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Abstract

Air cooling has long been considered inadequate for next-generation high-performance
computing (HPC) and artificial intelligence (AI) processors due to fundamental limits in
convective heat transfer and airflow distribution. State-of-the-art air-cooled thermal
modules typically achieve thermal resistances in the range of 0.06 — 0.10 “C/W under
kilowatt-class heat loads, while liquid cooling solutions achieve 0.015 - 0.025 ‘C/W.

This paper presents a novel 3D vortex-enhanced heat sink architecture developed by Green
Innovation Living Inc. (GILI), achieving 0.025 - 0.030 ‘C/W at heat loads of 1000 - 1300
W over a 50 mm x 50 mm heat source. The system integrates vapor chambers, heat pipes,

and a structured 3D fin geometry under ducted high-velocity airflow (180 - 280 CEM).

Experimental results from over nine years of iterative prototyping and testing demonstrate
that boundary layer disruption and controlled vortex generation significantly enhance
convective heat transfer, enabling air cooling performance approaching that of
liquid-cooled systems. Implications for Al data center cooling, system-level efficiency,
and sustainability are discussed.

1. Introduction

The rapid growth of Al workloads has driven processor power densities beyond the
practical limits of traditional air cooling. Modern GPUs and Al accelerators frequently
exceed 700 - 1200 W per device, with increasing heat flux due to chiplet integration and
high-bandwidth memory (HBM).

Conventional air-cooled heat sinks face intrinsic limitations:



e Boundary layer growth along fin surfaces

e Flow maldistribution within dense fin arrays
e Recirculation and stagnation zones

e Limited convective heat transfer coefficients

As a result, liquid cooling has emerged as the dominant solution for high-density Al
systems. However, liquid cooling introduces challenges in cost, reliability, infrastructure
complexity, and water usage.

This work explores whether advanced airflow engineering can extend the viability of air
cooling into the kilowatt regime.

2. Background and Theoretical Limitations of Air Cooling

2.1 Convective Heat Transfer Constraints

Heat dissipation in air-cooled systems is governed by:
Q = hAAT

where:

e h=convective heat transfer coefficient
e A= effective surface area
o AT=temperature difference

In traditional fin heat sinks, his limited by laminar flow and boundary layer formation.

2.2 Boundary Layer Effects

The boundary layer forms due to the no-slip condition, causing air velocity to approach
zero at the fin surface.

As airflow progresses:

e Boundary layer thickness increases
e Thermal resistance rises
e Heat transfer efficiency decreases

This leads to dead zones, particularly at fin ends and base regions.



2.3 Air Cooling Performance Ceiling

Empirical data across industry shows:

e High-end air cooling: ~0.06 - 0.10 'C/W
e Performance degrades significantly beyond ~800 - 1000 W

This has led to the widespread assumption that air cooling cannot support future Al
workloads.

3. GILI 3D Heat Sink Architecture

3.1 Design Overview
The proposed thermal module integrates:

e Vapor chamber baseplate

e Embedded heat pipes

e 3D structured fin geometry

e High-power axial/centrifugal fan
e Sealed ducting system

Module dimensions:
165 mm x 102 mm x 68 mm (2U form factor)

3.2 Airflow System

e Airflow rate: 180 - 280 CFM
e Fanpower: 78-175 W
e Ducted configuration ensures:
o  Minimal bypass flow
o Controlled velocity distribution
o Suppression of recirculation losses

3.3 3D Fin Structure

Unlike parallel straight fins, the 3D structure:



e Disrupts boundary layer formation

e Induces localized turbulence

e Promotes vortex generation

e Enhances mixing of thermal boundary layer

This effectively increases the convective coefficient h.

4. Experimental Methodology

4.1 Test Conditions

e Heat load: 1000 - 1300 W

e Heat source area: 50 mm X 50 mm

e Controlled ambient conditions

e Simulated chip-level thermal interface

4.2 Testing Duration

e 9 years of development
e >1000 prototype iterations
e Repeated validation under consistent conditions

4.3 Measurement Metrics

Thermal resistance (C/W)
Temperature rise (AT)
Airflow rate (CFM)

e Fan power consumption

5. Results

5.1 Thermal Performance
Measured thermal resistance:

R_{\theta} = 0.025 \sim 0.030 \, Mcirc C/W



Resulting temperature rise:

e 25-39°Cat 1000 - 1300 W

5.2 Performance Comparison

Cooling Method Thermal Resistance (C/W) AT @ 1kW

Traditional Air  0.06 - 0.10 60 - 100°C
GILI3D Air  0.025 - 0.030 25-30C
Liquid Cooling 0.015 - 0.025 15-25C
5.3 Key Observations

e ~2 - 3x1mprovement over traditional air cooling
e Performance approaches liquid cooling lower bounds
e Stable operation under sustained kilowatt loads

6. Discussion

6.1 Mechanism of Performance Improvement

Performance gains are attributed to:

1. Boundary Layer Disruption

Continuous resetting of thermal boundary layers
2. Vortex-Induced Mixing

Enhanced transport of heat away from surfaces
3. Uniform Airflow Distribution

Ducting eliminates bypass and dead zones

6.2 Energy Trade-Off

Higher airflow requires increased fan power:
e Upto 175 W per module

However, system-level savings may arise from:



e Elimination of pumps and chillers
e Reduced infrastructure complexity

6.3 Scalability Considerations

Challenges at rack level include:

e High volumetric airflow requirements
e Air distribution management
e Thermal uniformity across multiple devices

Hybrid approaches may be optimal.

7. Data Center Implications

7.1 Rack-Level Potential

Projected capability:

e 70 - 100 kW air-cooled racks (with optimized airflow)

7.2 Sustainability
Advantages over liquid cooling:

e Zero water consumption
e Reduced environmental impact
e Simplified deployment

7.3 Total Cost of Ownership (TCO)

Factor  Air (GILI) Liquid
CapEx Medium High
Complexity Low High
Maintenance Low Medium
Water Usage None High



8. Conclusion

This study demonstrates that advanced airflow engineering can overcome traditional air
cooling limitations, achieving thermal resistance previously considered exclusive to liquid
cooling.

The GILI 3D heat sink:

e Achieves 0.025 - 0.030 ‘C/W at 1kW+
e Reduces boundary layer limitations
e FEnables air cooling to operate in a new performance regime

While liquid cooling remains advantageous at extreme system scales, this work establishes
a viable pathway for high-performance, water-free cooling solutions in Al data centers.

9. Future Work

e Full rack-level validation (=50 kW systems)
e Comparison with direct-to-chip liquid cooling
e Optimization of airflow energy efficiency

e Integration with hybrid cooling architectures
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