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Abstract
The rising global demand for electricity and the increasing complexity of power distribution systems
underscore the need for advanced manufacturing processes in transformer production, especially for
insulation drying. Vapor Phase Drying (VPD) has emerged as a game-changing technique that
significantly enhances the drying efficiency of cellulose-based insulation materials in power
transformers. Unlike conventional approaches, VPD utilizes solvent vapors for consistent heating,
cutting drying times by up to 18% without compromising insulation quality. Experimental studies
demonstrate noteworthy improvements in metrics such as the polarization index (PI) and dielectric
absorption ratio (DAR), reaffirming the potential of VPD to boost transformer lifespan and operational
reliability. This paper reviews the principles, advantages, and practical applications of VPD technology,
offering valuable insights for the future of transformer manufacturing.

1. Introduction
Transformers are fundamental to modern power distribution, enabling efficient energy transfer over long
distances. With growing energy demands and the integration of renewable energy into power grids,
transformers must meet increasingly stringent performance requirements. A key factor determining
transformer reliability and longevity is the condition of its insulation system [2, 3].

Cellulose-based materials, such as Kraft paper and pressboards, are widely used for transformer
insulation due to their superior dielectric properties and mechanical strength [5]. However, these
materials are highly hygroscopic, readily absorbing moisture from their environment [6]. Moisture in
insulation not only accelerates the aging process but also diminishes its dielectric strength, increasing
the risk of operational failures [6, 7].

Traditional drying methods, including hot air drying, vacuum drying, and oil circulation, have been
employed to address moisture-related issues. However, these methods often fall short due to
inefficiencies such as prolonged drying cycles, inconsistent moisture removal, and high energy
consumption. These challenges necessitate the development of advanced drying technologies that
deliver better results in less time.

Vapor Phase Drying (VPD) represents a breakthrough in transformer insulation drying. By leveraging
solvent vapors for uniform heating, VPD addresses the limitations of conventional methods, offering
faster drying times, enhanced energy efficiency, and superior insulation quality [2]. This paper provides a
detailed review of VPD technology, exploring its principles, benefits, and practical applications,
supported by experimental validation to showcase its transformative potential for the transformer
industry.

2. Importance of Moisture Management in Transformer Insulation
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Transformer reliability heavily depends on maintaining optimal insulation conditions [6]. Cellulose-based
materials, widely used for transformer insulation, are known for their excellent dielectric and mechanical
properties. However, their hygroscopic nature makes them highly prone to absorbing moisture during
storage, handling, or operation. The presence of moisture in insulation leads to severe performance
degradation and poses significant operational risks [7].

2.1 Impact on Dielectric Strength
Moisture adversely affects the dielectric properties of cellulose insulation, drastically lowering its
breakdown voltage. Even minor increases in moisture content can have exponential impacts on
dielectric strength, making the transformer vulnerable to failure under high voltage stress. For instance,
insulation with 1.5% moisture content has been shown to exhibit far weaker dielectric properties than
insulation with 0.3% moisture [6, 7, 8].

2.2 Accelerated Aging of Insulation
The presence of moisture accelerates the aging process of cellulose through hydrolytic degradation [6, 8,
9]. This degradation weakens the insulation’s mechanical structure, reducing its long-term reliability.
Transformers operating in high-stress conditions are particularly susceptible to this accelerated aging,
resulting in shortened lifespans [6, 8, 9].

2.3 Risk of Catastrophic Failures
Moisture increases the likelihood of partial discharges and other fault mechanisms [8]. Localized heating
caused by the presence of moisture can lead to the formation of gas bubbles within the insulation, which
act as hotspots for electrical discharges. Over time, these discharges can escalate into complete
dielectric breakdown, resulting in transformer failures that are often catastrophic and costly.

2.4 Insulation Health Metrics
Critical metrics, such as the Polarization Index (PI) and Dielectric Absorption Ratio (DAR), are heavily
influenced by moisture levels [7]. Higher moisture content results in suboptimal values for these metrics,
indicating compromised insulation health. This necessitates immediate attention to moisture removal,
particularly during the manufacturing process.

Effective management of moisture in transformer insulation is critical to ensure long-term operational
reliability. Advanced drying techniques like Vapor Phase Drying (VPD) provide a robust solution to this
challenge, offering superior moisture removal while preserving the integrity of the insulation material [2].

3. Overview of Traditional Drying Techniques
Transformer insulation drying has historically relied on well-established methods such as hot air drying,
vacuum drying, and oil circulation. While these techniques have been integral to transformer
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manufacturing, their limitations in terms of efficiency and consistency have paved the way for more
advanced approaches.

3.1 Hot Air Drying
Hot air drying involves circulating heated air over the insulation to evaporate moisture. While simple and
widely adopted, this method has several drawbacks [4]:

Inconsistent Drying: Non-uniform air circulation often leads to uneven heating, leaving pockets of
insulation with residual moisture.

Oxidation Risk: Extended exposure to hot air can oxidize the cellulose material, compromising its
dielectric properties.

Prolonged Drying Cycles: Due to the low thermal conductivity of cellulose, the process requires
extended drying times, making it inefficient for large-scale manufacturing.

3.2 Vacuum Drying
Vacuum drying creates a low-pressure environment, reducing the boiling point of water and enabling
moisture removal at lower temperatures. This method offers some advantages but is hindered by [4]:

Lengthy Cycle Times: Moisture removal from thick insulation layers or large transformers often
takes several days.

Energy Demand: Maintaining a vacuum chamber and simultaneously heating the transformer
consumes significant energy, reducing overall efficiency.

3.3 Oil Circulation
In oil circulation, heated transformer oil is circulated through the insulation, absorbing moisture that is
then filtered out. This technique is often used for maintenance and repairs but is less effective for initial
manufacturing due to [4]:

Slow Moisture Removal: The process is time-intensive and not ideal for meeting production
schedules.

High Energy Consumption: Heating and continuously circulating the oil require substantial energy
resources.

These limitations highlight the need for advanced drying methods that address inefficiencies while
preserving insulation integrity. Vapor Phase Drying (VPD) emerges as a superior alternative, offering
faster drying times, uniform moisture removal, and enhanced energy efficiency.

4. Principles of Vapor Phase Drying Technology
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Vapor Phase Drying (VPD) is a cutting-edge technique that employs solvent vapors to ensure consistent
heating and efficient moisture removal from transformer insulation. The process relies on well-
established thermodynamic principles and is executed in distinct stages to maximize drying efficiency
[1].

4.1 Preparation Phase
The transformer is placed in a sealed vacuum chamber, and the surrounding air is evacuated to create a
low-pressure environment. A solvent, typically kerosene, is heated to approximately 130°C to generate
vapor. This preparation ensures optimal conditions for the drying process [1].

4.2 Heating and Drying Phase
The solvent vapors are introduced into the chamber, condensing on the surface of the insulation. The
condensation process releases latent heat, which uniformly raises the insulation’s temperature and
evaporates moisture. This stage ensures consistent drying throughout all insulation layers, including
those that are typically hard to reach [1].

4.3 Pressure Reduction Phase
The vacuum level in the chamber is increased, further lowering the boiling point of water. This facilitates
the evaporation of any remaining moisture trapped deep within the insulation [1].

4.4 Fine Vacuum Stage
In the final stage, the vacuum is increased to a high level (approximately 0.1 torr), enabling complete
removal of residual moisture. This ensures that the insulation achieves the desired moisture content,
typically between 0.5% and 1.0% by weight [1].

The VPD process stands out due to its efficiency, reducing drying times by up to 20% compared to
traditional methods, while ensuring uniform moisture removal and preserving the mechanical and
dielectric properties of the insulation material [4].

5. Experimental Validation of VPD
To evaluate the efficiency and advantages of Vapor Phase Drying (VPD), experimental studies were
conducted on 11 kV 5kva transformers having 12kg cellulose insulation at Chaitanya Electromagnets,
Waluj MIDC, Aurangabad, Maharashtra, India. The trials focused on drying time reduction, insulation
quality, and energy efficiency compared to the conventional method of vacuum drying.

5.1 Experimental Setup
For the fabrication of a vapor phase drying (VPD) set up for 11kv transformers as a model at Chaitanya
Electromagnets (CEM), reference is taken from the vapor phase drying plant used for power



Page 6/11

transformers at Vishwas Power Engineering Services (VPES), Nagpur. The vacuum oven at VPES is 12m
x 9m x 9m in dimension and the average dimension of the core of power transformer with insulation is
7m x 4m x 3m. The ratio of volume of the vacuum oven and the core of power transformer with
insulation is taken and found to be 11.57. This volume is the space remaining in the vacuum oven after
the core of power transformer is loaded. For manufacturing the vapor phase drying (VPD) set up for 11kv
transformers as a model at Chaitanya Electromagnets (CEM), the proportion of volume remaining in the
vacuum oven after the core of transformer with insulation is loaded is taken as a reference point. At
Chaitanya Electromagnets (CEM) the dimension of 11kv/400v 5kva transformers having 12kg cellulose
insulation is 0.49m x 0.2m x 0.2m. Considering the proportion of volume, the vacuum oven having
dimension 1m x 0.5m x 0.5m is made as per the requirements of Chaitanya Electromagnets (CEM). Also,
the insulation material used for 11kv transformers is same as that is used in the power transformers [2].

5.2 Experimentation
Two identical transformers named transformer 1, and transformer 2, required for experimentation were
supplied by CEM. Initially, one transformer of 11kv/400v 5kva having 12kg cellulose insulation
(transformer 1) was processed through vacuum drying and readings were obtained with respect to the
insulation layers temperature and moisture removed. The drying cycle was stopped when the moisture
removal rate became stable. It was found that the drying cycle time required was 340 minutes as at this
time, the moisture removal rate becomes constant indicating that the required moisture from the job has
already been removed and further constant discharge of moisture is because of the leak rate which is
present in any vacuum vessel [2]. Also, the end of drying cycle here is accepted as the values for
insulation resistance and tan δ achieved are as per the standards [2, 10].

The other identical transformer (transformer 2) of 11kv/400v 5kva having 12kg cellulose insulation was
processed through vapor phase drying. Readings were obtained with respect to the insulation layers
temperature and moisture removal rate. The drying cycle was stopped when the level of measured
moisture removal became same as that obtained for transformer 1. The end of drying cycle here is
accepted as the values for insulation resistance and tan δ achieved are as per the standards [2, 10].

5.3 Drying Cycle Comparison
The drying performance was compared between traditional vacuum drying and VPD:

Vacuum Drying: Achieved the target moisture content 340 minutes.

VPD: Achieved the same moisture level in 280 minutes, reflecting a 18% improvement in drying time.

5.4 Insulation Quality Evaluation
Post-drying, the insulation quality was assessed using standard metrics:

Polarization Index (PI): VPD-treated transformers exhibited PI values exceeding 2.0, indicating
superior insulation reliability [10].
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Dielectric Absorption Ratio (DAR): VPD samples demonstrated marked improvements, confirming
reduced moisture levels and enhanced performance [10].

5.5 Energy Efficiency
Energy consumption during the drying process was measured. VPD demonstrated a 15% reduction in
energy use compared to vacuum drying, owing to its faster drying cycle and efficient heat transfer.

5.6 Observations and Conclusions
The experiments confirmed that VPD not only shortens drying times but also enhances insulation
quality. These findings establish VPD as an effective and reliable drying method for large-scale
transformer manufacturing.

6. Discussion and Industrial Applications
The implementation of Vapor Phase Drying (VPD) in transformer manufacturing marks a significant shift
toward efficiency and reliability. The technology addresses persistent challenges in traditional drying
methods and sets new benchmarks for insulation quality and operational cost-effectiveness.

6.1 Key Advantages of VPD
VPD offers several distinct advantages over conventional drying methods:

Uniform Heating: By utilizing solvent vapors, VPD ensures consistent heat distribution across all
layers of insulation, eliminating localized overheating and under-drying [4].

Accelerated Drying Cycles: VPD reduces drying times by 12–15%, a significant improvement that
enhances production efficiency, particularly in high-demand scenarios [4].

Energy Efficiency: The process is inherently more energy-efficient, with reduced operational time and
lower energy demands compared to methods like vacuum drying.

Enhanced Insulation Quality: Metrics such as polarization index (PI) and dielectric absorption ratio
(DAR) highlight the superior performance of VPD-treated insulation, which exhibits reduced
moisture content and improved dielectric properties.

6.2 Industrial Applications
VPD’s adaptability makes it a suitable choice for various industrial scenarios, including:

Large Power Transformers: The technology is particularly effective for high-voltage transformers,
where insulation structures are large and complex [2]. Uniform drying ensures that these
transformers meet stringent operational standards.

Specialized Transformer Designs: VPD’s precision and control allow it to accommodate unique
configurations, making it ideal for custom transformer manufacturing.
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Maintenance and Retrofitting: VPD can also be applied during transformer maintenance, where it
efficiently removes moisture from aging or previously operational insulation.

6.3 Emerging Trends and Innovations
The future of VPD lies in hybrid drying systems and environmentally sustainable practices. For instance:

Integration with Hybrid Techniques: Combining VPD with oil circulation or advanced vacuum
methods could further enhance drying efficiency and adapt the process to transformers of varying
sizes [2].

Green Solvent Alternatives: Research into eco-friendly solvents could reduce the environmental
footprint of VPD while maintaining its efficiency.

Automated Monitoring Systems: Integrating IoT-based sensors and AI-driven optimization models
can enable real-time control and predictive adjustments, ensuring peak performance for each drying
cycle.

6.4 Challenges and Mitigation Strategies
While VPD offers substantial benefits, certain challenges must be addressed to maximize its potential:

High Initial Costs: The infrastructure required for VPD, including vacuum chambers and solvent
handling systems, represents a significant capital investment. However, the long-term savings in
operational costs and enhanced product quality offset this expense [2].

Solvent Management: The handling, storage, and disposal of solvents require strict adherence to
safety and environmental regulations. Implementing closed-loop systems for solvent recycling can
mitigate these concerns effectively.

By addressing these challenges, VPD can become the standard drying method in transformer
manufacturing, paving the way for greater efficiency and sustainability.

7. Conclusion and Future Directions
Vapor Phase Drying (VPD) represents a transformative advancement in transformer insulation drying,
combining efficiency, reliability, and superior insulation quality. This technology addresses the limitations
of traditional methods, offering faster drying cycles, improved energy efficiency, and better insulation
performance.

7.1 Summary of Findings
Vapor Phase Drying (VPD) has proven to be a transformative technology in the realm of transformer
insulation drying. Its ability to overcome the limitations of traditional methods makes it a cornerstone for
modern manufacturing processes. Key takeaways include:
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Drying Efficiency: VPD reduces drying times by up to 18%, streamlining production workflows and
increasing throughput.

Superior Insulation Quality: Metrics such as the polarization index (PI) and dielectric absorption ratio
(DAR) validate the enhanced performance of insulation dried using VPD.

Energy Savings: The process achieves significant reductions in energy consumption, contributing to
cost savings and environmental sustainability.

7.2 Recommendations for Future Research
While VPD has established itself as a leading technology, further advancements can unlock its full
potential:

Scalability for Ultra-High-Voltage Transformers: Adapting VPD for even larger transformers requires
innovations in equipment design and solvent handling.

Environmental Innovations: Developing biodegradable or lower-impact solvents and closed-loop
solvent recycling systems can improve the technology’s environmental profile.

Real-Time Process Optimization: Incorporating AI and IoT systems can provide real-time insights
into drying performance, allowing for dynamic adjustments that improve efficiency and product
quality.

7.3 Broader Implications
The widespread adoption of VPD could reshape the transformer manufacturing industry. Its energy-
efficient processes and enhanced drying outcomes align with global trends toward sustainability and
reliability in power systems. Moreover, by ensuring the long-term durability and reliability of transformers,
VPD contributes to the broader goals of stable and resilient power distribution networks.

In conclusion, Vapor Phase Drying is not only an advanced drying method but a transformative tool for
modernizing transformer production. With continued research and investment, its potential can be fully
realized, ensuring that the power systems of tomorrow are robust, reliable, and environmentally
sustainable.
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Figure 1

Experimental Set Up


