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Abstract 
With the introduction of hybrid-electric propulsion, the amount of electrical power in the next generation 

of aircraft dramatically increases compared to current architectures. In the EU-funded H2020 EASIER 

project, the usage of two-phase mechanically pumped loops (MPLs) for cooling of power electronics is 

analysed. Ammonia and R1233zd(E) appear as premier candidates for aircraft two-phase cooling 

systems. In this study, an additively manufactured AlSi10Mg coldplate is manufactured and tested, 

which serves as interface between a DC/DC converter with 4 kW heat dissipation and a cooling fluid. 

Successful experimental validation of this evaporator is achieved in NLR’s two-phase test facility.    

1. Introduction

Hybrid electric propulsion dramatically increases the electrical power in the aircraft. As a result, the heat dissipation 

from electrical components will be an order of magnitude higher than for conventional aircraft, even if high levels of 

efficiency are achieved. Electronics in traditional turbofan-powered aircraft are cooled by air cooling. This cooling air 

is supplied by the Air Cycle Machine (ACM) that is driven by bleed air from a compressor stage of the aircraft engine. 

Large diameter air ducts are used to transport the cooling air to the electronic components. However, in electric aircraft, 

air cooling of the power electronics is not possible because the increased amount of waste heat would result in 

excessively large air ducts. Also, bleed air to power the ACM is not available anymore. Instead, novel mechanically 

pumped fluid cooling systems have to be developed to cool the power electronics. Because fluid cooling is more 

efficient than air cooling, relatively warm ambient air can be used to cool the electronics, instead of cold air from the 

environmental control system (ECS). This reduces the energy consumption of the ECS. Also, large air ducts to the 

electronic boxes can be replaced with small diameter fluid tubing. This results in system mass and volume reduction. 

1.1. What is a two-phase pumped cooling system? 

A two-phase MPL is similar to a liquid MPL, except that in a two-phase MPL, the liquid partially evaporates while it 

absorbs heat. Figure 1 shows a schematic drawing of a two-phase MPL. A pump transports liquid to an evaporator. In 

the evaporator, the waste heat from the power electronics is absorbed and the liquid partially turns into vapour. The 

vapour/liquid mixture then flows to the condenser. In the condenser, the absorbed heat from the power electronics is 

transferred to the ambient air via a ram air heat exchanger, and the vapour is condensed to liquid. The pressure and 

temperature of a two-phase fluid are coupled. As a result, the temperature of the liquid/vapour mixture is the same in 

the entire system (assuming a negligible pressure drop), and independent of the heat input.  

Two-phase MPLs have several advantages compared to a liquid (e.g. water-eglycol) MPL: 

• The fluid temperature is independent of the heat load due to the isothermal evaporation process. This results in a

uniform interface temperature of the power electronics.

• The required massflow is much smaller, typically in the order of 10 times. This results in a lower mass and lower

electrical power for the pump.
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• The two-phase flow heat transfer coefficient is much higher than the liquid flow heat transfer coefficient. This 

high heat transfer coefficient results in a smaller temperature difference between the fluid and the power 

electronics. As a result, a higher fluid temperature can be used, which results in a smaller air heat exchanger.  

• The freezing point of fluids that are used for a two-phase cooling system is much lower than the freezing point of 

water-eglycol that is used for a liquid cooling system. As a result, there are no freezing issues with two-phase 

cooling systems. 

A disadvantage compared to a liquid MPL is that the accumulator of a two-phase MPL has to be considerably larger. 

Also, leak tightness is more important, and the design is more complex.  

 
Figure 1: Schematic drawing of a two-phase MPL. The schematic of a liquid MPL is very similar, except that the 

fluid is in the liquid phase in the entire system. 

1.2. Heat sources that are cooled with the pumped cooling system  

In this paper, the focus is on cooling of the power electronics in an electric aircraft, since these have a high heat 

dissipation and heat flux, and are difficult to cool with other methods. The powertrain of  the envisioned power train 

is comprised of an electric motor, AC power feeder, three-phase inverter based on an ANPC, and a DC/DC converter 

that connects to the battery. The boost converter and ANPC inverters are mounted on coldplates, as shown in Figure 

2. The boost converter is comprised of four SiC power modules that generate a waste heat of 1015 W each. The heat 

flux of a single power module is 19.3 W/cm2 (see Figure 3), resulting in a total heat dissipation for the boost converter 

of 4060 W. Each ANPC inverter has three SiC power modules. A typical heat amount of waste heat for the converters 

is 180 W for one power module and 210 W for the other two power modules on the ANPC, which amounts to a total 

of 600 W for a single ANPC inverter. Figure 3 shows a drawing of a single power module used in a boost converter 

and ANPC inverter.  

The coldplate interface temperature has to be below 85°C in order to prevent overheating of the power electronics. The 

total amount of waste heat for the power electronics for one motor is 5860 W. The cooling system for the power 

electronics with a total amount of waste heat of 5860 W will be analysed in this project.  

 
Figure 2: Schematic drawing of the four coldplates for the power electronics module for a single motor. The total 

amount of waste heat for the power electronics is 4060 W + 3 x 600 W = 5860 W. 
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Figure 3: Drawing of a power module for a boost converter (left) and for an ANPC inverter (right). The waste heat is 

primarily generated within the rectangle indicate with the red line, which has an area of 8.1 cm x 6.5 cm = 52.65 cm2 

for the boost converter (resulting in a heat flux of 19.3 W/cm2) and 4.8 cm x 5.3 cm = 25.44 cm2 for the ANPC 

inverter (resulting in a heat flux of 8.3 W/cm2). 

1.3. Heat sink for the pumped cooling system  

The waste heat generated by the power electronics has to be transported to a heat sink. In electric aircraft, the heat sink 

is the ambient air outside the aircraft. This air can have a temperature between -55°C and +50°C, for a CS-23B type 

aircraft. This air is routed through a ram air heat exchanger. When the aircraft is stationary, a fan is typically used to 

force air through the heat exchanger.  

 

2. Two-phase fluid preselection 

 
The selection of a suitable fluid is one of the first and most important steps for the design of a thermal control system. 

The number of fluids to choose from is very large. For example, the NIST Reference Fluid Thermodynamic and 

Transport Properties Database REFPROP [1] contains around 149 different fluids. Since the fluid properties vary with 

temperature, a fluid that show good performance at a certain temperature may not be suitable at another temperature. 

This is especially relevant for aerospace systems, since the operating fluid temperature for these systems (60°C to 

100°C) is very different from the temperature range in typical terrestrial applications (e.g. -30°C for refrigeration 

systems and 10°C for air conditioning systems). For this reason, suitable fluids are pre-selected based on the ‘figure of 

merit’ for fluids. 

2.1. Figure of merit 

For a two-phase thermal management system, it is important that the tubing has a small diameter. Not only is the 

routing of the tubing much simpler when the diameter is small, but the system volume also scales with the square of 

the diameter, and a higher system volume results in larger and heavier components. For this reason, it is important to 

minimize the diameter of the tubing. However, a small diameter of the tubing results in a large pressure drop. This 

pressure drop is not only disadvantageous for the pump power, but large pressure gradients in a two-phase cooling 

system also result in large temperature gradients, since the fluid pressure and temperature are coupled in a two-phase 

cooling system. For this reason, an important characteristic of the fluid for two-phase thermal control system is a small 

pressure drop for the required heat transport and geometry.  

The pressure drop in the liquid tubes can be calculated by the Darcy-Weisbach equation [2]: 
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The flow in the tubes is turbulent, and the friction factor can be approximated with the Blasius correlation for turbulent 

flow in smooth-walled tubes: 
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The same equations can be used for the vapour tubes, when the subscript l is replaced by v. In order to find a fluid with 

a small pressure drop, Eq. (1) and Eq. (2) are rearranged to (assuming that half of the fluid is liquid and half is vapour):  
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The equation for the pressure gradient in the system is rearranged in a fluid-dependent part, a geometry-dependent part 

(i.e. the length and diameter of a tube) and the heat input. The inverse of the fluid-dependent part in the equation above 

can be used to find a fluid that results in a small pressure gradient, named the Figure of Merit for low pressure drop: 

 

low  1/4 7/4 1/4 7/4

1

( ( ) ( ))
p

l l lv v v lv

M
h h   

 =
+

   Figure of Merit based on low pressure gradient (4) 

 

2.2. NFPA fluid safety rating system 

In the Fluid Selection Tool, the safety of a fluid is rated with the NFPA 704 standard [3]. 

This NFPA rating is divided in four categories which are color-coded with red indicating 

flammability, blue indicating level of health hazard, yellow for chemical instability, and 

white containing codes for special hazards. Each category of health, flammability and 

instability is rated on a scale from 0 (minimal hazard) to 4 (severe hazard). As an example, 

Figure 4 shows the NFPA ‘safety diamond’ for ammonia. In this stage of the project, it is 

not entirely clear what the maximum alowed safety rating is. However, there is a strong 

preference for a non-flammable (i.e. a NFPA rating for flammability of 1 or lower) and 

non-toxic (i.e. a NFPA rating for heatlth of 2 or lower) fluid. Unfortunately, flammable 

and/or toxic fluids generally have a better thermal performance than safer alternatives.  

 

2.3. Fluid figure of merit for different NFPA ratings 

Figure 5 shows the Figure of Merit M for all fluids in the REFPROP fluids database with a NFPA rating of 3 or lower, 

excluding the fluids that are banned according to the Montreal protocol. Also, all fluids with a freezing temperature 

above -55°C are excluded. On the horizontal axis, the saturation temperature of the fluid is shown. The fluid saturation 

temperature of the EASIER application is around 75°C. This temperature is indicated with the dashed grey vertical 

line. The Figure of Merit for ammonia is much higher than for any other fluid (e.g. an order of magnitude larger than 

for R134a). This means that the tubing diameter for a system with ammonia can be much smaller than for other fluids. 

Fluids with a NFPA rating of 4 (e.g. propyne, R40 or DME) are not shown in the figure, but all these fluids also have 

a much lower Figure of Merit than ammonia. Ammonia is commonly used in (industrial) cooling applications, but 

because of its toxicity (NFPA=3 for health), it is more difficult to use than other fluids. There are many fluids with a 

more favourable NFPA rating, i.e. a NFPA rating of 2 or lower, but these have a much lower Figure of Merit than 

ammonia. The Figure of Merit for fluids with a NFPA rating of 2 or lower are shown in Figure 6. 

 

Table 1 shows the fluid properties for ammonia (which has a NFPA rating of 3), and the fluids with the highest Figure 

of Merit in NFPA category 2 or lower. Besides fluid properties, this table also shows some system characteristics that 

are calculated by the Fluid Selection Tool, namely the required volume flow, massflow and the required tube diameter. 

From the Figures of Merit, it can be seen that ammonia has about 16 times higher Figure of Merit than e.g. R245fa. 

This means that a system with ammonia would have a 16 times lower pressure drop than the same system that is filled 

with R245fa. Normally, a system with ammonia will have a smaller diameter tubing. The typical tubing diameter for 

a two-phase transport tube is calculated by the Fluid Selection Tool in order to get a rough indication of the tubing 

diameter. As can be seen from the table, the tube inner diameter with ammonia has to be 7.5 mm, while with R245fa 

fluid-dependent geometry-dependent 

Heat input 

Figure 4: NFPA diamond 

for ammonia. 
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it has to be 13.9 mm in order to obtain a similar pressure drop in a system. The fluids in this table are analysed in more 

detail with the System Analysis Tool. This is described in the next section. 

 
Figure 5: Figure of Merit for all fluids in the REFPROP 

database with a NFPA rating of 3 or lower. 

 
Figure 6: Figure of Merit for all fluids in the REFPROP 

database with a NFPA rating of 2 or lower. 

 

Table 1: Relevant characteristics at 75°C for fluids with the highest Figure of Merit. The first NFPA number is for 

health, the second is for flammability. Blue entries mark fluid properties; red entries mark system characteristics.  
Ammonia R134a R1234ze R245fa R236fa R1233zd(E) 

NFPA [health, flammability] 3-1 1-0 2-1 2-1 1-0 2-0 

Pressure at 75°C (barA) 37.1 23.6 18.0 6.9 11.0 5.8 

Pressure at 20°C (barA) 8.6 5.7 4.3 1.2 2.3 1.1 

Triple point (°C) -78 -103 -104 -103 -93 -78 

Heat of evaporation hlv (kJ/kg) 909 116 118 158 111 161 

Specific heat Cp (kJ/kgK) 5.6 1.9 1.7 1.5 1.4 1.3 

Liquid density ρl (kg/m3) 517 965 961 1188 1161 1130 

∂Tsat/∂psat (°C/bar) 1.2 1.9 2.5 5.5 3.8 6.8 

Required massflow (g/s) 9.2 72.1 71.2 53.0 75.6 51.8 

Required volume flow (lpm) 1.1 4.5 4.4 2.7 3.9 2.8 

Typical inner diameter for two-phase tubing (mm) 7.5 12.3 12.9 13.9 13.9 14.4 

 

 

3. Two-phase cooling system analysis 
 

To make a trade-off between the pre-selected working fluids, a detailed steady-state simulation has been made with 

the NLR’s in-house cooling system analysis tool.[4] [5]. This tool numerically solves (in MATLAB) the steady-state 

mass and enthalpy equations for a two-phase flow. The frictional pressure drop in the system is calculated with the 

Darcy–Weisbach equation in which the friction factor for turbulent flow is calculated with the Colebrook equation [2] 

and the friction factor for laminar flow is calculated by Re/64 [2]. For two-phase flow, the pressure drop is calculated 

with the Friedel correlation [6]. The flow’s heat transfer coefficient is calculated with the Gnielinski correlation [2] for 

turbulent liquid flow, with the Kandlikar correlation for evaporating flow [7], and with the Shah correlation for 

condensing flow [8]. A detailed description of the Cooling System Analysis Tool is provided in reference [4] and [5]. 

All fluids in Table 1 have been analysed with the simulation tool. The results for ammonia and R1233zd(E) are 

described in more detail in the next sections. The results for the other fluids are only included in the summary table. 

From these calculations, the volume and mass of the system components can be estimated. 

3.1. Results for ammonia 

Figure 7 shows the calculated temperatures in the system, together with calculated system parameters. The input 

parameters for the model are indicated with red text, while the output is in black text. On the left side of the figure, the 

evaporators are located, while the condenser is on the right side of the figure. The horizonal arrows that cross the 

condenser indicate the ram air flow that cools the condenser. The arrows are coloured according to the air temperature. 
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The typical tubing inner diameter from table 1is used for the two-phase tubing, while the diameter of the liquid tubing 

is 2/3 times this value. The tubing length between the evaporator and the condenser is 8 m while the tubing length from 

the condenser to the pump and from the pump to the evaporator is 5 m. Figure 8 shows the calculated vapour mass 

fraction in the system, while Figure 9 shows the calculated pressure. From the calculated pressure plot, a pressure drop 

at the inlet of each evaporator branch can be observed. This pressure drop is caused by flow restrictions that are located 

at the inlet of each evaporator branch. These flow restrictions are used to correctly distribute the flow over the parallel 

branches.  

The ram air heat exchanger is a cross-flow heat exchanger. The air enters the condenser with a temperature of 50°C. 

When the air flows through the condenser, it absorbs the heat from the fluid and the air warms to a temperature of 

58°C at the air outlet near the condenser fluid inlet. The liquid leaves the condenser at a temperature very close to the 

inlet air temperature. Figure 10 shows the temperatures along the condenser. The ammonia enters the condenser as a 

vapour/liquid mixture with a temperature of 75°C. The fluid remains 75°C as it flows through the condenser, until all 

the vapour is condensed into liquid (approximately halfway in the condenser), after which the liquid temperature 

quickly drops. The heat transfer coefficient between the fluid and condenser wall is very high, which results in a very 

small temperature difference between ammonia and condenser. The temperature difference between the condenser 

wall and air is much larger, which means that the air heat exchange is the largest thermal resistance in the thermal path 

from fluid to air. The air heat exchanger in this simulation is over-dimensioned and could be made smaller. 

The liquid enters the evaporator with a temperature of 51°C. In the evaporator, the temperature liquid quickly rises to 

the saturation temperature of 75°C, after which it starts to evaporate and remains constant in temperature while it 

absorbs the dissipated heat from the power electronics.  

The volume of the accumulator is 1.5 times the volume of the system between the evaporator inlet and the condenser 

outlet (i.e. the part of the system where vapour can occur) plus the volume of the liquid needed for expansion due to 

temperature variations. The mass of the accumulator vessel is calculated assuming a maximum saturation temperature 

of 110°C in the accumulator. The mass calculation is based on the pressure strength of the vessel. Details on the mass 

calculation of the accumulator and other components can be found in section 3.3. The required pump power (Wpump) is 

calculated by assuming a pump efficiency of 50%. For ammonia, the calculated pump power is only 2 W. 

 

 
Figure 7: Calculated temperatures with ammonia. The temperature along the dashed grey line in the condenser is 

plotted in Figure 10. 

 
Figure 8: Calculated vapour mass fraction with ammonia. 
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Figure 9: Calculated pressure with ammonia. 

 
Figure 10: Calculated temperatures along the condenser, as indicated by the grey dashed line in Figure 7. 

3.2. Results for R1233zd(E) 

In this section, the results for R1233zd(E) are presented. The input and geometry files are exactly the same as for the 

simulation for ammonia (see Figure 7), except that the diameter for the tubing is changed from 7.5 mm into 14.4 (see 

table 1). The larger tubing diameter and higher liquid density for R1233zd(E) results in a 7 times higher fluid mass 

than for ammonia. The accumulator volume is approximately 2.6 litres, compared to the 0.9 litres needed for ammonia. 

The calculated mass of the vessel however is smaller than for ammonia, because of the lower saturation pressure of 

R1233zd(E). The required volume flow of 2.8 l/min for R1233zd(E) is 2.5 times larger than for ammonia. The pressure 

difference over the pump is similar, because the diameter of the tubing is chosen such that the pressure difference is 

similar. The heat transfer is less efficient for R1233zd(E) than for ammonia, which results in a higher liquid temperature 

at the condenser outlet. This means that the air heat exchanger for a system with ammonia can be smaller than the air 

heat exchanger for a system with R1233zd(E). The simulation results for R1233zd(E) and the other fluids are 

summarized in table 2 in section 3.6. 

 

 
Figure 11: Calculated temperatures with R1233zd(E). 
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3.3. Mass estimation 

In this section, the method for calculating the mass of several components is explained. The mass summary for different 

fluids is included in table in section 3.6.  

 

Accumulator vessel 

Figure 12 shows a schematic drawing of an accumulator vessel. It consists of a cylinder with two caps. In the 

simulations, it is assumed that the ratio between Hcylinder and Dcylinder is 1.5. The minimum volume of an accumulator is 

equal to the volume of the system between the evaporator inlet and the condenser outlet (i.e. the part of the system 

where vapour can occur) plus the volume of the liquid needed for expansion due to temperature variations. The actual 

volume of the accumulator has to be somewhat larger. In the analyses, it is assumed that that the accumulator volume 

is 1.5 times the minimum required volume. The volume of the accumulator consists of the volume of the cylinder, 

𝑉cylinder =
1

4
𝜋𝐷cylinder

2 𝐻cylinder and the volume of the spherical caps, 𝑉caps =
1

6
𝜋𝐷cylinder

3 . From these equations, the required 

diameter and height of the accumulator are calculated. The wall thickness of the cylinder and caps of the vessel are 

then calculated with the pressure vessel equations: 

 

𝑡wall, cylinder =
𝑝proof/burst 𝐷cylinder

2 𝜎yield/ultimate
 𝑆margin , 𝑡wall, caps =

𝑝proof/burst 𝐷cylinder

4 𝜎yield/ultimate
 𝑆margin 

 

(5) 

 

in which pproof/burst is the proof or burst pressure for the vessel. For the wall thickness calculation for the proof pressure, 

the yield strength σyield of the vessel wall is used, while for the wall thickness calculation for the burst pressure, the 

ultimate strength σultimate is used. The factor Smargin is an additional safety margin. In the analysis, this margin is 1.2. 

 
Figure 12: Schematic drawing of an accumulator vessel. 

 

Tubing 

The mass of the tubes is calculated with: 

 

𝑚tube = 𝐿tube 𝜋𝑑tube 
𝑡wall tube 𝜌  (6) 

 

in which Ltube is the length of the tube, dtube is its diameter, twall is the wall thickness of the tube, and ρ is the density of 

the tube wall. It assumed that aluminium tubes are used, so the density is 2700 kg/m3. The thickness of the tube wall 

increases with the diameter. The thickness of the wall is approximated with: 

 

𝑡wall tube =
𝑑tube

20
+ 0.5 mm (7) 

 

Fluid 

The total fluid mass in the system is equal to the total volume of the system multiplied by the liquid density of the 

fluid.  

 

Other components 

It is assumed that the evaporators, air heat exchanger, and pump have approximately the same mass for all fluids, so 

these are not included in the comparison. Also, the mass of the brackets, frame, and other components are not included, 

since such details are not yet known in this stage of development of two-phase cooling systems for aircraft.  

3.4. Material compatibility  

Ammonia has an excellent compatibility with stainless steel 316 and many aluminium alloys (e.g. 6061 and 6063) 

Ammonia has a very poor compatibility with copper, so e.g. stainless-steel plate heat exchangers that are copper-brazed 

Hcylinder D
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cannot be used. Ammonia is not compatible with several common seal materials (e.g. Viton), but sufficient compatible 

seal materials are available (e.g. EPDM). All other fluids in table 1 have an excellent compatibility with aluminium, 

stainless steel, copper and titanium. Also, the compatibility with most seal materials is good. 

3.5. Future availability of fluids 

R134a, R245fa and R236fa are hydrofluorocarbons (HFCs) that were developed to replace ChloroFluoroCarbons 

(CFCs) and HydroChloroFluoroCarbons (HCFCs) that damage the ozone layer. CFCs and HCFCs are banned 

according to the Montreal protocol. R134a, R245fa and R236fa do not damage the ozone layer and are (almost) non-

flammable, but they do have a high global warming potential (more than 150 times greater than carbon dioxide). EU 

regulations (e.g. the MAC directive) prohibit the use of fluorinated gases with a global warming potential of more than 

150 times greater than carbon dioxide in all new cars and vans produced from 2017. As a result, R134a is not used 

anymore in the air-conditioning of new cars but has been replaced with other refrigerants, e.g. R1234ze. In all other 

applications, the hydrofluorocarbon fluids are being phased-out when alternatives are available. For example, 

R1233zd(E) is intended as a replacement for R245fa, so it is to be expected that R245fa will also be phased-out. This 

could mean that availability of these fluids in the far future could be an issue. 

R1234ze and R1233zd(E) are HydroFluoroOlefins (HFOs) that have been developed as replacement for the HFCs. 

These fluids have a low global warming potential. However, these fluids are relatively new, and it might be too early 

to tell whether these fluids represent the long-term solution or not. For example, the German Environment Agency 

calls for a ban of R1233zd, since it has an ozone depletion potential of 0.00034 [11]. Also, recently concerns have been 

raised about the environmental impact of PFAS (Per- and polyfluoroalkyl substances) which might impact availability 

of these engineered refrigerants [12]. Ammonia (also known as refrigerant R717) is used on a wide scale in industrial 

refrigeration, but also in many other applications. No issues with future availably of ammonia are foreseen. 

3.6. Summary and fluid selection 

Table 2 shows the summary of the analysis results. Ammonia has large advantages compared to other fluids: the 

required volume flow of ammonia, the system mass, and the system volume are at least 2.5 times lower than for the 

other pre-selected fluids. However, ammonia has the highest NFPA rating due to its toxicity and mild flammability. 

As a result, the certification of a cooling system with ammonia will take much longer than for a system with a lower-

NFPA fluid. Therefore, in this study, it was decided to only assess ammonia by modelling, and that for two-phase 

coldplate testing another fluid with shorter-term certification opportunities was chosen. For the remaining fluids in 

Table 2 R134a, R245fa, and R236fa are being phased-out because of their high Global Warming Potential (see previous 

section) and are therefore not considered. R1234ze and R1233zd(E) remain as suitable fluids for a two-phase cooling 

system. An advantage of R1233zd(E) is that a smaller pump volume flow is required. Also, R1233zd(E) is non-

flammable, whereas R1234ze is mildly flammable. For these reasons, R1233zd(E) was selected in the EASIER project.  

 

Table 2: Summary table for the fluid selection for a 5860 W cooling system.  
Fluid NFPA Triple 

point 

(°C) 

Volume 

flow 

(lpm) 

inner tube 

diameter 

(mm) 

System 

mass 

(kg) 

Accumulator 

volume 

(liter) 

Pump 

power 

(W) 

Long term 

availability 

GWP 

Ammonia 3-1 -78 1.1 7.5 2.2 0.9 2 Good 0 

R134a 1-0 -103 4.5 12.3 5.3 2.1 12 Phased-out 1530 

R1234ze 2-1 -104 4.4 12.9 5.5 2.2 11 Probably good 1.4 

R245fa 2-1 -103 2.7 13.9 5.9 2.4 6 Phased-out 962 

R236fa 1-0 -93 3.9 13.9 6.3 2.5 10 Phased-out 8690 

R1233zd(E) 2-0 -78 2.8 14.4 6.1 2.6 6 Probably good 3.9 

 

4. Test of evaporator plate 
 

In this paper, the focus is on cooling of the power electronics in an electric aircraft, since these have a relatively large 

amount of heat dissipation with a high heat flux. Therefore, they are difficult to cool with other cooling methods. For 

each motor, the power electronics has one boost converter and three ANPC inverters. The boost converter is the most 

challenging to cool, and for this reason, it was decided to design, manufacture and test a coldplate for the boost 

converter. The boost converter is comprised of four power modules that generate a waste heat of 1015 W each, resulting 

in a total of 4060 W. See Figure 3 for a schematic drawing of a single power module for a boost converter. The heat 

load of a power module is emulated by resistive heating elements embedded in a copper heater block, as shown in 
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Figure 13. This heater block can generate 1060 W of heat. Four heater blocks are mounted on a single coldplate, as 

discussed in the next section. Dow Corning TC-5026 thermal paste is used between the coldplate and the heater blocks. 

 

 
Figure 13: CAD drawing of a heater block that emulates the heat dissipation of a power module. 

4.1. Evaporator design 

Figure 14 shows a CAD drawing of the evaporator plate while Figure 15 and Figure 16 show CAD drawings of the 

plate with the heater blocks. The coldplate has 41 parallel channels with a diameter of 1.5 mm. Each heater block has 

6 holes in which temperature sensors can be inserted, shown in Figure 13. These holes have a diameter of 0.6 mm and 

a depth of 10 mm, while the temperature sensors have a diameter of 0.5 mm. The evaporator plate is connected to the 

test setup with Stäubli SPH non-spill quick-connect fluid couplings. These couplings allow for an easy connect and 

disconnect of the coldplate. The couplings are closed when disconnected, so the fluid can remain in the system when 

the evaporator plate is disconnected. Figure 17 shows a photo of the evaporator plate with Stäubli couplings. The 

coldplate has been manufactured by metal additive manufacturing with AlSi10Mg and passed the proof pressure and 

helium leak-tightness tests.  

 
Figure 14: Cross section of the coldplate. 

Holes for four heater cartridges 

Holes for temperature 

sensors 
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Figure 15: Coldplate with four heater blocks that emulate the heat dissipation of four power modules. 

 
Figure 16: Cross-section of the evaporator plate with heater blocks mounted on both sides. 

 

 
Figure 17: Photo of the coldplate. 

Holes (ø 0.6 mm) for temperature sensors 

Holes for temperature sensor of safety relay 
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4.2. Test setup 

The NLR Two-Phase Test Facility (TPTF) is a two-phase Mechanically Pumped Fluid Loop that has been built by the 

NLR and is used for two-phase cooling component and concept testing. Figure 18 and Figure 19 are photos of the 

facility with and without thermal insulation. A further description of the TPTF is provided in [5]. A schematic drawing 

of the TPTF with the evaporator plate is shown in Figure 20. The TPTF has eight parallel branches to install 

evaporators, but in this test only one branch is used. The plate can be tested in two orientations; horizontal and with 

the manifolds in the vertical orientation. Figure 21 and Figure 22 show the evaporator plate in the test setup in 

horizontal position, while Figure 23 shows the evaporator plate in vertical position.  

18 temperature sensors are inserted in the holes in the heater blocks (see Figure 13 and Figure 16 for the location of 

the holes for the temperature sensors) to measure the temperatures in the heater blocks. The locations of the temperature 

sensors are indicated in Figure 24.  

 

 
Figure 18: Photo of the Test Facility without insulation. 

 

 
Figure 19: Photo of the Test Facility with insulation. 

 
Figure 20: Schematic drawing of the test setup. 
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Figure 21: Photo of the evaporator plate in horizontal 

position without thermal insulation. 

 
Figure 22: Photo of the evaporator plate in horizontal 

position with thermal insulation. 

 

 
Figure 23: Photo of the evaporator 

plate in vertical position with thermal 

insulation. 

 
Figure 24: Cross-section with the location and name of the temperature 

sensors. There are 9 sensors on the top side of the coldplate (shown in 

figure) and 9 sensors on the corresponding location on the bottom side. 

4.3. Test results 

The system was first filled with R1233zd(E). The ordered R1233zd(E) was supposed to have a purity of >99.5%. 

However, after filling of the system it was noticed that an oily substance was mixed with the fluid. This was discussed 

with the supplier, and it was concluded that the R1233zd(E) vessel was indeed contaminated with an unknown 

substance. The R1233zdE container has been send back and will be replaced with high purity R1233zdE. However, 

T T-type thermocouples  

Tevap left top 1 Tevap right top 1

Tevap middle top 1

Tevap left top 2 Tevap right top 2

Tevap middle top 2

Tevap left top 3 Tevap right top 3Tevap middle top 3
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due to lead time and time constraints in the project, it was decided to perform the tests with R245fa instead, since 

R245fa has similar properties as R1233zd(E). In fact, R1233zd(E) has been developed as a drop-in replacement for 

R245fa, as an alternative with lower negative climate impact. After drainage of the R1233zd(E), and rinsing the system 

with IsoPropyl Alcohol (IPA) a few times for several hours to remove the oily substance, the system was filled with 

R245fa. The test results in horizontal and vertical orientation are described in the next sections.  

Horizontal orientation 

The coldplate performance test has been carried out in an automated test sequence with the following steps: 

1. The saturation temperature in the system is increased to 75°C by using the accumulator heater. This takes 

approximately 30 minutes; 

2. After one hour, the pump control is set to a mass flow of 36 g/s; 

3. The heater blocks are set to 2000 W in total: 

a. 1000 W for bottom and 1000 W for top, for 1 hour; 

b. 0 W for bottom and 2000 W for top, for 0.5 hour; 

c. 2000 W for bottom and 0 W for top, for 0.5 hour; 

d. 1000 W for bottom and 1000 W for top, for 0.5 hour; 

4. The heater blocks are set to 3000 W (1500 W for both top and bottom) for 0.5 hour; 

5. The heater blocks are set to 4000 W (2000 W for both top and bottom) for 1.5 hour. 

 

Figure 25 shows the measured massflow during the test. Figure 26 shows the measured heater powers. Figure 27 and 

Figure 28 show the absolute and differential pressures. Figure 29 shows the temperature at several locations, while 

Figure 30 shows the saturation temperature of the fluid (which is derived from the pressure at the evaporator outlet) 

and the temperatures of the 18 temperature sensors in the heater blocks on the evaporator plate. Figure 24 shows the 

location of these temperature sensors in the heater blocks. The sensor labels that end with index 1 are located near the 

inlet manifold of the evaporator and have a blue colour, while the sensor labels that end with index 3 are located near 

the outlet manifold and have a red colour. The measures temperatures by the sensors in between have a green colour. 

The measured temperatures from the sensors at the top side of the plate are indicated with solid lines while the dashed 

lines are used for the sensors at the bottom.  

 

The saturation temperature in the system can be controlled by the heaters in the accumulator, which are regulated via 

a PID controller. When the temperature is lower than the setpoint, the accumulator heater power is increased, which 

increases the pressure and thereby the saturation temperate in the system. At the start of the measurement, the system 

saturation temperature is set to 75°C, of which the effects can be observed in Figure 26, Figure 27, and Figure 29. The 

accumulator heater is activated until a saturation temperature of 75°C is reached. The pump is then set to a flow of 36 

g/s. 15 minutes after the pump is turned on, the evaporator heater blocks are set to a total heat input of 2000 W. The 

temperature of the heater blocks quickly rises until the saturation temperature is reached and the liquid starts to boil 

(see Figure 30). In steady-state with 2000 W (1000 W on both sides of the coldplate) all 18 sensors in the heater blocks 

have a temperature between 80 and 82°C. The fluid temperature is 75°C, so there is a temperature gradient ΔT of 5 to 

7°C between the fluid and the heater blocks. Part of this ΔT is caused by the heat transfer between the fluid and the 

evaporator plate channel wall, and part of this ΔT is caused by the heat transfer between the evaporator plate and the 

copper block. In order to distinguish between these two effects, the 2000 W is only applied on only one side. The 

temperature sensors on the other side will then have approximately the same temperature as the evaporator plate. The 

temperature of the sensors in the heater block with no heat input is 78.2 to 79.0°C, which indicates a temperature 

difference between the fluid and the coldplate of 3.2 to 4.0°C. The temperature of the sensors in the heater block with 

2000 W heat input is 82.2 to 83.6°C, which indicates a temperature difference between the coldplate and the heater 

blocks of 4.0 to 4.6°C. That means that more than half of the total temperature difference between the liquid and the 

heater blocks is caused by the temperature difference between the heater block and the coldplate. 

 

When the heat input is increased to 4000 W and with a flow of 36 g/s, the vapour mass fraction is approximately 0.7. 

The measured heater block temperatures are between 83.4 and 86.2°C at this heat load, as shown in Figure 30.  

 

When the evaporator heat input is initially set to 2000 W, the liquid temperature at the inlet of the evaporator rises to 

approximately 69°C, see ‘TevapIn’ in Figure 29. This is because the liquid that flows to the evaporator is warmed to a 

temperature close to the saturation temperature by the recuperator heat exchanger in the test setup, schematically shown 

in Figure 20.  
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Figure 25: Measured massflow. 

 
Figure 26: Measured heater power. 

 

 
Figure 27: Measured absolute pressure. 

 
Figure 28: Measured pressure difference over the pump 

and evaporator. 

 

 
Figure 29: Measured temperatures at several locations. 

 
Figure 30: Measured temperatures on the evaporator 

plate. 

Vertical orientation 

Figure 31 shows the measured data for a test similar as the one described in the previous section, except that the plate 

is in the vertical orientation, see Figure 23 for a photo. The measured data is very similar to the data for the horizontal 

plate. From this it can be concluded that the change in orientation does not have an influence on the performance of 

the plate.  

 

Onset of 
boiling 

Rise in pressure due to 

accumulator heater power  

Rise in saturation temperature due 

to pressure increase  

Accu heater to control 

pressure/temperature 
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Figure 31: Measured temperatures on the evaporator plate in vertical orientation 

 

5. Conclusion 
 

In this study, we have successfully developed, manufactured and tested an additively manufactured AlSi10Mg 

coldplate for two-phase cooling of a DC/DC converter with 4 kW heat dissipation. R1233zd(E) was chosen as a 

working fluid for the cooling system. This coldplate with parallel channels successfully cooled a 4 kW heat load. With 

a saturation temperature of 75°C, the 18 temperature sensors on the power converter emulator all had a temperature 

between 83 and 86°C, indicating that the two-phase cooling results in a small temperature gradient and uniform 

temperature, despite the high heat flux. The coldplate was tested in different orientations, and no gravity effects were 

observed. Based on its shown performance in a lab environment, the technological maturity of the additively 

manufactured two-phase coldplate has been progressed to TRL4. With the advances made in this study, the coldplate 

enables significant performance and mass improvements compared to conventional liquid coldplates.  
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