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Abstract

The anode subsystem is a major energy consumer of polymer-electrolyte-membrane (PEM) fuel cell systems. A passive
hydrogen recirculation system, like an ejector, is an excellent solution to maximize hydrogen utilization while maintaining
low parasitic losses. However, high development efforts are necessary to maximize the performance of the ejector for the
entire operating range. This research paper provides part of a toolchain for ejector development, consisting in particular of
a multi-parameter simulation based on rotational symmetric 2D CFD. The 2D CFD greatly helps optimize the design of the
ejector, reducing development effort, and increasing accuracy. In addition, the main correlations between thermodynamic
states and geometry on the entrainment ratio are evaluated. Subsequently, an ejector is designed for a PEM fuel cell applica-
tion using 2D CFD and the results show in which operating range a single ejector can be applied. This toolchain enables rapid
design and optimization of ejector geometry, saving development time and cost while increasing accuracy and extending
the operating range.

Keywords PEM fuel cell - Passive anode hydrogen recirculation - Ejector development toolchain - Rotational symmetric
2D CFD - Multi-parameter simulation - Design of experiment DoE
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max Maximum

min Minimum

mix Mixing chamber; mixing
out Outlet

prim Primary

sec Secondary

t Nozzle throat@ @

Abbreviations
1D, 2D, 3D One, two and three spatial dimensions

BoP Balance of plant
CFN Critical flow nozzle
DoE Design of experiments

FC Fuel cell

MEA Membrane electrode assembly

NXP Nozzle exit position

oCcv Open-circuit voltage

PEM Polymer electrolyte membrane or proton
exchange membrane

PFSA Perfluorosulfonic acid

Re Reynolds number

SIM Simulation

TS Timeshare

1 Introduction

Greenhouse gases are present in the Earth’s atmosphere and
trap heat from the sun, increasing the Earth's surface tem-
perature. The amount of greenhouse gases in the atmosphere
has increased as a result of human activities like the burning
of fossil fuels and deforestation. Using hydrogen as a fuel
is one major way to reduce greenhouse gas emissions [1].
PEM electrolysis, a process that uses electricity to convert
water into hydrogen and oxygen, can be used to produce
hydrogen. When electrolysis is performed with renewable
energy, hydrogen can be used as a clean and effective fuel.
One application of using hydrogen is by converting the
hydrogen back to electricity in PEM fuel cell systems [2].
Since only water is produced when hydrogen is used in fuel
cells, it is a cleaner energy source than fossil fuels and can
help solve the climate crisis. PEM fuel cell applications in
mobility made great development progress in recent years
through improvements at the system, subsystem, and com-
ponent levels [3—16]. However, further improvements are
necessary for increasing the attractivity of fuel cell electric
vehicles and stationary applications by reducing develop-
ment time and costs.

The main component of a PEM fuel cell system is the fuel
cell stack which consists of several cells. As the hydrogen
is consumed at the active area in the PEM fuel cell, the
hydrogen partial pressure at the anode decreases, resulting in
a lower hydrogen availability at the anode flow field outlet.
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Therefore, more hydrogen needs to be supplied than the fuel
cell uses to guarantee that the complete active area receives
sufficient hydrogen and maintains a high fuel cell voltage.
However, excessive hydrogen needs to be recirculated to
maximize hydrogen utilization. The recirculation can either
be carried out actively by means of a hydrogen blower or
passively by means of an ejector.

The ejector performance highly depends on the geom-
etry and the operating conditions at inlets and outlets. Based
on previous work [17], a further toolchain method can be
introduced for maximizing performance and accelerating
the development of ejectors in PEM fuel cell applications.
The development toolchain can be extended by a 2D CFD
simulation, in which the ejector flow field is optimized by a
rotational symmetric model and design of experiment (DoE)
approach (Fig. 1). The main advantage of 2D CFD is that the
ejector performance can be predicted faster due to the low
computational cost. Moreover, by applying a suitable auto-
mated DoE method, a high number of simulation runs can be
performed, and the accuracy of the result can be optimized
by selecting a suitable cell size.

A preliminary simulation analysis of the ejector has
been mainly conducted via the following two simulation
strategies:

e Modeling of the ejector by a zero- (OD) or a one-dimen-
sional (1D) simulation model [18-21].

e Application of a commercially available CFD software
for two-dimensional (2D) or three-dimensional (3D)
simulations.

The difference between the OD, 1D, 2D, or 3D simulation
is the discretization in space. The lower the degree of free-
dom, the lower the complexity and typically less computa-
tional effort is necessary. However, for complex ejector flow
field analyses with geometric influences, a 2D CFD model
provides more details compared to a 1D model. A 3D CFD
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Fig. 1 Toolchain: methods and results ([17], adapted)
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Table 1 Applied 2D and 3D

Turbulence model Source
CFD turbulence models for
PEM fuel cell applications k-g standard, RNG, [23-26]
or realizable
k-0 SST [22, 27-30]
Anode —) 2 e Cathode

H, & Dilutants

0O, from Air

Electrolyte Gas Diffusion

Exhaust

(Membrane) Layer
Electrode Bipolar Plate with
with Catalyst Flow Channels

Fig.2 Schematic PEM fuel cell (adapted [2])

model provides even more details regarding non-rotational
symmetric influences, such as inlet and outlet piping, but
the 2D CFD has less computational costs. For example, con-
sidering only the rotational symmetric part, if the 3D CFD
simulation has 1 cell per degree angle, the 3D CFD model
has a 360 times larger mesh than the 2D CFD model, which
significantly increases the simulation time.

Table 1 states the most common applied turbulence mod-
els for 2D and 3D CFD simulation in the literature for ejec-
tors in PEM fuel cell applications. Large-Eddy simulations
are not considered for supersonic ejectors due to the high
Reynolds numbers [22].

Before the 2D CFD simulation methodology for a rota-
tional symmetric ejector model is presented in this work,
the general boundary conditions of a fuel cell stack have to
be analyzed.

1.1 PEM fuel cell

The fuel cell consists of the membrane electrode assem-
bly (MEA) which characterizes the electrochemical perfor-
mance and the bipolar plates which are responsible for the
hydrogen and oxygen supply (Fig. 2). The MEA contains the
membrane, the catalyst layer on a carbon support layer, and
the gas diffusion layer (GDL).

The membrane typically consists of PFSA ionomer (per-
fluorosulfonic acid). The membrane has a water uptake
capability that enables proton conductivity. The membrane
resistance is therefore dependent on the humidity of the
membrane and also on its thickness, whereas the membrane
thickness greatly influences its mechanical stability [31-33].

The electrodes are highly porous, enabling the delivery
of hydrogen and air, electrically conductive, and are in con-
tact with the membrane material. The interface of reactant
gas, proton conductive material, and electrically conductive
reaction catalyst creates the triple-phase boundary, where
the electrochemical reactions take place at the catalyst sur-
face. At the anode, hydrogen is reduced to protons, that pass
the membrane to the anode. The dominant proton transport
mechanism in sulfonated PFSA membranes is a fast proton
hopping from one hydronium ion to the next, described as
Grotthul3 diffusion [34-36]. At the cathode, the protons are
consumed by the formation of water with reduced oxygen.
Due to the electrically isolating membrane, the electrons
produced at the anode are forced to flow through a circuit,
producing an electric current, and subsequently to the cath-
ode, enabling the reduction of oxygen [37, 38].

The bipolar plate provides the required hydrogen or oxy-
gen flow (air) channels and is the main component respon-
sible for the total height of a fuel cell stack. The design and
height of the flow channels have a great influence on the
media distribution and the pressure drop in the flow field.
The gas diffusion layer (GDL) provides an even distribution
of flow reactants to the triple-phase boundary layer [39—43].

The hydrogen pressure loss across the inlet and outlet of
the bipolar plate is critical for the ejector performance. One
fuel cell produces only a limited power output based on the
maximum current density and the active area. Therefore,
fuel cells are stacked to increase the total power output [44].

1.2 Hydrogen supply

Hydrogen and humidity, as well as impurities, are supplied
by the anode inlet (s i, Fig. 2). As the hydrogen gas flows
over the anode, the hydrogen passes through the gas diffu-
sion layer and reacts at the triple-phase boundary (rity, geac)-
The theoretical hydrogen consumption by water forma-
tion m of a PEM fuel cell is calculated by Faradays law
(i1, Reac> EQ- 1). m is directly proportional to the current /
and the numbers of cells N. Since oxygen is reduced from
oxidation state 0 to — II, the valency z is 2 (Fig. 3).
Equation 1: Faraday’s law [45]
ITeMy N
mHz Reac — % ey

In practice, more hydrogen than the theoretical amount
consumed by the reaction is supplied to the fuel cell stack
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Fig. 3 Ejector simulation boundary (adapted [17])

to strictly avoid fuel starvation at the anode catalyst caused
by diffusion limitation, delay in hydrogen delivery, pin-
holes, and competing reactions consuming hydrogen. The
ratio between available hydrogen and reacted hydrogen is
the stoichiometric ratio A.

Equation 2: Hydrogen stoichiometric ratio
H1y, FC in

A= (@)

mHZ Reac

The higher stoichiometric ratio means that not all of the
hydrogen provided is utilized in the fuel cell. Recirculation
is required to recover the excess hydrogen and minimize
hydrogen losses.

Dead-end mode operation does not recirculate hydrogen
and is not considered in this work because of the higher
hydrogen consumption, lower cell voltages, and higher deg-
radation rates compared to recirculation systems [46, 47].

Due to the thin membrane and concentration differ-
ences, water back diffusion (r'nHZO) and nitrogen crossover
(mNz) accumulate and reduce the hydrogen concentration
in the fuel cell due to hydrogen recirculation. Therefore, a
purge cycle for removing the nitrogen (and gaseous water)
is necessary after a certain period to increase the hydrogen
concentration and prevent a voltage drop or fuel starvation.
Purge cycles result in hydrogen losses, and therefore, a well-
designed purge strategy can increase hydrogen utilization
while maintaining high cell voltages [48—50].

Liquid water is separated into a water trap in the anode
recirculation system and drained periodically. A certain
amount of water-level content in the membrane is neces-
sary to keep ionic conductivity high and prevent membrane
dry-out (ohmic losses). Generally, the water is produced on
the cathode side and humidifies the membrane. However,
too much liquid water leads to flooding in the anode and
partially blocking the active area [51-54].

@ Springer

To discharge the liquid water from the stack, a higher
pressure drop of the fuel cell stack is assumed and the recir-
culation is designed slightly higher. In case the fuel cell is
not supplied with sufficient hydrogen, fuel starvation occurs,
the cell voltage decreases locally, and the fuel cell degrades
[55, 56].

1.3 Degradation caused by hydrogen fuel
starvation

A shortage of fuel in the cell not only causes a power drop,
but also causes serious degradation of the catalyst layer. The
main degradation mechanism occurring in the fuel cell due
to fuel starvation is the electrochemical carbon corrosion.
Two degradation mechanisms can occur [57-60]:

e Carbon corrosion on the cathode side appears at high
cathodic potentials (> 0.8 V) due to a partial/local hydro-
gen starvation.

e Carbon corrosion on the anode side due to complete
hydrogen starvation.

Carbon corrosion is possible due to the presence of
platinum at the anode and cathode which lowers the oxi-
dation resistance of carbon. The carbon reacts to CO, at
the interface between the platinum and the carbon support
layer (Eq. 3). As a result, there is a loss of contact between
the platinum and the carbon support layer, followed by
decreased catalytic activity and higher activation overvolt-
ages. Additionally, electrode thinning could occur resulting
in increased ohmic resistances.

Fuel starvation not only causes a power drop but irrevers-
ible degradation of the carbon material in the stack, primar-
ily of the catalyst support. Carbon is not thermodynami-
cally stable at potentials higher than 0.207 V (Eq. 3), but is
kinetically inert up to higher potentials, enabling its usage
in PEM fuel cells. At very high electrode potentials, carbon
corrosion can occur at both electrodes.

The carbon material at the cathode can be oxidized at par-
tial fuel starvation with an in-plane electron transfer, where
the cathodic potential is forced to very high values. The car-
bon material at the anode side is caused by a complete fuel
starvation, forcing the anode to produce protons by water
splitting and consequently carbon oxidation.

As a consequence, the active area of the triple-phase
boundary decreases due to the loss of conductive material,
loss of pore structure, and loss of contact with the catalyst
and the membrane material. Therefore, a sufficient hydrogen
stoichiometry has to be ensured by the hydrogen recircula-
tion system.

Equation 3: Carbon corrosion in PEM FC
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Table 2 Comparison overview ejector and blower

Criteria Ejector Blower
Number of components and moving parts Low + High -
Weight and volume Low + High -
Energy demand Low + High -
Production cost Low + High -
Setting possibility of the recirculated mass flow  Low — High+
+ =favorable, — = unfavorable

C + 2H,0 — CO, + 4H* + 4¢"E, = 0.207V. 3)

As a result, the main underlying influencing factor for
carbon corrosion is a low hydrogen stoichiometry caused
by insufficient hydrogen supply at the anode inlet. There-
fore, sufficient hydrogen stoichiometry has to be ensured
to mitigate carbon corrosion by the hydrogen recirculation
system [61].

1.4 H, recirculation

The recirculation can either be carried out actively by means
of a hydrogen blower or passively by means of an ejector
(Table 2) [17].

Ejectors are generally more compact and reliable than
recirculation blowers, because the ejector is a relatively sim-
ple component with no moving parts [20]. Additionally, no
energy demand is required for operating an ejector except for
a pressure regulator [62]. A typical recirculation blower con-
sumes between 400 W and up to 2 kW for automotive appli-
cations [63, 64]. In comparison, a pressure control valve
typically has less than 20 W, which is necessary for both
active and passive recirculation. The recirculation blower
has higher weights, and higher costs in production and issues
can arise due to corrosion [65].

However, the recirculation blower can provide the appro-
priate hydrogen mass flow to the fuel cell over a wide range
of load points, ensuring that the fuel cell is supplied with
the necessary hydrogen under all operating conditions. The
ejector’s recirculated mass flow is defined by the geometry
and by the thermodynamic states at inlets and outlets. There-
fore, the recirculated mass flow needs to be designed specifi-
cally for the application and, hence, the setting possibilities
of the recirculated mass flow are limited. To guarantee the
same reliable hydrogen supply with the ejector but with all
other previously mentioned advantages, the ejector flow field
needs to be simulated and optimized over the entire operat-
ing range.

The main components of the anode path and the ejector
with its simulation boundary are illustrated in Fig. 3. The
ejector outlet pressure p,, is the fuel cell anode inlet
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Fig.4 Ejector main geometry (adapted [17])

pressure and the secondary inlet pressure p,. is the fuel cell
anode outlet including the water trap.

The ejector has a primary flow, a secondary flow, and an
outlet flow (Fig. 4). The ejector consists of two main investi-
gation areas, the nozzle and the rest of the ejector consisting
of a suction chamber, a mixing chamber, and a diffuser.

The nozzle is responsible for the maximum possible
hydrogen mass flow supply and the minimum possible
hydrogen supply at critical conditions (a sonic condition in
the nozzle throat). The suction chamber, mixing chamber,
and diffuser define the performance of the ejector.

1.4.1 Nozzle

The hydrogen mass flow control through the nozzle can be
applied by the nozzle inlet pressure-based control (pulsed or
continuous pressure) or the nozzle throat area control (nee-
dle or multi-pipe approach) and combinations of previously
named [17]. Additional hydrogen mass flow control applica-
tions can be reviewed in [66-71].

The hydrogen mass flow through a nozzle is calculated
by the nozzle throat area A, nozzle inlet pressure p,;, and
temperature T}, the critical flow coefficient v 4, and
the discharge coefficient c; (Eq. 4). Each parameter and its
influences are analyzed below.

Equation 4: Nozzle hydrogen mass flow

2
Ry T

5 prim

* WeritH, ® Cd

a=2" @)

Generally, the lower the nozzle throat diameter, the higher
the performance of the ejector. However, with decreasing
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diameter, the nozzle inlet pressure increases quadratic
(d? ~ Pprim) [23, 72].

The nozzle inlet temperature depends on the initial
temperature of the hydrogen in the storage system and on
whether a hydrogen heat exchanger is connected upstream
to the nozzle. Typically, a hydrogen heat exchanger is used
and the hydrogen at the nozzle inlet has a temperature of
60-70 °C. A higher nozzle inlet temperature also results in
a higher mixed gas temperature at the inlet to the fuel cell
stack, and no condensation of water can occur (flooding).

The critical flow coefficient for hydrogen y; y, depends
on the isentropic exponent (Eq. 5), which depends on tem-
perature and pressure at the nozzle throat. The critical pres-
sure and temperature are calculated by an isentropic change
of state at nozzle inlet conditions. The critical flow coeffi-
cient is calculated by real gas data based on REFPROP [73]
and displayed in Fig. 5.

Equation 5: Critical states and flow coefficient for
hydrogen

2 1
Perit = (K +1 ) 'pprim

2
Kk+1

1
[ K 2\t
ll/critH2= K+1°<K+1> : (5)

The critical flow coefficient has a higher dependency on
the temperature than on the pressure. The critical flow coef-
ficient influences the total hydrogen mass flow of <0.5%.

In Eq. 4, the discharge coefficient ¢4 describes the real
mass flow through a nozzle compared to an isentropic nozzle
and, therefore, takes the nozzle geometry into account. The
discharge coefficient can be expressed as a function of the
Reynolds number (Re) [74-78]. A typical hydrogen nozzle
for a fuel cell application between 30 and 200 kW has a

crit = * Tprim
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Fig.5 Critical flow coefficient y/;y;, based on real gas data
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throat diameter d, between 1 and 3 mm. A Reynolds number

range is given in Eq. 6 for typical PEM fuel cell conditions

in vehicle applications (nozzle inlet: 3-30 bar(a) and 70 °C).
Equation 6: Reynolds number range hydrogen nozzle

C d

Re = L.[ =4 104 to 106 (6)
V,

crit

Figure 6 shows two possible nozzle geometries for criti-
cal flow throat (CFN) design. The continuous line shows the
area for a relative uncertainty of 0.3% with a 95% confidence
interval. Both CFNs decrease quickly to lower Reynold val-
ues due to the increased friction loss near wall. The dis-
charge coefficient is highly similar comparing hydrogen with
nitrogen for Reynolds numbers > 1000 [79], because they
have a similar value of isentropic exponent. Both hydrogen
and nitrogen are diatomic molecules.

Reynolds number range for typical PEM fuel cell ejec-
tors indicates that the nozzle throat operates mainly in the
laminar region. Neglecting the influences of the discharge
coefficient can result in a real hydrogen mass flow deviation
of up to 4%.

The discharge coefficient and the critical flow coefficient
must be taken into account to determine the diameter of
the nozzle throat and thus the maximum possible hydrogen
supply. In addition, purging, draining, and a certain transient
load change safety margin should be considered as well.

1.4.2 Suction chamber, mixing chamber, and diffuser

For the performance of the ejector, the suction chamber, the
mixing chamber, and the diffuser are responsible.

The suction chamber is responsible for optimal second-
ary intake flow. Typically, the secondary mass flow enters
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R
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o
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Fig.6 Discharge coefficient ¢; dependent on turbulence regime and
nozzle geometry [77]
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on one side of an ejector system. Therefore, non-symmetric
flow occurs and may deflect the primary nozzle flow, which
decreases performance. If the ejector packaging allows,
a rotational symmetric suction chamber is favorable with
high secondary inlet cross sections to reduce the incoming
velocity. Since a 2D CFD model requires a rotational sym-
metric axis, the suction chamber must be analyzed in the
3D CFD simulation (Fig. 1). Experience has shown that a
minimal suction chamber inlet diameter d,., of 20 mm is
recommended for fuel cell vehicle applications.

The mixing chamber and diffuser should be highly con-
centric to the nozzle axis. Often packaging requirements
limit the maximum length of the ejector /.. The mixing
chamber length and the diffuser length share the maximum
available ejector length, since the nozzle and NXP can often
be made relatively short. The diffuser outlet should be cho-
sen as big as possible to minimize pressure losses between
the ejector outlet and fuel cell stack inlet.

Recommended parameter range [23, 24]:

e Nozzle exit position: NXP= 04 -d,
e Mixing chamber diameter d;, =2-6 - d,.

mix

2 Methodology

First, the boundary conditions of the ejector are described.
Then, the trade-off between mesh size, accuracy, and simula-
tion time is explained. Finally, a general optimization study
of the entrainment ratio provides details about how to maxi-
mize performance. The ejector secondary mass flow is used
to calculate the entrainment ratio  of the ejector and further
the stoichiometric ration A of the fuel cell. Those are the key
performance indicators. The following equations are valid
for steady-state conditions [17].

Equation 7: Entrainment ratio @ and stoichiometric ratio A

_ msec

w=———

mprim
A=1+ fyey, * 0. @)

Generally, the entrainment ratio needs to be maximized,
which also maximizes the stoichiometric ratio. Thermody-
namic states as well as geometries can be varied to maximize
the entrainment ratio.

2.1 System-level boundary conditions

Many parameters can be defined before starting the simu-
lation optimization due to the boundary conditions of the
anode path. The following boundary conditions are typically
given for the hydrogen recirculation system.

Fuel cell stack boundary conditions:

e The fuel cell power request requires a certain hydrogen
mass supply through the ejector’s nozzle. And the noz-
zle inlet pressure p,;, is defined by the hydrogen mass
flow.

e The fuel cell inlet pressure and the pressure loss over
the stack are given for a certain operating condition by
the fuel cell stack manufacturer.

e Water separation efficiency is assumed to be 100% (due
to very high separation efficiencies achieved in a previ-
ous analysis [80-82]).

Ejector boundary conditions:

e Nozzle throat diameter d, should be as small as pos-
sible, respecting the maximum available nozzle inlet
pressure to maximize performance.

e The diffuser outlet diameter is maximized to the avail-
able diameter of the anode FC inlet.

¢ Ejector length /. is limited according to packaging
requirements.

The following parameters are variable according to the
preliminary stated boundary conditions:
Variable parameters:

e Geometry:

o Nozzle exit position: NXP
p Mixing chamber length [,
q Mixing chamber diameter d,;,

e Thermodynamic states:
o Primary inlet temperature 7

prim
p Secondary inlet temperature T

e Secondary inlet mass concentration: fi;

Y Hydrogen Hec H,
p Nltrogen Hiec N,
q Water p, H,0"

This leads to a multi-parameter CFD simulation system
of seven degrees of freedom for a given fuel cell stack load
point (Fig. 7). The secondary inlet concentration has two
degrees (instead of three), because the third concentration
can be calculated according to Eq. 8.

Equation 8: Secondary mass concentration

1= Hiec H, + Hsec N, + Hsec H,0* (8)
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Tsec NXP

Tprim>

Fig.7 Exemplary ejector 2D CFD velocity flow field with the six
variable parameters

To simulate the multi-parameter model, the following
simulation model setup is used (Table 3).

A mesh size analysis is conducted with the previously
stated simulation setup.

2.2 Mesh analysis, and trade-off
between simulation time and accuracy

The mesh size has a significant influence on the simula-
tion time and accuracy. Figure 8 shows the influence on the
velocity stream between a mesh size of 20 k, 75 k, 170 k,
and 4000 k cells for the same boundary condition. The Mach
diamonds are hardly visible for a 20 k mesh size compared
to 4000 k.

The Mach diamonds result from the expansion of the noz-
zle flow into the suction chamber which results in supersonic
velocities above 2000 m/s. A difference between the 20 k
and 4000 k is that the high gradients of the diamonds are
visible with a higher resolution. The higher the mesh size,
the higher the velocity which also enhances the entrainment
ratio.

Figure 9 compares different mesh sizes and the result-
ing entrainment ratio and evaluates four of these meshes
in detail. The entrainment ratio does not change signifi-
cantly for very high mesh sizes (> 1000 k). A mesh size
of 200 k cells has less than a 1% deviation compared to
an “infinite” mesh size. Furthermore, a low mesh size is
rather a conservative result compared to a high mesh size.
If for example, the cell count is too high (200 k instead of

Cells 170k

Cells 4000k

Velocity [m/s]

0 230 460 690 920 1150 1380 1610

1840 2070 2300

Fig.8 Ejector mesh size influence

80 k), then approximately three times as many simulations
can be conducted or the total amount of simulation time can
be reduced by approximately 67% while maintaining high
accuracy with < 2% deviation.

The simulations are performed on a standard computer
(specifications in Table 4). The time durations for the
simulations are specified in Fig. 9.

Table 3 2D rotational

: Simulation tool
symmetric CFD setup

Ansys fluent

Turbulence model and setup

Material
Model interfaces

Mesh

k-e model realizable

Enhanced wall treatment

Viscous heating

Compressibility effects

Ideal gas; ideal-gas-mixing-law

Primary inlet: mass flow inlet with temperature

Secondary inlet: pressure inlet with tempera-
ture, H,, N, and H,O concentration

Ejector outlet: pressure outlet
20-4000 k cells, quadrilateral cells
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Fig.9 Trade-off: mesh size, accuracy, and simulation time

Table 4 Computer setup

CPU Intel(R) Core(TM) i5-8500
3.00 GHz up to 4.10 GHz
6 cores (4 cores allocated for CFD)

RAM 32 GB, DDR4 SDRAM, 2666 MHz

If the same 2D CFD simulation is performed with a 3D
CFD model with a cell angle of 3°, the mesh size increases
by a factor of 120. This leads to a mesh size of 10 million
cells considering a 2D CFD mesh size of 80 k cells. DoE
optimization with a mesh size of 10 million is very compu-
tationally intensive and is therefore not recommended.

Therefore, the ejector geometry should be developed with
2D CFD instead of 3D CFD due to the high computational
effort. In addition, to further minimize the simulation effort,
the piping connections to and from the fuel cell and the
ejector should be simulated separately by a 3D CFD model.
After minimizing the pressure of the piping, the complete
3D CFD should be simulated for validation purposes only.

Depending on the level of result accuracy and number of
simulation points, the mesh size is adjusted.

2.3 Sensitivity analysis of entrainment ratio

Due to the large number of variable parameters that influ-
ence each other, ejector development usually requires many
simulations to optimize the performance range. Table 5
shows the parameter variation range for the following simu-
lations. The following figures are displayed with the constant
values.

Depending on the number of variable parameters, a strat-
egy for the number of different simulations is required. If a
seven-parameter Design of Experiments (DoE) is performed
with a full factorial design, the number of simulations for ten
variations of each parameter is 10 million, which is neither
feasible nor needed. Therefore, the number of simulations
should be decreased using sampling techniques. Examples

Table 5 Parameter variation
range and constant value

Parameter Min Const Max

dpyi [mm] 3 4.3 8
NXP[mm] 0 4 10
[mm] 10 17 30
T prim [K] 273 293 353
T, [K] 273 343 373
Deec [ar(2)] 1.15 1.18 1.25
Pou [bar(a)] 1.30 1.38 145
Heeer, (%] 0 24 100
foeen, [%] 0 46 50
Heecr,0 [%] 0 30 50

lmix

of DoE sampling designs include Latin Hypercube Sampling
Design, Central Composition Design (CCD), or Optimal
Space-Filling Design (OSF).

Figure 10 illustrates the entrainment ratio map, which
was generated from the 2D CFD simulation results (Latin
Hypercube Sampling Design) using the genetic aggregation
surface methodology type. The constant values of Table 5
are used for the following figures.

Based on Fig. 10, the mixing chamber diameter has a
higher influence on the entrainment ratio compared to the
nozzle exit position and mixing chamber length. Since the
axis of the entrainment ratio has the same scale, it can be
seen that the mixing chamber length has a slightly greater
influence than the nozzle exit position. A minimum mixing
chamber length is necessary for the exchange of momentum
between the primary mass flow and secondary mass flow
(blue curve, [ ;, = 10mm, Fig. 10).

Figure 11 shows the influence on the entrainment ratio
over the primary temperature 7,,;;,, and secondary tempera-
ture T,... The entrainment ratio increases at higher primary
temperatures, indicating that the use of a hydrogen heat
exchanger upstream of the nozzle inlet is recommended.
The entrainment ratio also increases with lower secondary
temperatures, due to higher suction density.

Increasing the primary temperature 7,,;;,, leads to higher
sonic velocities in the nozzle throat, which further increases
the impulse of the gas flow and, thus, the higher the entrain-
ment ratio of the ejector (Eq. 9).

Equation 9: Sonic velocity of hydrogen ¢

crit

Corit = Ko RHZ * Tcrit' (9)

A heat exchanger between the fuel cell anode outlet and
the hydrogen nozzle inlet is advantageous. The reduced
temperature at the anode outlet increases the nozzle inlet
temperature. As it can be seen in Fig. 11, both the lower
temperature of the secondary gas and the increased
temperature of the nozzle inlet enhance the entrainment

ratio.
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Fig. 10 Geometry correlation on entrainment ratio

The entrainment ratio increases with higher concen-
trations of nitrogen and water due to the increased molar
mass of the mixed gas (Fig. 12). However, even though
the entrainment ratio increases, the stoichiometric ratio
decreases. The highest stoichiometric ratio can be achieved
with 100% hydrogen concentration at the secondary inlet.
Typical stoichiometric ratios are between 1.4 at full load and
can be as high as 5 at part load.
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Fig. 12 Secondary mass concentration sensitivity

Figure 13 shows the influence on the sensitivity of the
pressures between the secondary inlet and the ejector out-
let. These pressures are defined by the system, but addi-
tional components in the anode recirculation can introduce
additional pressure losses leading to reduced entrainment
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Fig. 13 Pressure sensitivity

ratios. With an additional pressure loss of 0.15 bar, the
entrainment ratio can vary up to a factor of 3. As a result,
additional pressure loss between stack inlet and outlet has
the highest influence on entrainment ratio.

The entrainment ratio dependencies on geometries and
thermodynamic states are in line with the literature [21, 83,
84]. The next step describes the results of a single ejector
considering FC-specific boundary conditions.

3 PEM FC ejector optimization
and operating strategy

In this chapter, an ejector for a PEM fuel cell application is
designed considering the appropriate boundary conditions.

3.1 Boundary conditions specific fuel cell system

The following boundary conditions are given for the specific
PEM fuel cell stack, which need to be satisfied by the ejector
application (Table 6). The fuel cell stack’s nominal power
rating is 30 kW. The minimum stoichiometric ratio required
from the fuel cell increases for lower loads.

Furthermore, the following boundary conditions are
given on the anode level.

Boundary conditions:

e Maximum nozzle inlet

Pprim max = 12 bar(a)

¢ An anode heat exchanger is available to adjust the hydro-
gen temperature. Primary temperature 7}, = 70°C

e Secondary temperature 7., = 70°C

¢ Maximum ejector length /. = 120 mm.

primary pressure

For the development of the optimized ejector, the follow-
ing geometric parameters are available for optimization at
each load point:

e Mixing chamber diameter d,;,
e Nozzle exit position: NXP
e Mixing chamber length [ ;..

3.2 Ejector design

During PEM fuel cell operation, the fuel cell operates at
different load conditions, and hence, the thermodynamic
states of the ejector change and thus the optimal geometry
change. The local optima are simulated by the minimum
hydrogen mass concentration p. y,m;, Stated in Table 6,
which represents the worst-case stoichiometric ratio. The
best-case stoichiometric ratio is 100% hydrogen at the sec-
ondary inlet. If the hydrogen concentration falls below the
minimum, a purge cycle is required to increase the hydrogen
concentration.

Figure 14 shows the ejector entrainment ratio maps for
four different load conditions stated in Table 6 at each opti-
mized mixing chamber length (similar to Fig. 10 top). The
load point (11%) does not achieve the defined minimum
stoichiometric ratio of 5 due to the high-pressure difference
between the anode FC inlet and outlet and the high required
stoichiometric ratio according to boundary conditions.

Each load point has an optimum for the ejector geometry
to maximize the entrainment ratio and the stoichiometric
ratio. The local optimum stoichiometric ratio Aj,e, op 18
calculated by the maximum entrainment ratio according to
Eq. 7 (Table 7). If the load point, which corresponds to the
nozzle hydrogen mass flow, of the PEM FC stack decreases,
then the optimum of the NXP, and mixing chamber diameter
and length decrease as well.

The local optimum stoichiometric ratio A, o and the
minimum stoichiometric ratio A,,;, are displayed in Fig. 15.

Table 6 Fuel cell stack

boundary conditions Load [%] Tl im [8/5] Aemin [—] Prcin [bar(a)] Drc out [bar(a)] Hec Hymin [%]
100 0.63 1.40 1.60 1.38 41
75 0.47 1.53 1.48 1.27 34
50 0.31 1.87 1.38 1.18 24
25 0.15 2.70 1.30 1.12 18
11 0.07 5.00 1.26 1.09 44
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Fig. 14 Entrainment ratio map
for each load point (schematic
overview)

100%

Table 7 Local optima

75%

50%

25%

dmix

Table 8 Load map

Load [%] 100 75 50 25 11

Load [%]  dpyix op [mm]  NXPo, [mm] L on [mm] Ay op [
100 6.1 5.0 24 2.52
75 53 4.2 22 2.19
50 4.3 3.7 17 1.85
25 33 2.9 9 1.40
6 T . . .
+175% Supply [ Ammin
:I' o . )‘Iocal opt i
g A lobal
&4t 9 |
g +35% Supply
8 3t Interface: ]
0 Global Design
sl T /'
e
" / --------- .
1 : L L L

Load [%]

Fig. 15 Stoichiometric ratio

The minimum required stoichiometric ratio for mid-to-high
load (50% and above) is achieved. The interface between the
local optimum and minimum fuel cell stoichiometric ratio is
the global design point which is the geometry at 50% load,
since it covers the widest operation range.

Each load point is re-simulated with the global design
geometry. The stoichiometric ratio with the global design
Agional 18 lower for high loads but still achieved. However,
lower loads need an additional operating strategy to fulfill
the minimum required stoichiometric ratio.

First, the number of purge cycles is increased for the
11 and 25% load point, which leads to a higher secondary
hydrogen concentration and a higher stoichiometric ratio.
However, increased purging is not sufficient and additional
hydrogen needs to be supplied by the nozzle to increase
nozzle flow impulse and recirculation. The additional
hydrogen improves recirculation but is lost by purging.
Thus, 35% additional hydrogen must be added for the 25%
load point and 175% for the 11% load point. The main

@ Springer

Timeshare TS [% of total time] 50 15 15 15 5

effect on the dynamics of the system is that the purge valve
is actuated more frequently or, as a second option, the
purge valve is actuated continuously in a partial open state.

The load profile of the PEM FC application needs to
be considered to calculate the total hydrogen utilization
(Table 8). In total, the hydrogen utilization decreases to
97% by this operating strategy considering the load map
in Table 8 (Eq. 10). For this application, the additional
hydrogen is acceptable due to the very low operating time
for the 11% load point.

Equation 10: Hydrogen utilization

5 .
Zi:] Loadi * TS] ® mprim act i

H,Utilization = —
Zi:l Loadl . TSl L4 m

10)

prim i

In case the low-load range (11-25%) has a significantly
higher timeshare, other operating strategies can be consid-
ered. Each of the following systems has better performance
over the entire operating range [17]:

e A second low-load ejector in parallel
e A pulsed injector-ejector unit
e A variable nozzle throat area control ejector.

For this application, Table 9 states the final and most
important ejector geometries and Fig. 16 displays the final
design of the ejector.

The next development toolchain step is the 3D CFD simu-
lation to improve non-rotational symmetric influences based
on detailed packaging considerations (cp. Fig. 1). In this
publication, geometry optimization using 3D CFD simula-
tion is not discussed in detail, only general findings.

Generally, the performance of the 3D CFD model is
highly dependent on the piping. Experience has shown
that if the pressure loss in the piping is low, a small loss of
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Table 9 Final ejector geometry

Geometry Value [mm)]
Nozzle throat diameter d; 1.1

Mixing chamber diameter d,;, 4.3
Diffuser outlet diameter d g 22

Nozzle exit position NXP 4

Mixing chamber length [, 17

Diffuser length [y 99

Fig. 16 Ejector CAD

entrainment ratio can be expected (< 10%). In contrast, fillets
on each edge within the ejector enhance flow and increase
the entrainment ratio in the same range. Thus, if both pip-
ings are added and fillets are applied, the performance will
remain approximately in the same entrainment ratio. To
minimize the simulation effort, the piping connections to
and from the fuel cell and the ejector should be simulated
separately using a 3D CFD model. The entire anode path
should only be validated using 3D CFD.

4 Conclusion and outlook

The 2D rotational symmetric CFD is explained with a pre-
liminary analysis of the influences on the nozzle hydrogen
mass flow, the suction chamber, the mixing chamber, and
the diffuser.

The mesh size analysis shows how to minimize compu-
tational effort while maintaining high accuracy. A simu-
lation run can take from 3 min to 24 h depending on the
mesh size and the necessary accuracy. Furthermore, a
smaller mesh size has a lower entrainment ratio, which is
a conservative result compared to an extremely high mesh
size. By selecting the appropriate mesh size, the simula-
tion time can be reduced by approx. 67% (80 k instead of
200 k), while maintaining high accuracies <2%.

Maximizing the nozzle inlet temperature and minimiz-
ing the secondary temperature increase the entrainment
ratio. Impurities, such as nitrogen and water, increase the
entrainment ratio but decrease the stoichiometric ratio.
Generally, the lower the pressure difference between
the ejector outlet and the secondary inlet, the higher the
entrainment ratio. The mixing chamber diameter has the

biggest influence on performance compared to the nozzle
exit position and mixing chamber length.

The ejector geometry should be developed using 2D
CFD instead of 3D CFD due to the high computational
cost to allow a high number of parameter variations via
DoE. The entrainment ratio of the 3D CFD model is
dependent on the piping connected between ejector and
stack as well as fillets within the ejector. Experience has
shown that the piping (additional pressure loss) and the
fillet in the ejector (enhanced flow) have an opposite influ-
ence on the entrainment ratio and, thus, the entrainment
ratio remains in the same range. It is recommended to
minimize the pressure losses in the piping in a separate
simulation and to use the 3D CFD of the entire anode path
only for final validation.

Finally, the ejector design is evaluated from a local
analysis to a final ejector design according to the fuel cell
stack boundary conditions. A single ejector has a limited
operating range, which depends mainly on the nozzle
inlet pressure, in this case, 12 bar(a). If an ejector with a
larger operating range is required, the nozzle inlet pressure
should be increased or other operating concepts, such as a
pulsed ejector or a needle ejector, can be used.

Anode recirculation through an ejector instead of a
recirculation blower reduces the number of components,
weight, moving parts, and power requirements. However,
the design of the ejector is critical to maintain the stoichio-
metric ratio and avoid degradation mechanisms.

This methodology can be applied to a wide range of
ejector areas and significantly reduces development efforts
in future.

General key findings:

e Maximize nozzle inlet temperature and minimize sec-
ondary temperature to maximize entrainment ratio.

e Minimize pressure loss in the anode path and recircula-
tion.

e A small mesh size is a conservative estimation of the
entrainment ratio.

¢ A small mesh size enables a large number of parameter
variations over DoE.

e A simple ejector satisfies the stoichiometric ratio in the
50-100% load range for the given fuel cell boundary con-
dition.

e Additional hydrogen is necessary to extend the operating
range to lower loads, but results in hydrogen losses.
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