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Selecting the Right Passive Two-Phase Cooling Architecture

Heat Pipes, Vapor Chambers, and Thermosyphons

Prepared by Celsia Inc. — Passive Two-Phase Thermal Solutions for High-Reliability Electronics

1. Framing the Problem

The guidance presented here reflects performance limits and failure modes commonly
encountered during the development and qualification of passive two-phase cooling solutions for
high-reliability electronic systems.

In high-power electronic systems, thermal shortfalls are rarely caused by insufficient nominal heat
transport capability. More often, they arise because the selected cooling architecture becomes
constrained by the wrong physical limit relative to the actual heat-flux distribution, geometry, or
operating orientation.

Heat pipes, vapor chambers, and thermosyphons all rely on phase change, but they operate in
fundamentally different transport regimes. Treating them as interchangeable components leads to
designs that appear viable analytically yet operate close to failure limits in practice.

Effective selection begins by identifying the dominant thermal constraint, not by comparing
headline wattage ratings.

2. Distinct Transport Regimes in Passive Two-Phase Devices
Heat Pipes — Axial Transport, Capillary-Limited

Heat pipes are capillary-driven devices optimized for transporting heat from one location to
another with minimal temperature drop. Liquid return is provided by a wick structure making
performance fundamentally dependent on the balance between available capillary pressure and
the combined liquid and vapor pressure losses imposed by the geometry. Heat pipe operation is
ultimately bounded by the capillary limit, which requires that the capillary pressure generated by
the wick exceed the combined pressure losses in the liquid and vapor phases:

APcap 2 APliquiﬂl + APvapor + Apgmvity

When this condition is violated, liquid return to the evaporator is insufficient and dry-out occurs.
In practical electronic systems, heat pipe performance is most often constrained by:

¢ Wick permeability and pore structure

e  Vapor pressure drop in long or flattened geometries

¢ Orientation effects when gravity assists or opposes liquid return

Heat pipes perform best when transport distance dominates the thermal problem and lateral heat
spreading is secondary.

Vapor Chambers — Spreading-Dominated, Interface-Focused
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Vapor chambers address a different class of thermal problem. Rather than transporting heat over
distance, they reduce thermal resistance at the source by spreading heat laterally through vapor-
phase transport before rejection.

In vapor chambers, overall performance is governed by effective thermal resistance:

AT
Repr="g

where the dominant contributions arise from in-plane vapor pressure gradients and local wick
permeability beneath the heat source.

Key characteristics include:
¢ High in-plane effective thermal conductivity
e Significant reduction of localized interface resistance
¢ Sensitivity to heat-flux concentration rather than total power
¢ Limited effectiveness for long-distance axial transport

Vapor chambers are therefore most effective when heat-flux non-uniformity, not transport length,
limits system performance.

Thermosyphons — Gravity-Driven, System-Level Transport

Thermosyphons replace capillary pumping with gravity-assisted circulation. Vapor rises from the
evaporator to the condenser, while condensate returns under gravity.

The available driving force scales with gravitational head:

AP gravity = pgh

This enables heat transport well beyond practical wick-driven limits, provided system orientation
and elevation are maintained.

Key characteristics include:
¢ Very high heat transport capability
e Strong dependence on orientation and vertical separation
¢ Increased system-level integration complexity
¢ Failure modes dominated by flooding, entrainment, or flow instability

Thermosyphons should be treated as architectural elements, not drop-in components.

3. Comparative Performance Context (Order-of-Magnitude)

Heat Transport Capability

INFO@CELSIAINC.COM PH. (650) 667-1920 WWW.CELSIAINC.COM

Precision Cooling for Demanding Designs.



Ce‘SiOO Application Note: Selecting Two Phase

Technology Typical Power Range Practical Limiting Factors

Heat Pipe ~10-300 W Capillary limit, vapor pressure drop
Vapor Chamber ~50-600 W Wick permeability, vapor spreading
Thermosyphon 300 W-5 kW+ Gravity head, flooding, entrainment

Actual limits depend strongly on geometry, working fluid, and orientation.

Temperature Uniformity

Technology Surface Temperature Control
Heat Pipe Low to moderate

Vapor Chamber High

Thermosyphon Moderate

Vapor chambers are uniquely effective at reducing local hotspots by addressing interface
resistance directly.

Orientation Sensitivity

Technology Orientation Dependence

Heat Pipe Low to moderate (wick dependent)
Vapor Chamber Low to moderate

Thermosyphon High unless looped

Effective Thermal Conductivity

Effective thermal conductivity is sometimes used to compare two-phase cooling devices to solid
conductors. It is a derived quantity, not a material property, and depends strongly on transport
length and geometry rather than intrinsic heat transfer capability:
. QL
ff ~ AAT

As aresult, effective conductivity scales linearly with transport length L, which can significantly
inflate reported values for long, slender geometries.

In practical terms, heat pipes—whose primary function is axial heat transport over distance—
often exhibit apparent effective conductivities on the order of 10*~10°> W/m-K. Vapor chambers,
which operate over much shorter in-plane spreading distances, typically exhibit effective
conductivities in the 10°W/m-K range.

The disparity reflects the different thermal problems these devices are intended to solve—
transport distance versus interface heat-flux redistribution—rather than a fundamental difference
in two-phase heat transfer physics.
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Reported values in the literature vary widely depending on how transport length and cross-
sectional area are defined; extreme values are rarely useful for engineering decisions and are
intentionally avoided here. For this reason, effective conductivity is best treated as a qualitative
comparison tool rather than a design target.

Length Dependence of Apparent Effective Conductivity in Two-Phase Devices
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4. Constraint-Driven Application Guidance
When Heat Pipes Are the Correct Architecture
Heat pipes are appropriate when:
¢ Heat must be transported over a meaningful distance
¢ Sources are localized rather than distributed
¢ Orientation may vary or be uncontrolled
e Passive operation with minimal integration complexity is required

Common applications include avionics modules, RF assemblies, and embedded electronics.

When Vapor Chambers Are the Correct Architecture

Vapor chambers are appropriate when:
¢ Local heat flux dominates thermal resistance
¢ Temperature uniformity across an interface is critical
e Z-height is constrained

e Multiple devices share a common heat rejection surface
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Common applications include power electronics, processors, GPUs, and RF front ends.

When Thermosyphons Are the Correct Architecture
Thermosyphons are appropriate when:
¢ Total heat load exceeds practical capillary-driven limits
¢ Orientation is fixed and known
e Vertical separation between evaporator and condenser is available
¢ Thermal transport is required at the enclosure or system level

Common applications include high-power industrial and defense platforms.

5. Design Tradeoffs That Matter in Practice

Geometry and Form Factor

Constraint Architectural Implication

Minimal thickness Favors vapor chambers

Long transport path Favors heat pipes or thermosyphons

Vertical separation Enables thermosyphons

Cost and Qualification Considerations

Technology Relative Cost Qualification Complexity
Heat Pipe Low Mature, well understood
Vapor Chamber Moderate Application-specific validation

Thermosyphon Moderate—high System-level testing required

Manufacturing tolerances—particularly in wick structures—can materially affect performance and
should be considered early.

6. A Practical Selection Framework

Early architectural selection should eliminate solutions whose governing limits align with the
dominant system constraint:

¢ If the problem is transport distance — eliminate vapor chambers
e If the problem is interface heat flux — eliminate heat pipes
¢ If the power level exceeds capillary physics — eliminate both

Only after this elimination step should geometry optimization begin.
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6.1 System-Level Thermal Resistance Context

In many practical cooling systems, the two-phase device represents only a portion of the total
thermal resistance between the heat source and ambient. Contact resistance at the device
interface (TIM), heat sink fin efficiency, and air-side convection frequently dominate the overall
thermal budget.

As a result, improvements in two-phase transport or spreading often yield diminishing returns
unless downstream resistances are addressed concurrently. Two-phase devices are most
effective when applied to relieve a clearly dominant transport or interface limitation rather than as
a substitute for adequate heat rejection capability.

7. Closing Perspective

Passive two-phase cooling solutions are not interchangeable heat movers. They are distinct
thermofluid architectures, each optimized around different physical constraints.

Selecting the correct architecture early simplifies integration, improves predictability, and avoids
designs that operate near fundamental failure boundaries. In practice, most thermal issues
attributed to “insufficient capacity” trace back to an architectural mismatch identified too late in
the design cycle.
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