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1. Executive Public Summary

i Partnership

e This report contains high level results of the activities performed during the first
phase of the WP6

e The aim of this phase was to evaluate the potential options to the current anode
recirculation concept

e The two options evaluated were the passive recirculation (with the use of an
ejector) and the dead ended concept

e With an ejector solution, the upstream pressure needs to be higher which leads
to an oversize of the liquid hydrogen tank. This trade off is not favorable.

e The dead ended concept shows promise, however key points like optimization of
fuel cell stack to improve water management as well as operating strategies
(purge cycle) are important to make the concept work
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2. Introduction
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A typical anode path in a fuel cell system is shown in the picture below

H, Feed
H. l Recirculation
Pressure P Pump
regulator Purge Valve

Water
Stack separator

Fig. 2.1 - Active anode recirculation loop

This architecture of anode has the following advantages and disadvantages

Advantages Disadvantages
®  Uniform recirculated mixture ®  System weight and volume
® Recirculation independent of gas ®  Power consumption
feed ®  System complexity and pump
®  Good water management reliability

®  Additional sources of leakages

Table 2.1 - Advantages and disadvantages of the active recirculation

As weight and volume are key issues faced by fuel cell propulsion systems for aviation,
two alternative options have been proposed.

The first option is the passive recirculation. In this concept the hydrogen feed is sent
through an ejector which makes use of the venturi effect and this will recirculate the
exhaust of the fuel cell. The schematics of this concept is shown below in Fig 2.2
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i, Partnership

H2 Feed
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Injector

Ejector

Water
separator

Stack

Fig 2.2: Passive recirculation system

The advantages and disadvantages of this concept are shown in the table below

Advantages Disadvantages
®  Weight reduction and volume ®  Pressure pulsing at low loads
reduction, need to be well controlled
®  no power consumption ®  Additional sources of leakages
® Lower cost

Table 2.2 - Advantages and Disadvantages of the passive recirculation concept

The second alternative to manage the anode is the dead-ended concept. The concept is
shown below in Fig 2.3
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Stack

Fig 2.3: Dead ended system

The advantages and disadvantages of this concept are shown in Table 2.3.

Advantages Disadvantages
®  Weight and volume reduction e  Potentially higher degradation
e Very low power consumption and/or fuel consumption
® Lower cost ®  Higher voltage variation

Table 2.3 - Advantages and disadvantages of the dead ended system

3. Passive Recirculation

The main component in a passive recirculation is the so called ejector. The
ejector makes use of the venturi effect to recirculate unused hydrogen. The
picture below a half ejector, that used for simulations.
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Ejector increases secondary pressure by dp = p; — ps
The ratio of secondary mass flow to primary mass flow is the entrainment ratio ER

Secondary domain Primary stream accelerates

secondary stream

Recirculation gas from the fuel cell stack Outlet

Static pressure level p, )
- Static pressure p,

Diffuser
g bk Transforms kinetic energy to pressure energy
- — "¢ \\ (increases static pressure)

Primary domain accelerates primary stream to Ma > 1
H2 supply

Fig 3.1 - half ejector showing its most important parts

The basic question for an ejector is if the available upstream pressure is enough
to provide enough suction pressure for a given entrainment ratio (ratio between
primary flow and recirculated flow).

For BRAVA the requirements have been set between 150 and 200 mbar and an
entrainment ratio between 4 and 6.

The graph below shows the results for the simulations showing the sensitivity of
the ejector to the upstream pressure
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Fig 3.2 - Suction pressure obtained for a given primary pressure at the ejector

The graph in Fig 3.2 shows that the minimum upstream pressure that could
match the requirement is between 7 and 8 bara. This is the pressure upstream of
the ejector. So at the interface with the high pressure regulator, one needs to
reserve 1 bara for pressure drop across the valve.
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Therefore the upstream pressure required will be between 8 and 9 bara.

These pressures are typically available in compressed gas applications. In the
case of BRAVA, the base assumption is a liquid feed hydrogen system. With this
assumption, the upstream pressures for the fuel cell system are typically much
lower (by a factor of 2 to 3) than what would be necessary and calculated for the
ejector.

Dead Ended

Since the passive recirculation can not be used with the requirements of a liquid
cooled fed system and pressure drop and recirculation requirements, the team
has researched another alternative named Dead Ended. In a dead ended system
the hydrogen gas is not recirculated. The gas is fed to the fuel cell stack and as
the gas is consumed the pressure difference drives the flow from the injector
valve to the stack.

A dead ended operation brings new challenges for the optimization. Since there
is no constant flow of gas, water tends to accumulate in the anode and only be
removed when a purge valve opens. In addition, the end of the cell tends to
accumulate more nitrogen which might lead to partial starvation scenarios from
time to time.

The team has then looked into a potential solution and tests were made on short
stack level to demonstrate the concept, including a durability test.

The first tests focused on looking at the design space of operating condition,
finding what are potential combinations that will lead to a good combination of
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Cell Voltage Vs H2 Loss (i = 1 A/lcm2, Max Power Conditions)

Reference recirculated system
(2% Loss)

Cell Voltage (mV)

Target design envelope where dead ended
could make sense

0% 5% 10% 15%

H2 Loss (% of stoichiometric ratio)

Fig 4.1 - Cell Voltage and fuel loss

With this test the team was able to determine some combinations of
operating conditions that would enable the dead ended concept. After this test
the team has also tested the durability with one short stack operating under
recirculation conditions and another one running under dead ended mode. The
results of the test can be seen below

Cése 1.-1tAfem?

Mean cell voltage (V)

Flow through
I i -
Bl A LM '
e e, s T B 1 e L Ho
~J i R ]
ﬁk\;\ﬁ*‘h—wﬁu e B
. et "
ol _‘“"'-"-«—..--\.,_-‘
Dead ended
T T T T
1] 100 200 300 400 500 600
Hours under mission profile

Fig 4.2 : Durability test data comparison between flow through and dead ended

AS one can see in the graph above the degradation rate for the dead
ended stack is about 2x bigger than a stack operating under typical recirculation
conditions.

The team has analyzed the samples after the test with failure analysis
and other methods. The summary of the degradation analysis is shown below
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Degradation Fingerprint

Severity compared to
baseline

Membrane cross leak

RH cycling/RH difference between
outlet/inlet

No observed difference

Cathode Carbon corrosion

H2 starvation caused by liquid
water accumulation in the anode

More severe

Pt dissolution & Migration (Pt
Band formation and PITM)

H2 starvation caused by liquid
water accumulation in the anode

More severe

Pt Dissolution & Agglomeration

Frequent and fast voltage cycling

More severe

Table 4.1 - Degradation analysis and failure modes

Based on these inputs the team was able to compare the two recirculation concepts and
summarize in the graph below
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Fig 4.3 : Summary of dead ended concept versus recirculation

Based on the graph above the dead ended concept has a larger degradation and
the H2 loss due to purge can range from 1% to 5%, whereas the blue dot marks what we
have obtained during the test. These first tests were done with stacks that were not
designed to operate under dead ended conditions and also without optimization of the
purge strategy. Even though the concept might be worse at a first glance, the benefits of
removing several components compensate for these issues and therefore make it
interesting for integration in the POD.

5. Conclusions

Two alternative anode subsystem architectures were evaluated in these activities. The
passive recirculation alternative has been discarded due to incompatibility with the liquid
hydrogen feed system, which is not capable of supplying a high enough pressure that
can ensure the targeted suction pressure as well as the entrainment ratios.

Given that this was the main alternative described in the proposal, the team has looked
for an alternative solution, and the dead ended concept was also evaluated. The dead
ended concept ended up being interesting, because it leads to the reduction in number
of components making the system simpler. However, the system tends to have lower
performance as well as more degradation. This can be, based on the first evaluations,
better designed and the differences between the baseline system and dead ended can
be minimized so as to make it a viable system

The team will now proceed to evaluate the optimization levers available and implement
in a new design and evaluate further.

The numbers obtained so far will be used later on in the next activity to be implemented
in the overall PGS concept.
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