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Next Generation Liquid Cooled Products 
 
In determining a strategy to address new generation liquid cooling requirements, TDI has built 
upon our experience to date in the above mentioned approaches.  In order to provide the best 
performance in on-vehicle applications, this technology must be able to meet the following 
objectives. 
  

1. Meet the environmental requirements of vibration, mechanical shock and liquid 
immersion. 

 
2. Work with coolant temperatures much higher than was dealt with in the past (up to 

80oC in some instances). 
 

3. Meet the EMC requirements of MIL-STD-461 
 

4. Provide solutions that are not so highly customized as to jeopardize development 
timelines or cost budgets. 

 
5. Provide a good basis for reliability expectations. 

 
Taken together, items 2 and 5 present a particularly challenging requirement.  Analysis of 
existing units shows that while it is not too difficult to control the temperatures of components 
with the larger share of power losses, it can be very difficult to control temperatures of 
components with relatively low losses, but which don’t have a good connection to the heat 
transmission path.  It is not unusual for the internal ambient air temperature inside water 
cooled units to be 40oC, or higher, than the coolant temperature.  If the coolant is 80oC, then 
internal ambient air temperature can easily reach over 120oC. This presents some real problems 
for certain component types.  For example, integrated circuits contained in PC board mounted 
SMT packages may dissipate a few hundred milliwatts.  These depend on the ambient air that 
surrounds them to carry this heat away, and with an effective ambient of over 120oC, reliability 
is compromised.  Likewise, there are many passive components whose reliability quickly falls off 
as temperatures increase above 100oC.   
 
Methods for controlling this effect include reducing the internal ambient temperature rise above 
coolant temperature, or improving the thermal path from the component to the coolant.  
Internal air temperature rise can be reduced by circulating air inside the box and employing an 
air-to-liquid heat exchanger.  However, this generally takes up a significant amount of room and 
adds the reliability impact of a circulating fan.   
 
Improvement of the thermal path can be achieved by surrounding the sensitive components 
with a thermally conductive compound that ultimately contacts with a liquid cooled surface.  
While this method is effective, the design needs to comprehend this need from the very 
beginning, otherwise a short path from the component to the coolant might not be achievable.  
 
Given these considerations, TDI considers a modularized liquid cooled approach as a good fit 
for military vehicle applications.  A concept of this approach is presented in Figure 9.   
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Figure 9 – “LiquaCore” Water Cooled Building Block Concept 
 
The building block presented in Figure 9, which we refer to as TDI’s “LiquaCore” technology, is 
approximately 5” x 2”, and utilizes a water cooled extruded “U” shape that can accommodate a 
number of different power conversion board assemblies, such as DC-DC converter blocks, or 
DC-AC converter blocks, or PFC converter blocks.  The extruded shape is set up to have coolant 
circulating through the holes shown around its three sided perimeter.  Figure 10 presents a 
view of this sub-module with the printed wiring board rendered transparent. 
 

 
Figure 10 – “LiquaCore” Water Cooled Sub-Module Detail 
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As shown in Figure 10, the extruded shape allows for very short thermal paths between the 
high heat components and the coolant.  In addition, this design allows for the use of PC board 
mounted power semiconductors, eliminating the need for wire harnesses to remotely located 
parts.  Heat from irregularly shaped components is extracted by embedding these components 
in a layer of thermally conductive RTV potting that is poured into the base of the “U” shaped 
extrusion.  Most important with this approach is the fact that the coolant completely surrounds 
the printed wiring board, limiting the ambient temperature rise that components on the board 
will be exposed to. 
 
As depicted in Figure 11, these power blocks are connected in parallel to realize the overall 
converter.   
 

 
 

Figure 11 – Overall Power Converter Construction 
 
Coolant is distributed to the water cooling jackets via a distribution manifold on one side of the 
box, and a collection manifold on the opposite side of the box.  Input and output power is 
distributed to the modules via connections from a power distribution mother board at the 
bottom of the unit.  The entire enclosure is environmentally sealed, employing conventional 
techniques.  
 
The modularized liquid cooled approach also presents some advantages with regard to design 
for electromagnetic compatibility.  By partitioning assemblies, the EMI filter can be fully isolated 
and shielded from noise generating assemblies, thereby simplifying filter design. 
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Non-conventional Liquid Cooling Technologies 
 
TDI has developed a new technology that utilizes oil to encapsulate electronic components so 
as to provide a highly thermally conductive path between these components and the ultimate 
heat dissipater.  As detailed in the companion white paper Environmentally Sealed Power 
Modules, the initial deployment of this technology is in convection cooled, environmentally 
sealed products for commercial, industrial and military use.    
 
The advantage of oil in these applications is that it is an insulator, so it can be used in direct 
contact with the electronic components.  Complete circuit board assemblies are immersed in the 
oil, and this produces a relatively isothermal environment that greatly increases component 
reliability.  Figure 12 presents a typical assembly that utilizes this technique, while Figure 13 
shows these modules in a typical application. 

 
Figure 12 – Exploded View of Oil-Filled, Environmentally Sealed Power Converter 

 

 
 

Figure 13 – Typical Application Deployment of Environmentally Sealed Products 
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Recently this technology has been expanded to include heat dissipation through circulating oil.  
TDI has deployed this technique on commercial hybrid vehicle components such as battery 
chargers and DC/DC converters.  Figure 14 shows a DC-DC converter that employs circulating 
oil cooling. 
 

      
 

Figure 14 – Converter with Circulating Oil Cooling 
 
The oil used is typically a UL approved, environmentally friendly, vegetable-based transformer 
oil.  However, hydrocarbon-based mineral oil has also been successfully tested and we believe 
that diesel fuel could also be used in this application.  The advantage of diesel fuel would be 
that it is already used on the vehicle and is logistically an excellent choice.  Figure 15 presents a 
conceptual power system cooling loop that circulates the coolant through the power converters. 
  

 
Figure 15 – Circulating Oil Coolant Loop 
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Advantages of circulating coolant directly to electronic components include the following. 
 

• Extreme protection from exterior environmental effects 
 
• Buffering from shock and vibration effects 

 
• The ability to utilize existing air-cooled assemblies with little or no changes 

 
Perhaps the biggest advantage that can be achieved with this method of cooling is the 
reduction of overall operating temperatures.  Since most liquid cooling technologies that have 
been considered to date share the coolant loop with other heat sources, power electronic 
components end up operating at unusually high temperatures.  These higher operating 
temperatures will ultimately have a deleterious effect on system reliability.  By cooling the 
power electronics with a lower temperature coolant that comes in direct contact with the 
components, their operating temperature will be significantly reduced, resulting in a significant 
improvement in reliability.   
 
A general rule of thumb in most systems is that as temperature increases, reliability decreases.  
The Arrhenius Model is generally accepted as an accurate predictor of semiconductor, and other 
device reliability.  This model covers many of the non-mechanical (or non material fatigue) 
failure modes that cause electronic equipment failure.  It is particularly useful in describing 
failure mechanisms that depend on chemical reactions, diffusion or migration processes.  The 
model suggests the rate a reaction occurs is given by the following equation: 
 

R(t)  = A * e-(E
A
 /κT) 

 
Where A is a constant, EA is the activation energy of the reaction, κ is Boltzman’s Constant and 
T is temperature in degrees Kelvin.  The model predicts that as temperature increases, the rate 
to failure increases, as depicted in Figure 16. 
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Figure 16:  Rate to Failure versus Temperature based on the Arrhenius Model 
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Once the activation energy for a specific failure mechanism is known, the effects of increased 
temperature on the rate of reaction can be expressed as: 
 

Failure Rate @ Temp T1 / Failure Rate @ Temp T2 = exp*(EA /κ) (1/T2 – 1/T1)) 
 
The typical activation energy for failure mechanisms of components found within electronic 
power supplies is on the order of 0.5 to 1.5 electron volts.  Thus, a 10oC increase in 
temperature can correlate to a two to eight times increase in various component failure rates. 
 
In the case of Export Power Converters, if the converter is cooled via 70oC coolant, we can 
expect component operating temperatures as high as 100oC, or higher, and these temperatures 
will be spread across the vast majority of components in the converter.   
 
In the case of Circulating Oil Cooling, temperatures can be expected to drop significantly, 
perhaps as low as 70oC.  A 30oC reduction in operating temperature can very easily result in a 
100X increase in component reliability. 
 
 
 
 
 
Conclusions 
 
Great opportunities for reduced design cycle time and improved performance are presented 
through the use of standardized cooling topologies that can be employed across various power 
conversion assemblies.  Further, extremely significant gains can be made through the use of 
direct circulating coolant on component approach.   


