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Abstract: In the EU-funded BRAVA project, technologies for a fuel cell-based power
generation system for aviation are being developed. In this paper, the test results for a
demonstrator of a novel two-phase pumped cooling system with 20 kW cooling capacity
are presented. This system uses the evaporation of a liquid to remove waste heat from
the heat sources. Several concepts have been tested with this demonstrator, including the
‘no accumulator” concept, which offers a large mass reduction compared to conventional
cooling systems. Additionally, the system can be rotated, and the influence of the orientation

has been tested.
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1. Introduction
1.1. Background

Hydrogen energy holds significant potential in the clean energy transition for trans-
portation, industry, and construction [1]. Proton Exchange Membrane (PEM) fuel cells
transform the chemical energy liberated during the electrochemical reaction of hydrogen
and oxygen into electrical energy [2]. Fuel cells (FC) can operate at a higher efficiency than
hydrogen gas combustion turbine engines, and because of the relatively low operating
temperature (<120 °C) compared to hydrogen combustion engines, they exhaust only water
and no NOy emissions. Hydrogen-powered PEM fuel cells are therefore the preferred
energy source for electric aircraft [3]. For this reason, technologies for an FC-based power
generation system for aircraft capable of carrying up to 100 passengers on distances of up to
1000 nautical miles are being developed in the EU-funded BRAVA (Breakthrough Fuel Cell
Technologies for Aviation) project [4]. One of these technologies is the cooling system for
the FC. An FC system generates a significant amount of waste heat that has to be removed
with a cooling system, and this cooling system represents a significant part of the total
system mass. For the application of FC in aircraft, it is of utmost importance to reduce the
mass of the cooling system. Large FC systems in vehicles are typically cooled with liquid
Ethylene Glycol-Water (EGW) mixtures. In [5], a comparison was made with numerical
simulations of a conventional liquid EGW cooling system and two-phase cooling systems.
The comparison showed that the mass of a liquid EGW system is 35% higher than that of
two-phase cooling with an accumulator and using methanol as a coolant. Furthermore, the
mass of a liquid EGW system is 2.4 times higher than that of a two-phase cooling system
when a novel ‘no accumulator” concept is used. In order to investigate the feasibility and
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behaviour of a two-phase cooling (2-PC) system with methanol, a test setup with 20 kW
cooling capacity was built. The test results of this setup are described in this paper.

1.2. What Is a Two-Phase Pumped Cooling System?

Two-phase cooling systems were originally developed for space applications, for ex-
ample, for the thermal control system of the Alpha Magnetic Spectrometer (AMS-02), which
is mounted on the International Space Station [6]. Additionally, commercial spacecraft
from Thales Alenia Space have 2-PC systems [7], and 2-PC systems are being developed
for active antennae for communication satellites [8]. More recently, 2-PC systems are being
developed for the cooling of power electronics modules for electric aircraft motors [9,10].
Figure 1 shows a schematic drawing of a 2-PC system. A pump transports liquid to an
evaporator, which consists of cooling plates that are integrated into the fuel cell stack. In
the evaporator, the waste heat from the fuel cells is absorbed, and the liquid (partially)
turns into vapor (i.e., the term “two-phase’ refers to the phase transition of the fluid from
liquid to vapor). The vapor/liquid mixture then flows to the condenser. In the condenser,
the absorbed heat from the FC is transferred to the air that flows through the ram air heat
exchanger, and the vapor is turned back into liquid. The saturation temperature in the
system depends on the pressure, and this pressure is controlled by the accumulator [8-10].
The accumulator also allows for fluid density changes (e.g., as a result of evaporation) in
the loop.
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Figure 1. Schematic drawing of a 2-PC system.

The schematic of a 2-PC system is very similar to that of a liquid EGW cooling system
that is commonly used for fuel cells, except that in a 2-PC system, the liquid is evaporated.
This results in several advantages:

e  The required mass flow is an order of magnitude smaller. This results in significantly
lower electrical power consumption by the pump and a much smaller pump mass.
Additionally, the piping diameter can be smaller, which reduces the overall mass of
the system.

e  Freezing of the fluid under low ambient temperatures (—55 °C) is not possible, since
the freezing point of methanol is —97 °C.

e  Due to the low freezing point and high heat transfer coefficient of two-phase methanol,
it is easier to use the waste heat from the fuel cell to warm liquid H, before it enters
the fuel cell.

e  The heat transfer coefficient for evaporating or condensing flow is typically much
higher than the heat transfer coefficient for liquid flow. This results in a smaller
temperature difference between the fluid and the heat exchanger walls.
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A disadvantage compared to liquid cooling is that the accumulator of a 2-PC system
has to be considerably larger. Furthermore, the design is more complex.

2. Description of the Setup

Figure 2 shows a schematic drawing of the 20 kW two-phase cooling (2-PC) system,
Figures 3-5 show CAD drawings, and Figure 6 shows photos. The system has 16 parallel
evaporator plates divided into two parallel branches. The heat load of 20 kW is generated by
foil heaters attached to the evaporator plates. The system has four fluid-air heat exchangers
that function as condensers (see Figure 5). For the methanol flow, the condensers are in
a parallel configuration. A fan is used to force air from inside the system through the
condensers to the outlet air duct. For the airflow, the condensers are placed in two parallel
branches, with two condensers in series in each branch. The airflow through the condensers
can be (partially) blocked by inserting a plate between the air duct and the condenser
(see Figure 5). The system has two flowmeters. The difference between the measured
flow of these flowmeters can be used to determine the methanol flow into and out of
the accumulator. The saturation temperature in the system depends on the pressure,
and this pressure is controlled by the accumulator. Most 2-PC systems have a Heat-
Controlled Accumulator (HCA) [6-10]. In an HCA, both vapor and liquid are present,
and the saturation temperature in the system is controlled by a heater on the vessel. The
main advantage of an HCA is that it is relatively simple. Disadvantages of an HCA are
the energy consumption of the heater, and the sensitivity to the direction of acceleration.
Instead of an HCA, it is also possible to use a Pressure-Controlled Accumulator (PCA). To
the authors” knowledge, there are no descriptions of systems with a PCA available in the
literature. In a PCA, only subcooled liquid and no vapor is present and the pressure of
the liquid in the accumulator can be controlled with pressurized air or N, gas which is
separated from the liquid by a bellows, bladder, or diaphragm. The 20 kW system uses a
PCA, which consists of a 5 L expansion vessel with an EPDM bladder. The setup has four
viewing glasses with cameras to monitor the flow pattern and the presence of gas bubbles
at several locations. The system also has a motorized control valve to bypass the condenser.
With this setup, the following have been tested:

Saturation temperature control using a PCA.

Influence of orientation by rotating the system.

Different methods for controlling the evaporator inlet temperature.
Influence of blocked airflow through a condenser.

Testing of the ‘no accumulator’ concept. For this, the system is equipped with a valve
between the accumulator and the loop.

o  Testing of the ‘small accumulator’ concept. For this, the 5 L vessel is replaced with a
1L vessel.
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Figure 2. Schematic drawing of the 20 kW test setup.
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Figure 3. CAD drawing of the 20 kW test setup.
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Figure 4. CAD drawing of the evaporator section.

The main components of the system and the measurement accuracies of the sensors

are included in Table 1.

Table 1. Main components of the system, including the accuracies of sensors.

Description Manufacturer Type Accuracy
Pump Gather (Wiilfrath, Germany) Series 2, 30/10
G Micro Motion R050S o
Flowmeters (2x) Emerson (Rijswijk, The Netherlands) Coriolis Meter 0.75% (0.5 g/s at 60 g/s)
Pressure sensors (5 %) Dfﬁglf\](g}?:ﬁiﬁﬁ(;n’ Unik500 0-10 bar, A2 0.1% FS (0.01 bar)
Evaporator plates (16 x) Wakefield (Nashua, NH, USA) 120457
Condensers (4x) Boyd (Laconia, NH, USA) M10-080SB
Fan HLU (Miicke-Atzenhein, Germany) HF R 200-17 D Atex zone II
: END Armaturen
Motorized control valve (Bad Oeynhausen, Germany) EBKG2D31X221025
Accumulator 5L VAREM (Limena, Italy) R800528154000000
Accumulator 1L VAREM (Limena, Italy) V200186054000000
. Spirotech (Helmond, .
Air separator The Netherlands) Spirovent AAS125R
Pressure regulator Metalwork (Brescia, Italy) Regtronic 1/4” 0.1 bar
Temperature sensor Labfacility (West Sussex, UK) thermocouples type T +1°C
Power supply evaporators Eurotherm (quthing, SD, USA) Epack-1PH +2% (0.4 kW)
Data acquisition system National instruments cRio NI 9045

(Austin, TX, USA)
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Figure 5. (a) CADs drawing of the condenser section; (b) CAD drawing of the condenser section in
the setup.

Figure 6. (a) Photo of the 20 kW test setup in partially rotated (22.5°) orientation; (b) photo of the fan
that is used to force air through the air heat exchangers.

3. Test Results with Accumulator
3.1. Instantaneous Full Power

The BRAVA cooling system must be able to handle variations in the heat load. The
most extreme heat load variation is the instantaneous transition between full power on
and off. Figure 7a shows the applied heater power to the evaporator. Att = 0.1 h, the
heat load is increased from 0 to 20 kW, and at ¢ = 1.1 h, it is reduced to 0 W. Figure 7b
shows the control signals for the pump, the fan, and the bypass valve. The pump is
set to 17%, which results in a mass flow of approximately 60 g/s (see Figure 8a). The
fan is set to 70%, and the bypass valve remains closed during the test. Figure 8b shows
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the measured temperatures at the two evaporator inlet branches (dashed and solid grey
lines) and the temperatures at the outlets of the sixteen evaporator plates (solid-colored
lines for eight evaporator outlets in branch 1, and dashed colored lines for eight outlets
in branch 2). The black line indicates the saturation temperature, which is derived from
the pressure at the evaporator outlet. Att = 0.1 h, the saturation temperature is set to
95 °C by controlling the pressure in the accumulator (which is increased from 1 bar to
3 bara—see Figure 9a). When the evaporator heater power is turned on, the evaporator
outlet temperatures quickly rise until the saturation temperature is reached, and the liquid
starts to boil. However, before the onset of boiling, the liquid is superheated to 115 °C,
before it quickly drops to the saturation temperature of 95 °C. The same measurement was
carried out multiple times, and very similar results were obtained each time, except that
the amount of superheat varied (between 10 °C and 20 °C). This liquid superheat is further

discussed in the next section.
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Figure 8. (a) Measured mass flows; (b) measured temperatures.

Figure 10a shows the vapor mass fraction at the evaporator exit. This vapor mass
fraction is calculated from the evaporator inlet temperature, the saturation temperature,
the mass flow, and the evaporator heat input. The dashed lines indicate the bounds of the
vapor mass fraction as a result of inaccuracies, assuming an uncertainty of the evaporator
inlet temperature of +1 °C, a pressure uncertainty of £0.01 bar (this effect is negligible),
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a heat input of £0.4 kW, and a heat leak between 0 and 1.8 kW (this heat leak has been
measured). Figure 10b shows the methanol liquid volume inside the accumulator. This
volume is obtained by integrating the measured difference in the mass flows before and
after the accumulator, and by dividing this mass by the liquid density. The dashed lines
indicate the bounds of the accumulator volume as a result of inaccuracies, assuming an
uncertainty in the measured flows of 0.5 g/s. Because the measured difference between
the mass flows is integrated over time, the accumulator volume uncertainty increases over
time. In steady state, the offset between the two flowmeters is 0.79 g/s, and this offset is
added to the mass flow difference.
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Figure 9. (a) Measured pressures; (b) measured pressure difference over the pump and evaporator.
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Figure 10. (a) Calculated vapor mass fraction at the evaporator outlet; (b) methanol liquid volume in
the accumulator.

3.2. Prevention of Liquid Superheat

In Figure 8b, liquid superheat is observed before the methanol starts to boil. This
liquid superheat is caused by the lack of boiling nucleation sites on the smooth tubing wall
of the evaporator. Furthermore, methanol is prone to liquid superheat, e.g., because of
its relatively high surface tension. One of the methods to prevent liquid superheat is to
inject small gas bubbles (e.g., Ny or air) just before the evaporator. Figure 11 shows the
measured temperature with the same test sequence as described in the previous section,
except that a small amount (~16 mL) of N; gas is injected before the evaporator when
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the liquid temperature reaches the boiling temperature. This gas injection prevents liquid
superheat. The 20 kW system has an air separator that can expel the injected N.

T T T T T T
110 .
100 .
90
—
O sof
—
(]
=
2 70 -
£ -
g
E 60 Tsa\ evap out Tevap1 1 1
qq—-J Tevap1 in Tevap1 2==- evap2 2
50 =T Tevap2 in Tevap1 3 evap23
4 4
evap1 evap2
40 Tevap1 5 TevapQ 5
Tevap1 6 Tevap2 6
30 Tevap1 T Tevap2 7
T 8 mum T 8

20 L L 1 1 1 1
0.2 0.4 0.6 0.8 1 1.2

time (hours)

Figure 11. Measured temperatures.

Liquid superheat is very geometry-dependent, e.g., liquid superheat was not observed
in tests with two-phase methanol with an evaporator made from bipolar plates from a
fuel cell. A possible reason is that these bipolar plates have small, sharp-cornered gaps [5],
which act as nucleation sites for boiling.

3.3. Controlling the Evaporator Inlet Temperature with the Bypass Valve or Fan Speed

In the measurements described in the previous sections, the liquid enters the evapora-
tor with a temperature of around 70 °C. In the requirements for the 2-PC system [11], it is
specified that the evaporator inlet temperature can be controlled between 75 and 85 °C. In
the 20 kW setup, the evaporator inlet temperature can be controlled with two methods:

1.  The fan speed can be varied; a lower fan speed results in less cooling capacity and
thereby a higher evaporator inlet temperature. In an aircraft, this would be similar to
reducing the airflow through the ram air heat exchanger with, e.g., a ram air door.

2. The condenser bypass valve can be opened. This increases the evaporator in-
let temperature.

The fan and the bypass valve can be regulated via a PID controller that tries to control
the evaporator inlet temperature to the setpoint value. Figure 12a shows the measured
temperatures at the evaporator inlet and the outlet. Between f = 0.5 and 2 h, the evaporator
inlet temperature is controlled by varying the fan speed, and the temperature is set to 75,
80, and 85 °C. Between 2.4 and 3.9 h, the inlet temperature is controlled by opening the
bypass valve. Figure 12b shows the control signals to the fan and the bypass valve. This
measurement shows that the evaporator inlet temperature can be controlled between 75
and 85 °C with these methods.
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Figure 12. (a) Measured temperatures; (b) control signals.

3.4. Influence of Orientation

In a two-phase cooling system, gravitational effects could influence the system, e.g., by
causing dry-out of evaporators that are located higher than other evaporators. The 20 kW
setup is designed so that it can operate in every orientation. For example, at the inlet of
each evaporator is a flow restriction that consists of an orifice that has a diameter of 1.5 mm.
The pressure drop due to this orifice can be calculated with [12]

i
8m 1 1
Ap = - @
P 2 C? d?estriction d;ipe

where m is the mass flow, p; is the liquid density, dyestriction 1S the diameter of the flow
restriction, dpipe is the diameter of the pipe, and C is the orifice discharge coefficient, which
is approximately 0.6 for sharp-edged orifices. These flow restrictions result in a pressure
difference of approximately 0.08 bar, which is larger than the pressure difference that can
be caused in the evaporator by gravity (which is ~0.03 bar), and this ensures an equally
distributed flow over all 16 evaporators in each orientation. Similar flow restrictions have
also been successfully used in other systems [8,9].

Figures 13 and 14 show the measured temperatures with the same test sequence as in
Section 3.1 ‘Instantaneous full power’, except that the system is rotated with 90°, 180°, and
270° (see Figure 6 for a photo of a partly rotated system and the rotation axis). The results
are very similar, which indicates that the system can operate in these orientations.
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Figure 13. Measured temperatures (a) with the system rotated 90°; (b) with the system rotated 180°
(“upside down’).
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Figure 14. Measured temperatures with the system rotated 270°.

3.5. Influence of Blocked Condenser

A 2-PC system can have parallel condensers. The system should still function (albeit
with a reduced heat rejection capacity) if the airflow through one of the condensers is
blocked. The frictional pressure drop strongly increases with an increasing vapor mass
fraction. When the airflow through a condenser is blocked, the vapor is not condensed
back into liquid, and this results in a higher pressure drop than in the other condenser
branches. Since there must be an equal pressure difference over each branch, this higher
vapor fraction will result in a smaller mass flow through the blocked condenser (and a
higher mass flow through the still-functioning condensers). As a result, the cooling system
will remain functional even if the airflow through one of the condensers is blocked. In
order to test this, a measurement similar to the test described in Section 3.1 (‘Instantaneous
full power’) was carried out, except that the airflow through two of the four condensers
is blocked by a metal plate (see Figure 5). Figure 15a shows the control values for the
heater, pump, and fan. Because the airflow through half of the condensers is blocked,
the maximum heat rejection capacity of the system is reduced to 16 kW (with 100% fan
speed). Figure 15b shows the measured temperatures at the evaporators, and Figure 16
shows the measured temperatures near the condenser. The airflow through condenser 1
and 2 is blocked, and the temperatures at the outlets of these condensers (T.onqour1 and
T condout2) are equal to the saturation temperature because the fluid is not cooled in these
condensers. Additionally, the temperature where the flows from condensers 1 and 2 are
combined (T ondout12) is at saturation temperature. The temperatures at the outlets of
condensers 3 and 4 (T¢ondouts and Teondouts) are well below saturation temperature. The
temperature of the combined flows from all four condensers (T ¢ondout) is around 80 °C.
This measurement shows that the system still functions if the airflow through some parallel
condenser branches is blocked.
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Figure 15. (a) Control signals with blocked condenser; (b) measured evaporator temperatures with
blocked condenser.
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4. Test Results Without Accumulator
4.1. Background

In the previous sections, a configuration of the setup with an accumulator was tested.
This accumulator controls the pressure (and thereby the saturation temperature) in the
system and accommodates density changes (resulting from changes in liquid temperature
and vapor fraction) of the fluid in the 2-PC system. The accumulator enables the loop to be
completely filled with liquid (when no heat load is applied) and partly filled with vapor
(when a heat load is applied). It is also possible to have a 2-PC system without an accumula-
tor. Such a system results in a significant mass saving, not only because of the absent mass
of the accumulator but also because of a large reduction in the fluid mass in the system
(since a large part of the internal volume of the loop is filled with vapor) [5]. However,
without an accumulator, the start-up and control of the saturation temperature/pressure
in the system are not straightforward. A system with CO, as the coolant operating at a
saturation temperature of around 20 °C has previously been successful tested by NLR [13]
(to the authors” knowledge, there are no other descriptions of 2-PC systems without an
accumulator available in the literature). In this system, the pressure in the system was
controlled by the pump speed:

e  If the pressure is higher than desired, the pump speed is increased. This reduces the
vapor fraction in the system, which results in a lower pressure (and therefore a lower
saturation temperature).
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e  If the pressure is lower than desired, the pump speed is decreased. This increases the
vapor fraction, which results in a higher pressure.

When the liquid and vapor flows in a pipe have the same velocity (the homogeneous
flow assumption), the vapor volume fraction e can be analytically derived from the vapor
mass fraction x: xp

l
= A= wpe+my ‘2)
where p; is the liquid density and py is the vapor density. The homogeneous flow as-
sumption is valid for plug/slug flow (which is usually encountered in microchannels) and
bubbly flow. For annular flow, the vapor velocity is higher than the liquid velocity, and an
estimation of the vapor volume fraction can be obtained by minimizing the kinetic energy
of the flow, which results in the Zivi model [14]:
1
E=————573 3)
()

Figure 17 shows the vapor volume fraction as a function of the vapor mass fraction
according to the homogeneous and Zivi models. For methanol, the vapor volume fraction
is almost constant (i.e., de/dx is relatively small) for vapor mass fractions above 0.1. As
a result, the pressure in the system cannot be controlled by varying the massflow (which
results in varying the vapor mass fraction) when methanol is used as a coolant. For many
applications, control of the saturation temperature is not required as long as a maximum
temperature is not exceeded. However, for FC cooling, it is necessary to be able to control
the saturation temperature. Besides varying the pump speed, there are other methods to
control the temperature. These are discussed in the next sections.

-
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Figure 17. Vapor volume fraction as a function of the vapor mass fraction for methanol and CO, for
homogeneous flow and according to the Zivi model.

4.2. Filling of the Loop

The test setup has a manual valve between the accumulator and the loop. During
the tests without an accumulator, the valve is closed, and the accumulator is hydraulically
separated from the rest of the system. This emulates a system without an accumulator. In
order to obtain the required amount of fluid in the loop, the system is first operated with a
heat load of 20 kW, with the valve between the loop and the accumulator open. The system
contains 5 kg of methanol. Without a heat load, most of the methanol is inside the loop.
When the heat load is applied, vapor is generated in the loop, which pushes liquid into the
accumulator. When a steady state is reached, the valve between the accumulator and the
loop is closed. The loop is now filled with vapor and liquid and contains approximately
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1.5 kg of methanol, while the accumulator contains approximately 3.5 kg of methanol (this
was determined by draining and weighing the methanol from the loop and the accumulator
separately). Note that in an actual system without an accumulator, the required amount of
fluid in the loop can be obtained by analysis, which requires an estimation of the internal
volumes in the loop. When the loop is filled with approximately 1.5 kg of methanol and
the manual valve between the accumulator and the loop is closed, the tests described in the
next sections are carried out.

4.3. Instantaneous Full Power

Figure 18a shows the control signals for the pump, fan, bypass valve, and evaporator
heaters. Figure 18b shows the measured temperatures, and Figure 19 shows the measured
pressures. When the system is at rest, the pressure in the system is 0.25 bara. This is higher
than the saturation pressure of 0.13 bara for pure methanol at 20 °C. The reason is that the
system contains some air, e.g., because some air is dissolved in the methanol before it is
introduced into the system. When the pressure in the system is below ambient pressure,
this dissolved air is released from the methanol, which results in a pressure in the system
above the saturation pressure from the methanol.
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Figure 18. (a) Control signals without accumulator; (b) measured evaporator temperatures with-
out accumulator.
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Figure 19. Measured pressures.

At t = 0.04 h, the heater power and fan are turned on. The heater power results in
the evaporation of some liquid that was present in the evaporator, and the pressure and



Aerospace 2025, 12, 188

14 of 20

100

saturation temperature in the system increases. After a minute, the pump is turned on.
As a result, more liquid enters the evaporator, which partially evaporates and results in
a quick rise in system pressure and saturation temperature. In contrast to a system with
an accumulator, there is no liquid superheat. The saturation temperature continue rising
until a steady-state temperature of around 95 °C is reached. Since there is no accumulator,
the pressure and saturation temperature in the system cannot be directly set. Instead, they
depends on the heat load and on fan speed. This is further discussed in the next section.

4.4. Control of Saturation Temperature with Fan Speed

In a system without an accumulator, the saturation temperature can be controlled by
varying the airflow through the air heat exchanger. When the fan speed is increased, a
larger fraction of the condenser will be filled with liquid, and this reduces the pressure in
the system. A decrease in fan speed increases the pressure in the system. In an aircraft,
this would be similar to reducing the airflow through the ram air heat exchanger with,
e.g., a ram air door. Figure 20a shows the control signals during the test, and Figure 20b
shows the measured temperatures. At t = 0.04 h, the heat load is set to 20 kW. Using a PID
controller that regulates fan speed, the saturation temperature is controlled to the setpoint
temperature of 90 °C. After 30 min, the setpoint for the saturation temperature is increased
to 95 °C, and after another 30 min, the setpoint is changed to 85 °C. At t = 1.7 h, the heat
load is decreased to 10 kW, and the setpoint for the saturation temperature is set to 90 °C,
95 °C, 85 °C, and 75 °C (each setpoint value is kept for 30 min). Att = 3.7 h, the heat load
is decreased to 5 kW, and the setpoint for the saturation temperature is set to 75 °C and
65 °C. The measurements show that the saturation temperature can be controlled by the
fan speed.
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Figure 20. (a) Control signals with saturation temperature control; (b) measured evaporator tempera-
tures with saturation temperature control.

4.5. Control of the Evaporator Inlet Temperature

In a system without an accumulator, the saturation temperature can be controlled with
the fan speed (see previous section). The evaporator inlet temperature can be controlled
using two methods:

1. By varying the opening of the condenser bypass valve.
2. By varying the pump speed.
Figure 21a shows the measured temperatures during a test. At ¢ = 0.04 h, the heat load

is set to 20 kW. The fan speed is controlled so that the saturation temperature in the system
is 95 °C. When the condenser bypass valve is closed, the evaporator inlet temperature is
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approximately 75 °C. At t = 0.5 h, the setpoint for the evaporator inlet temperature is set
to 80 °C, and at t = 1 h, the setpoint for the evaporator inlet temperature is increased to
85 °C. Figure 21a shows the measured temperatures during a similar test. In this test, the
bypass valve remains closed. Instead, the mass flow is varied: At t = 0.55 h, the mass flow
is reduced from 57 g/s to 40 g/s, and this reduces the evaporator inlet temperature to 66 °C.
At t =09 h, the mass flow is increased to 74 g/s, and this increases the evaporator inlet
temperature to 78 °C. At t = 1.2 h, the mass flow is increased to 100 g/s, and this increases
the evaporator inlet temperature to 81 °C.

100 T T T T T T T 100
AR e S B RS R S e ==ﬁ:,=?:‘,,:'§§‘
ES - . ] ol
Control of saturation temperature with fan Control of saturation temperature with fan
80 1 80
S 7ot ¢ S 7ot
@ . s |\t < STETEE=
= Control of Tevapintet with valve = .
£ o0 PR 1 £ o0 Control of Tevapintet with pump 1
[ [
g T, it evap out _Teva 1 1== Teva 21 g _Tsa( evap out _Teva 1l 1 === Teua 21
5 Tt o2 = Toma? 1 5 et Ton? = = Tes? 1
T = Tovepzin Tovapr 3 Tovap2® == Tewpzin Tovap1 3 Tovapz®
40 Toarsp (Fan) Tevapt# Tevapz® b 40 Toar s (Fan) Tevapr 4 Tovap2* b
evapinsp(Valve) Tevapt ® evap2® evapt © Tevap2®
— Tevapt 6=a TevapQB —“Tevame === Tevepzs
L F _Tevap1 7= Tevap27 1 L T TSVEW 7 == TevED27 1
— Tevapt 8 == TevapQB F _Tevame === Tevapza
5 . . ‘ . . . . 5 . | . . . . .
0.2 0.4 0.6 0.8 1 1.2 1.4 0.2 0.4 0.6 0.8 1 1.2 14
time (hours) time (hours)
(@) (b)
Figure 21. Measured evaporator temperatures (a) with Tevap inlet control using a valve; (b) with
Tevap inlet control using a pump.
4.6. Influence of Orientation
With an accumulator, the 2-PC system can start and operate in any orientation (see
Section 3.4). Without an accumulator, the loop is partly filled with vapor, and the system
can only be started when the pump is located at the bottom of the system, where gravity
supplies liquid to the pump inlet. Once the pump has started and flow is generated, the
2-PC system functions in any orientation. This is illustrated by Figure 22, which shows the
control signals and temperatures during a test where the system is rotated from 0° to 180°
(i.e., to an “upside down’ orientation) at around t = 0.66 h.
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Figure 22. (a) Control signals when rotating the system; (b) measured evaporator temperatures when
rotating the system.
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4.7. Imbalance in the Heat Load

In the previous tests, the evaporator heat load was applied to all 16 parallel evaporators.
However, in an actual application, the heat load can be unevenly distributed over the
different parallel branches, for example, due to a malfunction of a fuel cell. When there
is no heat load in a parallel branch, it will cool down and become filled with liquid. In a
2-PC system without an accumulator, this liquid must come from other parts of the system,
and this can result in dry-out. In order to test if the evaporator section can handle an
imbalance in the heat load between the branches in a system without an accumulator, a
‘worst case’ test was carried out in which half of the evaporators received full power and the
other evaporators suddenly received no power. Figure 23a shows the applied power levels
during the test. First, the heaters for all evaporators in both branches were turned on. At
t = 0.6 h, the heaters in branch 1 were turned off. After another 20 min, the heaters in branch
1 were turned on, and after another 20 min (at f = 1.2 h), the heaters in branch 2 were turned
off. Figure 23b shows the measured temperatures. Even with this extreme imbalance in the
heat load, none of the evaporator branches showed any sign of dry-out. This means that
the system without an accumulator can handle an imbalance in the heat load.
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Figure 23. (a) Evaporator heat input; (b) measured evaporator temperatures.

5. Test Results with Small Accumulator

In Section 3, test results with a ‘normal-sized’” accumulator were discussed. Such an
accumulator enables the loop to be completely filled with liquid (when no heat load is
applied) and to be partly filled with vapor (when a heat load is applied). The minimum
volume of a ‘normal” 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 vapor can
occur) plus the volume of the liquid needed for expansion due to temperature variations.
For the 20 kW test setup, this minimum volume is approximately 3.5 L (see Figure 10b).
In Section 4, test results for a system without an accumulator were discussed. Instead of
using a ‘normal-sized” or no accumulator, it is also possible to use a ‘small” accumulator.
Figure 24 shows the control signals and temperatures during a test with an accumulator
with a volume of 1 L. This is smaller than the minimum required volume of 3.5 L to
accommodate all fluid density changes. At the start of the test, the saturation temperature
is set to 105 °C, which corresponds to a pressure of 4.1 bara (see Figure 25). The pressure
in the loop is lower than the pressure in the small accumulator, and there is no liquid
in the accumulator. When the heat load is applied (around ¢ = 0.04 h), the pressure and
thereby saturation temperature in the loop quickly start to rise until the pressure in the
loop reaches the pressure in the accumulator. At that moment, some liquid will flow into
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the accumulator and the saturation temperature in the loop can be controlled with the
accumulator. The setpoint for the accumulator is then decreased in steps from 105 °C to
100, 95, and 90 °C. When the pressure in the accumulator is reduced, liquid flows into the
accumulator. When the setpoint is set to 90 °C, the accumulator is completely filled with
liquid, and the saturation temperature cannot be further reduced by the accumulator.
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The advantage of a small accumulator compared to a normal accumulator is the
reduction in mass; not only because of the smaller mass of the accumulator, but also
because of a large reduction in the fluid mass in the system. Additionally, there is no liquid
superheating in the system with a small accumulator. An advantage of a system with a
small accumulator compared to a system without an accumulator is that it gives margin
in the amount of fluid that is needed in the system, which can be convenient, e.g., in case
of a small leak in the system. Furthermore, it gives an additional method to control the
saturation temperature in the system.

6. Discussion

A comparison in a previous study [5] showed that the mass of a liquid EGW system
is 35% higher than that of a 2-PC system with an accumulator and using methanol as a
coolant. Furthermore, the mass of a liquid EGW system is even 2.4 times higher than the
mass of a 2-PC system when the ‘no accumulator’ concept is used. In absolute numbers, the
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2-PC system without accumulator has, according to the analyses, a 400 kg lower mass than
a liquid EGW system for a FC-driven propulsion system with 2.4 MW electrical power [5].
An aircraft capable of carrying up to 100 passengers will have four of these propulsion
systems [15], so the mass benefit could be more than 1600 kg per aircraft. Despite the
much lower technical maturity, it is therefore considered worthwhile to further explore the
2-PC technology. In this paper, a 20 kW setup was used to investigate, e.g., temperature
control, the influence of gravity, imbalance in the heat load (e.g., as a result of failure in
some fuel cell stacks), and partly blocked airflow through the condenser. Additionally,
several accumulator concepts were investigated, including the “no accumulator” and
“small accumulator” concepts. In an aircraft, the ambient air (which can have a temperature
between —55 °C and +50 °C) is forced through the fluid-air heat exchanger by the aircraft’s
forward motion or, when the aircraft is stationary, by a fan. The airflow through the heat
exchanger can be regulated with ram air doors. In the 20 kW system, the variation in
airflow is achieved by using a fan with controllable speed. With this controllable fan, the
saturation temperature in the 20 kW system without an accumulator can be controlled. It
is not yet clear if the controllable ram air doors can achieve the same temperature control
as a controllable fan. However, it is expected that these doors have a sufficiently fast
response time compared to the thermal response time of the fuel cells. The air that is
forced through the condensers in the 20 kW system has a temperature of around 20 °C,
which is very different from the —55 °C or +50 °C that can be encountered in an actual
application. Unfortunately, it is difficult to conduct tests with these air temperatures, and it
was considered out of scope for this project.

When a system without an accumulator is at rest, the pressure in the system is 0.25 bar,
which is below the ambient pressure. If the system is not air-tight, air can leak into the
system. Air leakage into the system has no influence on performance, since this air is
expelled from the system via the air separator. However, an inleak of (moist) air into the
system might have unexpected consequences, e.g., on corrosion. Another drawback of a
system without an accumulator is that it can only be started when the pump is located at
the bottom of the system and gravity supplies liquid to the pump inlet. However, once the
pump has started and flow is generated, the 2-PC system functions in every orientation.

Besides the mass benefit, there are also some other benefits to using two-phase
methanol. For example, when liquefied hydrogen (LH,) is used as an energy source
for the fuel cells, it has to be warmed from —250 °C to ambient temperature. This can
be achieved with an electric heater, but it costs 8% of the electrical output of the fuel cell.
Instead, the waste heat from a fuel cell could also be used to warm the cold hydrogen (only
about 10% of the waste heat is required). Using liquid EGW to warm the LH is extremely
complex because the freezing point of EGW is relatively high, and the heat transfer coef-
ficient of EGW becomes very low at low temperatures. As a result, a system with liquid
EGW is prone to freezing issues. A system with two-phase methanol is much less prone to
freezing issues because of its lower freezing point and higher heat transfer coefficient.

Using methanol as a coolant has several drawbacks. For example, it is flammable and
toxic. Moreover, methanol has poor material compatibility with titanium and several alu-
minum alloys. This can be a significant issue since ram air heat exchangers are made from
aluminum. For this reason, material compatibility tests (at 95 °C) with several aluminum
alloys (and other materials that are used in a fuel cell cooling system) were carried out
as part of the BRAVA project. Although no large issues with material compatibility have
materialized so far, thorough compatibility tests must be conducted before this technology
can be applied in aircraft.
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The test results from the 20 kW system were used for the design of a two-phase
methanol cooling system without an accumulator with a cooling capacity of 200 kW, which
is currently under construction.

7. Conclusions

With a 2-PC system with a 20 kW cooling capacity, several concepts were tested. These
tests show that saturation temperature control with a pressure-controlled accumulator
works well and that the subcooling at the evaporator inlet can be controlled via the fan for
the air heat exchanger or via the condenser bypass valve. Furthermore, the 20 kW system
can operate in different orientations, and the system still functions if the airflow through
some parallel condenser branches is blocked.

A system without an accumulator results in a huge mass saving, not only because of
the absent mass of the accumulator but also because of a large reduction in the fluid mass
in the system. Tests were carried out with a 20 kW system without an accumulator, and
these tests showed that the saturation temperature can be controlled with the fan for the air
heat exchanger.
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