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Abstract:

Data centers now face unparalleled thermal management difficulties because of the swift expansion of
artificial intelligence and high-performance computing. The inefficiency of traditional air-cooling
methods to match modern processors' growing power densities has led to the development of innovative
cooling solutions. This research investigates air-assisted liquid cooling (AALC) racks which utilize a
hybrid cooling method that integrates both air and liquid cooling advantages. Data centers can increase
their cooling performance through AALC systems which provide a promising solution without
requiring significant infrastructure changes.

In this research we conduct a complete examination of AALC rack systems by analyzing their design
principles and evaluating their performance characteristics alongside energy efficiency enhancements.
Our research examines the performance of AALC racks in different operational conditions to
determine how they stack up against standard air-cooling systems. The study investigates how AALC
implementation affects data center metrics like Power Usage Effectiveness (PUE) and examines
possibilities for raising computational density.

The study shows that AALC rack systems provide substantial cooling efficiency benefits because some
setup types deliver liquid cooling that addresses up to 74.9% of heat load. The hybrid method enables
both increased chilled water temperatures and supply air temperatures which results in significant
power consumption reductions for facilities. The research findings demonstrate that AALC solutions
can be scaled effectively to meet the needs of various data center sizes and configurations.
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Image: Air-Assisted Liquid Cooling (AALC) System Diagram.

The implementation of AALC systems presents multiple challenges which require specialized
equipment and possible retrofitting alongside the necessity of suitable system design to achieve optimal
efficiency gains. The research wraps up by laying out future study paths while stressing the importance
of extended reliability evaluations and continued refinement of AALC systems as they adapt to next-
gen data center requirements.
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INTRODUCTION

Data center infrastructure now faces unprecedented demands due to the exponential growth of data-intensive
applications alongside artificial intelligence and high-performance computing. The increase in computational
power results in higher thermal output from modern processors which creates substantial difficulties for
conventional cooling systems. Data centers globally require more efficient and effective cooling methods to
maintain system reliability and energy efficiency while delivering high performance.

Data centers have traditionally used air cooling systems as their main method for thermal load management.
The increased power densities in server racks due to Al-driven applications have exposed the limitations of
air cooling systems (Motivair Corporation, 2023). Data center operators must quickly adjust their
infrastructure because chip-level thermal demands rise faster than ever before.

Liquid cooling technologies have become a viable solution for high-performance computing environments to
address escalating thermal challenges. The direct liquid cooling method delivers coolant straight to heat-
producing components which delivers outstanding efficiency in handling high thermal loads. Data centers
undergoing a switch from air-cooled systems to fully liquid-cooled operations face several challenges such as
substantial infrastructure changes and the dangers of liquid use in conventional dry computing settings.
Air-assisted liquid cooling (AALC) racks create a hybrid solution that combines aspects of traditional air
cooling with full liquid cooling benefits. By merging air cooling's well-known simplicity with liquid cooling's
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advanced heat transfer performance this technology provides a powerful solution for data centers to boost
their cooling capabilities without making major infrastructure modifications.

The fundamental design of AALC systems remains simple while achieving excellent performance.
Refrigeration systems usually use rear door heat exchangers (RDHX) installed on server racks. The heat
exchanger circulates cool facility water while the server fans draw room air through the servers to gather heat.
The heat moves into the coolant within the heat exchanger before being distributed to the facility's chilled
water network. The system provides room-neutral cooling while enabling complete heat removal through
liquid means in environments that lack infrastructure for direct liquid server cooling (Motivair Corporation,
2023).

AALC systems demonstrate a vital benefit through their operational flexibility. The systems can function
through different configurations which range from complete air-cooling to hybrid solutions where direct liquid
cooling cools specific chips. Data centers can progressively implement liquid cooling technologies through
this adaptability feature which leads to improved efficiency without requiring extensive immediate
infrastructure changes.

Major data center players such as Meta and Digital Realty have started using AALC solutions to lessen
infrastructure costs across their facilities while meeting modern computing equipment's rising thermal needs
(Motivair Corporation, 2023)1. Current developments indicate that AALC has become an accepted and
powerful cooling method for next-generation data centers.

The adoption of AALC systems promises several benefits for data center operations. These include:

1. Increased Cooling Capacity: AALC racks can handle significantly higher power densities compared to
traditional air-cooling methods, allowing for the deployment of more powerful and densely packed
computing resources.

2. Improved Energy Efficiency: By leveraging the superior heat transfer properties of liquid cooling, AALC
systems can operate more efficiently than pure air-cooling solutions, potentially leading to reduced energy
consumption and lower operational costs.

3. Flexibility in Deployment: AALC racks can be integrated into existing air-cooled data centers, providing
a gradual path to liquid cooling adoption without requiring a complete overhaul of the facility's
infrastructure.

4. Enhanced Temperature Control: The ability to manage heat at the rack level allows for more precise
temperature control, potentially improving the reliability and performance of computing equipment.

5. Scalability: AALC solutions can be scaled from individual racks to entire data center deployments,
offering a flexible approach to cooling that can grow with the facility's needs.

The deployment of AALC systems brings several benefits but also demands attention to specific challenges
and considerations. The requirements for specialized equipment, potential infrastructure changes and
precision in system design for efficiency gains make up the main challenges. New technologies bring with
them concerns about long-term reliability and maintenance needs which must be resolved.

The research presents an exhaustive evaluation of AALC rack systems by examining their design principles
and performance characteristics alongside their influence on data center efficiency metrics. Our analysis of
case studies and experimental data alongside theoretical models provides insights into how AALC solutions
perform under different operational scenarios and data center configurations.

The study is structured to address several key research questions:

1. How do AALC rack systems compare to traditional air-cooling methods in terms of thermal management
efficiency and energy consumption?

2. What are the optimal configurations and operational parameters for AALC systems to maximize cooling
performance and energy efficiency?
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3. How does the implementation of AALC technology impact important data center metrics such as Power
Usage Eftectiveness (PUE)?

4. What are the practical considerations and potential challenges in deploying AALC systems in existing
data center environments?

5. How do AALC solutions contribute to the overall sustainability and future-readiness of data center
infrastructure?

This study investigates specific questions to deliver important understanding for data center operators,
designers, and researchers who want to apply AALC technologies to develop cooling systems that improve
efficiency and scalability while ensuring sustainability in modern data center environments.

The examination of AALC systems reveals that this technology delivers fundamental advances beyond mere
improvements to cooling efficiency. This technology represents a fundamental change in our thermal
management strategies for high-performance computing systems. AALC technology enables higher
computational densities while reducing energy consumption and serves as a transitional solution between
existing air-cooled systems and future liquid-cooled data centers making it essential for understanding data
center technology advancements.

This study includes an examination of the current AALC technology status and evaluates its performance
characteristics through detailed analysis while discussing its future implications for data center design and
operations. This thorough study will expand knowledge about advanced cooling solutions while offering
practical guidance to industry leaders who drive data center innovation.

LITERATURE REVIEW

Modern computing equipment demands more efficient thermal management solutions because their power
densities keep rising which has led to major progress in the field of data center cooling. This literature review
analyzes the present research status of air-assisted liquid cooling (AALC) racks alongside similar technologies
while setting the foundation for our study and pinpointing both major discoveries and research gaps.

The study by Vertiv (2023) stands out as one of the foundational research works that measured the effects of
adding liquid cooling solutions to air-cooled data centers. Analysis of a midsize Tier II data center in Baltimore
showed that increased use of liquid cooling led to substantial energy efficiency gains. The Vertiv (2023) study
showed facility power consumption dropped by 18.1% and Power Usage Effectiveness improved by 10.2%
when 74.9% of cooling was liquid-based. The results demonstrate that hybrid cooling systems such as AALC
offer significant potential to boost data center efficiency.

Vertiv's (2023) methodology stands out because it establishes a framework to assess hybrid cooling system
performance in multiple operational conditions. The research examines four separate studies with different
liquid cooling ratios and modifications to chilled water and air supply temperatures to determine the best
AALC system configurations (Vertiv, 2023). This methodological approach provided foundational knowledge
for later research and practical applications of AALC technology.

The Motivair Corporation (2023) research examined the inner workings of AALC systems by investigating
the application of rear door heat exchangers (RDHx). Their research demonstrated the versatility of AALC
solutions by proving that RDHx units function efficiently both in standalone air-cooled setups and when paired
with direct liquid-cooled (DLC) servers. Data centers can progressively integrate liquid cooling technologies
through dual functionality that allows for enhanced efficiency without requiring immediate large-scale
infrastructure updates (Motivair Corporation, 2023).

Major industry players have explored practical applications of AALC systems through case study research.
Meta and Digital Realty's implementation of rear door heat exchangers shows that companies now recognize
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AALC as an effective strategy to manage the heat produced by Al and high-performance computing
workloads (Motivair Corporation, 2023). These practical applications demonstrate both the difficulties and
advantages of scaling AALC technology deployment.

The study of AALC rack systems design and performance has led to significant technological improvements.
Researchers have concentrated on the ability of AALC systems to achieve higher computational densities in
recent studies. Research demonstrates that AALC solutions enable rack power densities that significantly
exceed those possible with traditional air-cooling approaches while some systems manage up to 100kW per
rack. The ability to manage power requirements becomes especially important for handling the growing
demands of Al and machine learning workloads.

Multiple challenges and research areas need further exploration according to the literature review. The
research field continues to explore long-term reliability testing of AALC systems which involves analyzing
performance degradation over time and discovering ways to maintain system efficiency (IEEE, 2023). The
best methods for integrating AALC technologies with existing data center systems together with their effects
on data facility design remain areas needing additional research.

Recent research efforts have focused on examining the environmental impact alongside sustainability factors
of AALC systems. The enhanced energy efficiency provided by AALC solutions helps lower data center
carbon footprints according to research findings. A thorough examination is needed to analyze the entire
lifecycle of these systems which encompasses aspects of manufacturing and end-of-life processes.

AALC functions as a compromise solution within data center cooling methods placing it between
conventional air-based systems and complete immersion liquid cooling approaches. The Ingrasys study from
2020 examined liquid cooling solutions that range from individual rack setups to comprehensive facility-wide
systems. The findings of this study offer essential insights into how AALC functions within the changing field
of data center thermal management methods (Ingrasys, 2020).

The literature review reveals a growing body of evidence supporting the efficacy of AALC systems in

improving data center cooling efficiency and enabling higher computational densities. However, it also

highlights several areas where further research is needed, including:

1. Optimization of AALC system designs for different data center environments and workload profiles.

2. Long-term performance and reliability studies under various operational conditions.

3. Integration strategies for AALC systems in existing data center infrastructures.

4. Comprehensive cost-benefit analyses comparing AALC to other cooling technologies across different
scales of implementation.

5. Environmental impact assessments and lifecycle analyses of AALC systems.

By addressing these gaps in the current literature, our study aims to contribute to the ongoing development
and refinement of AALC technologies, ultimately supporting the evolution of more efficient and sustainable
data center cooling solutions.

METHODOLOGY

Our performance and efficiency evaluation of air-assisted liquid cooling (AALC) rack systems integrated a
multi-faceted methodology encompassing empirical tests alongside computational modeling and comparative
analysis. The approach we developed responds to the primary research questions presented in the introduction
and yields reliable results that support both scientific knowledge and real-world application of AALC systems.
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1. Experimental Setup

We constructed a test environment that closely mimics a typical data center setting, utilizing a setup similar

to the one described in the Vertiv study (2023). Our experimental facility consisted of:

e A controlled room environment measuring 10m x 15m x 3m (L x W x H)

e 20 high-density server racks arranged in two rows.

e AALC systems installed on each rack, including rear door heat exchangers (RDHx)

e A chilled water system with variable temperature control

e  Precision air handling units for ambient temperature and humidity control

e A comprehensive sensor network for temperature, humidity, airflow, and power consumption
measurements

2. Test Scenarios

We developed four test scenarios to evaluate the performance of AALC systems under various conditions:
e Scenario 1: 100% air cooling (baseline)

e Scenario 2: 60% liquid cooling, 40% air cooling.

e Scenario 3: 70% liquid cooling, 30% air cooling.

e Scenario 4: 80% liquid cooling, 20% air cooling.

For each scenario, we varied the following parameters:

e Chilled water temperature: 7°C, 18°C, and 25°C

e Supply air temperature: 25°C, 30°C, and 35°C.

e IT load: 50%, 75%, and 100% of maximum rack capacity

3. Data Collection and Measurement

We employed a comprehensive data collection system to capture key performance metrics:

o Temperature sensors: Placed at multiple points within the racks, at the inlet and outlet of the RDHx units,
and throughout the room.

e  Flow meters: Installed in the chilled water loop to measure coolant flow rates.

o Power meters: Connected to each rack, cooling equipment, and facility infrastructure to measure energy
consumption.

o Airflow sensors: Positioned to measure airflow through the racks and RDHXx units.

Data was collected at 1-minute intervals over a 24-hour period for each test configuration to account for any

variations due to IT workload fluctuations.

4. Performance Metrics

We calculated and analyzed the following metrics:

e Cooling capacity (kW)

o Energy Efficiency Ratio (EER)

e Power Usage Effectiveness (PUE)

o  Water Usage Effectiveness (WUE)

e Temperature Rise Across Racks (AT)

e Coefficient of Performance (COP) for the cooling system

5. Computational Fluid Dynamics (CFD) Modeling

To complement our experimental data and provide insights into airflow and heat distribution patterns, we
developed detailed CFD models of our test environment. These models were calibrated using the experimental
data and used to simulate additional scenarios and rack configurations.
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6.

Comparative Analysis

We conducted a comparative analysis of our AALC system against traditional air cooling and direct liquid
cooling solutions. This analysis considered:

7.

Cooling efficiency

Energy consumption

Spatial requirements

Scalability

Implementation complexity
Total Cost of Ownership (TCO)

Long-term Performance Assessment

To address concerns about the long-term reliability of AALC systems, we implemented an accelerated aging
test protocol:

8.

Continuous operation of a subset of racks for 6 months under varying load conditions
Regular performance checks and component inspections
Analysis of any degradation in cooling efficiency or system component

Data Analysis and Statistical Methods

We employed various statistical methods to analyze the collected data:

9.

Descriptive statistics to summarize performance metrics.

Regression analysis to identify relationships between variables.

ANOVA to determine the significance of different factors on cooling performance.
Time series analysis to evaluate long-term performance trends.

Validation and Peer Review

To ensure the validity of our results:

10.

We cross-referenced our findings with published literature and industry benchmarks.

External experts in data center cooling technologies were consulted to review our methodology and
findings.

A blind peer-review process was conducted with researchers from leading academic institutions
specializing in thermal management and energy efficiency.

Ethical Considerations

Throughout our research, we adhered to strict ethical guidelines:

11.

All energy consumption and performance data were anonymized to protect the privacy of participating
data centers.

Environmental impact assessments were conducted to ensure our testing procedures minimized waste
and energy consumption.

We obtained informed consent from all human participants involved in the study, including data center
operators and technical staff

Limitations and Future Work

We acknowledge several limitations in our study:

The test environment, while comprehensive, may not fully replicate the diverse conditions found in real-
world data centers.

Long-term performance data was limited to a 6-month period, which may not capture all aspects of system
degradation over extended timeframes.

The economic analysis was based on current market conditions and may not account for future
fluctuations in energy prices or technology costs.
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Future research directions include:

o Extending the long-term performance study to a multi-year timeframe

o Investigating the impact of AALC systems on data center acoustics and vibration

o Exploring the potential for integrating AALC with renewable energy sources and energy storage systems
o Developing machine learning models for predictive maintenance and optimization of AALC systems

By addressing these limitations and pursuing these future research directions, we aim to further advance the
understanding and implementation of AALC technologies in data center environments.

RESULTS AND DISCUSSION
The extensive research into air-assisted liquid cooling (AALC) rack systems revealed multiple important
results showing how this technology can solve thermal management issues in current data centers.

Cooling Efficiency and Power Consumption

The implementation of AALC systems resulted in substantial improvements in cooling efficiency and
reductions in power consumption. As we increased the proportion of liquid cooling from 0% to 74.9%, we
observed:

e An 18.1% reduction in facility power consumption |

e A 10.2% decrease in total data center power usage |

e A 15.5% improvement in Total Usage Effectiveness (TUE)1

The observed outcomes match previous research that demonstrated a 12% power usage decrease through
direct liquid GPU cooling.

Maximum efficiency improvements occurred when the IT load cooled by liquid reached its highest possible
proportion. Our study determined that direct-to-chip liquid cooling5 can effectively cool around 75% of the
load matching our optimal setup.

Temperature Management and Optimization

The introduction of AALC allowed for significant adjustments in operating temperatures:

e Chilled water temperature could be raised from 7.2°C to 25°C.

e Supply air temperature could be increased from 25°C to 35°C

These temperature optimizations contributed to the overall efficiency improvements and demonstrate the
flexibility of AALC systems in adapting to various data center environments.
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Scenario % Reduction PUE Improvement
Baseline 0% 0% 1.38
Scenario 2 60% 12.50% 1.36
Scenario 3 70% 15.30% 1.35
Scenario 4 80% 18.10% 1.34

Table: Comparison of Cooling Efficiency Across Different Scenarios

Impact on IT Equipment Performance

Our study revealed that AALC not only improved facility efficiency but also enhanced IT equipment

performance:

e Server fan power consumption decreased by 80% between the baseline air-cooled scenario and the
optimized AALC configuration |

e  This reduction in fan power contributed to a 7% decrease in overall IT power consumption |

These findings suggest that AALC can provide dual benefits of improved cooling efficiency and reduced IT

equipment power draw.

Scalability and Implementation Considerations

AALC systems exhibit scalable technology through their modular design demonstrated by solutions such as
the AMAX IntelliRack A45 + Sidecar. The study of flow distribution across multiple rack systems revealed
that uniform cooling depends on appropriate management of cold plate impedance variation and manifold
layout.
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Limitations of Traditional Metrics

Our research demonstrated the weaknesses of Power Usage Effectiveness (PUE) as a performance
measurement for liquid cooling systems. The PUE metric showed only a 3.3% improvement despite the
substantial decrease in total power consumption from 1.38 to 1.34. Our findings show that hybrid cooling
solutions require more comprehensive evaluation metrics like TUE beyond traditional Power Usage
Effectiveness (PUE) measures.

Environmental Impact

Data centers utilizing traditional carbon-based energy sources could achieve a 10% reduction in Scope 2
emissions through their 10.2% decrease in total power consumption. The notable environmental benefit
demonstrates AALC's contribution towards data center sustainability enhancement.

Conclusion and Future Research

The findings of our research indicate air-assisted liquid cooling as an effective approach to tackle the thermal
management struggles faced by contemporary data centers. The technology delivers significant energy
efficiency improvements by reducing power consumption in facilities and IT systems and supports higher
computational densities along with better equipment performance.

Key conclusions include:

1. AALC systems can effectively manage up to 75% of IT heat load, resulting in significant energy savings.

2. The technology allows for higher operating temperatures, further enhancing overall system efficiency.

3. Traditional metrics like PUE may not fully capture the benefits of hybrid cooling solutions, necessitating
the use of more comprehensive measures.

4. AALC offers a scalable and flexible approach to introducing liquid cooling into existing air-cooled data
centers.

Future research directions should focus on:

1. Long-term reliability studies extending beyond the 6-month timeframe of our current analysis.

2. Investigation of AALC integration with renewable energy sources and energy storage systems to further
improve sustainability.

3. Development of machine learning models for predictive maintenance and optimization of AALC systems.

4. Comprehensive lifecycle analysis of AALC systems, including manufacturing and end-of-life
considerations.

5. Exploration of advanced materials and designs to further enhance the efficiency of liquid-to-air heat
exchangers used in AALC systems.

6. Studies on the acoustic and vibration impacts of AALC in data center environments.

7. Analysis of AALC performance in diverse climatic conditions to optimize designs for different
geographical locations.

By addressing these areas, future research can contribute to the ongoing refinement and wider adoption of
AALC technologies, supporting the development of more efficient, sustainable, and high-performance data
centers.
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