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Abstract  

With this study, we focus on power converters intended for propelling future aircrafts. Currently commercially 

available power converters do not meet the aeronautical requirements. Even though robust they force designers to 

oversize the thermal systems. One of the main pain points are the heatsinks or baseplates associated with power 

modules. Here we propose to get rid of them all together and apply the coolant directly to the semiconductors. This 

simplifies the design and construction of the modules but, because heat fluxes are really high due to the small 

footprint of semiconductors, the use of liquid/vapor two phase cooling becomes a necessity. In order to cover this 

topic, a purposely built module and test loop will be the end target. Before that, more simplified versions of the 

module will be created to better understand the impact of discrete heat sources on two-phase flow and boiling 

process. With the same objective, a numerical approach including a Monte Carlo algorithm dealing with complex 

geometry is proposed. 

 

Introduction 

In the scope of electrification - especially in the 

aeronautical world - reducing the impact of onboarding 

new power electronic systems is paramount. Every 

aspect has to be worked on, from EMC to 

semiconductor but also thermal systems. As really high 

power (up to 10 MW) starts to be thought to be 

embedded into aircrafts and even though power 

converters easily reach 99% efficiency, huge amounts 

of heat have to be extracted. 

 

Using components on the shelf (COTS) for converters 

implies deported cooling, i.e. the module and the 

cooling system are 2 different systems coexisting. This 

allows for an easy installation but adds thermal 

resistances between the semiconductors and the cold 

source.  

 

Previously to this work, Airbus worked on including 

heatsinks inside the design of the power converter, 

providing much more efficient cooling but still showing 

limitations. The first limitation was the brazing of large 

heatsinks on thin DBC1 substrates causing warping or 

even debonding of the copper plates and the 

MOSFETs2. The second is the thermal resistance 

opposed to the heat flux by the ceramic plates. 

                                                           
1 Direct Bond Copper 
2 Metal-Oxide-Semiconductor Field-Effect Transistor 

With these limitations in mind, we study both 

experimentally and numerically the use of direct 

cooling of the semiconductors in a converter like 

assembly. 

 

Two phase cooling for power electronics has been 

studied for quite some time using PHPs3 for space 

applications [17] or for aircraft applications [18], or 

capillary driven loops as in [19]. These studies used 

commercially available electronics but we want to push 

this approach further by developing a module where 

the fluid comes in direct contact with the 

semiconductors. 

 

The reason behind two phase cooling is that it has a 

minimal geometric impact on the power electronic 

structure and it will be able to deal with great heat flux 

density, in our case up to 240 𝑊. 𝑐𝑚−2. 

Due to confinement and surface dry out concerns – 

detailed below, the fluid will be mechanically pumped 

through the module. 

  

3 Pulsating Heat Pipe 
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1. Experimental Setup 

As previously noted, having two-phase flow in direct 

contact with semiconductors is fairly new to the 

scientific community. In order to assess the benefits 

and the drawbacks of this idea, a test bench is currently 

being built. 

1.1. Fluid choice 

Because of the particularities of the technology we are 

exploring, the working fluid used has to be picked 

carefully. Namely, it has to be Fluor-free, CS-25 

compatible, dielectric and present a boiling point as 

close to 150 °C as possible under atmospheric 

pressure. 

 

The fluids compatible with these requirements are 

numerous. In order to assess and rank them, some 

metrics are needed. The ones used here come from M. 

Almeida’s work [1]. She computes 3 particular merit 

numbers that are combined into a general one.  

 

First, the pressure drop merit number: 

𝑪𝟏 =
𝝆𝒍
𝟏.𝟕𝟓

𝝆𝒗
𝝁𝒍
𝟎.𝟎𝟓𝝁𝒗

𝟎.𝟐   (1) 

Second, the wall overheat in order to initiate boiling: 

𝑪𝟐 =
𝟐𝝈

𝝆𝒍𝚫𝐡
    (2) 

And finally, the thermal power transported compared 

to the power consumption of the pump: 

𝑪𝟑 =
𝝆𝒗𝚫𝒉

𝝆𝒍
𝟎.𝟕𝟓𝝁𝒍

𝟎.𝟎𝟓𝝁𝒗
𝟎.𝟐   (3) 

 

These 3 merit numbers are combined into a general 

one as follows: 

𝑪𝒈 =
𝟏

𝟑
[

𝑪𝟏

𝑪𝟏,𝒎𝒂𝒙
+

𝑪𝟐

𝑪𝟐,𝒎𝒂𝒙
+

𝑪𝟑

𝑪𝟑,𝒎𝒂𝒙
]  (4) 

 

Where 𝐶𝑖,𝑚𝑎𝑥 is the maximum of the merit number 

across all fluids for all temperatures. 

As a side note, here each individual merit number is of 

equal importance compared to the other ones. 

However if one wishes to prioritize the pump power 

consumption or low wall overheat to initiate boiling, 

coefficients can be added to the formula of the general 

merit number instead of having a straightforward mean 

value. Also, given the way these numbers are 

constructed, the lower their value the better the fluid. 

 

We chose to compare 4 different fluids: HFE 7300, 

HFE 7500, Therminol LT and Dowtherm J. The HFE 

7300 and HFE 7500 contain Fluor and will thus not be 

chosen. They have however been frequently used in 

previous studies and applications and give a good 

point of comparison. 

 

Using the data from the manufacturers as well as data 

from literature, namely [2] for the Ideal Gas Capacity of 

the HFEs as well as [3] for their viscosities, we were 

able to plot the following graph. Because Eastman 

does not provide the surface tension value over the 

operating temperature range but just at 25 °𝐶, a linear 

approximation was introduced. Meaning 𝜎 = 0 when 

the temperature reaches the critical point (377 °𝐶 for 

the Therminol LT). 

Fig. 1: General merit number of the fluids 

 

At a temperature of 150 °𝐶, the fluids perform as 

follows: 

 

Fluid General Merit 

Number 

𝑻𝒆𝒃(𝑷𝒂𝒕𝒎) [°𝑪] 

Dowtherm J 0.329 181 

Therminol LT 0.314 181 

HFE 7300 0.302 98 

HFE 7500 0.279 128 

Table 1: Fluids General merit numbers 

 

As can be seen in Table 1, the HFE 7500 would be the 

best fluid to use at 150 °𝐶. However – as it contains 

Fluor – it will not be further considered, which leaves 

us with the Therminol LT. 

1.2. Design of the modules 

The heart of this work is the electrical module. As such, 

it needs to be designed – even in its simplest forms – 
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as close to an actual power module as possible. 

Despite the possibility of using direct two phase cooling 

on older technologies such as wire bonding, we 

choose to take full advantage of the emerging 

technology that are copper bumps [4]. These copper 

bumps are either copper spheres or cylinders4 that 

enable to create the electric stack by interconnecting 

the upper and lower surfaces. Something that is 

completely unachievable when using wire bonding. 

The image below depicts an example of assembly 

using the bump technology. 

 

Fig. 2: Example of a power module using spherical 

bumps 

 

This technology has the advantage of reducing the 

overall footprint of the module and also – in our case – 

provides additional exchange surfaces. 

 

 

                                                           
4 Sometimes called pillars 

However, before testing the module with 

semiconductors, simpler objects will be assessed. 

Indeed, in the literature – most of the time – the heating 

is either realized or considered uniform throughout the 

object of the study. This can be seen in [5] and [6] using 

cartridge heaters or in [7] and [8] using ITO5 films. 

Because our test loop is brand new, we designed a 

module using ITO deposit on sapphire glass as can be 

seen in Fig. 3. 

 

Fig. 3: Opened module using ITO heating 

 

This module is equipped on both sides glass in order 

for us to take high speed images of the fluid flow, being 

made out of sapphire they allow for IR measurement. 

The final purpose of this internal two-phase flow being 

5 Indium Tin Oxide 

Fig. 4: Working principle of the test loop 
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to cool down critical power electronic equipment, 

reaching CHF6 – the heat flux density beyond which 

the wall temperature rises uncontrollably – is not 

acceptable. In order to avoid CHF and more generally 

to avoid instabilities, see [5], the module is designed to 

have a restriction at the inlet as seen in [9] and [10] or 

rather to have less and less restriction as the liquid 

turns to vapor inside the module. Here this was 

implemented not only at module level but rather at loop 

level. The pipe diameter of the liquid side is 15 𝑚𝑚 

where the vapor side is 20 𝑚𝑚. 

 

The design of the module equipped with 

semiconductors is not finalized but will integrate the 

same philosophy. Even though we cannot change the 

distance between the top and the bottom sapphire 

glasses, we can shuffle the positions of the bumps so 

that we have less and less of them the further along 

the fluid travels inside the module. 

1.3. Design of the loop 

The working principle of the test bench is analogous to 

the ones seen in the literature [12], see Fig.4. It is 

comprised of 2 loops: one with the working fluid, the 

other with the cooling fluid interfaced with a BPHE7  

used as a condenser. 

 

A mechanical pump will be used, namely a geared 

pump. A preheater is present close to the entrance of 

the module in order to closely control the subcooling of 

the fluid. 

 

Fig. 5: Cut View of the two-phase reservoir (left) and 

liquid reservoir (right) – not to scale 

 

Contrary to most systems found in the literature, the 

                                                           
6 Critical Heat Flux 
7 Brazed Plate Heat Exchanger 

two phase reservoir is not in line and a liquid reservoir 

is added in order to separate the non-condensable 

gases. As mentioned previously, the semiconductors 

are rather sensitive, we thus have to closely control the 

parameters of the fluid. One of the recurrent issues of 

two phase loop is the presence of non-condensable 

gases inside the loop. 

 

These gases impact – most of the time negatively – the 

properties of the fluid. In order to catch and trap them 

we use what we call a liquid reservoir placed vertically 

under the two-phase reservoir. The non-condensable 

gases will thus rise into the latter where we will be able 

to vent them if and when we want to. 

 

The test bench is currently being setup and will be 

operational in the coming months. The measurements 

and insights provided by this loop will allow us to 

challenge the results from the numerical approach. 

 

2. Numerical approach 

In order to optimize the final module, we need to iterate 

on several positions for the semiconductors and for 

additional bumps used as thermal and electrical links. 

The main point of interest in this computation is the 

junction temperature of the semiconductors. The 

approach must include the heat transfer with the 

boiling fluid which is highly dependent of the local heat 

flux density i.e. of the module geometry. This implies 

prohibitive costs if each iteration has to be produced 

and tested. 

 

When dealing with complex geometries, thermal 

computational advances were recently demonstrated 

based on a MC8 algorithm [13]. This is the reason why 

we explore the coupling of a MC-based code (Stardis 

[13]) with an averaged model of the two-phase flow 

inside the module. 

 

2.1 Fluid model 

The direct modelling of two-phase flow has been 

studied for a number of years now but “relies on a 

number of approximations and empirical parameters 

that limit the applicability” [14]. Also, in order to grasp 

the heat exchange, one has to resolve the bubble birth 

and growth. This is not possible at large module scale 

with a complex internal geometry. 

 

8 Monte Carlo 
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For the reasons mentioned above, we choose not to 

model the full 3D two-phase flow but rather consider it 

as a well-mixed fluid taken at equilibrium, called the 

HEM9. We develop the equations of this model here 

after. 

 

2.1.1 System 

We consider a section of the module 𝑑𝑧 where 𝑧 is the 

direction of flow or the normal to any straight section. 

This system contains two-phase separated by an 

interface permeable to mass and energy transfers. The 

model described here considers that values such as 

the wall temperature and the heat flux density are 

averaged along the perimeter of the section. 

 

2.1.2 Hypothesis 

#1 In each and every following equation, the vapor is 

considered to be at the saturation point. Its 

temperature is thus a function of the pressure 𝑝𝑣. 

#2 The straight section of the module is quasi-uniform 

and called 𝐴. 

#3 There is no slip between the phases: 𝑈𝑣 = 𝑈𝑙 = 𝑈 

 

This model applies to the modules with the ITO or 

surface heating. For the modules with semiconductors 

and bumps, an adaptation of this model will be 

proposed. 

 

2.1.3 General Equations 

We have a first equation system describing the 

homogeneous model in a slice of straight section of our 

module: 

{
  
 

  
 

𝜕𝜌𝑚

𝜕𝑡
= −

𝜕

𝜕𝑧
[𝜌𝑚𝑈]

𝜕

𝜕𝑡
[𝜌𝑚𝑈] = −

𝜕

𝜕𝑧
[𝜌𝑚𝑈

2] −
𝜕𝑝

𝜕𝑧
+ 𝜏𝑤,𝑚

𝑃𝑤

𝐴
+ 𝜌𝑚�⃗�. 𝑧

𝜕

𝜕𝑡
[𝜌𝑚𝐻𝑚] = −

𝜕

𝜕𝑧
[𝜌𝑚𝐻𝑚𝑈] + 〈𝑞𝑤,𝑚〉

𝑃𝑤

𝐴
+
𝜕𝑝

𝜕𝑡

𝜌𝑚 = 𝛼𝜌𝑣 + (1 − 𝛼)𝜌𝑙
𝜌𝑚𝐻𝑚 = 𝛼𝜌𝑣𝐻𝑣

𝑠𝑎𝑡 + (1 − 𝛼)𝜌𝑙𝐻𝑙

 (5) 

 

With 𝛼, the void fraction: 

𝛼 =
𝐴𝑣

𝐴
    (6) 

This form of equation is equivalent to the one we can 

get when dealing with a compressible monophasic 

fluid. 

 

 

                                                           
9 Homogeneous Equilibrium Model 

2.1.4 Additional Hypothesis 

So far, in order to write our equations, we have 

considered the homogeneous behavior, we now also 

take into account the equilibrium of the two phases: 

 

#4 The two phases are at thermal equilibrium: 𝑇𝑙 =

𝑇𝑣 = 𝑇(𝑝𝑠𝑎𝑡), thus reducing the number of unknowns. 

#5 We admit that the terms associated with the 

variations of the fluid’s properties due to temperature 

and pressure are negligible compared to the other 

terms. 

 

2.1.5 Vapor quality 

 

We introduce the vapor quality: 

𝑥 =
𝑚𝑣̇

𝑚𝑣̇ +𝑚𝑙̇
=

𝜌𝑣𝛼

𝜌𝑣𝛼+𝜌𝑙(1−𝛼)
    (7) 

 

There are two main reasons to introduce 𝑥: first is that 

it allows for a simpler writing of the energy balance 

equation and second it appears in the parietal friction 

coefficient and exchange coefficient correlations that 

will be used. 

 

2.1.6 Final equations 

Using the vapor quality relation, we have: 

{
 
 
 

 
 
 

𝑑𝑥

𝑑𝑧
= 〈𝑞𝑤,𝑚〉

𝑃𝑤

𝐺Δℎ𝐴
𝑑𝑝

𝑑𝑧
= −𝐺²

Δ𝜌

𝜌𝑣𝜌𝑙

〈𝑞𝑤,𝑚〉

Δℎ

𝑃𝑤

𝐴
− 𝑓𝑚(𝑥,𝑈)𝜌𝑚𝑈

2 𝑃𝑤

𝐴
+ 𝜌𝑚�⃗�. 𝑧

𝛼 =
𝜌𝑙𝑥

𝜌𝑣(1−𝑥)+𝜌𝑙𝑥

𝜌𝑚 = 𝛼𝜌𝑣 + (1 − 𝛼)𝜌𝑙

𝑈 =
𝐺

𝜌𝑚

(8) 

With 𝑓𝑚(𝑥, 𝑈) the wall friction coefficient, 𝑈 the average 

flow velocity in a section. 𝐺 the mass flux is known and 

in practice is imposed by our pump. 

 

With this final set of equations, we can resolve our 

system. Once the heat flux density is known – 

computed from the average wall temperature thanks to 

Stardis – the first equation can be solved to obtain the 

vapor quality and the void fraction. Which is then used 

to solve the pressure equation. 
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2.2 Solid substrate model 

The solid part of our system is modelled by a 3D 

thermal diffusion equation: 

𝜌𝑠𝐶𝑝,𝑠
𝜕𝑇

𝜕𝑡
− 𝜆𝑠∇

2𝑇 = 𝑝𝑣𝑜𝑙   (9) 

With the following boundary conditions, on any 
exterior frontier with a 𝑠 normal: 

𝜕𝑇

𝜕𝑠
= 0     (10) 

At the solide-fluide interface with a 𝑠 normal: 

−𝜆𝑠
𝜕𝑇

𝜕𝑠
|
𝑤
= ℎ𝑒𝑏(𝑧)[𝑇𝑠𝑎𝑡 − 𝑇𝑤] (11) 

The semiconductors have a volumetric power 𝑝𝑣𝑜𝑙. 

 

2.3 Interfacing the HEM and MC 

At their respective core, the HEM and the MC have 

wildly different ways of computing. The HEM relies on 

a discretization of the computation domain whereas 

the MC only relies on a geometric description of the 

surfaces constituting the volumes of the system. 

 

In order to reconcile these two worlds, we only 

discretize the wall where the heat exchange between 

the fluid and the system will occur. For the tests 

presented here, 100 sections were used to discretize 

the wall. As a side note, tests were ran on lower 

number of sections (4, 20 and 50) but lacked precision 

and induced numerical instabilities that led to the non-

convergence of the algorithm. 

 

The computation is coupled in the sense that the data 

we need from Stardis is the average temperature on 

each section, this allows the computation of the vapor 

quality and pressure – in each section – by the HEM 

which then outputs – through a correlation – the heat 

exchange coefficient – for each section – that Stardis 

needs to compute the average temperatures. This 

whole procedure is referred to as an iteration. 

For the results presented here, we used the J.C.Chen 

correlation [15]: 

ℎ𝑒𝑏 = 𝐹(𝑥)ℎ𝑙 + 𝑆(𝑥)ℎ𝑛𝑏(𝑥, 𝑇𝑤𝑎𝑙𝑙)  (12) 

The boiling heat transfer coefficient ℎ𝑒𝑏 is a function of 

the vapor quality, the average wall temperature but 

also of the 2 factors 𝑆 and 𝐹. They respectively 

represent the suppression of nucleate boiling by forced 

convective flow and the increase in turbulence due to 

the two-phase flow. 

The average heat flux density used in eq. (8) is linked 

to this heat transfer coefficient as follows: 

〈𝑞𝑤,𝑚〉(𝑧) = ℎ𝑒𝑏(𝑧)[𝑇𝑠𝑎𝑡−𝑇𝑤̅̅̅̅̅]   (13) 

Where 𝑇𝑤̅̅ ̅̅  is the average wall temperature of the 

considered section. 

The iterations are repeated until a satisfactory solution 

is reached. Once this solution is reached, a final MC 

computation is launched to obtain the junction 

temperature of the semiconductors. The general 

principal of this algorithm is depicted in Fig. 6. 

 

Fig. 6: Numerical scheme of computation 

 

In Fig.7, we can see the highly idealized system that 

we currently use for our numerical approach. It is 

comprised of a sapphire tube (transparent) inside of 

which 6 semiconductors (grey) have been placed. 

 

Fig. 7: System used to run simulations 
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In Fig. 8 and 9, the surface mesh of respectively the 

sapphire and a section can be seen. 

Fig. 8: Surface mesh of the sapphire 

Fig. 9: Surface mesh of one of the section 

 

2.4 Results 

Using this correlation the following results were 

obtained, when using 10 000 MC paths on each 

section to obtain the mean temperature: 

Fig. 10: Mean Temperatures for 10 000 paths 

 

In the graph, Fig. 10, the entry of the module is on the 

left, 𝑧 = 0. This shows that this approach is able to 

                                                           
10 Even when drastically changing the initial 
conditions 

reach a converged state10 coherent to what was 

foreseen in terms of wall temperatures and profile of 

the curves. 

 

Even though promising, this result shows sharp 

temperature variations from one section to the other 

(see Fig. 11). Because these variations are contained 

inside the variance11, we tested the use of 1 million 

thermal path instead of 10 thousand (see Fig. 12). 

 

The computation with 1 million thermal paths per 

section showed the same behavior in terms of 

convergence as the 10 thousand one. This approach 

was able to fix the sharp variation issue we previously 

had. 

Fig. 12: Comparison between 10 thousand and 1 

million thermal paths 

 

It is however not usable practically due to computation 

time. The 10 thousand paths takes roughly 8 hours of 

computation on a 8 core laptop whereas the 1 million 

paths took 7 days on a 32 core station. 

 

11 A single 𝜎 is displayed 

Fig. 11: Zoom of Fig. 10 
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2.5 Way forward 

The main pain point as of now is the MC algorithm, 

more especially the time it takes to perform. Because 

each iteration modifies the heat transfer coefficient we 

cannot rely on a single MC algorithm but rather we 

have to redo the whole computation at each iteration. 

This is an issue because of the computation time of 

each MC step. Indeed because the sapphire and the 

semiconductor are highly thermally conductive the 

probability for the thermal paths to go from conduction 

to convection is low. This leads to the entrapment of 

the thermal paths in the solids, explaining the long 

computation times. 

 

To get rid of this issue, approaches such as the 

Symbolic Monte-Carlo have been developed, see the 

work of L.Penazzi [16]. To sum up this methodology, 

the idea is to launch a first and single MC algorithm on 

our system but with adapted boundary conditions. This 

modified algorithm allows us to write the mean 

temperature as functions of the heat transfer 

coefficient and the volumetric power of the 

semiconductors. 

 

Once this – computation heavy – step is done, the 

iterations can follow as described previously with the 

major difference that for the MC step, we only compute 

𝑇𝑤𝑎𝑙𝑙 = 𝑓(ℎ𝑒𝑏 , 𝑝𝑣𝑜𝑙) 

 

This work is still ongoing and will be further explained. 

Also, because this approach is novel we are currently 

working on comparing it to a model from AMESIM on 

a more academic system in order to assess the 

disparities between our model and a commercial 

solution. 

 

 

Conclusions 

In this paper we described our decision making 

process regarding the fluid and our approach to 

designing the modules, coming from a “classic” 

uniform heating, uniform straight section towards a 

discretely heated with non-uniform straight section. 

Taking advantage of the copper bump technology as 

well as the advances in flow stability. 

We covered the numerical approach that was used to 

obtain promising results but lack scalability. The 

Symbolic Monte-Carlo method was introduced and will 

be implemented to alleviate this issue. The CHF also 

needs to be acknowledge and will be implemented into 

the algorithms. 
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Nomenclature 

𝐴   Straight section [𝑚2] 
𝐶𝑝  Heat Capacity [𝐽. 𝐾−1𝑘𝑔−1] 

𝐹  Forced convection factor [1] 

𝐺  Mass flux [𝑘𝑔. 𝑠−1.𝑚−2] 

𝑔  Gravity [𝑚. 𝑠−2] 

𝐻  Enthalpy [𝑘𝐽. 𝑘𝑔−1] 

𝑃𝑤  Wall perimeter in a section [𝑚] 

𝑝  Pressure [𝑃𝑎] 

𝑞  Heat Flux density [𝑊.𝑚−2] 

𝑆  Suppression factor [1] 

𝑇  Temperature [𝐾] 

𝑈  Velocity [𝑚. 𝑠−1] 

𝑥  Vapor quality [1] 

𝑧  Space coordinate [𝑚] 

 

Δℎ  Enthalpy of vaporization [𝑘𝐽. 𝑘𝑔−1] 

𝛼  Void fraction [1] 

𝜇  Dynamic Viscosity [𝑘𝑔.𝑚−1. 𝑠−1] 

𝜌  Density [𝑘𝑔.𝑚−3]  

𝜎  Surface Tension [𝑁.𝑚−1] 

𝜏  Parietal friction [𝑘𝑔.𝑚−1. 𝑠−2] 

 

Sub- Superscript 

𝑚  Mean value taken on a section 

𝑙  Refers to liquid phase 

𝑣  Refers to vapor phase 

𝑠  Refers to the solid 

𝑠𝑎𝑡 Value taken at saturation point 

𝑒𝑏  Refers to ebullition 

𝑛𝑏  Refers to nucleate boiling 

𝑤  Value taken at wall contact
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