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Proton exchange membrane fuel cells are considered to be a promising technology for future low-emission
aircraft. However, the actual performance of fuel cell systems under aviation conditions is still unclear. To
address this knowledge gap, this work develops a detailed model of a fuel cell system for the propulsion of a
regional aircraft. The interaction of the stacks and auxiliary components is studied with validated models for the
fuel cell stack, humidifier, heat exchanger and compressor. These models are coupled with a novel sizing
approach that finds the smallest feasible combination of components while optimizing the stack operating
conditions for each flight phase. Based on this approach, a wide range of possible fuel cell system designs is
compared in terms of their mass, efficiency, drag and volume. The results show that it is beneficial to optimize
these performance criteria simultaneously in a pareto optimization problem. The aircraft’s electrical power
demand of 3.12 MW is provided by ten identical 312 kW fuel cell systems that are distributed along the wing.
Based on the model, such a 312 kW fuel cell system is predicted to achieve an efficiency of 39 % during cruise
and 49 % on ground, a specific power of 0.50 kW/kg, a power density of 0.39 kW/L and a cruise drag of 333 N.
Compared to conventional aircraft engines, fuel cells have the drawback of an increased mass and drag. The
achievable propulsion system efficiency with fuel cells is lower than that of large turbofan engines, but higher
than that of turboprop engines for regional aircraft.

promising alternative because of their higher efficiency at lower power
requirements and non-existent nitrogen oxide emissions [3,7]. This
work investigates the case where fuel cells provide propulsive power for
a 70 passenger regional aircraft.

There is still a significant uncertainty regarding the feasibility of
PEMFCs for aircraft propulsion. Nearly a decade ago, Epstein [8]
concluded that fuel cells were unlikely to become a suitable option for

1. Introduction

Without major emission reductions, commercial aviation could ac-
count for a significant share of human-induced global warming by the
year 2050 [1]. The aviation industry is therefore exploring innovative
propulsion technologies that go beyond incremental improvements to

the kerosene consumption of conventional engines. One of the investi-
gated approaches is to use hydrogen as an alternative energy source for
passenger aircraft [2]. If the hydrogen is produced from renewable
sources, this could, in the long term, eliminate in-flight carbon emissions
from aviation.

In currently investigated concepts, hydrogen is either burned in
modified gas turbine engines or used to generate electric power with fuel
cells [3,4]. The electric power is then used to drive propellers via electric
motors [5] or is provided to auxiliary loads onboard the aircraft [6]. For
the propulsion of mid- and long-range aircraft, hydrogen combustion is
generally viewed as superior to fuel cells because of the higher specific
power of large gas turbines [2]. For the propulsion of smaller aircraft,
low-temperature proton exchange membrane fuel cells (PEMFC) are a
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the propulsion of commercial aircraft. More recently, Massaro et al. [3]
showed that fuel cells could indeed be suitable for the hybrid-electric
propulsion of regional aircraft. Smith et al. [9] came to the more opti-
mistic conclusion that fuel cell propulsion could even become viable for
long-range aircraft by the year 2050. These substantially different re-
sults show that there is a knowledge gap regarding the actual perfor-
mance of fuel cell systems under aviation conditions. This work seeks to
address this knowledge gap by providing accurate predictions for the
currently achievable fuel cell system performance under such condi-
tions. The main performance criteria for aircraft propulsion technologies
are their technical performance, safety and reliability, environmental
impact and cost [8,10]. Here, we focus on the technical performance in
terms of mass, efficiency, aerodynamic drag and volume.
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Nomenclature

Symbol Description

A Area (m?)

a Area, normalized with heat flow (m?/W)
ADTy,  Humidifier approach dew point temperature (°C)
b Bypass ratio (-)

c Heat exchanger stream capacity rate (J K 1s~1)
c Fluid velocity (m/s)

I Specific heat capacity J kg 1K)

dy Hydraulic diameter (m)

F Faraday constant (A s mol‘l)

Fy Drag force (N)

Stric Fanning friction factor (-)

h Specific enthalpy (J/kg)

i Current density (A/m?)

k Coefficients in correlations

l Length (m)

L Flow length of heat exchanger (m)
m Mass (kg)

m Mass flow (kg/s)

Mep Rotational speed of compressor shaft (1/s)
n Amount of substance (mol)

n Molar flow (mol/s)

N Number of components (-)

Nu Nusselt number (-)

Ntu Heat exchanger: number of transfer units (-)
P Pressure (Pa)

p Electrical power (W)

Q Heat flow (W)

R Universal gas constant (J K 1mol™)
R, Specific gas constant (Jkg~! K1)

Re Reynolds number (-)

RH Relative humidity (-)

T Temperature (K, °C)

Ucent Cell voltage (V)

UA; eff Heat transfer conductance (W/K)

%4 Volume (m?3)

v Volume flow (m?/s)

X Molar fraction (-)

Greek symbols

a Heat transfer coefficient (Wm 2K™1)
) Thickness (m)

Enx Heat exchanger effectiveness (-)

n Efficiency (-)

fle> Na» i, Voltage losses (V)

2 thermal conductivity (Wm™ K1)
Ao, Cathode stoichiometric ratio (-)
Au, Anode stoichiometric ratio (-)
U Dynamic viscosity (kg m~!s™1)
11 Pressure ratio of compressor (-)
p Density (kg/m?)
c Membrane permeability (molskg~!)
Subscripts
anode side of cells in stack
ac air cooler and related systems
ar anode recirculation blower
base baseline
C cathode side of cells in stack
c cold side of heat exchanger
cell cell, cell-level quantity
cp compressor
cr cross-section
cw coolant
dr diffuser
dew dew point
des design point
eff effective
ep end-plate (of stack)
FC fuel cell stack and related systems
front frontal area of heat exchanger
h hot side of heat exchanger
hm humidifier
hm,d dry side of humidifier
hm,w wet side of humidifier
hx heat exchanger
in inlet
max maximum
mix mixed
mem membrane
norm normalized
nz nozzle
out outlet
pu coolant pump
react reactant air and related systems
red reduced
ref reference
req required
sat saturation
stack stack
sys system-level quantity
tot total

In the context of aircraft applications, the size of each fuel cell system
component will likely be optimized instead of relying on existing off-the-
shelf components. Hence, the assessment methodology needs to be
flexible enough to consider varying component sizes. At the preliminary
design stage, such fuel cell systems are therefore commonly studied with
scaled steady-state models [7,10,11]. After assessing a wide range of
possible designs, a specific design can be studied in more detail with
transient simulations [12] and experiments with full-scale prototypes
[5]. This work develops a model that enables an accurate prediction of
the steady-state system performance during the preliminary design
stage.

Previous studies on PEMFC systems for aircraft applications have
assessed various aspects of the system performance. Sparano et al. [11]

developed a preliminary design methodology for a MW-scale hybrid
PEM fuel cell/battery propulsion unit in regional aircraft and investi-
gated the coupled effects of the energy management and degree of hy-
bridization. Abu Kasim et al. [7] designed a PEMFC system for an 8
passenger aircraft based on lumped models for the stack and auxiliary
components. The developed model was used to assess the steady-state
performance of the envisioned aircraft. Park et al. [13] investigated an
electric vertical take-off and landing aircraft and sized the fuel cell
system, hydrogen tank and battery system for different scenarios.
Focusing on a large MW-scale PEMFC system, Kosters et al. [10]
compared a conventional liquid-cooling concept to a phase-change-
heat-pump cooling concept. Vietze and Weiland [14] conducted a
transient analysis for a 500 kW fuel cell powertrain. Their analysis
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showed that hydrogen evaporation and supply can be achieved
passively, i.e. without electric heaters or hydrogen pumps. A recent
study by Li et al. [15] investigated the optimal cathode pressure for an
aircraft fuel cell powertrain based on semi-empirical models for a fuel
cell stack and air compressor. Liidders et al. [16] developed a design
method for fuel cell auxiliary power units and derived a pareto front
with respect to the system’s mass and efficiency.

These previous studies have in common that they use lumped (zero-
dimensional) component models. The use of such simplified models is an
effective way to reduce the model complexity and computational cost at
the preliminary design stage. However, this limits the accuracy of the
predicted system performance as several relevant effects cannot be
captured: In previous design approaches, the stacks are often assumed to
operate at a constant pressure independent of the flight altitude and
ambient pressure [7,10,11,13,14,16]. This results in a non-optimal
usage of the compressor and reduces the system efficiency [15,17].
Moreover, the compressor’s limited operating range and variable effi-
ciency are often not considered [10,13,14], but were shown to signifi-
cantly affect the range of feasible stack operating conditions [15].
Another common simplification is to neglect the effect of a non-ideal
humidification of the reactant air [10,13,14,16]. However, this effect
should be considered because it can have a significant impact on the
stack’s efficiency [12]. Another limitation of previous approaches is that
they optimize only one or two design targets at a time. For example, ref.
[7] optimized the system efficiency, ref. [16] the system efficiency and
mass, ref. [10] the aerodynamic and mass-induced drag, ref. [13] the
payload and ref. [14] the mass of the fuel cell system and tank. The
remaining technical performance aspects are determined implicitly or
not at all. In some cases, this may give an incomplete impression of the
system’s overall technical performance.

This work presents a novel sizing approach for aircraft fuel cell
systems that overcomes the above limitations:

1. APEMFC system for aircraft applications is studied with detailed and
validated component models. The developed system model captures
the relevant component-level effects and yet remains flexible enough
to consider varying component sizes. The modeling approach en-
ables more accurate results, because the limited operating range and
variable efficiency of the compressor and humidifier can be consid-
ered in detail. The system model is coupled with a sizing algorithm
that finds the smallest feasible combination of components while
optimizing the stack operating conditions for each flight phase. This
leads to more reliable predictions for the system performance,
because the components can be sized to match their specific re-
quirements while maintaining a detailed modeling approach.

2. It is shown that it is possible and beneficial to consider the design of
PEMFC systems as a pareto (multi-objective) optimization problem.
The proposed approach considers different design targets such as a
low mass, high efficiency, low drag and low volume simultaneously.
This leads to system designs that perform well for all of these con-
tradicting design targets. The pareto-optimal system is shown to
perform better than designs that focus on a single design target.

The proposed approach enables a comprehensive assessment of the
performance of fuel cell systems for regional aircraft propulsion. A
detailed mass breakdown of the fuel cell system is derived and identifies
the components that have the largest impact on the overall system
performance. The pareto-optimal design approach is applied to an
exemplary 312 kW system for a regional aircraft. Because the approach
is based on scalable component models, it can also be used for other
applications of fuel cell systems with a power output of up to several
hundred kW.

2. System description

The fuel cell system is designed for a 70 passenger regional aircraft
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design by Atanasov [18], which is comparable in size to an existing ATR
72-600 aircraft [19]. The investigated aircraft is designed as a distrib-
uted propulsion concept [20] where thrust is provided by multiple
propulsion units that are distributed along the wing (see Fig. 1 (a)). Each
of the ten propulsion units contains a 312 kW fuel cell system and a small
battery that assists during takeoff (see Fig. 1 (b)). This work focusses on
the design of the fuel cell system. The battery storage, power converters
and electric grid provide boundary conditions to the model and are not
investigated in detail. The aircraft operates at an altitude of 8840 m and
a cruise velocity of Mach 0.55; the mission profile is discussed in section
5.2,

Fig. 1 (c) shows the chosen layout of the fuel cell system in one of the
ten propulsion units. The power output of one fuel cell stack is typically
limited to about 125 kW [21]. Future stack designs may achieve higher
power outputs per stack, but this study focusses on technology that ex-
ists today. Hence, several identical stacks are combined to achieve the
required net power output of 312 kW. This modular approach has the
benefit of increasing the system’s redundancy if one of the stacks fails
during flight. The figure shows an exemplary case with 2 stacks; the
actual required number of stacks is a result of the sizing process. Each
stack is connected to a membrane humidifier and an anode recirculation
loop. Because compressors and heat exchangers can be scaled to larger
power outputs, the air supply and cooling system are designed to pro-
vide the required fluid flows for all stacks combined.

The air supply system begins with a diffuser that reduces the velocity
of the incoming air. A single-stage radial compressor then raises the air
pressure from ambient conditions (as low as 0.31 bar during cruise) to
the desired amount at the stack’s cathode inlet (>1 bar abs.). The
compressor is driven by an electric motor that is powered by the fuel cell
stacks. Such electrically driven compressors are a mature technology in
aircraft and are for example used in the electric environmental control
system of the Boeing 787 [22].

The pressure ratio of a single-stage radial compressor is typically
limited to 3.5 to 4.5 [23,24]. Therefore, the stack pressure is adjusted
depending on the flight altitude in order to keep the compressor’s
pressure ratio below this limit (see section 4). In principle, a two-stage
compressor could be used to achieve higher stack pressures at the
cruise altitude. However, to the knowledge of the authors there is no
existing two-stage compressor described in the public literature that can
provide the required mass flow of up to 0.8 kg/s. On the other hand,
single-stage compressors of the required size are commonly used for
automotive supercharger/turbocharger applications [25]. Therefore, a
single-stage compressor is considered by the model. Automotive radial
turbo-compressors might have minor design differences compared to
aircraft radial turbo-compressors. Their normalized operating maps
nevertheless provide a reasonably accurate data source for the pre-
liminary sizing approach that is developed in this work.

Another potential performance improvement could be achieved by
coupling the compressor shaft to a turbine that expands the stack’s
cathode exhaust [7,23]. However, this would require an intricate design
strategy to match the turbine’s narrow operating range to the wide
range of pressure ratios and mass flows that occur throughout the flight
mission. A feasible design may be achieved with a variable-geometry
turbine [26]. However, this would increase the system’s complexity,
require mechanical actuators and thereby add potential failure modes.
The model therefore considers a more conservative design without a
turbine.

After the compressor, an air-to-air heat exchanger is used to cool the
compressed air to a tolerable temperature (85 °C) at the humidifier inlet.
Next, the air is humidified with the stack’s cathode exhaust stream. The
liquid phase of the cathode exhaust stream is removed in a water
separator before entering the wet side inlet of the humidifier. The
hydrogen is stored in liquid form in the rear of the aircraft and is
evaporated before being supplied to the fuel cell system. It is considered
to be present in gaseous form at the required pressure and temperature
at the system boundary of the investigated propulsion unit. The cooling
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Fig. 1. Fuel cell system for regional aircraft. (a) Aircraft concept by Atanasov [18], image reproduced with permission, (b) electric layout for one of the ten pro-

pulsion units, (c) fuel cell system in one of the ten propulsion units.

system contains three heat exchangers to remove the stacks’ waste heat
and to cool the compressed air and the compressor itself. Diffusers are
used to convert the kinetic energy of the cooling air streams to an
increased static pressure. After the heat exchangers, variable-area noz-
zles convert the excess static pressure to an increased exit velocity in
order to decrease the drag. The cooling system is designed to be passive,
i.e. it is operated without an additional fan during flight. This is possible
if the cold side pressure drop of the respective heat exchanger is lower
than the pressure increase in the diffuser. In the investigated aircraft
concept, the cooling system is designed to work when the air enters the
diffusers with a velocity of > 70 m/s [18]. This velocity is reached
several seconds after takeoff. Before this velocity is reached, the aircraft
uses power from the battery storage (see Fig. 1 (b)) and the stacks are
kept in idle mode.

2.1. System performance indicators

The system’s effective power output Py f; is given by
Psys‘eff = Ns\ack(Pslack 7Par) - Pcp 7Ppu (1)

where N, is the number of stacks and P is the power flow to or from
the respective component as defined in Table 1. The system’s overall
efficiency is defined as
Psys.cﬂ'
oy = ©)
TysLitv ””HZ.,sysAhu-le-lZ
where my, 4, is the mass flow of hydrogen to the stacks and Ahypy p, is
the lower heating value (LHV).
The mass of the fuel cell system mg,, = > m; is estimated with the
most relevant components, which are listed in Table 1. The overall mass

m:yS is increased by a constant term myge that accounts for the
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Table 1
Overview on the fuel cell system components that are included in the model.
Component Power Mass Volume  Modeling
flow approach
Stack Pgack Mggack Vitack 1D, two-phase
Humidifier - My, Vim 1 + 1D, single-
phase
Fuel cell cooler - My FC Vix.Fc 1D, single-phase
Air cooler - My ac Vixac 1D, single-phase
Compressor cooler - Miy cp Vix.ep 1D, single-phase
Compressor unit P, me, Vep 0D, variable
efficiency
Stack coolant pump Py, My, Vou 0D, constant
efficiency
Anode recirculation P, My Var 0D, constant
blower efficiency
Diffusers and nozzles - - - 0D, constant
efficiency

additional mass of structural components, pipes, valves and electrical
connections as well as the mass of the diffusers and nozzles.

m:ys = Mygys + Moffset 3
The underlying assumption is that mgs remains nearly constant for
different design choices and that it is sufficient to minimize myy in order
to find the optimal system design. Following refs. [12,27], the hydrogen
tank and supply system are treated as separate systems and are not
included in the fuel cell system mass. The design of a liquid hydrogen
tank and supply system is a complex problem in its own right [14,28]
and is beyond the scope of this work. The system’s volume is defined as

Vsys = Vsys + Vottset (4)

with the components in Table 1. Analogously to the mass, the calculated
volume Vi, does not account for the additional volume of structural
components, pipes, valves and electrical connections as well as the
volume of the diffusers and nozzles.

The overall aerodynamic drag of the fuel cell system is the sum of its
internal drag, external drag and weight-induced drag [10]. The internal
drag is caused by the deceleration of the cooling air streams. It is given
by

Fy = mg:(Carin — Cnzou) )

where c4;.in and ¢, o are the velocities at the inlet of the diffuser and the
exit of the nozzle and my, is the respective air mass flow. The additional
drag that is caused by the reactant air stream Fy e, is calculated under
the conservative assumption that this air stream cannot be accelerated in
a nozzle after passing through the stack’s pressure regulating valve.

Fd,reac! = mcpcdr,in (6)

The total internal drag is

Fd,lol = Fd.FC + Fd,ac + Fd‘cp + Fd.rcacl (7)

where Fy is calculated for the stack cooling loop (subscript “FC”), air
cooling loop (subscript “ac”) and compressor cooling loop (subscript
“cp”). Calculating the external and weight-induced drag with a similar
degree of detail would require a detailed assessment of the overall
aircraft aerodynamics. Therefore, the internal drag is used in this work
to compare different fuel cell system designs to one another.

3. Mathematical model development
The fuel cell system model consists of a number of component

models that are coupled via fluid and power flows. It aims to capture
sizing-relevant phenomena while still maintaining a sufficiently low
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computational cost for assessing a large number of possible designs. The
degree of detail for each component model is therefore chosen based on
its significance to the overall system performance (see Table 1). The
models and accompanying sizing algorithms are implemented in MAT-
LAB. Fluid properties are considered with data from ref. [29] for humid
air and ref. [30] for the liquid coolant. The liquid coolant is a 50 %
(volume/volume) mixture of water and ethylene glycol. Throughout the
component models, the following assumptions are made:

- Ideal gases and incompressible liquids

- Constant specific heat capacity c,(T), evaluated at the inlet or outlet
temperature of the respective component (except in the compressor
model)

- Humid air is modelled as an ideal gas mixture of oxygen, nitrogen
and water vapor (except in the two-phase stack model)

The ideal gas assumption is valid, because the modelled fluids are
present at moderate temperatures (-45 °C to < 200 °C) and low pressures
(<3 bar) [31]. The assumption of a constant specific heat capacity c, also
provides sufficiently accurate results: Within the heat exchangers, the
liquid coolant temperature changes by < 15 °C and the air temperature
changes by < 100 °C. Within this temperature range, the c, of these
fluids varies by < 2 % [29,30]. In the case of the compressor, the air
temperature changes by more than 100 °C and the temperature depen-
dence c,(T) is considered explicitly (see section 3.4).

In agreement with previous studies, steady-state models are used for
the preliminary design of the system and the mission profile is approx-
imated with a number of steady-state operating points
[7,10,11,13,14,16]. Changes of the ambient pressure and temperature at
different altitudes are considered with the international standard at-
mosphere (ISA) [32]. An offset of AT = 22.8 °C is added to the ISA
temperature profile to account for a “hot day” scenario when sizing the
cooling system. This results in an ambient temperature of 37.8 °C at sea
level [33]. The “hot day” scenario is selected because it is the worst-case
ambient condition for the investigated system: A larger heat exchanger
is required if the temperature difference between the cold fluid (ambient
air) and the hot fluid (stack coolant) is small. Moreover, the compressor
requires slightly more power for higher air temperatures (see Eq. (47) in
section 3.4).

3.1. Fuel cell stack

The stack is modelled based on a 1D, two-phase model for low-
temperature PEMFC stacks that is explained in detail in an earlier
publication [17]. Briefly summarized, the model is based on a 1D dis-
cretization perpendicular to the membrane surface area and is designed
to capture water management effects in a computationally efficient way.
The model uses the common approach of simulating the performance of
a stack by simulating an averaged cell of the stack [34]. The original
model version in ref. [17] was developed for a Hydrogenics HD4 stack.
For the purpose of this work, the model was re-parameterized with new
experimental data for a Powercell S3 stack. This stack type achieves a
stack-level specific power of up to 3 kW/kg and a power output of up to
125 kW when it is scaled to the maximum number of cells [21]. This
makes it a promising baseline for the stacks that may one day be used in
commercial aircraft. The following subsections describe how the stack
model is re-parameterized, extended and integrated into the overall
system model. The model’s input and output variables are summarized
in Appendix A, Table A.1.

3.1.1. Experimental data

A 20-cell version of a Powercell S3 stack with a rated power output of
5.5 kW was characterized under steady-state galvanostatic operation.
The measurements were conducted on a custom stack test bench that is
described in refs. [17,35]. Since the time of these publications, the test
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bench was extended with a Fumatech HION membrane humidifier
which uses the stack’s cathode exhaust as the wet-side fluid (in coun-
terflow operation). The humidity at the stack’s cathode inlet is
controlled by partially bypassing the humidifier’s dry side with a three-
way valve. The stack’s cell voltages as well as a number of temperatures,
pressures and mass flows are measured for varying current densities,
cathode inlet pressures, stoichiometric ratios and temperatures. The
stacks are operated with the same anode recirculation concept that is
described in ref. [17]. The results of the measurements are discussed in
section 5.1.1.

3.1.2. Model parameterization

The stack model depends on several known parameters (such as
active cell area A, number of cells N.;;) and several fitted parameters.
The fitted parameters are listed in Appendix A, Table A.2. These pa-
rameters were fitted to the experimental data of a Powercell S3 stack
(see section 3.1.1). The 52 steady-state operating points that were used
to fit the model parameters are discussed in section 5.1.1. The difference
between the measured and simulated cell voltage is minimized with
MATLAB’s genetic optimization algorithm, using the approach that is
described in ref. [17]. All fitted parameters are constrained to a plausible
range, the bounds that were used when fitting these parameters are
given in Appendix A, Table A.2. The model’s governing equations are
kept the same as in ref. [17], except for two minor modifications. The
first modification is that the conductivity of Nafion is now determined
based on the more commonly used correlation by Weber and Newman
[36-38]. Secondly, the empirical correlation for the stack’s cathode side
pressure drop was replaced by Eq. (8) in order to better match the
pressure drop characteristic of the new stack.

mslack C,in
Apsackc = kpe—r—— 8
\Pstack,C pC New ®

The parameter k, is fitted to the measured cathode side pressure drop of
the Powercell S3 stack at different air mass flows. Because Eq. (8) uses
the air mass flow per cell, it is also applicable for a different number of
cells in a stack.

3.1.3. Integration into the overall system model

In order to determine the stack’s waste heat, the model from ref. [17]
is extended with a heat balance (see Appendix A). When sizing the
overall system, the stack’s cell voltage is evaluated for a given current
density igs at the system’s design point. The required total number of
cells in the system is determined based on the stack’s power output per
cell.

Peenn = Acenives Ucen (9)
Nitack Ptact
Neengor = ek stk (10)
Pccll

This number is then divided among the minimum number of equal-sized
stacks that do not exceed the maximum limit Neoimax = 455 for the
number of cells per stack [21].

Nyack = ceil (Neett ot/ Neelt max ) an
Neer = ceil (Neett o/ Nitack) 12)

This approach makes use of the fact that the stack’s simulated power
output and pressure drop correlations scale linearly with the number of
cells. The stack’s mass and volume are given by

Mygack = MeeitNeen + Mitack ep (13)
Vslack = VcellNcell + Vslack,ep (14)

where the parameters me. = 0.072 kg, Myck,ep=9.139 kg, Vee=0.068 L
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and Vuekep = 7.143 L were derived from ref. [21]. The parameters m.
and V. account for an individual cell, the parameters myuc e, and
Vitackep account for the two endplates in each stack. The consumed
hydrogen flow per stack is

AceM A Nce
R (15)

where i is the current density, My, the molar mass of hydrogen, F the
Faraday constant and Ay, = 1.05 the overall anode stoichiometric ratio
(based on the hydrogen flow that is added to the recirculation loop).

3.2. Humidifier

The model considers a membrane humidifier with a cubic core ge-
ometry based on the Fumatech Ecomate series [39]. The dry air that
needs to be humidified flows inside several hundred small tubes. The
outer wet air stream flows in the opposite direction (see Fig. 2 (a)).

3.2.1. Humidification performance
The humidification performance can be expressed in terms of the
approach dew point temperature [40]

ADTyy, = Taew,w,in — Tdew,d.out (16)

where the dew point temperature Tgw(Pn20) depends on the partial
pressure of water vapor pyzo. The partial pressure of water vapor is

P20 = RHpymPiat 17)

where py(T) is the equilibrium water vapor pressure [41] at the
respective location. The relative humidity at the humidifier’s wet side
inlet is determined by the stack model. The dry side inlet humidity is set
as RHyy, qin = 0. This ambient condition represents the worst-case sce-
nario when sizing the humidifier, because it requires the largest amount
of water to be added to the stream of hot compressed air. The relative

(a) lhm,tube |
l core
0 = F header
< 1
“ I
T 2 T =1
mhm,d,out mhm,w,in mhm,w,out mhm,d,in
Thm,d,out Thm,w,in Thm,w,out Thm,d,in
Phm,d,out  Phm,w,in Phmw,out  Phm,d,in
RHhm,d,out RHhm,w,in RHhm,w,out RHhm,d,in
b
( ) lhm,tube
d; | dp | ds dp—1; dp
<= 14.- fg.- 14.- <= 14.. 14.-
—_— - —  —p — = =—p
Wy Wy W3 Wn-1 Wp
v
x => Wet air flow
=» Dry air flow
=> Water permeation

Fig. 2. Modelling domain of the humidifier model. (a) Mass flows in the
investigated shell-and-tube humidifier (b) Spatial discretization of control
volumes for the core (dry side control volumes are labelled as dy, ..., d,, wet side
control volumes as wy, ..., w,).
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humidity at the dry and wet side outlet is determined by solving a mass
balance for discretized control volumes that are defined below.

The humidifier’s total volume consists of the core and header vol-
umes (see Fig. 2 (a)).

Vim = th.cnre + Vamhead (18)

To consider the complex internal geometry of the core in a computa-
tionally efficient way, the inner volume of all tubes is represented by a
single large volume Vj, 4. The volume that is occupied by the wet fluid
Vim,w is represented by a second volume that is in contact with Vi, 4 via
the surface area A, of all tubes combined (see Fig. 2 (b)). That area is
given by

Amem = th.lubelhm.lubeﬂdhm,lube (19)

where dim wbe and lm wbe are the mean diameter and length of a tube and
Npmwbe iS the number of tubes. The volumes are

Vim.core = Vimw + Vima (20)
d m,tube ?

Vima = th.u.ben< = ) lim e 1)

th,w = rhm‘Vth.d (22)

The volume of the tube’s wall material is neglected because the tube
wall thickness 8y wbe is much smaller than the tube diameter. The outer
volume Vyn,, is determined by scaling the inner volume Vi, 4 with a
fitted factor ry, v (see section 3.2.3).

To account for the variation of relative humidity along the flow
length, Vi, w and Vi, 4 are each discretized into n = 25 control volumes
(see Fig. 2 (b)). The model assumes that in-plane water transport in the
membrane has a negligible effect on the overall humidification perfor-
mance. This results in a 1 + 1D discretized model where water is
transported via:
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- forced convection in the wet and dry air streams along the flow
length (x-axis in Fig. 2 (b))

- permeation across the membrane perpendicular to the flow length
(y-axis in Fig. 2 (b))

The forced convection along the flow length is a result of the air flow
that is imposed by the compressor. The molar flows 7ipm gin and fpm w.in
that enter the first control volume at the dry and wet side (elements w;
and d, in Fig. 2 (b)) are model inputs. The molar flows between the
following control volumes are calculated with a mass balance as
described below. The driving force for the permeation of water across
the membrane is a difference in partial pressure of water vapor on the
dry and wet side. The permeation process includes the absorption of
water vapor by the membrane, the diffusion through the membrane and
the desorption on the opposite side of the membrane [42]. It holds

().mem
J = —— (Pmow — PH204) (23)

6hm,luhc

where J is the molar flux across the membrane and py20 ¢ and puzo.w are
the partial pressures in two adjacent control volumes on the humidifier’s
dry and wet side [42]. The permeability o,y is a material parameter
that includes the combined effects of the sorption coefficient and
diffusion coefficient. It is considered with a lookup table o =
f(RHy, T) based on manufacturer data for the investigated Fumasep F-
1020-RF membrane [39].

A mass balance for the 2n control volumes results in a system of
ordinary differential equations

dXw04  MH20,ind + NH20,mem,d — XH20,dMiot outd (24)
dt Nyoi d

dXmow  ME0inw + NH0 memw — XH20 whotoutw
dt Ny w

(25)

where Xy204 € R" and Xpa0,w € R" are molar fractions of water vapor in

Table 2
Terms of the mass balance equations of the humidifier model.
Variable Equation
Molar flow into wet side control volume (mol/s) . .
oo = J MimwinXn2owin  fori=1
H20n.wi RH20,00twi 1 fori=2,-n
Molar flow of water out of wet side control volume (mol/s) NH20,0utw; = MH20nw; + MH20memw; fOr i = 1,-,n
Molar flow across wet side membrane surface (mol/s) [42] (Amcm>
—— | Omemi
. n .
D20 memw; =~ | Phn.d; XH20,d; ~Phm.w »XHZO.wi) fori =1,--,n
Ohm,mem ! !
Permeability of membrane (molskg™!) Omemi = f(Thm; RHpm ;) fori =1,-.n
Relative humidity of wet side control volume (- m.w XH20,w{
y ) RH,., = Ph I[) H2OWE (o 1.n
sat

Total molar flow out of wet side control volume (mol/s)

Amount of substance in wet side control volume (mol)

Pressure in wet side control volume (Pa)

Molar flow of water into dry side control volume (mol/s)

Molar flow of water out of dry side control volume (mol/s)
Molar flow across dry side membrane surface (mol/s)
Total molar flow out of dry side control volume (mol/s)

Amount of substance in dry side control volume (mol)

Pressure in dry side control volume (Pa)

Rotinwi_y + MH20memw  fOrLi= 2,1

Vim,w
Phm,w; ( n

RTim
APy 1 /APy, )
Phmw; = Phm,win ﬂ(m> += (%) fori =1,--,n

. _ ) Mnwin + MH20 memw fori=1
Niooutw = § 1 .

Notw; = fori =1,--,n

n 2

figra _ ) Bu200udig fori=1,-,n—1
Ha0mdi ThmainXH20,din  fOri =n

NH20,0utd; = BH20,ind; + BH20memd; fOri =1,-n
RH20,memd = —MH20,mem,w

. _ ) Doourdiyy T AH20mema; fori=1,--n—1
Miot,out,dj . .

Mhmd,in + MH20,mem d; fori=n
Vimd
Phmd; n
Ny d; = RT, fori =1,-,n
hm

e 1 (Apym, .
Phmd; = Phmdin —i :l d) *5(%) fori =1,--,n
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the control volumes on the dry and wet side, n denotes a molar flow to or
from a control volume and n,, denotes the total amount of substance (in
mol) in a control volume. The variables n and n are vectors of size R"
whose elements are given in Table 2. The system of equations is solved
numerically for its steady state with MATLAB’s solver odel5s.

The stack’s cathode exhaust temperature is approximately equal to
the stack temperature (Thm.w.in = Tslack.cw,om: 85 DC)~ The dry side inlet
temperature Thmqin iS controlled to the same value with the air cooler
and its bypass (see section 3.3.4). The model therefore assumes that the
two fluid streams have the same temperature Ty, at each location in the
humidifier.

3.2.2. Pressure drop characteristic

The pressures in the control volumes p,, , and p,, 4 are determined
by splitting the overall pressure drop of the respective side equally to
each control volume. The overall pressure drop on the humidifier’s dry
and wet side are approximated with empirical correlations

2

mhm.d,in mhm.d.in
Aphma = khmat | 7 | Fhmar | (26)
th,lube hm,tube
2
mhm,d‘in mhm,d.in
Aphm.w = khmwl + khme (27)
th.&ube th.&ube

where the coefficients k are fitted to literature data (see Table 3).
Because the correlations depend on the mass flow per tube, they can also
approximate pressure drops of a humidifier with a different number of
parallel tubes of the same length.

3.2.3. Model parameterization
The humidifier model that is used for the overall system sizing is
parameterized with manufacturer data for a Fumatech Ecomate H50

Table 3
Parameters for two membrane humidifiers from the Fumatech Ecomate series
[39].

Parameter Symbol Fumatech Fumatech Reference/
H20 H50 Background

Rated dry air flow Mhm,d,in 0.026 0.052
(kg/s) 9

Rated approach ADTy 13 11

. [39]
dew point
temperature
(9]

Mass (kg) My 5 6 (39]

Core volume (m®) Viumcore 7 11 [39]

Tube wall Shm.tube 20 20
thickness (um) [46]

Tube length (mm) Thm.wbe 230 280 [43.45]
Ratio of dry and Thm,v 0.132 0.256 Fitted (H20:
wet volume (-) [39], H50:

[391)
Number of tubes Nim be 5914 6730 Based on fitted
Thm,V

Dry side pressure Knma1 7.253.1013 —2.037-1013 Fitted (H20:
drop coefficient [44], H50:
Q] [39D)

Dry side pressure Knmaz 5.130-108 1.518-10° Fitted (H20:
drop coefficient [44], H50:
] [39D1)

Wet side pressure Kimw1 3.074-10'* —1.586-10° Fitted (H20:

drop coefficient [44], H50:
©) [39D1)

Wet side pressure Khmw2 —1.605-10°  3.205-10° Fitted (H20:
drop coefficient [44], H50:
) [391)
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humidifier [39,43]. To validate the modelling approach with experi-
mental data from Tallgren et al. [44], the model is also parameterized
with data for a H20 humidifier [45]. The H20 humidifier is a smaller but
otherwise similar version of the H50 type. The model’s parameters are
given in Table 3. The ratio ry, v from Eq. (22) is fitted to manufacturer
data by minimizing the difference between the predicted and actual
ADT,,. The tube diameter is assumed based on the H10N humidifier that
is used in the stack test bench (section 3.1.1).

3.2.4. Integration into the overall system model

The humidifier is sized to achieve a given relative humidity RHym_q out
at the stack’s cathode inlet. This is done by solving Egs. (18) to (27)
iteratively for varying number of tubes until the dry side outlet relative
humidity matches the desired value. The core volume Vip core is then
determined with Egs. (20) to (22). The header volume Vi ped iS
assumed to increase the total volume V;,, by an additional 10 %. The
mass of the humidifier is approximated with an empirical correlation.

My = 415.3846 Vi core +1.6154 (28)

Eq. (28) is derived from the mass (in kg) and volume (in m®) of different
humidifier sizes in the Fumatech Ecomate series with rated air mass
flows between 0.005 and 0.104 kg/s [39].

When simulating a previously sized humidifier, the model calculates
RHipm 4 0u for different operating points and a fixed number of tubes. The
humidity at the stack’s inlet is controlled by partially bypassing the
humidifier’s dry side in some operating points (see Fig. 1 (c)). The
bypass ratio is defined as

Mhm,d,in

by =1 ———
" ncp/Nslack

29

where 1ic, /Nyack is the molar flow of compressed air per stack. When
sizing the humidifier for the point with the highest humidification
requirement, by, = 0. When simulating a previously sized humidifier for
an operating point that requires less humidification, 0 < by, < 1. To
maintain a low computational cost, by, is not calculated explicitly
during the simulations. Instead, Egs. (18) to (27) are solved once for
bym = 0 to verify that the maximum achievable relative humidity is
larger than the required value. The dry side pressure drop Appyma =
f(fiym.ain) for bpn = 0 is used as a worst-case approximation of the actual
pressure drop (bypassing the humidifier would result in a somewhat
reduced air flow and hence a somewhat lower pressure drop).

3.3. Heat exchanger

The model is used to size the system’s heat exchangers and to
simulate their behavior at various operating points. It considers
louvered-fin heat exchangers, which are typically chosen for fuel cell
cooling in aircraft [10,16] and automotive applications [12,27,47]. In
the air-to-liquid case (fuel cell cooler and compressor cooler), the
louvered-fin surfaces are combined with flat tubes for the liquid coolant.
In the air-to-air case (air cooler), both the hot and the cold side are
equipped with louvered-fin surfaces. The following subsections describe
the governing equations for a given set of geometric parameters (e.g. fin
length, fin pitch), which are defined in detail in Appendix B.

3.3.1. Heat transfer
The transferred heat flow is given by

th = Hinx b Cpn (Thxhin — Thxhout) (30)
th = mhx,ccp,c(Thx.c.om - Thxc,in) (31)
where n,, is the mass flow, Ty, the temperature and c, the specific heat

capacity. The subscripts “h” and “c” denote the hot and cold side, “in”
and “out” denote the inlet and outlet of the respective side. Heat losses to
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the surroundings are neglected [47,48]. The effectiveness is defined as
[47]

Ci(Thxnin — Thxhout)

Xpeq = o 32
s, 4 Cmin(Thx.h,in - Thx,c‘in) ( )
Ch = M nCph (33)
C. = mhx.ccp.c (34)

where Cy, C. and Cy, = min(Cy, C,) are the stream capacity rates. For a
crossflow heat exchanger with unmixed streams, it is related to the
number of transfer units Ntu via Eq. (35) [47].

e = 1 — exp((exp( — Ntu(”sC*) -1 )Ntuo'zz/C*) (35)
* Cmin

€ "G

Niu = “sett (36)

min

The heat transfer conductance uA.s across a simplified one-
dimensional geometry is given by [47]

1 1 T, 1

= + + (37)
UAsetrr Mon@hAsh  AwalAswube o AcAse

where the first and third term are the thermal resistances of the hot and
cold side boundary layers and the second term is the wall resistance. The
parameter Ay, (Twan) is the thermal conductivity of aluminum [47], T,
the tube wall thickness and A . the tube surface area (see Appendix B).
The wall temperature is approximated with Eq. (38) to avoid the
computational cost of an iterative solution.

(38)

Tyt = (Thx.c.in ';Thx.c.oul i Thx hjin ';Thx,h‘nul> /2

The heat transfer across the fin geometry is modelled based on the
surface area A, (see Appendix B) and the surface effectiveness 7, of the
respective side. The mean heat transfer coefficient « is given by [47,48]

Nulﬂ
a=

lhx

(39

where Nu is the dimensionless Nusselt number, Ag(Tya) is the thermal
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conductivity of the respective fluid and [« the characteristic length of
the respective side (see Table 4). Empirical correlations express the
relation Nu(Re) as a function of the geometric parameters (see Table 4).
The Reynolds number Re is calculated based on the velocity c as well as
the density p(p, T) and dynamic viscosity u(T) of the respective fluid.

1 X
Re=" " (40)
c= pj: (41)

A, is the cross-section area of each heat exchanger side (see Appendix
B).

The correlations for the louvered-fin surface were originally devel-
oped for an air-to-liquid heat exchanger and depend on the tube ge-
ometry (tube pitch T, and tube major diameter D,,). It is assumed that
the hot air side in the crossflow air-to-air heat exchanger has nearly the
same flow blockage effect on the cold air side as a tube (and vice versa).
The model therefore uses the same correlations for the air-to-air case.
The corresponding equivalent parameters T, .q and Dy, ¢q for the air-to-
air case are defined in Appendix B.

The surface effectiveness 7, is given by [47]

A\in
ny=1-(1—n) A' 42)
—1
Fl 2a Fl 2a
= tanh | = o 43
e (2 AwauF[> (2 AwauF[> “2)

where F, is the fin length, F, is the fin thickness and Ay, is the fin surface
area (see Appendix B). For the liquid side, n, =1 because the tubes
contain no secondary surfaces.

3.3.2. Pressure drop
The pressure drop of the hot and cold side of the heat exchanger core
is [47,48]

1 4L
A X — A 2 fric
Ph 2PC a f

(44)
where Ly, is the flow length of the respective side (see Table 4), d, is the
hydraulic diameter (see Appendix B) and fp; is the dimensionless Fan-
ning friction factor. The friction factor fii.(Re) is determined with the

Table 4
Correlations for Nusselt number Nu and Fanning friction factor fi;.. The geometric variables are defined in Appendix B.
Surface Charac- Flow Correlation
type teristic length
length
Louvered by =L, Ly =Fy4 For 100<Re < 3000
fin Correlations are given in refs. [49,50].
Nu = jRePr'/3
j =f(Re,®,Ly,F,,Fy,Li, Ty, Fy, F,)
fiic = f(Re,®,Ly,F,,Fy, Ly, Ty, F;,Dy)
Flat tube Lix =dn Lix =T 3.657 0.0499

fric = 16/Re

For transitional flow (2300 <Re < 4000):

For laminar flow (Re < 2300) [48]:Nu =

+
anh(2.264X1/3 + 1.7X%/3) X

tanh(X)X = Tj/(dnRePr)

Sizing: Transitional regime is not considered because of uncertainty in the correlations [47]
Simulation: Transitional regime is approximated with linear interpolation between the laminar (Re = 2300) and turbulent (Re = 4000)

values for Nu and fiic

For turbulent flow (4000<Re < 10°) [48]:

(£> (Re — 1000)Pr a,\23\ / pr\o1
Nu=—8_ _ ° 1+( ) (—) ¢ =(0.78In(Re) — 1.5 )’2 is the Moody friction factor

s T
1+ 12.7\/;(1),2 -1)

Pro = Pr(Tyay) is the Prandtl number

(valid for 0.1<Pr < 1000 and T,/d, > 1)

fric =¢/4

Pry
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correlations in Table 4. The pressure drop in the headers is neglected.

3.3.3. Optimal sizing of heat exchangers

Egs. (30) to (44) define the dependence of the effectiveness &, on the
heat exchanger’s geometric parameters. The resulting mass my, for a set
of geometric parameters is calculated according to Appendix B. When
sizing the heat exchangers, the goal is to find the best combination of
geometric parameters that can meet the sizing requirements. This sizing
task is viewed as a constrained nonlinear optimization problem

minimize My (Xax)
Xhx

subject to
iy (Xnx) > Enxreqj fOrj =1, Ny

APy e (Xix) < APy e maxg fOrj = 1, Ny
Al:'hx,h‘j (th) < Aphx,h,max forj=1,-,N;
Ibpei < Xixi < ubpy; fori=1,-,6

Ahx.fmm(xhx) S Ahx.fmnl,max

where the vector x;, € R® contains the optimized geometric parameters
from Appendix B, Table B.1. The effectiveness and the pressure drop are
constrained by the requirements in each of the N = 7 investigated flight
phases (see section 4). In addition, the frontal area Ay fron: is constrained
to a maximum value (see section 4). The optimization problem is solved
by evaluating the underlying equations for a large, discrete set of input
combinations and using the best of these combinations as the presumed
global minimum (brute-force approach). The chosen upper and lower
bound ubyy; and Ibyy; for each element of x;, are given in Appendix B,
Table B.1.

3.3.4. Heat exchanger simulation

The outlet temperature of the hot side fluid is controlled by partially
bypassing the hot side of the heat exchangers (see Fig. 1 (c)). The bypass
ratio by, is defined as

_ My pb
My pb + Mhxh

(45)

D

where n, b is the bypassed mass flow. The temperature after mixing
My pp With the flow through the heat exchanger n,, is given by

i pb Top + Mt n Tix i out

Minxpb + Mhxh

Ty mix (46)

where Ty, = Tixpin is the temperature of the bypassed flow. When sizing
the heat exchanger, b,y = 0.

When the behavior of a previously sized heat exchanger is simulated
for different operating points, Tyxn o Decomes an unknown parameter.
In that case, Egs. (30) to (44) form a system of equations that is
numerically solved for Thy  ou. Next, Egs. (45) and (46) are solved for the
required ratio by, to achieve the desired T}, nix-

3.4. Compressor

The compressor model determines the power consumption of the
compressor at different air mass flows, ambient pressures and stack
operating pressures. The enthalpy change in a single stage is [51]

-~ R& .air
Al = Cpni <(ncp)z§7 _ 1)
cp.s

(47)

where Nepys 18 the isentropic compressor efficiency, R, .ir the specific gas
constant and I, = Pep.out/Pep,in the pressure ratio. The difference of fluid

10
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Table 5

Compressor model parameters. Mechanical components based on Rotrex C38-91
[25], electric motor and power converter based on Rotrex EK 40 [52] (linearly
scaled to the same baseline mass flow of 0.63 kg/s).

Parameter Symbol Value
Mechanical efficiency [25] Nepm 0.97
Electric motor efficiency [54] Nepel 0.94
Power converter efficiency (stack to DC bus) [54] "Ipc/pe 0.97
Power converter efficiency (DC bus to electric motor) Npe/ac 0.97
[54] '
Overall power converter efficiency Nep.pe 0.97-0.97
Maximum mass flow of baseline design [25] Mep max base 0.63 kg/s
Mass of mechanical compressor components for baseline M m pase 6.0 kg
design [25]
Mass of electric motor for baseline design [52] Mep el pase 80.1 kg
Mass of power converter for baseline design [52] Mep pe base 17.9 kg
Volume of mechanical compressor components for Vep.mobase 0.0105

baseline design [25] m?

Volume of electric motor for baseline design [52] Vip el pase 0.0610
m3
Volume of power converter for baseline design [52] Vi pe.base 0.0239
m3
Cross-section inlet area of baseline design [25] Acp in base 0.0038
m2
Compressor coolant temperature [52] Tep.ew,in 50 °C

velocity between the compressor inlet and outlet is neglected [51].
Because of the large difference between the inlet and outlet tempera-
tures Tepin and Tepou, the mean specific heat capacity is used. It is
evaluated with

1

Tep.out
Cpuir = Cpair(T dr
P T, TCP-i“ /Tcp.m o '( )

(48)

cpout

where c,,,;(T) is evaluated from a lookup table with 1 °C increments
from ref. [29]. The outlet temperature is given by Eq. (49).

CpairTepin + Ahep (49

Tc out — —
P Cp.air

Egs. (47) to (49) are solved numerically for T o« With MATLAB’s solver
fminsearch. The compressor’s power consumption is calculated with

» Aheyritgy

cp

(50)

NepmMep.eiflep,pe

where 1, 1, . @0d 7, . are the mechanical efficiency, electric motor
efficiency and power converter efficiency (see Table 5). The non-
isentropic compression increases the temperature of the compressed
fluid. The losses in the drive-train components result in an additional
waste heat flow that is removed with a liquid cooling loop.

. . 1
Qcp.]iq = Ahcpmcp <”—”] - 1)
cp,m‘lcp.el

The coolant is a 50 % (volume/volume) mixture of water and ethylene
glycol [52]. For the investigated compressor designs [25,53], the
coolant pump is integrated into the compressor housing and is therefore
accounted for with the mass and mechanical efficiency of the
compressor. The cooling of the power converters is not considered by the
model (see system boundary definition in section 2).

(51)

3.4.1. Performance characteristic

The variation of rotational speed and efficiency in different operating
points is considered with scaled empirical compressor maps. The maps
are included with the well-known Jensen-Kristensen approach [55,56],
which describes the compressor’s rotational speed and isentropic effi-
ciency with semi-empirical analytic functions.
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Nepred = f(mcpjedy Hcp> kn.ij) (52)

Nep s :f(n;lcp,rem Nep reds ke,[i) (53)
The underlying expressions and parameters for Egs. (52) and (53) are
described in Appendix C. The coefficients k,; and k. are fitted with
publicly available manufacturer data for a Rotrex C38-91 radial turbo-
compressor [25]. The datapoints that are used to fit these coefficients
are described in Appendix C.

The actual mass flow m, and rotational speed n, are scaled to
reduced quantities mcpeq and nepeq based on the well-known Mach

number similarity concept [24,56,57].

T.. :
mcp.red = Mygp Pret -2 (54)
Pcp,in Trcl‘
Trer
Hepred = Mep T = (55)
cp.in

The reference conditions are T, = 15 °C and p,.s = 1.013 bar in this case
[25].

3.4.2. Effect of the altitude

It is well known that a compressor’s operating map changes for
different inlet pressures and temperatures [24,57]. This results in
different rotational speeds and efficiencies at different flight altitudes.
The Mach number similarity concept is used to consider this effect in a
computationally efficient way: First, the coefficients of Egs. (52) and
(53) are fitted to the reduced compressor map in terms of M .q and
TNepred- Next, Egs. (54) and (55) are used to modify the compressor map
based on the inlet temperature and pressure of the respective flight
phase [24,57]. According to Li et al. [15], such correction methods can
lead to inaccurate results above altitudes of 2000 to 3000 m. However,
in the case of a single-stage radial compressor it was shown that the
Mach number similarity concept provides reasonable accuracy up to at
least 5500 m [57]. Therefore, Egs. (54) and (55) are assumed to be
sufficiently accurate for the purpose of this study.

3.4.3. Effect of varying compressor sizes

The effect of varying compressor sizes is modelled with scaled
empirical compressor maps. Refs. [25,53] provide rotational speed maps
and efficiency maps of multiple compressors from the same manufac-
turer with varying maximum rated mass flows (0.48 kg/s to 0.84 kg/s)
and pressure ratios (2.82 to 3.38). All these maps result in approximately
the same shape and limits when normalizing them based on their
respective point of maximum efficiency at the same rotational speed (60
krpm). By normalizing the rotational speed map and efficiency map for
one of these compressors, one can therefore predict the maps of other
geometrically similar compressors with reasonable accuracy. The model
uses Egs. (56) and (57) to obtain the normalized rotational speed and
efficiency maps based on a Rotrex C38-91 compressor [25]. This
approach is validated in section 5.1.4.

mcp‘red

mcp.norm =7 N (56)
(mcp‘red>
Nep,s.max
II
ey porm = —_ 57
P, ) (57)

ep.s.max

The mass, volume and inlet area A, of different compressor sizes are
approximated by linearly scaling the properties a baseline design (see
Table 5) with the compressor’s maximum mass flow.

(mcp,m,bme + Mep el base + Mep pe.ba -»)m op,red,ma

(58)

Mep = B
mcp.red.max.base
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V. — (ch.m,buse + ch.el.baae + ch,pc,base)mcp,red.max
cp —

(59

mcp,red,max,base

Hiep redoms
o p.red,max
Acp.in - Acp,in.base 3 -

(60)

cp,red,max,base

The effect of the maximum pressure ratio on m,, Vi, and Ay i, is small in
the investigated range [25,53] and is therefore neglected.

3.4.4. Feasible operating range

For a given pressure ratio, the compressor’s feasible mass flow is
limited by its surge and choke line as well as its minimum and maximum
rotational speed [24]. The model considers these four limiting condi-
tions with lookup tables that contain the respective datapoints of the
normalized Rotrex C38-91 compressor map. Egs. (56) and (57) are used
to scale the lookup table values micpq and Il eq to the respective
compressor size. The effect of different inlet pressures and temperatures
is considered with Egs. (54) and (55). The surge control limit is chosen as
the surge line with an additional 10 % mass flow margin [58]. If the
required mass flow is below the compressor’s surge control limit, the
mass flow is increased and the excess compressed air is vented to the
surroundings (see Fig. 1 (c)) [7]. This approach results in a somewhat
reduced system efficiency in some operating points, but avoids the
complexity of having multiple compressor units to meet the mass flow
requirements.

3.5. Additional component models

The system’s diffusers and nozzles (see Fig. 1 (c)) are modelled based
on the equations in Table 6. The inlet and exit areas of each diffuser Ag; i,
and Agon are design parameters that are set at the system level (see
section 4). The controllable outlet area A, is chosen to expand the
flow to the ambient pressure (Py, out = Pamb) Of the respective flight phase.
In this manner, the maximum feasible outlet velocity is achieved, which
in turn minimizes the system’s drag.

The coolant pump and anode recirculation blower have a small
impact on the overall system performance (see section 5.2). Hence, they
are considered with simpler models based on constant component effi-
ciencies as described in Appendix D.

The pressure drop in the stack, humidifier and heat exchangers is
considered with Egs. (8), (26), (27), (44) as well as Egs. (A.7) and (D.8)

Table 6

Governing equations for the diffuser and nozzle model.
Variable Equation
Air-inlet

Mass flow (m/s) My = CaripAari for i ={in, out}

Diffuser isentropic efficiency definition (-) - Taroutrev — Tarin
[60] 7 Tarou — Tarin
Assumed isentropic diffuser efficiency (-) ng = 0.97
[60]
Outlet temperature if process was isentropic Ry /¢
Par.out
K) Taroutrev = Tarin (7)
Dariin

Actual outlet temperature (K) [60]

Tarow = ZLC,, (Carin® —Carou®) + Tarin
Nozzle
Fluid velocity (m/s) - My for i —{in,out}
PAnzi

Nozzle isentropic efficiency definition (-) _ Tazin — Tozou

[60] M i~ Torunser
Assumed isentropic nozzle efficiency (-) [60] 7, =0.95
Outlet temperature if process was isentropic Proont Rop /e

® Tovomres = Tin (52 )
Outlet velocity (m/s) [60] oot =

V/260 (Tasin = Tovow) + Corin?
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Fig. 3. The four stages of the overall system sizing process.

in the Appendix. The pressure drop of the piping between the system
components will be significantly smaller than the pressure drop of the
narrow channels in the stack, humidifier and heat exchangers. Hence,
the pressure drop of the piping has a small impact on the overall system
performance and is neglected. The pressure drop of the water separator
is also negligibly small (<0.05 bar according to ref. [59]).

4. System sizing

The previous sections described the sizing approach for each indi-
vidual component. The overall system sizing aims at finding the smallest
combination of these individual component sizes that can fulfill the
requirements of the aircraft’s design mission. The sizing is conducted in
an iterative process with four stages, which are summarized in Fig. 3.
This iterative process is controlled by a number of design parameters,
which are listed in Table 7. These design parameters can be used to
optimize the system for contradicting design targets (such as a low mass
or high efficiency). The remainder of this section describes the four
stages of the sizing process and explains how the design parameters
affect the system design. The pareto-optimization of the four most
relevant design parameters is discussed in section 5.3.

4.1. Stacks and air supply system (stage 1)

The required stack power for a given net system power depends on
the power consumption of the auxiliary components (see Eq. (1)). This
leads to several circular dependencies: The stack power and compressor
power depend on each other, because different stack powers lead to
different air mass flows. This increases the compressor power directly

12

via Eq. (50) and indirectly via the pressure losses Ap along the air path.
Increased pressure losses affect the compressor power, because they
increase the required pressure ratio Il to achieve the desired pressure
at the stack’s inlet pyack c in-

_ PsackCin T APhmd + APhxach
cp —

IT, (61)

pdr‘mll,rcacl

Similarly, the stack power and the power consumption of the coolant
pump depend on each other because a larger stack power requires a
larger coolant mass flow. A larger stack power also leads to a larger
hydrogen mass flow, which increases the required anode recirculation
power P,.. These dependencies are resolved by iteratively adjusting the
component sizes until the required net power Py ¢ of the respective
flight phase is achieved. At this stage, the following approximations are
made: The pressure increase in the diffuser for reactant air is initially
neglected, so that pgroutreact = Pamb- The pressure drop in the heat ex-
changers is initially approximated with the chosen maximum values
APHX achmax aNd APpx e hmax- The stack’s current density is initially kept
constant at the chosen design value iy (see Table 7). These approxi-
mations are replaced with more accurate results in stages 2 and 3. The
chosen current density i,.; determines the required number of stacks and
cells per stack for a given stack power output via Egs. (9) to (12). Higher
i4es result in a lower stack mass for a given power output, while lower iy
result in an improved stack efficiency. Hence, this parameter can be used
to trade a lower system mass for an improved system efficiency.

The iterative sizing is repeated for different stack pressures pyack.c.in
to find the pressure that results in the highest system efficiency 7,y ny-
The sizing process evaluates pressures between 1 and 2 bar abs. with 0.1
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Table 7
Design parameters that control the overall system sizing process.

Design parameter Symbol Valuein  Value/range in section 5.3
section
5.2

Optimized parameters

Current density at the Tdes 0.6 [0.4,0.5,0.6,0.7,0.8,0.9,1.0]
system’s rated load
(A/cm?)

Constraint for max. RHye 0.5 [0.5,0.6,0.7,0.8]
relative humidity at
the stack’s cathode
inlet (-)

Inlet area of diffuser for  apcin 4.32 - [4.32-1077,4.80 -1077, 5.28
main fuel cell cooler, 107 .1077]
normalized with
waste heat (m?/W)

Outlet area of diffuser A5C out 4.60 - [3.76 -1079, 4.18 -10°°, 4.60
for main fuel cell 106 .1076]
cooler, normalized
with waste heat
(m?/W)

Constant parameters

Hot side pressure drop APhx FC hmax 5.10% 5.103
of fuel cell cooler
(Pa)

Hot side pressure drop APhx ac.hmax 5.10°% 5.10°
of air cooler (Pa)

Hot side pressure drop APhx cp.hymax 5.10% 5.10°
of compressor cooler
(Pa)

Normalized Mep.norm 1.64 1.64
compressor mass
flow at sizing point
©)

Inlet area of diffuser for acin 3.24 3.24 1077
air cooler, 1077
normalized with
waste heat (m?/W)

Outlet area of diffuser Qyeout 4.50 4.50 -10°°
for air cooler, -10°°
normalized with
waste heat (m?/W)

Inlet area of diffuser for ~ acpin 5.45 5.45 1077
compressor cooler, 1077
normalized with
waste heat (m?/W)

Outlet area of diffuser Aepout 5.02 5.02 -10°°
for compressor 105

cooler, normalized
with waste heat
(m?/W)

bar increments. The relative humidity at the stack’s inlet RHyuck c,in 1S
chosen to maximize the cell voltage. Since RHy,ckcin determines the
required humidifier size, it is constrained to a maximum value RHg.; (see
Table 7). This design parameter can also be used to trade mass for ef-
ficiency: Larger RHy,s enable higher stack efficiencies due to improved
humidification, but result in an increased humidifier mass. The stack’s
operating temperature Ty,ckcwou 1S Kept constant at the assumed
maximum permanent operating temperature of 85 °C to achieve a low
cooling system drag. The reasoning behind this design choice is as fol-
lows: A larger temperature difference between the fuel cell coolant and
the ambient air enables a larger temperature increase of the cooling air
inside the heat exchanger. This reduces the required cooling air mass
flow (see Eq. (31)), which in turn reduces the drag (see Eq. (5)). The
stack’s cathode stoichiometric ratio is kept constant at 1o, = 1.7 to
minimize the compressor’s power consumption [17]. After conducting
the above steps for each flight phase, the size of the stacks and auxiliary
components is chosen based on the maximum required size in all flight
phases combined. The compressor is sized so that its rated operating
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point is positioned at the maximum rotational speed and the chosen
normalized design mass flow M norm (see Table 7).

4.2. Cooling system (stage 2)

The cooling system is sized with the known waste heat flows from
stage 1. The inlet and outlet areas Aqj, and Aq.. of each diffuser are
initially chosen based on the maximum heat flow Q,,, of each cooling
loop and an optimizable ratioa = A/ Qunax (see Table 7). The normalized
diffuser inlet area ay, ;, determines the cooling air mass flow (see section
3.5). Hence, it can be used to trade a lower heat exchanger effectiveness
and mass for a decreased cooling drag. The normalized outlet area ay ou
determines the heat exchanger frontal area Apy frontmax = Adrout- This
parameter can be used to trade a higher pressure recovery in the diffuser
for a reduced frontal area of the heat exchanger. After sizing the heat
exchangers based on section 3.3.3, the diffuser outlet areas are updated
with the actual frontal areas of the three heat exchangers.

4.3. Postprocessing and design verification (stages 3 and 4)

At the beginning of stage 3, all system components are preliminarily
sized. However, the approximations in stage 1 result in a larger
compressor than needed. To determine the required compressor size
more accurately, the preliminary system is simulated for each flight
phase. The stack’s current density for a required net power output Pyy, o
is determined iteratively. Since the humidifier size is now fixed, both the
stack inlet pressure pyuck c,in and relative humidity RHgcx cin are chosen
to maximize the overall system efficiency. The sizing process evaluates
pressures between 1 and 2 bar abs. with 0.1 bar increments and hu-
midities between 0 % and 100 % with 10 % increments. Pressures and
humidities that cannot be achieved by the compressor and humidifier
are detected and ignored. The interaction of the component models
during the simulation of the overall system is shown in detail in Ap-
pendix E. After conducting the simulation for each flight phase, the
compressor size is updated based on the more accurate maximum
pressure ratio and mass flow. A smaller compressor results in a smaller
outlet area of the diffuser for reactant air Agoutreact = Acp,in, Which
changes the compressor’s inlet pressure. The compressor and diffuser
sizing is repeated iteratively to resolve this circular dependence. The
coolant pump size is updated based on the actual maximum hot side
pressure drop of the fuel cell cooler. In stage 4, the fully sized system is
simulated again to verify that all components are operated within their
feasible operating range in each flight phase.

5. Results and discussion
5.1. Model validation

To assure that the developed system model is sufficiently accurate for
the purpose of this study, the models for the stack, humidifier, heat
exchanger and compressor are validated below. The remaining simpler
component models are based on well-known thermodynamic principles
(diffuser and nozzle) or are directly based on manufacturer data for
existing components (coolant pump, anode recirculation blower).

5.1.1. Stack

The stack model is validated for varying current densities, cathode
inlet pressures, air stoichiometric ratios and coolant temperatures. The
effect of these operating parameters on the cell voltage is shown in
Fig. 4. The figure shows the mean cell voltage of the Powercell S3 stack,
which was measured with the test bench that is described in section
3.1.1. The corresponding operating conditions during the experiments
are summarized in Table 8. The model is able to capture the effect of
these different operating conditions with good accuracy. It should be
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Fig. 4. Stack model validation. First row: simulated and measured average cell voltage in stack, second row: simulated activation loss 7., ohmic loss 7, and mass
transport loss 7,,, third row: simulated humidity in cathode and anode control volumes RHc and RH, and saturation of cathode GDL with liquid water sgpc as
defined in ref. [17]. The detailed conditions are provided in Table 8. (a) Variation of the current density at 1.1 bar (b) Variation of the current density at 2.0 bar (c)
Variation of 1, at 70 °C (d) Variation of 1o, at 28 °C (e) Variation of the pressure at 64 °C (f) Variation of the pressure at 78 °C (g) Variation of the pressure at 83 °C.

Table 8

Stack operating conditions in the experiments that are used for the model parameter fit and validation. RH,ck cin is defined at the respective Tyuck C.in-
Parameter Symbol Fig. 4 (a) Fig. 4 (b) Fig. 4 (c) Fig. 4 (d) Fig. 4 (e) Fig. 4 (f) Fig. 4 (8)
Current density (A/cm?) i varied varied 1.0 0.5 1.0 1.0 1.0
Cathode stoichiometric ratio (-) Ao, 1.8 1.8 varied varied 1.8 1.8 1.8
Cathode inlet air pressure (bar abs.) DPstack C.in 1.1 2.0 2.0 2.0 varied varied varied
Coolant outlet temperature (°C) Ttack cw.out 68 72 70 28 64 78 83
Cathode inlet air relative humidity (-) RHack Ciin 0.99to 1 0.29to 1 0.64 to 0.84 0.38 to 0.40 0.94 to 0.96 0.91 to 0.97 0.88 to 0.98
Cathode inlet air temperature (°C) Tstack.C.in 38 to 55 31 to 39 33 to 34 27 to 32 34 34 35

noted that the stack model parameters were fitted with the same oper-
ating points in Fig. 4 that are used to validate the model.’ These oper-
ating points capture a wide range of conditions and all fitted parameters
are constrained to a plausible range (see section 3.1.2). Therefore, it is
reasonable to assume that a model that is parameterized in this manner
is indeed able to capture the underlying physical phenomena [38].

The effects of varying current densities during unpressurized and
pressurized operation are shown in Fig. 4 (a) and (b). The experiments
focused on moderate current densities of up to 1 A/cm? because this
range is most relevant to aircraft applications [7,10]. Based on the
simulation results, activation losses dominate in these operating points.
Results for the operation at varying 1oz with moderate (70 °C) and very
low (28 °C) temperatures are shown in Fig. 4 (c) and (d). The simulations
suggest that low temperatures in combination with low stoichiometries
and low current densities (0.5 A/cm?) result in moderate flooding of the
cathode gas diffusion layer (GDL). This leads to increased mass transport
losses at these conditions (see Fig. 4 (d)).

The effect of varying operating pressures at different temperatures is
shown in Fig. 4 (e) to (g). Specifically, Fig. 4 (e) shows the effect of
varying pressures at a constant temperature of 64 °C, Fig. 4 (f) at 78 °C

1 Operating points with current densities below 0.3 A/cm? or air stoichiom-
etries above 3.7 were excluded during model parameterization in order to
improve the accuracy of the fit.
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and Fig. 4 (g) at 83 °C. The detailed conditions are given in Table 8. At
64 °C (Fig. 4 (e)), an increased operating pressure leads to a moderate
increase in cell voltage because of decreased activation losses. At higher
temperatures of 78 °C (Fig. 4 (f)) and 83 °C (Fig. 4 (g)), a more signif-
icant drop of the cell voltage is observed at pressures below about 1.5
bar. According to the simulated voltage losses, this decrease in cell
voltage is a result of increased ohmic losses at these conditions (see
Fig. 4 (e) to (g), second row).

5.1.2. Humidifier

Fig. 5 (a) and (b) show the validation of the humidifier model. The
effect of the dry side air flow on the achievable approach-dew-point
temperature ADTy, is validated in Fig. 5 (a). According to measure-
ments by Tallgren et al. [44], higher volume flows result in higher
approach-dew-point temperatures. The model captures the trend and
magnitude of this effect quite accurately. The operating conditions for
the measurements by Tallgren et al. are pymdou = 1.35 bar, pumwin =
1.35 bar, Toim = 78 OC, Tdew,d‘in =20 OC, Tgew win = 78 °C [44] (nomen—
clature from section 3.2). These values were used as boundary condi-
tions for the model validation in Fig. 5 (a). Note that the measured
datapoint at th,d,i“ = 1200 L/min was used to fit the model parameters
(see section 3.2.3). The assumption of a linear dependence of core vol-
ume and mass for different humidifier sizes is validated in Fig. 5 (b).
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Fig. 5. Auxiliary component model validation. The reference conditions for the compressor maps in charts (e) to (h) are 15 °C and 1.013 bar [25]. (a) Humidifier:
Effect of dry air volume flow on approach dew point temperature based on measurements by Tallgren et al. [44]. (b) Humidifier: Correlation of core volume and
mass, manufacturer data from ref. [39] (c) Air-to-liquid heat exchanger: prediction of mass and volume (d) Air-to-liquid heat exchanger: prediction of mass and air
side pressure drop (e) Compressor: efficiency map of C38-61 type, manufacturer data [25] (f) Compressor: prediction of scaled empirical model for C38-61 type (g)
Compressor: efficiency map of C38R-112 type, manufacturer data [53] (h) Compressor: prediction of scaled empirical model for C38R-112 type.

Table 9
Manufacturer specifications for an air-to-liquid heat exchanger. The exact values
are known to the authors but cannot be stated for confidentiality reasons.

Parameter Value

Rated heat flow 63 kW

Rated hot side inlet temperature 65 °C

Rated cold side inlet temperature 30°C

Rated effectiveness 0.4

Rated air-side pressure drop <500 Pa

Heat exchanger mass <10 kg

Heat exchanger volume <30L

Hot side fluid 50 % ethylene glycol/water mixture
Cold side fluid Air

Fin surface type Herringbone fin
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5.1.3. Heat exchanger

The air-to-liquid heat exchanger model is validated with manufac-
turer data for a heat exchanger that was designed for DLR’s Hy4
experimental aircraft [61]. This heat exchanger has similar temperature
and pressure drop requirements, but the rated heat flow of 63 kW is
lower than in the investigated 312 kW system (see Table 9). Data from
the smaller heat exchanger is nevertheless suitable to validate the
model, because the model is not limited to a specific heat exchanger size
but instead determines the required size as an output. It should also be
noted that the validation heat exchanger uses a different fin surface type
than the model. However, by comparing the predicted heat exchanger
size to an actual design, one can qualitatively validate both the model-
ling approach itself and the choice of fin surface.

The outputs of the sizing algorithm are compared to the
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manufacturer specifications in Fig. 5 (c) and (d). As described in section
3.3.3, the sizing algorithm investigates a large number of geometric
parameter combinations. Fig. 5 (c) and (d) show the combinations that
fulfill the sizing requirements and highlight the design that is chosen by
the sizing algorithm. The predicted mass, volume and pressure drop are
reasonably close to the manufacturer data. Since the air-to-air heat
exchanger model version makes use of the same fin surface as the air-to-
liquid version, it can also be expected to be sufficiently accurate for the
purpose of this study.

5.1.4. Compressor

The compressor model is based on three main approaches, namely
the Mach number similarity concept, the Jensen-Kristensen model
equations and the empirical scaling approach. The Mach number simi-
larity concept is used to consider the effect of different altitudes on the
compressor performance (see section 3.4.2). This concept is well-
established in the literature [24,56,57] and has been comprehensively
validated for a single-stage radial compressor by Schroter et al. [57]. The
validation of the Jensen-Kristensen model equations and the empirical
scaling approach is shown in Fig. 5 (e) to (h). These two approaches are
validated by parameterizing the model based on a given compressor
design and comparing the model’s predictions for two different
compressor sizes with manufacturer data [25,53]. Specifically, the
performance of a smaller C38-61 compressor with a maximum mass flow
of 0.48 kg/s and a larger C38R-112 compressor with a maximum mass
flow of 0.84 kg/s are predicted using only datapoints from a C38-91
compressor (maximum mass flow of 0.63 kg/s). As shown in Fig. 5 (e)
to (h), the efficiency data points of the two different compressors are
predicted accurately by the scaled analytical model.

5.2. Fuel cell system sizing and simulation

After validating the component models, the system model is used to
assess the performance of the propulsion unit for the investigated
regional aircraft. Fig. 6 (a) to (c) show the aircraft’s power requirement,
altitude and air velocity throughout its design mission, which is pro-
vided by Atanasov [18]. The system sizing (stage 1 to 3 in Fig. 3) is
conducted for seven representative flight phases that are highlighted in
Fig. 6 (a). The simulation (stage 4 in Fig. 3) is conducted for the seven
sizing points and 50 additional points, resulting in a total of 57 steady-
state operating points throughout the mission profile.

5.2.1. Efficiency, drag and stack operating conditions

The simulated efficiencies are shown in Fig. 6 (d). A system efficiency
Nysiayv Of 49 % at takeoff and 39 % during cruise is observed. The
resulting hydrogen consumption is 606.1 kg (for all 10 pods, not
including reserves and unused boil-off). During descent (¢ > 180 min),
flyysLav drops significantly. The reason for this is the required bypass to
avoid the compressor’s surge limit (see section 5.2.2). However, this
only has a small effect on the total hydrogen consumption because the
power requirement is small in this flight phase.

The predicted cruise efficiency of 39 % is somewhat lower than in
previous studies [7,11]. The main reason for the lower efficiency is that
this work considers a higher cruise altitude of 8840 m. At high altitudes,
the ambient pressure decreases and the compressor requires more
auxiliary power. Abu Kasim et al. [7] calculated a cruise efficiency of
around 47 % (converted to LHV-based value) for a lower flight altitude
of around 3050 m. Sparano et al. [11] calculated an efficiency of around
53 % (converted to LHV-based value) but did not explicitly consider the
effect of high altitudes on the system efficiency.

In combination with a typical efficiency of 94 % for large electric
motors and 97 % for the power converter [54], the predicted fuel cell

16

Energy Conversion and Management 308 (2024) 118338

system efficiency results in an overall powertrain efficiency” between
36 % and 45 % (LHV-based, hydrogen flow to shaft power). This is
higher than the efficiency of small turboprop engines for regional
aircraft, but lower than the efficiencies of large turbofan engines. The
reason for this is that the efficiency of gas turbines increases significantly
for larger rated powers. For example, a T56 turboprop engine achieves
efficiencies between 22 and 26 % (LHV-based, kerosene flow to shaft
power) [62]. Large turbofan engines on the other hand achieve
maximum efficiencies of up to 55 % (LHV-based, kerosene flow to shaft
power) [8].

The drag that is caused by the different ram air streams is shown in
Fig. 6 (e). It is found that the fuel cell cooler has by far the biggest
contribution to the system’s drag. The resulting total drag per pod is 476
N after takeoff and 333 N during cruise. For comparison, the aircraft
design by Atanasov requires a thrust of about 2700 N per pod at takeoff
[18]. The additional drag of the fuel cell system can therefore be ex-
pected to significantly penalize the aircraft’s performance. A reduced
drag could be achieved by reducing the system’s waste heat via an
improved efficiency or by increasing the stacks’ operating temperature
and thereby reducing the required cooling air mass flow. The power
flows that are supplied by the stacks and consumed by the auxiliary
components are shown in Fig. 6 (f). As expected, the compressor con-
sumes the most auxiliary power while the contribution of the coolant
pump and anode recirculation blowers is small.

The variation of stack operating conditions throughout the flight
mission is shown in Fig. 6 (g) to (i). The current density varies according
to the required stack power and stays below the chosen maximum value
of iges = 0.6 A/cm? (see section 4). During descent, the current density
drops as low as 0.03 A/cm?. Such a low current density is feasible but not
ideal, since it can result in an accelerated degradation of the cells [63].
This could be avoided by only using several of the 10 pods in flight
phases with a low power requirement.

The pressure and relative humidity are optimized for each flight
phase according to section 4 and therefore vary based on the power
requirement, altitude and air velocity. The optimization only considers
relative humidities and pressures that can actually be achieved in the
respective flight phase. During takeoff, the optimal cathode inlet pres-
sure is 1.6 bar (abs). At the aircraft’s cruise altitude of 8840 m, the
ambient pressure drops to 0.31 bar (abs). In combination with the
maximum pressure ratio of 3.38 of the investigated single-stage
compressor [53], this limits the feasible cathode inlet pressure to 1.0
bar (abs) during cruise. Fig. 6 (i) shows the used and maximum feasible
amount of humidification. During cruise, the amount of humidification
is constrained by the chosen humidifier size. During takeoff, climb and
descent, the optimal humidity is below the maximum feasible value and
is therefore not constrained by the humidifier.

5.2.2. Compressor sizing

Fig. 7 shows the predicted compressor map based on the sizing
approach from section 3.4.3 and highlights the 7 representative flight
phases that are marked in Fig. 6 (a). All operating points are within the
map limits, thereby confirming the initial assumption that one single-
stage compressor can meet the mass flow requirements in all flight
phases. During descent (phase 6 and 7), this is achieved by compressing
more air than needed and bypassing the excess air, thereby shifting
operating points 6’ and 7' to the right side of the surge control limit [7].

5.2.3. System mass and volume

The resulting component sizes are shown in Fig. 8. The stacks are
found to have the largest contribution to the overall mass, followed by
the compressor and the humidifiers. The compressor’s mass is mainly
caused by the electric motor that drives the impeller, while the impeller

2 Powertrain efficiency definition: 5y,.; = Punatt/ (Msuel LHViuel)
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itself has a small contribution. The heat exchangers, coolant pump and
anode recirculation blower are of minor importance in terms of mass
and volume.

Without the cooling system, the system’s predicted specific power is
0.54 kW/kg (defined with the max. power output at sea level). This is
comparable to manufacturer specifications for an existing fuel cell sys-
tem by Powercell that uses the same stack technology and achieves 0.47
kW/kg (without the cooling system) [64]. The predicted power density
of 0.48 kW/L is somewhat higher than the Powercell system (0.35 kW/
L) [64]. This is the case because the volume of wiring, piping and several
smaller auxiliary components is not considered by the model (see sec-
tion 2.1). The properties of several other fuel cell systems for ground-
based applications are summarized in Table 10. These systems are
based on different fuel cell stacks and achieve somewhat lower specific
powers. A possible explanation is that these systems are developed for
heavy-duty applications. Hence, they are not necessarily optimized for a
high specific power.

When including the cooling system, the model predicts a specific
power of 0.50 kW/kg and a power density of 0.39 kW/L. This result is
within the range of values in previous studies [7,11]. As described in
section 2.1, the predicted specific power of 0.50 kW/kg excludes the
mass of wires, piping and air inlets. The power converters, battery
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storage and the electric motor that drives the propeller further increase
the overall powertrain mass. Overall, this results in a much heavier
propulsion system than in existing aircraft. For comparison, the PW127
turboprop engine that is used in ATR72 regional aircraft achieves about
4.27 kW/kg and > 1.74 kW/L [67]. The fuel cell system’s specific power
would need to increase significantly to be competitive to conventional
aircraft engines. This goal is also outlined in recent development road-
maps for fuel cell systems in aviation: The EU’s Strategic Research and
Innovation Agenda targets a specific power of 2.0 kW/kg by the year
2030 (including the cooling system) [68]. Similarly, the United King-
dom’s FlyZero project set a target of 2.0-2.5 kW/kg by 2030 and
3.0-3.5 kW/kg by 2050 (including the cooling system) [69].
According to Fig. 8, the most substantial improvement could be
achieved by decreasing the mass of the stacks, compressor motor and
humidifier. A promising approach to decrease the stack mass is to in-
crease the power output per active cell area (W/m?), for example with
enhanced catalyst layers [70]. Another way to increase the stack’s
specific power is to reduce the cell mass per active cell area (kg/m?), for
example by using a weight-optimized cell design and titanium bipolar
plates [15]. The mass of the compressor motor could be reduced by
increasing the motor’s specific power via improved motor designs and
materials [71]. Another option would be to reduce the installed motor
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numbered according to Fig. 6 (a).

power by adding a turbine to the compressor shaft (see section 2). The
mass of the humidifier may be reduced via mass-optimized designs (the
investigated membrane humidifiers are currently optimized for a low
volume [39]), or by using different membrane materials with a higher
permeability.

Besides the mass and volume of the fuel cell system, there are a
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number of additional factors that determine whether fuel cells could
become a competitive option for the propulsion of regional aircraft. On
the one hand, the volumetric energy density of liquid hydrogen (8.5 MJ/
L) is about 4 times lower than that of conventional jet fuel (34.9 MJ/L)
[2]. The gravimetric energy density of hydrogen (120 MJ/kg) is higher
than that of jet fuel (43.2 MJ/kg), but the liquid hydrogen tank will be
several times heavier than the hydrogen that it contains [2,11]. On the
other hand, fuel cells would require less fuel than a turboprop engine
because of their higher efficiency (see section 5.2.1). Moreover, their
scalability enables distributed propulsion which can potentially further
reduce the aircraft’s fuel consumption [2,20]. Ultimately, the feasibility
of fuel cells for regional aircraft propulsion will need to be assessed at
the overall aircraft level and does not only depend on the performance of
the propulsion system.

5.2.4. Model accuracy and limitations
The model’s accuracy and its limitations can be summarized as fol-
lows. The size of the stacks and humidifiers are based on detailed and

Table 10

Manufacturer specifications of existing fuel cell systems for ground-based ap-
plications. The values for specific power and power density do not include the
cooling system. The examples were chosen because the performance of these
systems is publicly known. There are a number of additional manufacturers that
do not publish the detailed performance of their fuel cell systems.

Manufacturer, Type Net power Specific Power
output power density
Powercell Sweden AB, P System 100 kW 0.47 kW/kg 0.35 kW/L
100 [64]
Plug Power Inc., ProGen module 125 kW 0.34 kW/kg 0.31 kW/L
[65]
Nuvera Fuel Cells LLC., E-60-HD 59 kW 0.31 kW/kg 0.20 kW/L
[66]
(b)
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Fig. 8. Sizing result for the investigated 312 kW system. (a) mass of components in one pod, (b) volume of components in one pod.
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validated models. The predictions for these components can therefore be
assumed to be quite accurate. The heat exchanger model was validated
with manufacturer data, but is based on a simplified 1D geometry. The
predicted mass might change if the heat exchanger geometries would be
considered with a 2D or 3D model. The assumption for the compressor
size is that the mass and volume scale linearly with the required mass
flow (see section 3.4.3). This linearization provides accurate results as
long as the required mass flow is reasonably close to the rated mass flow
of the baseline design. A higher uncertainty can be expected for the
coolant pump and anode recirculation blower, because these compo-
nents are considered with simpler models. However, this only has a
small impact on the predicted system performance: For example, even if
the predicted coolant pump mass would be off by 50 % (9.20 kg instead
of 6.13 kg), the overall system mass would only increase by 0.5 % (see
Fig. 8). The same argument holds true for the predicted system effi-
ciency: The power share of the coolant pump and anode recirculation
blower is much smaller than that of the stacks and compressor (see Fig. 6
(f). For the system’s drag, a source of uncertainty is the assumed
diffuser and nozzle efficiency. A more detailed assessment of the effi-
ciencies of the diffuser and nozzle would require a detailed computa-
tional fluid dynamics (CFD) model or experimental data from an existing
prototype.

5.3. Pareto-optimal system design

Section 4 introduced a number of design parameters that can be used
to optimize different aspects of the fuel cell system performance. The
system design in section 5.2 was carried out for one set of these pa-
rameters (see Table 7). This section examines how these parameters can
be chosen to achieve different design targets such as a low mass my,
high overall efficiency Nsys LEV> low drag Fy o and low volume V. Such
a tradeoff between multiple contradicting design targets can be viewed
as a pareto (multi-objective) optimization problem:

miniﬂnize (msys (k), ~MNsysLav (k), Fyor(K), Viys (k) )

The objective function of this optimization problem is given
implicitly by the sizing process and the underlying Egs. (1) to (61). The
vector K = [iges, RHues, Qrcins Arcone) CONtains the optimizable design pa-
rameters that were introduced in section 4. The feasibility of a combi-
nation of design parameters k is evaluated during the system sizing
process. This optimization problem could be solved by scalarizing the
above vector-valued objective function with weighting factors wy,...,ws.

Jo = wimgys +Wallgy v T WaF o+ WaVigs

The resulting objective function f; can then be minimized with any
suitable optimization algorithm, for example with a genetic algorithm.
Appropriate weighting factors can only be determined at the overall
aircraft level, since additional effects such as aerodynamics, cost and
structural design of the fuselage, wings and tank need to be considered.

Here, we do not solve the above optimization problem explicitly but
instead explore the underlying trends in a more general way. This is
done by repeating the sizing process for different combinations of design
parameters k and assessing the changes to the fuel cell system perfor-
mance. To achieve a feasible computation time, the analysis is limited to
the four parameters iges, RHges, @rcin and arc on- These parameters were
selected because they affect the most relevant system components
(which were identified in section 5.2):

- The rated current density i4s determines the stack’s mass and
efficiency.

- The constraint for the humidity at the stack’s cathode inlet RHy.
determines the humidifier size and stack efficiency.

- The diffuser areas agc i, and agc o, determine the drag of the fuel cell
cooler.
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The remaining design parameters from Table 7 are kept constant in
this section, because they affect the design of less relevant system
components: The hot side pressure drop of the heat exchangers affects
the mass of the heat exchangers, but the heat exchanger mass is small in
the overall system context (see Fig. 8). The drag is only affected by the
cold side pressure drop, which is indirectly determined by the diffuser
areas. The design parameter m,nom affects the compressor efficiency
throughout the different flight phases. However, because the efficiency
does not vary drastically in the upper region of the compressor map (see
Fig. 7), Mepnom only has a moderate effect on the overall system per-
formance. The compressor mass and volume are independent of M norm,
because they are determined directly from the required mass flow (see
Egs. (58) and (59)). The areas of the diffusers for the air cooler and
compressor cooler are kept constant, because these components
contribute much less to the overall drag (see Fig. 6 (e)).

The chosen range and resolution for the four considered design pa-
rameters are given in Table 7. The investigated range is chosen to cap-
ture a large fraction of the feasible design space. The limits of the
feasible design space were approximated by manually testing different
parameter combinations. The chosen resolution results in 252 combi-
nations that are being evaluated. 162 out of the investigated combina-
tions lead to feasible designs. Infeasible designs can occur for some
combinations of diffuser inlet and exit areas: If the inlet area apc , is set
too low, the incoming air mass flow becomes too small to remove the
stack’s waste heat. Additionally, if the diffuser outlet area agc oy is set
too low, the pressure increase in the diffuser becomes small (see section
3.5). This can prevent the heat exchanger sizing from converging,
because the constraint for the cold side pressure drop cannot be met (see
section 3.3.3).

The mass, volume, efficiency and drag of the 162 feasible designs are
compared in Fig. 9. The efficiency and drag vary throughout the flight
mission and could be optimized for any given flight phase with the
developed approach. In this section we focus on the performance in the
cruise phase (point 4 in Fig. 6) because this flight phase has the largest
effect on the overall hydrogen consumption. The results in Fig. 9 (a)
show that different combinations of design parameters lead to a wide
range of masses and efficiencies. The design (B) with the highest effi-
ciency (43 %) is also the heaviest, while design (A) achieves a 19 %
lower mass in combination with a lower efficiency (38 %). The drag of
the different designs varies even more significantly, with the best case
having 75 % less drag than the worst case. Because different choices of
the diffuser inlet and outlet areas agc j» and agc o, have a strong effect on
the system’s drag but do not change the model result for the system mass
(see section 2.1), no clear correlation between mass and drag is
observed. In terms of volume, heavier designs are found to generally also
result in a larger volume.

Detailed properties of the selected designs (A) to (E) are given in
Table 11. Interestingly, the design with the lowest mass is achieved with
a moderate current density of 0.6 A/cm? even though the investigated
stack can be operated at much higher current densities (see Fig. 4 (b)).
This is due to the fact that higher current densities lead to a decreased
stack efficiency, which in turn leads to larger auxiliary components for
the same net power output. Fig. 10 illustrates this effect in more detail.
The graph shows the detailed mass breakdown for 5 points from Fig. 9.
The design parameters RHges, arcin and arc oy are kept constant at the
values for design (A), while the rated current density is varied between
0.5and 0.9 A/cm?. It is found that the positive effect of a decreased stack
mass is diminished by the larger mass of the auxiliary components, most
notably an increased humidifier mass. Consequently, in terms of system
mass there is no benefit of operating the stacks at current densities above
0.6 A/cm? in the investigated case. The mass-optimal current density
depends on the combined behavior of the stacks and auxiliary compo-
nents. Hence, a different optimum value might be observed if a different
stack type or different auxiliary components are used.

Only optimizing for efficiency leads to a heavy and voluminous
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Table 11

Results for the fuel cell system designs that are highlighted in Fig. 9. All quantities are given for one of the ten pods.

Parameter Symbol  Lowest mass Highest efficiency Lowest drag Lowest volume Chosen design
(A) (B) © (O)] (E)

Current density at the system’s rated load (A/cm?) Tges 0.6 0.4 0.7 0.5 0.6

Constraint for max. relative humidity at the stack’s cathode RHy, 0.6 0.8 0.5 0.5 0.5
inlet (-)

Inlet area of diffuser for main fuel cell cooler, normalized with ArCin 5.28 -10°7 4,32 .1077 4321077 5.28 -1077 4.32 1077
waste heat (m?/W)

Outlet area of diffuser for main fuel cell cooler, normalized AEC out 3.76 -10°° 3.76 -10°© 4,60 -10°° 4,18 -10°° 4.60 -10°°
with waste heat (m?/W)

System mass (kg) Mgys 616.25 757.67 657.51 647.17 627.24

System efficiency in cruise phase (-) Noys, LHV 0.38 0.43 0.34 0.39 0.39

Drag force in cruise (N) Fy ot 930.97 869.83 312.20 610.22 333.44

System volume (L) Viys 794.34 972.74 910.04 741.77 797.78

Max. power output at sea level (kW) Py et 312.02 312.02 312.02 312.02 312.02

Inlet area of diffuser for main fuel cell cooler (m?) Arcin 0.19 0.13 0.21 0.20 0.18

Outlet area of diffuser for main fuel cell cooler (m?) AFc out 1.35 1.12 2.17 1.52 1.88

system (see design (B) in Fig. 9 (a) and Table 11). In this case, the stacks
are operated at a low rated current density igs and the humidifier is sized
for a high amount of humidification. Moreover, only optimizing the
overall efficiency does not automatically result in the lowest drag (see
Fig. 9 (b)). This is the case because the diffuser inlet and outlet areas as
well as the pressure drop in the heat exchangers significantly affect the
drag but have no direct effect on the system efficiency. The design (C)
with the lowest internal drag has a similar mass as design (A) but a
decreased efficiency. Design (E) is the one that is discussed in detail in
the previous section 5.2. It was selected because it achieves a good
compromise in terms of mass and drag (see Fig. 9 (b)) and also performs
well in terms of efficiency and volume.

20

6. Conclusions

This work investigated the design and optimization of a 312 kW fuel
cell system for the propulsion of a regional aircraft. Detailed models for
the fuel cell stacks, humidifier, heat exchanger and compressor were
developed and validated. The models were coupled with a novel sizing
approach that finds the smallest feasible combination of components
while optimizing the stack’s operating pressure and cathode inlet rela-
tive humidity for each flight phase. This sizing process was repeated for
different combinations of design parameters to assess a wide range of
possible system designs with respect to their mass, efficiency, drag and
volume.

The key findings can be summarized as follows:
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The results suggest that the design of fuel cell systems should be
viewed as a pareto optimization problem where all relevant
performance aspects are considered simultaneously. In the case of
aircraft propulsion, the relevant technical performance aspects
are mass, efficiency, drag and volume. The developed sizing
approach enables pareto-optimal designs that perform well for all
these performance aspects simultaneously. It is shown that if only
some of the aspects would be optimized (e.g. mass and effi-
ciency), the system would perform poorly in other aspects (e.g.
drag).

The performance of the 312 kW fuel cell system was analyzed
based on state-of-the-art stacks and auxiliary components. The
system is predicted to achieve an efficiency of 39 % during cruise
and 49 % on ground (based on the lower heating value of
hydrogen). The calculated cruise efficiency based on the detailed
model is lower than previous estimates. The system’s predicted
specific power and power density are 0.50 kW/kg and 0.39 kW/L,
these values are within the range of previous estimates. The drag
during the cruise phase is 333 N. Compared to conventional
turboprop engines for regional aircraft, the use of fuel cells leads
to an improved propulsion system efficiency with the drawback
of an increased mass and drag.

The system mass and volume are mainly affected by the stacks,
humidifier and the electric motor that drives the air compressor.
The contribution of the cooling system to the overall mass and
volume is small, but the drag that is caused by the cooling system
significantly penalizes the aircraft’s performance.

Operation at higher current densities generally leads to a
decreased stack mass for a given power output. However, it is not
beneficial in terms of overall system mass to operate the stacks at
current densities above 0.6 A/cm? in the investigated case. The
reason for this is that the stack efficiency decreases with
increasing current densities. Above 0.6 A/cm?, the positive effect
of a decreased stack mass is diminished by an increased mass of
the auxiliary components due to the lower stack efficiency.

Future work will be directed at coupling the developed fuel cell
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system model to the overall aircraft design process. Ultimately, this will
enable a detailed comparison with other technology options such as
hydrogen combustion, synthetic kerosene, other fuel cell technologies
and battery-hybrid concepts.
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Appendix A. Stack model details

The stack model is explained in detail in an earlier publication [17]. Its input and output variables are summarized in Table A.1. The bounds that
were used when fitting the model parameters are provided in Table A.2.

Table A.1
Summary of stack model variables.

Parameter Symbol Type during sizing Type during simulation

Cathode inlet pressure (Pa) Pstack.Cin Input Input

Cathode inlet temperature (K) Tstack C.in Input Input

Cathode inlet relative humidity (-) RHck Cin Input Input

Cathode stoichiometric ratio (-) Ao, Input Input

Cathode pressure drop (Pa) APstack.c Output Output

Anode inlet pressure (Pa) Dstack Ain Input Input

Anode inlet temperature (K) Tstack A.in Input Input

Anode inlet relative humidity (-) RHguck Ain Input Input

Anode stoichiometric ratio (-) AH, Input Input

Coolant outlet temperature (K) Titack,cw,out Input Input

Current density (A/m?) i Input Output

Cell voltage (V) Ucen Output Output

Required air mass flow (kg/s) Mgtack C.in Output Output

Required hydrogen mass flow (kg/s) Mtack Ain Output Output

Required coolant mass flow (kg/s) Mgtack cw Output Output

Mass flow in anode recirculation loop (kg/s) Mgtack ar Output Output

Coolant pressure drop (Pa) APstack ew Output Output

Table A.2
Fitted parameters of the fuel cell stack model. Nomenclature according to detailed model description in ref. [17].
Parameter Symbol Lower bound Upper bound background
Reference exchange current density (Am~2) 10 ref 10! 103 assumed
Reference limit current density (A m~2) T, ef 10* 108 assumed
Cathode transfer coefficient ( —) ac 0.2 1 based on [72]
Factor for spatial variation of temperature in channel ( —) cr 0.55 0.95 based on [73]
Factor for spatial variation of relative humidity in channel ( —) CH 0.5 1.5 assumed
Exponent for relative permeability ( —) . 2 5 based on [74]
Combined GDL-specificparameters Cp1 —10! —10°6 assumed
(m™1)

switch parameter in flooding sub-model ( —) Qsw 1 5 assumed
Effective GDL thickness (m) SGDLeff 111074 251073 based on [75-77]
Coefficient in cathode pressure drop correlation, Eq. (8) (Pa/(kg/s)) kpe 0 1010 assumed

The stack model is extended with a heat balance for the stack.

ch = Qpro - QC,e\'ap - QA,fl - Qc,fl (A.1)
Qpro = ce]]iAce]](Ulh - Ucell) (A.Z)
QC.evap = mHZO.C.cvapAhcvap.Hgo (A3)

Q.,, is the waste heat flow that is removed by the liquid coolant, Q'Pro is the produced heat if all water is in liquid form and Uy, = 1.48 is the ther-
moneutral voltage [72]. The term Q'C‘e\,ap accounts for the evaporation of water within the stack. The mass flow of evaporating water mgy,o.c.evap iS

determined by the stack model; Ahey,pp,0 is the evaporation enthalpy of water. The terms Q'Ml and Q'C.ﬂ account for temperature changes of the
reactants within the stack.

Onst = Msack rinCp i (Tstack A out — Ttack Ain) (A.4)
QC.fl = mslack.C,inCp.air(Tslack.C,oul - Tslack.C,in) (AS)

The model assumes Tick A 0ut = Tstack,ew.out A0 Ttack Cout = Tstack,ew,out- The required coolant mass flow is

QCW

Cp.cw (Tslack,cw,oul - Tslack.cw.in)

(A.6)

Mitack,cw =

where Ty, cw denotes the temperature at the stack’s inlet and outlet and c;, ., is the specific heat capacity. The pressure drop of the coolant in the
stack’s coolant channels is approximated with the empirical correlation

2

Myack,cw

Ncell

Mtack CW

kpew A7
Nce]] * pe ( )

Apsmck,cw =k cwl
P
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where the coefficients k.1 and k.. are fitted to the experimental data that was recorded during the stack characterization.
Appendix B. Heat exchanger model details

Geometric parameters that serve as inputs when sizing the heat exchangers are listed in Table B.1. A detailed definition of these parameters is given
by Chang et al. [49] (the same nomenclature is used here, the model considers type “C”). Additional geometric properties are calculated with the
equations in Table B.2.

Based on Ref. [47], the air-to-liquid and air-to-air heat exchangers are designed to have cold layers (C) on the outside of the core and hot layers (H)
in between those, which results in a “CHCH...HCHC” arrangement. Moreover, the fins of the two outer cold layers are designed to have half the fin
length as those of the inner layers, so that their behavior approximately equals that of the cold layer in a symmetrical (...HCH...) set of inner layers.
Under these assumptions, thermal symmetry can be assumed and no additional banking factor is needed to account for a different behavior of the two
outer layers.

Table B.1
Summary of the independent geometric parameters in the heat exchanger model.

Parameter Symbol Lower bound Upper bound Number of discrete points

Parameters for validation case (air-to-liquid)

Number of fin segments (-) Nfin 10 10° 200
Fin depth (mm) Fy 40 80 90
Fin length (mm) F, 5 19 30
Fin pitch (mm) F, 1.1 2.2 3
Fin thickness (mm) F, 0.06 0.16 3
Louver pitch (mm) L, 1 1.86 3
Louver angle (°) ) 35 35 1 (not optimized)
Tube major diameter (mm) Dy, 1.5 1.5 1 (not optimized)
Tube wall thickness (mm) T, 0.06 0.06 1 (not optimized)
Parameters for full-scale system sizing (air-to-liquid)
Number of fin segments (-) Nfin 10* for FC cooler, 10° 200
10° for compressor cooler
Fin depth (mm) Fy 16 80 90
Fin length (mm) F, 5 19 30
Fin pitch (mm) F, 1.1 2.2 3
Fin thickness (mm) F, 0.06 0.16 3
Louver pitch (mm) L, 1 1.86 3
Louver angle (°) ) 35 35 1 (not optimized)
Tube major diameter (mm) Dy, 5 5 1 (not optimized)
Tube wall thickness (mm) T, 1 1 1 (not optimized)
Parameters for full-scale system sizing (air-to-air)
Number of cold side fin segments (-) Nfin.c 102 104 300
Cold side fin length (mm) F. 8 19 9
Cold side fin pitch (mm) Fy. 1.2 2.2 2
Cold side fin thickness (mm) F. 0.16 0.16 1 (not optimized)
Cold side louver pitch (mm) Ly 1.3 1.3 1 (not optimized)
Cold side louver angle (°) 0, 30 30 1 (not optimized)
Number of hot side fin segments (-) Nfinh 102 10 300
Hot side fin length (mm) Fip 8 19 9
Hot side fin pitch (mm) Fyn 1.2 2.2 1
Hot side fin thickness (mm) Fin 0.16 0.16 1 (not optimized)
Hot side louver pitch (mm) Lyn 1.3 1.3 1 (not optimized)
Hot side louver angle (°) (SN 30 30 1 (not optimized)
Split plate thickness (mm) [ 0.5 0.5 1 (not optimized)
Table B.2
Equations for the heat exchanger geometry.
Parameter Equation
Liquid side geometry
Tube depth Ty =Fy4
Tube pitch Ty, =Dn + F
Tube length T - ( Nfin act ) F,
Mype + 1
Minor tube diameter Dy min = Dm —2T,
Mean tube diameter Dimean = (Dm + Dimin)/2
Mean perimeter of tube cross section per Pube = TDimean + 2(Ta —2T; —Dymean)
tube
Liquid side surface area Aguve = Prmtube TiMwbe
Liquid side flow cross section per tube ”(Dl.min)z
Acrbe = + Dimin(Ta = 2T; — Dy min)
Liquid side flow cross section Acrliq = Acr.tubeMiube
Liquid side hydraulic diameter The hydraulic diameter is defined as
dy = 4Ac/PyencaWhere A, is the cross section and Py.q is the wetted perimeter of the tube [47,48]. In the case of a flat tube (Type “C”

AAcrtube

in refs. [49,50]), d, is given by d, =
B Y O D sin + 2(Ta — 2T, — Do)

Air side geometry

(continued on next page)
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Table B.2 (continued)
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Parameter

Equation

Perimeter of fin secondary surface cross
section per segment

Wetted perimeter of gas side per segment

Fin surface area

Gas side surface area

Gas side flow cross section per fin segment

Gas side flow cross section
Gas side hydraulic diameter

Parameters for the air-to-liquid case
Number of tubes

Actual number of fin segments

Gas side frontal area
Mass per tube
Mass per fin segment

Density of aluminum

Heat exchanger mass

Heat exchanger outer volume

Parameters for the air-to-air case

Equivalent tube pitch for cold air side

Equivalent tube pitch for hot air side

Equivalent tube major diameter for cold air
side

Equivalent tube major diameter for hot air
side

Number of cold side fin layers

Number of hot side fin layers

Number of split plates

Actual number of cold side fin segments
Actual number of hot side fin segments
Cold side fin depth

Hot side fin depth

Cold side frontal area
Mass per cold side fin segment

Mass per hot side fin segment

Mass per split plate

Density of aluminum

Heat exchanger mass

Heat exchanger outer volume

Piinsgm = 7(F, —F) + 2(F —F,—(F, = F,) )

Pyt gassgm = Prinsgm + 2F,
Afin = Pin sgmFafin act
Aqgas = Pyet,gas.sgmFaMfin act
7(F, — F)F,
Acrgassgm = FpFy ————"——
2
Acrgas = NMfinactAcr,gas sgm

cr gas sgm
dy = Lergassen
Pwel.gz\»,sgm

(i —(F, —R))F:

Nype = ceil(\ /ToFyngn / Tp) —1 The term —1 is included because both outer sides of the heat exchanger core are cold sides

. TNfin
Tfinace = ceil (nmb:7> (Mube + 1)

Apy fron = (nluheTp +F])T]
Mube = P ubetwat TiP A1
Miinsgm = @Fﬂﬂm
pa = 2700kg/m?
Mpx = Myin sgmin,act + Moubeltube
Vix = AnxfrontFa

Tpeqe = Fie + Fip + 2ty
Tpeqh = Fin + Fie + 2ty
Dieqe = Fin + 2t

Dineqn = Fie + 2t

n, = ceil( Nfin.cFp.c Tp.eqe / Tp,cq,c) —1 The term —1 is included because the parameter n, . describes the number of full-size layers (there

are ny.-1 layers of fin length F; and 2 outer layers with fin length F;/2).

My = Mie
ngp=2(nc+ 1)

Nfinacte = Ceil(Mfine /M)y The two half-size fin segments at the ends of the core are considered as one full-size fin segment.

Mfinactn = Ceil(Minn /Mn) Mip

TNfin acth
Fye = (7 Fyn
LLRY

MNfin act,c
Fap = (04 ) F
n

1.c

x.front = Mfinact,clp,c L peqe
Apy Mfin actcFpe Tpeq

Prins
sgm.c
Myin sgme = TFl,ch,cpAl
Prin sgmh
sgm
Miinsgmh = ———FenFanpal
2

mg, = FycFantsppa
pai = 2700kg/m?3

Mpx = Myinsgm cMinacte + Mein,sgmhMfinacth + MspTlsp

Vix = FacFan(mcFic + mpFin + ngptsp)

Appendix C. Compressor model details

This appendix describes the analytic expressions and parameter fit procedure for the Jensen-Kristensen sub-model. The expression for the reduced
rotational speed is given by Egs. (C.1) to (C.6) [55,56].

w2 I
Opy=(—F—+1
P (2Cp,airTcp.in * )

U. = ”dc Nep red

(C.1)

(C.2)

U. is the blade tip speed, d. the outer diameter of the impeller and y the heat capacity ratio. The dimensionless head parameter ¥ is given by [55,56]

ki + ko, @

Y=
ks — @

® = mcp.redRsp.airTcp.in
- g2
pcp.inzdc Uc

ki = knjj + kyjMac, fori =1,2,3 and j = 1,2

U,
bep,a!rTcp.in

Ma, =
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(C.6)
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where @ is the normalized compressor flow rate, Ma., the Mach number and k, ; are fitted coefficients. The analytic expression for isentropic efficiency
is [55,56]

Neps = ket @ + koo @ + ke 3 (C.7)

k&ij -+ ke',‘jMacp fo

kei =
! kejj — May,

ri=1,2,3andj=1,2,3 (C.8)

where k. are fitted coefficients. The parameters k,; and the impeller diameter d. are fitted to 110 discrete points (fficp red, Tep, Neprea) from the
rotational speed map of a Rotrex C38-91 compressor [25]. This is done by minimizing the difference between the calculated rotational speed map and
the manufacturer datapoints with MATLAB’s Levenberg-Marquardt optimization algorithm. Analogously, the parameters k. ; are fitted to 565 discrete
points (Mep reds Mep, 7p ) from the compressor’s efficiency map [25]. The datapoints that are used to fit these coefficients are shown in Fig. C.1 (a) and
(c), the corresponding result of the semi-empirical model is shown in Fig. C.1 (b) and (d). The datapoints were obtained from the public manufacturer
datasheet with the open-source software WebPlotDigitizer.

, (@) , (b)

—— 30 krpm
251 2.5¢ 1 —— 40 kipm
— —_— —— 50 krpm
\-; 27 :: \—; 21 1 ——— 60 krpm
=1 i N\ =1 \ e ——— 70 kepm

‘—.\ > $ _\ — 80 krpm

ol a-:.:':"\ _______ ] L5 \\, ....... 1 ———— 90 krpm

‘"Ono... ..... B e map limits

0 0.2 0.4 0.6 0 0.2 0.4 0.6

55 %
— 60 %
—_—65%

68 %
—_— 70 %
—T71%
—_—T12%
—T73%

74 %

75 %

0.2 0.4 0.6 6| e map limits

hepsea (ke /s) tiepsea (ke /5)
Fig. C.1. Rotational speed and efficiency map of a Rotrex C38-91 compressor. (a) Rotational speed map, manufacturer data [25] (b) rotational speed map based on
semi-empirical model (c) Efficiency map, manufacturer data [25] (d) efficiency map based on semi-empirical model.

Appendix D. Additional component models

The power consumption of the coolant pump is given by [78]

A X A stack,cw .SEIC cW
P :( \Phx,FCh T APstack, )i, K. .1

pcw”pu,eh rlpu.pc

and the parameters in Table D.1. The losses in the pump are attributed to an increase in coolant temperature ATj,.

qu =

(Aphx,FC,h + Apstack,cw)mstack,cw ( 1 _ 1) (DZ)

Pew Mpu.ch

AT, ——%m D.3)

Mitack,cwCpew

The density p,,(T) and heat capacity c, .. (T) of the coolant are evaluated at the known temperature at the stack’s coolant inlet. The pump’s mass and
volume are determined by linearly scaling the properties of a baseline design (see Table D.1).

Titpu

— p
Mpy = Mpy base ™ (D.4)
pu,base
i
pu
Vou = Voubase™ (D.5)
mpu.hase
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The power consumption of the anode recirculation blower is given by [79]

A stac! 'ﬂr
_ \Pstack, A7 (D.6)

ar —
/)arrlar.h ﬂar.em ”ar.pc

and the parameters in Table D.1. The recirculated mass flow is given by

_ iAcellNce]]MHZ
2F

My

(Am2ine — Am2) <L> (D.7)

WhH2

where Ayp = 1.05 is the overall stoichiometric ratio (based on hydrogen flow that is added to the recirculation loop) and Apzin = 2 is the internal
stoichiometric ratio (based on hydrogen flow that enters the cells). The density of the recirculated fluid p,, and the mass fraction of hydrogen in the
recirculation loop wy, are known from the stack model. The pressure drop in the stack’s anode channels

m .
Apstuck.A = kpCM (D.S)
N, cell

is calculated with the same coefficient k¢ as for the cathode side (see section 3.1.2). The waste heat Q‘\r due to the non-ideal blower is removed by the
stack cooling loop.

Our = ParllremMarpe (1 — Mar) (D.9)

The remaining losses in the motor and power converter are removed via convective heat transfer to the surroundings. The blower’s mass and volume
are determined by linearly scaling the mass and volume of a baseline design (see Table D.1).

1y
Mar = My pase——— (D.10)

ar,base

m,
Vau = Var.base.i (Dll)
My base
Table D.1
Component model parameters. Coolant pump parameters are estimated based on an aircraft-rated fuel pump (Double Ended Fuel Booster Pump Type 7100, Eaton
Aerospace). Anode recirculation blower parameters are estimated based on manufacturer data (G-BH100 side channel vacuum pump/compressor, Gardner Denver).

Parameter Symbol Value Background

Coolant pump

Coolant pump efficiency (including electric motor) (-) Npuch 0.47 Manufacturer data

Power converter efficiency (stack to DC bus) fIne/pe 0.97 [54], for high powers

Power converter efficiency (DC bus to electric motor) Npc/ac 0.80 [54], for low powers

Overall power converter efficiency Noupe 0.78

Rated mass flow of baseline pump design (kg/s) Mpupase 5.0 Manufacturer data

Mass of baseline pump design (kg) Mpupase 3.4 Manufacturer data

Volume of baseline pump design (m®) Vpubase 0.0077 Manufacturer data

Anode recirculation blower

Blower efficiency (mechanic to hydraulic) as defined in ref. [79] (-) [/ - 0.3 [79]

Blower efficiency (electric to mechanic), (-) Narem 0.8 [79]

Power converter efficiency (stack to DC bus) fIne/pe 0.97 [54], for high powers

Power converter efficiency (DC bus to electric motor) Npc/ac 0.80 [54], for low powers

Overall power converter efficiency Nar pe 0.78

Overall anode stoichiometric ratio (-) Anz 1.05 Estimated based on stack test bench
Internal anode stoichiometric ratio (-) AH2.int 2.0 Estimated based on stack test bench
Rated mass flow of baseline blower design (kg/s) Mar base 0.003 Manufacturer data

Mass of baseline blower design (kg) Mar pase 1.2 Manufacturer data

Volume of baseline blower design (m?) Var base 9.38.10°* Manufacturer data

Appendix E. System simulation flow chart

The interaction of the component models during the simulation of the overall system is shown in Fig. E.1. The flow chart visualizes the computation
during the step “Simulate fully sized system” in stages 3 and 4 of Fig. 3 in more detail. As described in section 4.3, that step is repeated for each flight
phase and each investigated combination of the stack’s cathode inlet pressure pgyckc,in and relative humidity RHguck c,in- The compressor’s pressure
ratio and the stack’s current density are determined with MATLAB’s non-linear equation solver fminsearch.
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Pressure Pseack,c,in and humidity

Energy Conversion and Management 308 (2024) 118338

required power

RHgtack c,in at Stack inlet Piys eft
current density
fuel cell stack model current density solver
Pstack  |required H, waste fluid state required air ry
mass flow heat | of cathode | mass flow
exhaust
ambient
conditions
; required pressure
diffuser
model pstack,C,in
4 pressure
compressor model ratio solver
P, waste fluid state after A
heat compressor
ambient ambient ambient
conditions conditions conditions
diffuser diffuser diffuser
model model model
Y y v
. nozzl
fuel cell compressor air cooler 4>< ozzé actual
cooler model
cooler model model model pressure
v v fuid state PstackCin
after air cooler
model model ¥
— > hl::)'gg'ler actual
. ower
fluid state after 2,
humidifier sys.eff
A\ 4 A 4
recirc. coolant RHerovri ™ no  ———————
stack,C,in | I
blower pump feasible? (__.&mor _ i
model model 1 Component model
P Py | continue | (@D Nonl-Il'nearequatlon solver
: v v <> Decision
C =1 Code operation
power balance: Psys,eff = Nstack(Pstack - Par) - Pcp - Ppu 1 Model input

Fig. E.1. Flow chart for the interaction of the component models during the overall system simulation. The power flows Pyqck, Pep, Ppu and P, are defined in sec-

tion 2.1.
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