantities of a | L Respond to customized requirements
level . mixed production line
single model

The intelligent production line has achieved a systematic leap over the traditional production mode by deeply
integrating the Internet of Things and robot technology. In terms of efficiency, the production time of a single air
conditioner has been reduced from the traditional manual 60—120 s to 8 s, and the daily production capacity of a single
line has increased by 300% (reaching 12,000 units per day), achieving an exponential speed-up. The labor cost has been
revolutionarily reduced. The 24-h unmanned operation mode of the dark factory reduces the reliance on labor by more



Intelligent and Sustainable Manufacturing 2025, 2, 10024 27 of 30

than 90% compared with the traditional production line. Breakthrough progress has been made in quality control. Al
visual quality inspection has raised the product qualification rate to 99.9%. Multi-spectral imaging technology has
achieved 100% automatic error prevention for components, and the defect interception accuracy is more than eight
times that of manual inspection.

The intelligent production line demonstrates a clear superiority over traditional production methods across multiple
key dimensions, including efficiency, cost, quality control, environmental impact, and flexibility. This shift to intelligent
manufacturing enhances production capabilities and aligns with modern sustainability and efficiency goals, paving the
way for future advancements in the air conditioning manufacturing industry.

10. Conclusions

This study presents a fully integrated intelligent production line for multi-split central air conditioning systems,
which addresses inefficiencies in traditional production methods, including low automation, high energy consumption,
and unstable product quality. This design establishes a seamless closed-loop system by leveraging advanced Industry
4.0 technologies such as sensor networks, programmable logic controllers (PLCs), industrial Ethernet, edge computing,
and digital twin frameworks. This system enables real-time perception, efficient data transmission, intelligent analysis,
decision-making, and automatic execution, thereby optimizing the production process and enhancing overall operational
performance. Integrating these cutting-edge technologies fosters significant improvements in automation, energy
efficiency, and product consistency, enabling smarter and more sustainable manufacturing solutions for multi-split
central air conditioning systems.

(1) One of this research’s key innovations is optimising the production line layout, which integrates multiple
subsystems into a cohesive, automated workflow. These subsystems include the punching machine feeding system,
end plate installation system, tube insertion system, tube expansion system, and drying system. Combining these
subsystems has streamlined the production process, enhancing both efficiency and precision. The intelligent
management platform, built on a modular architecture, enables comprehensive monitoring throughout the
production process. This platform ensures operational transparency, allows for predictive maintenance, and
supports adaptive process optimization, helping to maintain high levels of performance and reduce downtime.
Furthermore, the PID control algorithm has been implemented to improve the accuracy of key processes,
particularly in areas such as clamping force retention and pipe expansion. This control algorithm ensures that these
processes are executed with greater precision, contributing to overall production consistency and quality. Additionally,
a finite element simulation of the pipe expansion process was conducted to better understand the mechanical behavior
during the process and refine the design. This simulation supports the development of more effective fixtures and process
parameters, ensuring that the pipe expansion process operates within optimal conditions.

(2) Compared to traditional methods, this intelligent production system has achieved a 300% increase in daily
production capacity, with output rising from 3000 units per day to 12,000 units per day. The shift to a 24-h
unmanned “dark factory” operation has resulted in a labor cost reduction of over 90%, demonstrating significant
operational cost savings. The integration of an artificial intelligence quality inspection system has led to a product
qualification rate of 99.9%, ensuring consistently high-quality products with minimal defects. Moreover, dynamic
optimization has substantially improved energy efficiency, further reducing costs. By incorporating photovoltaic
energy storage, the system has achieved an 85.7% reduction in carbon emissions, contributing to sustainability
goals and positioning the production line as a more environmentally responsible solution.

(3) In addition to its direct industrial applications, this study also makes a valuable contribution to the broader field of
smart manufacturing by demonstrating the feasibility and benefits of digital-physical integration. The developed
methods, such as the hierarchical system architecture and edge-cloud collaboration framework, are not only
beneficial for multi-split central air conditioning production but can also be adapted to other manufacturing fields.
This adaptability enhances the scalability and interoperability of the system, making it a versatile solution that can
be applied across various industries to improve automation and operational efficiency.
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