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Abstract

Fuel cell electric vehicles offer a promising alternative to battery electric vehicles and are characterized, among other
things, by rapid refueling. Recirculation in the H» supply system is crucial for efficient and safe fuel cell system operation
in automotive applications. Typically, an ejector is used for this purpose, which, among other things, recirculates unused H,
from the fuel cell outlet to the fuel cell inlet. The ejector in the H» supply system uses the H, inflow from a high-pressure tank
as a propellant. A component test bench is developed to characterize ejectors, which enables a full-factorial measurement.
In addition, the four critical operating parameters are identified: Primary flow, gas composition in the secondary flow,
discharge pressure, and pressure difference between secondary and discharge pressure. The results of the measurements
are brought into the context of fuel cell systems so that an operating strategy can be derived for any H, supply system with
the characterized ejector. Depending on the primary flow rate through the ejector, an optimal outlet pressure for recirculation
is determined. The H, molar fraction in the secondary path is identified as a key parameter for recirculation in the H, supply
system. The ejector characterization method of this contribution makes it possible to compare the recirculation capability
of an ejector within different H, supply systems without the need for a complete fuel cell system test bench.

1 Introduction a stationary anode inlet pressure ppis by adapting the pri-

mary H, molar flow rate 7pim from the H, storage to the

Fuel cell (FC) electric vehicles offer a viable alternative to
battery electric vehicles, excelling in fast refueling, heavy-
duty applications, and cold-temperature operation [1]. The
FC system within an automotive powertrain generates
power by consuming H at the fuel cell anode and oxygen
from the air at the FC cathode. Several fuel cells can be
combined to create a FC stack for higher power and voltage
output [2]. A reliable hydrogen supply is key for the safe
and reliable operation of the FC system [3].

Figure 1 shows a typical automotive hydrogen supply
system of a FC system. A pressure control strategy ensures
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H, supply system (HSS) [4]. For this pressure control, an
injector valve’s opening is adapted. The psypy is held at
a constant value typically in the range of 10 to 20bar, e.g.,
15bar in automotive applications [4]. With a typical HSS
system pressure, ppis below 3 bars [5], the H, flow through
the injector nozzle is choked in any given instance. In the
present configuration, the backpressure can only be changed
in front of the injector nozzle and not directly in front of
the ejector. We can describe the isentropic choked flow with
a flow constant Cy,;, the controllable injector opening area
A, the universal gas constant R, the molar mass of H, M,
the temperature of the primary gas Trim and the isentropic
coefficient vy [6].

PPrim

R - My * Tprin
2 \ /D
' y'(v+1)

Ceteris paribus, we can conclude from Eq. 1 that the flow
through the injector is directly proportional to the opening
area of the injector. In the FC stack, the H, is partly con-

Tprim = Clnj . AInj .

ey
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Fig. 1 Simplified H> supply
system of a fuel cell system
with passive recirculation. The
ejector is the driving component
for recirculation. A purge valve
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sumed, and N, can permeate from the cathode to the anode,
altering the hydrogen molar fractions yuo sec, and ymuo, pis.
A N, build-up can lead to hydrogen dilution and starvation
[7]. Additionally, water crossover from cathode to anode
alters the gas composition and can lead to a two-phase flow
[8]. The amount of liquid water is dependent on the rela-
tive humidity and temperature [9]. A purge valve at the HSS
stack outlet periodically vents gases to counteract N, build-
up. The gas mixture at the HSS stack outlet is recirculated
passively through the ejector as a secondary molar flow #isec,
mixed with the recirculation driving fresh H, feed, and dis-
charged to the anode ripi;. The pressure loss Ap = ppis— Psec
over the HSS of the recirculation flow is overcome through
the ejector, where the FC stack is the dominant contribu-
tor to the pressure loss. H» recirculation is crucial for FC
system efficiency and robustness, though assessing ejec-
tor performance is complex due to the variable conditions
and implicit system behavior [10]. We propose a method
to characterize the ejector independently of the rest of the
HSS through test bench measurements. The pressure drop
characteristics of the rest of the HSS complement the ejec-
tor characterization. Suppose both HSS pressure drop and
ejector characteristics are combined. In that case, the re-
sulting point of operation of the combined system (HSS +
ejector) can be determined.

Key Contributions of this research on fuel cell system
ejector characterization are:

o Development of an ejector component test bench,

e Comprehensive full-factorial ejector measurements,

o Identification of four critical ejector performance param-
eters,

e Optimizing the discharge pressure concerning recircula-
tion,

o Determining the H; recirculation in a FC system without
a FC system test bench.

2 State of the art

The recirculation of the anode outlet flow to the inlet side
is an essential factor in enhancing H, utilization. The two
most prominent recirculation devices are the recirculation
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blower/compressor and the ejector. Where the blower is
more straightforward to design and adaptable to different
operating conditions, it usually has higher weight and costs.
It is prone to freezing, corrosion, vibration, and noise due
to its moving parts. As a passive solution without moving
parts, the ejector excels with its geometric simplicity, com-
pact design, low noise emission, and low losses with no ac-
tive power consumption. However, designing and adapting
an ejector is more challenging than a blower since the recir-
culation flow of an ejector is the result of its geometry and
the FC operating parameters. Therefore, the ejector recir-
culation flow cannot be manipulated directly, given a fixed
hardware design [11-17].

The optimal hardware design of ejectors as a single com-
ponent is a well-studied subject in the literature [18-21].
However, the effective integration of ejectors within a HSS
of FC systems poses several challenges. The discharge flow
of the ejector influences the secondary flow and poses an
implicit problem, which is hard to calculate in real-time and
needs significant fitting from measurements [22, 23]. The
ejector with fixed geometry is usually optimized for a lim-
ited range of operations [24]. Several methods have been
developed to expand the effective range of operations. From
multi-stage ejectors [25] to systems featuring adjustable
ejector geometries [26], the sophistication of these systems
significantly enhances their performance and adaptability.
Recirculation can be quantified; furthermore, it is common
practice to assess the performance of a combined FC system
test bench in terms of its recirculation capabilities [27, 28],
where the actual FC anode is sometimes replaced with an
equivalent manifold [29]. The measurements of a combined
FC system show that a certain ejector is suitable, fulfilling
a specific FC system’s energy efficiency [30]. An ongo-
ing research subject is optimizing the ejector performance
and, therefore, the FC system through operational strategy
and determining the ejector characteristics within the FC
context [31]. Thus, an in-depth design simulation, includ-
ing optimization and a comprehensive test bench survey
via measurement, is crucial to ensure sufficient recircula-
tion during operation. For the durability of FC systems, the
anode stoichiometry is crucial, which puts the consumed
Ha 7112, consumed @nd the fed-in hydrogen 7y, p;is into rela-
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tion A = iy, pis/ M2, Consumed [32]. The fed in H, equals the
same amount of H; as the fuel cells consume for stationary
pressures, disregarding purge and crossover effects [5]:

’:lPrim = ilHZ. Consumed FOR :Ppis = const. (2)

The consumed H, can be determined through Faraday’s
Law with the FC current Is., the number of fuel cells
z and the Faraday constant F [33]. We can conclude that
the operation of the FC determines the primary flow by
combining Eqs. 2 and 3.

IStack *Z

2F @

NH2, Consumed =

The discharged H» consists of the fresh H, from the in-
jector and the recirculated H, from the secondary flow:

K2, Dis = 12, Prim + MSec * YH2, Sec “)
With Eq. 4, we can express the stoichiometric ratio A as:

) = T'H2, Prim + MSec * YH2, Sec

&)

Nprim

Since the primary flow is set through the operation of
the FC, the stoichiometric ratio is determined through re-
circulation, i.e., secondary flow and its H, fraction.

Findings from the literature regarding the main effects
on the entrainment ratio and the anode stoichiometry are
collected in Table 1. The most common tools for char-

acterization are analytical and 1D models, 2D rotational
symmetric CFD models (often instead of full 3D CFD due
to simulation time demands), and test bench investigations.
Further information on ejectors can be found in a compre-
hensive literature review by Tashtoush et al. (2019) [34], Liu
et al. (2020) [35] and Arabbeiki et al. (2024) [36]. Singer
et al. (2022) [37] provided an extensive toolchain in an ap-
plication for a pulsed ejector configuration. The literature
in Table 1 clearly shows the tendency of several quantities.
The findings in the literature align with the quantities of pri-
mary pressure ppim and primary Temperature Tpyim, Which
both have an increasing effect on the secondary flow. But
the literature otherwise focused on different parameters like
the primary mass flow 7ipyim, the gas composition y,, sec;
the length of the mixing chamber luixing chamber, the humidity
in the secondary flow (s.. or the discharge pressure ppis.
Huang et al. (2023) state that an increased temperature in
the secondary path Ts.. also increases the entrainment ratio.
However, the other authors state the contrary. To solve this
contradiction, the humidity ¢, as cross-dependencies of the
temperature would have to be analyzed more in-depth.
Most measurements and simulations of Table 1 include
an emulated (with regards to pressure loss behavior and
sometimes H,-consumption) or an actual FC stack. The
results of the ejector characterization and the specific FC
stack behavior are strongly coupled. The measurements of
a combined system with an ejector and FC stack cannot
be easily transferred to a system with a different FC stack.
Suppose the recirculation performance of different stacks
combined with the same ejector is evaluated. Regarding re-
circulation, one must conduct a system test or simulation

Table 1 Effects of ejector design and operation conditions on recirculation and stoichiometry—examples from the literature.

Ref. Simulation type Measurement type ~ Validation Optimization/findings Application/
Stack power
Huang 2023 Rot.sym; CFD Mpgim-var. with 3D-printed Tsee P—> A 1 PEMFC
[46] PEMFC model prototype Tsee 1= @ 1 10kW
PPrim T_> ® Jr
PPrim T_> A Jr
Singer 2023, Rot.sym. 2D CFD - 3D CFD+ IMixing Chamber = PEMFC
Singer 2024 (part of design measurement Thim 1— o 1 >30kW
[13, 40] toolchain)+ LHS T
DoE (D7/10 - Ol) Sec T_> w ‘1’
YN2, sec» YH20,5ec T—> @0 1A
YHo reci T_> >\ T
thrim T_> w T
Kuo 2021 [14] 0D Matlab/ Pprim-var. in [38] Measurement Tpim 11— o 1 PEMFC
Simulink model Prim 11— o { 80kW
incl. FC stack Tsee 1= o 4
Psec T_> ® T
Yang 2020 Rot.sym. 2D Test bench (N2 3 load points Tsee T— A1 PEMFC
[15] CFD + modeled Ap operated) + @sec T—= M4 100kW
(D — O emulated stack
ppis T—

- (pSer pNozzle) T_> w T
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for every single component combination using the methods
of Table 1. Concerning change management, this can cause
significant costs and delays in development [39]. We pro-
pose a method to determine the recirculation in a complete
FC system without requiring a combined test bench. To
demonstrate the test bench method, we use a given ejector
prototype design for passenger vehicle applications. This
design combines the injector valve and the ejector into one
component. Our method includes characterizing the ejector
full-factorial and combining these measurements with the
pressure loss characteristics of the rest of the HSS, partic-
ularly the FC stack.

3 Method

For the proposed ejector characterization, we define a sys-
tem boundary around the ejector and set the relevant bound-
ary conditions externally through a test bench according to
expected fuel cell system conditions. This testbench con-
figuration is similar to the one introduced by Singer et al.
(2024), where selected points are utilized to verify CFD
simulations [40]. We increased the potential of this config-
uration and developed a novel method by establishing a full
factorial measurement of the ejector independently from the
FC system. We showcase how to reintroduce the FC system
characteristics into the ejector measurements a-posteriori to
derive full FC system characteristics. Thus, this method al-
lows the transfer of the ejector performance characteristics
to arbitrary FC system characteristics without additional
measurements. The ejector we tested is a prototype ejec-
tor designed for typical passenger automotive FC applica-
tions, as the hydrogen project from the BMW Group with
its high power and dynamic requirements [41]. The ejec-
tor prototype has extended straight drilling in the ejector
nozzle compared to its nozzle diameter, enabling a Fanno
Flow regime for sonic operation [42]. In the present ejector
configuration, it is only possible to set a supply pressure in
front of the injector valve and not directly in front of the
ejector. Even though the supply pressure directly in front
of the ejector and after the injector is seen as an essential
parameter, we do not include it in our DOE due to a lack
of measurement possibility in the integrated injector/ejector
design. We keep the pressure in front of the injector at a con-
stant level, in which the injector flow is choked. We expect
dynamic gas adaptation between the injector and ejector and
do not assume that the ejector flow is choked. With a Fanno
flow regime, the velocity of the fresh hydrogen accelerates
towards the speed of sound within the ejector for a wide
range of operations. With an increase in mass flow and a ve-
locity in the range of the speed of sound, the momentum
increases with the injector opening. We suspect this to be
one reason for the hardware supplier to include distinctive
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straight drilling within the ejector in contrast to the usually
used converged or convergend-divergend nozzles as in [37].
We adopted the primary flow 7ipim by changing the opening
of the injector valve with the constant supply pressure, as
it is done during operation in a combined system. The sec-
ondary flow in this test bench configuration consists of N,
and H, only, even though the gases are often fully saturated
with H,O in a combined system with FCs [43]. The effect
of gaseous water on the average molar mass is replicated
with N, [40]. The effect of liquid water is neglected in the
scope of this work due to hardware restrictions (currently
no reliable liquid water source with adjustable droplet dis-
tribution available) and will be subject to further research.
The secondary N, flow and the H, flow are individually
supplied through mass flow controllers, which add up to
the combined secondary flow ris.. with a settable H, frac-
tion. We included an H, sensor in the secondary path to
ensure the H, fraction. Figure 2 illustrates the schematic
of the ejector component test bench, facilitating stationary
measurements. The four boundary conditions of gas com-
position in the secondary path yu s, the relative injector
opening Fiprin/7prim, Max, the discharge pressure ppis, and pres-
sure difference Ap =ppis—psec are of significant influence on
the ejector performance. We use molar quantities for their
wide application in the operational strategy of FC systems
[44]. The quantities in bold in Fig. 2 (psupply, 7isecs YH2, Secs PDis)
are set through the test bench. The remaining quantities in
Fig. 2 (Yipeim; 7ipis, YHo2, Diss Psec) are resulting quantities and are
directly measured. Table 2 outlines the relevant parameters
and the actuators used to adjust them. We employed two
thermal-based Mass Flow Controllers (MFCs) with bypass
systems in the secondary path for both H, and N, flow to
control the H» fraction and the pressure difference. The sec-
ondary flow is the key variable we aim to determine. The
primary mass flow is directed through the injector valve
opening, while the discharge pressure is directly regulated
using a diaphragm valve with a cascaded pressure control
system.

The pressure sensors are oriented orthogonal to the re-
spective flow; hence, we measure static pressure with the
pressure sensors. In our test bench, we have defined the
pressure difference Ap=ppis;—psec and the discharge pres-
sure pnis, and indirectly, the secondary pressure ps.. as a set-
table quantity. In our test bench setup, however, we can only
measure but not actively set the secondary pressure. Con-
versely, we can directly set the secondary molar flow s,
which equals the recirculation in the complete FC system.
However, according to our definition, the recirculation flow
should be the resulting value of the measurements. To ad-
dress this, we iteratively adjust the secondary flow until
a defined pressure difference is achieved. The pressure dif-
ference and the secondary molar flow are complementary,
assuming all other factors are equal. The adjustment pro-
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Fig.2 Simplified test bench
setup. The primary gas molar
flow fiprim is fed with pure Ha,
while the secondary molar flow
nsec is a mixture of N2 and Ho.
The parameters in bold (psupply,
NSec, YH2, Sec, PDis) are set directly
through the test bench. The
remaining (0Prim, NDis, YH2, Dis,
Psec) are resulting values and are
measured

Primary
H2 supply

ﬁPrim

Psupply

Nbis, YH2,Dis

Ejector system boundary Pois

ﬁSec; yHZ,Sec

pSec

Secondary
N2/H2 supply

Table 2 List of relevant actua-

. Parameter
tors for the ejector test bench,

Actuator

Actuation Principle

including their actuation princi- Tiprim
ples. The Mass Flow Controllers
(MFCs) and pressure control
systems utilize cascaded feed-
back to maintain settable flow

and pressure. TiSec

YH2, Sec

A]) =PDis—PSec

Injector Valve

Secondary MFC N> and H»
PDis Diaphragm Control Valve
Secondary MFC
Secondary MFC

Manual Valve Control

Mixing of N2 and Hz Flow
Directly/Cascaded Pressure Control
Directly/Cascaded Flow Control
Resulting Quantity

cess took several seconds, with a sampling rate of 10ms,
resulting in a continuous variation in the pressure differ-
ence during the adaptation of the secondary flow. For data
analysis in this study, we divided the measurements into
increments of 5kPa. A similar process of iterative varia-
tion is implemented for the primary molar flow 7ipim, Where
the injector valve opening is adjusted at a constant supply
pressure psuply until the target primary flow is reached. It
is important to note that the primary molar flow 7pim and
the discharge pressure ppis are independent parameters at
the given automotive application: Since the supply pres-
sure psuppiy is multiple times higher than the discharge pres-
sure ppis, the flow through the injector #ipim is choked and
hence independent on the downstream pressure ppis [37].
The discharge pressure can be reliably set through a mem-
brane valve at the discharge path. All quantities are directly
measured: ripim and 7isec through mass flow sensors, yuo, sec
through an H, fraction sensor, and pp;s and ps.. with pressure
sensors. We use normalized values for both flows 7ige. and
Tipim, because this work focuses on establishing an ejec-
tor measurement method and the tested ejector is propri-
etary. Hence, we present normalized performance results.
We normed the secondary molar flow 7isec, norm With a con-

stant reference molar flow 7isccrer. The reference molar flow
Hsec, Ref 1S chosen arbitrarily, so we define rigec, Norm @S:

NSec

(6)

NSec, Norm =
NSec, Ref

For the primary flow, we used a similar approach. How-
ever, we can determine a maximum primary flow, which
we use as a reference value. This maximum primary flow is
reached at a full injector valve opening. We use a quotient
between the actual molar flow #pim to the constant max-
imum molar flow #ipim max,» Which equates to the relative
injector opening.

ilPrim

ilPrim, Norm = = (7)
N Pprim,Max

Since the flow through the injector is choked in Eq. 1,
we interpret the ratio in Eq. 7 as a relative injector opening.

Table 3 outlines the Design of Experiment (DoE), in-
cluding the four quantities that reflect the typical operat-
ing range of an ejector in an automotive FC application.
An external supplier designed the ejector hardware for the
usual operational range of the automotive FC application.
Where the operational range of the hydrogen fraction yu», sec
is based on physical boundaries, the other quantities are de-
rived through typical requirements of the fuel cells in auto-
motive applications. We did not include a primary flow of

@ Springer
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Table 3 Ejector test bench DoE.

P R -
The range of parameters incor- arameter ange Steps (Step Size)
porates the operational range YH2, Sec [0, 100] % 5 (25%)
of an FC system in automotive FiPrin/MPrim, Max [11, 100] % 9 (11%)
applications. ppis [1,2.5] bara 4(0.5 bara)
Ap=Dppis—PSsec [0, 30] kPa 7 (5kPa)

zero since we do not expect any secondary flow. A discharge
pressure below ambient pressure is not within a realistic use
case in automotive applications since the purge process re-
lies on overpressure. We set the pressure drop range similar
to Zhang et al. [45]. Since the parameters in Table 2 depend
on each other in the complete system configuration, not all
combinations of values in Table 3 may be feasible in an
actual FC system. However, we have created a comprehen-
sive set of measurement points for the ejector component
to interpolate from, independent of the other components in
the HSS. This enables us to derive an operating strategy for
any given HSS for the characterized ejector component. To
predict the ejector performance in the complete system, we
can complement the measurements presented here with the
pressure loss characteristic of the rest of the HSS without
measurements of the full system. This complementation of
the pressure loss characteristic creates the dependency of
the discharge quantities on the secondary quantities in the
recirculation path. The adaption of changes to an HSS with
a given ejector can be evaluated without extensive testing
with this method at any given instance.

4 Results

Table 4 shows the qualitative test bench results, dependent
on the test bench DoE of Table 3. The secondary molar
flow increases with the H, molar fraction in the recircula-
tion path due to the gas mixture’s change in density and
viscosity, which aligns well with findings from the litera-
ture [13, 14, 46, 47]. We found that a higher primary molar
flow increases the secondary molar flow since the impulse
input to the ejector is higher. Ejectors can have varying
efficiencies at different operation points, comparing isen-

Table4 Findings on the impact of an increase in design parameters on
secondary molar flow 7isec. The primary flow 7ipim and the discharge
pressure ppis have a mutually dependent secondary molar flow
optimum.

Parameter impact on secondary molar flow 7isec

H2, Sec ec

YH2, sec T Tisec 1

—> NSec T for: Nprim < HPrim, Crit (pDisch)

—> Jisec N/ —> fOr: iprim > fprim, crit (PDiseh)

—> Jisec 1 for: ppis < Pois, Opt (" prim)
pois 1

’.1 Prim T -

g ﬁSeC Jr for: Ppis > Pis, Opt (”lPrim)
Ap T_) ﬁSec \1'
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tropic and actual enthalpy drops [48]. After surpassing an
optimal injector opening, the efficiency of the ejector drops
significantly since the recirculation stagnates in Fig. 6, even
though the momentum of the primary flow increases [28].
To some extent, the discharge pressure influences the sec-
ondary molar flow due to the change in gas density. There-
fore, adapting the stack pressure to the primary flow can in-
crease the ejector efficiency by shifting the operating point
of the ejector towards an ideally adapted nozzle [49]. We
complement the literature findings by analyzing the impact
of discharge pressure on secondary molar flow. We found
a discharge pressure optimum for every injector opening.
A deviation from this pressure decreases the secondary mo-
lar flow. In the same instance, we found a critical injector
opening, after which the secondary flow stagnates or even
decreases with increasing primary flow, which is in line
with the findings of Pei et al. (2019) [50]. This critical in-
jector opening is dependent on the discharge pressure. Our
measurement equipment shows an uncertainty from 1% up
to 3%. It is important to note that we calculate the pres-
sure difference by subtracting two pressure sensors, thus
increasing the uncertainty significantly.

Figure 3 shows that the pressure difference Ap =ppis—psec
significantly decreases the recirculation flow within points
of operation at 2.5 bara discharge pressure and 50% H, mo-
lar fraction in the secondary gas. The pressure difference
can be regarded as a counteracting force to the recirculation.
The curve at Ap=0kPa is the theoretical maximum recir-
culation flow within an ejector-driven system with no pres-
sure losses. The pressure difference and the relative injector
opening are set independently, meaning there could be mea-
surements where the recirculation would be inversed. These
points of inverse recirculation are impossible to depict with
the test bench setup of Fig. 2, so they are measured as
a flow of zero instead. Figure 3 shows the minimal injector
opening for which a defined pressure drop can be achieved.
A secondary flow for a pressure drop of Ap = 30kPa is is
only achievable for a relative injector opening of over 67%.
The difference in relative recirculation flow depending on
the pressure difference Ap decreases with a higher relative
injector opening, which also corresponds to findings in the
literature [14]. The curves in Fig. 3 flatten with a higher
relative injector opening, hinting at the dominance of the
reduced ejector efficiency.

Figure 3 shows a relation between the pressure loss Ap
to the secondary molar flow #ise, i.e. fisee=f{Ap). In the
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Fig.3 The relative secondary molar flow nisec, Norm Over the relative in-
jector opening at different pressure differences at a discharge pressure
of ppis=2.5 bara and a Hz molar fraction yn2, sec of 50 Vol.% in the
secondary flow

complete system, the pressure loss from the discharge to
the secondary path results from the secondary molar flow
through the HSS, where the pressure loss over the FC stack
dominates. If combined with the pressure loss character-
istic of the HSS, in the form of Ap =f{Fscc Norm), WE can
derive the point of operation of the full HSS. As Fig. 4
shows, the combination of the pressure loss characteristic
with the ejector characteristic can be solved graphically for
a given relative injector opening. Figure 4 shows two ex-
emplary HSS with a generic pressure loss characteristic to
Ap=10kPa - Bsec, nom for HSS 1 as a straight line, and Ap =
15kPa - Fisee,norm for HSS 2 as a dotted line. The point of
operation can be found by determining the intersection of
the ejector characteristic with the respective HSS character-
istic. If the hardware components of the HSS change, the
respective pressure loss characteristic of the HSS changes,
resulting in a different point of operation. Depending on the

system configuration, this pressure loss characteristic can
deviate from a linear function. The procedure of Fig. 4 can
evaluate the point of operation after changes in HSS compo-
nents without the need for additional full system testing. As
an additional benefit, the performance of two ejectors can
be compared objectively and efficiently without the need
for a full FC system test bench.

Figure 5 shows that a higher H, molar fraction leads to
a more than proportional increase in secondary flow over the
injector opening. An increase of 25 percentage points from
75 Vol.% to 100 Vol.% H, molar fraction leads to a doubling
relative molar secondary flow. In contrast, an increase from
0Vol.% to 25 Vol.% H, molar fraction is insignificant. The
curves of different hydrogen fractions yu sec in Fig. 5 do
not differ in shape but by a multiplicative factor, and the
point of no secondary flow is similar, starting at 11% rel-
ative to the injector opening. The hydrogen fraction ymo, sec
manipulation through a purging strategy is well established
in the literature [51, 52]. We conclude that the secondary
flow can be controlled through the hydrogen fraction us-
ing a respective purge strategy. In the same instance, the
stoichiometric ratio can be determined directly, given the
primary and secondary flow and the hydrogen fraction in
the secondary path [38]. Regarding the stoichiometric ratio
control for the hydrogen supply, the purge control strategy
can be utilized similarly to the secondary flow by altering
the hydrogen fraction and, hence, the stoichiometric flow,
as shown in Fig. 5.

Figure 6 illustrates the impact of discharge pressure on
the performance of the ejector. Low discharge pressure is
ideal for the secondary flow at low injector openings. We
assume that the velocities of the flows within the ejector will
be higher at lower discharge pressures and injector open-
ings, leading to increased momentum and, consequently, en-
hanced ejector efficiency. As the substance flow through the
injector remains constant, an increase in discharge pressure
increases the density, reducing the velocity and momentum.

-
_____

Point of operation

——_———

in HSS 1

1 1 1 1

Fig.4 The pressure difference 10 —&
over relative secondary molar
flow fisec, Norm for two exemplary
HSS pressure loss characteris- E 8
tics and the ejector characteristic =
at a relative injector opening of £
prim, Norm= 56%, at a discharge § 6 e
pressure of ppis=2.5 bara and S | a-=-==T
a Ha molar fraction ym2, sec Of 2
50Vol.% in the secondary flow. T 4}
The crossing of the characteris- g
tics gives the resulting point of 5 5= Endiorch "
operation ) i jector characteristic
P a 2 —— HSS 1 pressure loss characteristic
- - = HSS 2 pressure loss characteristic
034 36 38

40 42 44 46 48 50 “52

Relative molar recirculation flow in [%]
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Fig.5 The relative secondary
molar flow fisec, Norm at a pressure
difference of Ap=10kPa and

a discharge pressure ppis of
2.5 bara. The higher the H>
fraction yH2, sec, the higher the
secondary molar flow nsec

Fig.6 The relative secondary
molar flow fisec, Norm at a pres-
sure difference of Ap=10kPa
and yH2, sec=50%. The sec-
ondary flow flattens or decreases
slightly for higher injector open-
ings after a critical discharge
pressure

Relative secondary molar flow [-]

Relative secondary molar flow in [-]
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Relative injector opening in [%)]
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=Y=DPp,;; = 2:5 bara

At higher injector openings, however, there is no significant
increase in the secondary flow; instead, we observe a lev-
eling off and even a slight reduction in secondary flow.
With an increase in discharge pressure, the point at which
flattening occurs shifts to higher injector openings. This
behavior suggests the presence of a choking effect in the
secondary path. An increase in discharge pressure, main-
tained at a constant pressure difference, raises the pressure
in the secondary path, increasing the density of the sec-
ondary flow and a subsequent decrease in velocity for the
same flow rate. Consequently, the critical speed of sound is
reached at higher flow rates when discharge pressures are
increased.

@ Springer
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Figure 7 illustrates the optimization of secondary flow
concerning the discharge pressure based on Fig. 6. The op-
timal discharge pressure varies significantly for different
injector openings, as the secondary flow reaches its peak
when the primary gas flow through the ejector is ideally
matched. We have assessed only four discharge pressure
levels, with relatively large increments of 0.5 bar. Therefore,
the assumed linearity depicted in Fig. 7 could be mislead-
ing. A finer DoE grid would be necessary to validate this
linearity.

The optimal discharge pressure for injector openings
below 22% and above 56% lies at the boundaries of the
pressure range. As the relative injector opening varies be-
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Fig.7 Optimal discharge pres- < 3 | | | | | T |
sure depending on the relative 5
injector opening of the injec- =} o o o O
tor. The measurements were £ N N e 3
conducted from ppis=1 bara o
to ppis=2.5 bara in steps of 7 .
0.5 bara. The points on 11% and g
22% hit the lower boundary, and o |
the points from 56% upwards hit %
the upper boundary pressure ©
5 ]
£
i=]
ERYe _
£ 0.5
=
o
O O 1 1 1 1 1 1 1 1
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tween 22% and 56%, the pressure consistently increases
to achieve optimal secondary flow. Theoretically, the opti-
mal discharge pressure is expected to continue rising be-
yond 2.5 bara, which may further enhance secondary flow
at higher injector openings. However, our test bench and
typical HSS are not designed for such high pressures.

In contrast, a decrease in pressure at 11% relative to the
injector opening suggests improved secondary flow, indi-
cating that the optimal operation of the HSS may be at
a pressure below ambient levels, which is not feasible for
this application. The impact of discharge pressure on sec-
ondary flow demonstrated considerable variability.

Based on the findings in Fig. 7, we can derive an op-
timal operational strategy for discharge pressure related to
secondary flow. When considering discharge pressure and,
consequently, the anode pressure operation level, a control
target strategy must consider not only the optimal secondary
flow but also factors concerning the longevity and safety of
the FC stack.

5 Conclusion

A method for characterizing an ejector as a system com-
ponent for sustainable automotive mobility was developed.
This work completes findings in the literature of ejector
characterization by enabling thorough validation at the test
bench and the identification of the optimal discharge pres-
sure depending on the primary mass flow. The methodology
of this paper enables the determination of the secondary
flow by combining the ejector component characterization
and a pressure loss characteristic of the HSS. Using this
methodology, operational strategies for the HSS can be de-
rived, and changes in the system hardware can be evaluated
regarding the secondary flow. The H, molar fraction in the
secondary path is identified as a significant parameter to

Relative injector opening in [%]

control the hydrogen supply’s secondary flow and stoichio-
metric ratio.

The test bench measurements can be extended by intro-
ducing further parameters like humidity, primary and sec-
ondary flow temperature, and supply pressure. A differential
pressure sensor will be integrated for future measurements,
directly measuring the pressure difference from the sec-
ondary to the discharge path, decreasing measurement un-
certainty. In future research, the test bench measurements
can create a data-based model of the ejector, allowing for
an objective and efficient comparison of the ejectors’ per-
formance.
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