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Abstract

Methods for conceptually designing and assessing the mission performance of regional hydrogen fuel cell air-
craft are implemented in the open-source software SUAVE. In order to design for and assess the performance
in future operations, methods for sizing representative propulsion and fuel storage systems are implemented.
Additionally, algorithms for airframe resizing are added in order to account for mass and geometry changes
when redesigning existing regional aircraft for fuel cell propulsion. Dynamic methods for the fuel cell power
demand and tank thermodynamics are implemented in order to asses the effect of fuel consumption and hy-
drogen boil-off on the aircraft's mission performance. A set of tanks are designed for a fixed fuselage geometry
to investigate the effect of fuel volume and number of tanks on tank gravimetric index (Gl). A large fuel volume
requires non-spherical tanks, which significantly lowers Gl, and therefore increasing the number of tanks can
be beneficial. An ATR42 regional turboprop is redesigned for fuel cell propulsion and liquid hydrogen stored in
two aft-mounted tanks. A fuselage extension of 16% and reference area increase of 6% are needed for 6 m3
of fuel at maintained wingloading and power-to-weight ratio. MTOW increased by 6% and exhibits a shift in
center-of-gravity of 5.5% between MTOW and MZFW conditions.
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1. Introduction

Decarbonizing global air travel will require the implementation of a large range of different energy
sources and propulsion architectures [1]. It is estimated that regional aircraft have an 80% higher
CO, intensity (kg per passenger-kilometer) than narrow and widebody aircraft, which is thought to
stem from improvement efforts being prioritized for longer range aircraft [2]. Furthermore, passenger
flights under 1000 NM are estimated to produce a third of global CO, emissions [2]. The use of
hydrogen as aviation fuel will therefore be a key enabler to future CO, emission-free flights in the
short to medium-range market.

The Cryoplane-project [3] conducted in the early 2000’s was able to demonstrate high technical fea-
sibility for their proposed hydrogen fleet, but concluded the economic factor to be of most hindrance.
In a study on refueling infrastructure for small and large airports in a year 2050 scenario [4], it was
estimated that the price of liquid hydrogen (LH») would match that of kerosene if the price of kerosene
was increased by 110% at small airports and 56% at large airports. This makes short-range flights
to small airports economically challenging.



MODELLING HYDROGEN FUEL CELL AIRCRAFT IN SUAVE

In addition to the high cost of refueling at smaller airports, the availability of hydrogen refueling infras-
tructure might be limited in the early stages of a transition to hydrogen flight. If refueling capability
is limited to major airline hubs, many short-range routes where hydrogen could make a significant
impact might be eliminated. This unless the aircraft is designed for so called "return-without-refuel”
operation, i.e. returning from the destination airport on the same tank of fuel.

Conventional turboprop aircraft in the 50 to 70 PAX range today serve many routes below 800 NM
and could be modified for liquid hydrogen storage and fuel cell electric propulsion. This would offer
a relatively low-risk option for operators and could help accelerate the transition to hydrogen. In or-
der for this type of aircraft to operate in sparse hydrogen infrastructure, the design of the LH, tanks
becomes an area of great significance. Hence, a comprehensive simulation environment is needed
to enable balanced designs optimal for the market requirements. This paper outlines new implemen-
tations in the conceptual aircraft design tool SUAVE [5, [6]. This includes routines for designing and
resizing regional hydrogen fuel cell aircraft and dynamic propulsion models integrated in the mission
solver.

2. Hydrogen fuel cell aircraft

The lower heating value (LHV) of hydrogen is three times larger than for regular jet fuel, but hydrogen
has much lower density at atmospheric sea-level conditions [7), 8]. The hydrogen storage density
therefore has to be increased to make it feasible for any type of vehicle. Gaseous hydrogen (GH>)
is commonly used in the automotive sector, where it is compressed to either 350 or 700 bar, with
the latter bringing up the density to 39.1 kg/m?® [9]. This is roughly a 20x lower density compared to
jet fuel, and will therefore cause unfeasible storage volumes in addition to the large weight penalty
of containing a high pressure. Instead, LH, is the feasible option for aircraft. LH, at atmospheric
pressure has a density of 71.9 kg/m3 [7] and a boiling point of around 20 K. This shifts the design
challenge from containing a very high pressure to instead preventing heat transfer, as this causes
the liquid to boil-off into gas which raises the pressure. If pressure increases to the design limits
of the tank, the internal energy must be decreased. This is done by either ventilating gas, or by
rejecting heat via a cooling system. At the same time, the tank mass must be kept to a minimum.
The insulation system therefore has to be light, and because of this it commonly consists of low
density foam, or multiple radiation shields contained in a vacuum jacket, also known as multi-layer
insulation (MLI). For regional hydrogen aircraft, the tank’s gravimetric index (Gl) must exceed 45% to
not carry any range penalty compared to its kerosene counterpart [10]. The tanks can then either be
placed internal to the aircraft structure, either as an integral or non-integral part of the structure, or
externally.

Proton-exchange membrane fuel cell (PEMFC) technology in conjunction with LH, storage is cur-
rently the most viable option for electric flight, as today’s battery technology offers insufficient specific
energy and is unsuitable for flight ranges in excess of 230+ NM [11]. The fuel cell stack is on the
other hand quite complex, and requires auxiliary components to maintain the conversion process, so
called balance-of-plant (BoP) components. An aircraft design strives to maintain low drag and weight,
which can be hard to achieve with a fuel cell propulsion system. Firstly, regardless of stack operating
pressure, compression of the incoming air has to be provided due to changes in altitude. This is
usually performed by an electrically driven compressor, which is a parasitic power loss. Secondly,
current fuel cell technology is limited to internal temperatures around 80 °C [10], which makes the
process of rejecting megawatts of heat very difficult. This causes the required surface area of the
heat-exchangers to be very large, which can carry a severe drag penalty.

There are currently several aircraft manufacturers developing regional electric aircraft driven by hy-
drogen fuel cells. Universal Hydrogen successfully tested a Dash 8-300 turboprop aircraft retrofitted
with an electric fuel cell system [12]. The company is working on conversion Kits for the previously
mentioned aircraft as well as similar types such as the ATR72. The LH; tanks will be located behind
the cabin, and the fuel cell stacks contained in the motor nacelles.
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3. SUAVE

The Stanford University Aerospace Vehicle Environment, or SUAVE for short, is an open-source soft-
ware made for conceptual design studies of both conventional and unconventional aircraft designs.

SUAVE is built to handle varying levels of model fidelity, ranging from lower-fidelity classical correla-
tion based methods, common in weight and parasitic drag estimations, up to higher-fidelity computa-
tional fluid dynamics methods to estimate lifting performance. This multi-fidelity allows the user to, at
an acceptable computational cost, examine certain systems and processes in greater detail, without
sacrificing the full system perspective.

Conceptually designing fuel cell hydrogen aircraft poses particular challenges. Firstly, it is gener-
ally more tedious to estimate the fuel cell system’s fuel consumption during different flight regimes
compared to more conventional powerplants, due to the fuel cell’s highly dynamic BoP power con-
sumption. Secondly, the LH, is sensitive to boil-off caused by external heat transfer. In order to
design a suitable tank for a given aircraft and mission, the tank’s internal pressure and ventilation of
fuel has to be accounted for while evaluating the mission performance. With these considerations
in mind, an extension of the existing SUAVE code is necessary to be able to size a representative
propulsion system and cryogenic storage, as well as to study the impact of both the consumed and
ventilated fuel on the overall mission performance.

4. Design methods

The conceptual design implementation consists of methods for sizing the fuel cell propulsion system
and hydrogen storage, as well as airframe resizing. The individual sizing functions are applicable to
any aircraft type, but can be combined to form a tailored sizing workflow for a particular application.
The method described here concerns redesigns of existing turboprop aircraft, where the propulsion
system is swapped and the fuselage and wings resized to accommodate the added volume and
weight brought on by the new propulsion.

The implemented sizing workflow consists of three major steps:
1. Definition of the baseline aircraft to be redesigned

First, the routine requires the user to parameterize the baseline aircraft, which will be subjected to
the redesign. This includes defining the geometry of the fuselage, wing and empennage, as well as
defining take-off, zero-fuel and empty weights. The baseline propulsion system is not modeled, other
than estimating its weight. Once the baseline aircraft is defined, a weight breakdown is performed
using weight correlation methods, in this case the "New SUAVE" weight method [5]. The weight
breakdown of the baseline design is used for the resizing step where the weight and centre-of-gravity
(CoG) are updated. Lastly, the aircraft’s high-lift system is configured to ensure correct reference
speeds.

2. Definition of the hydrogen fuel cell propulsion system

The next step is to define the new fuel cell electric energy network. For each nacelle, a propeller,
electrical motor and fuel cell stack is defined and built. After this the propeller and electrical motor
are designed, using the available design methods in SUAVE [5]. Finally, the fuel cell stack and its
auxiliary balance-of-plant (BoP) components are sized.

The hydrogen storage design is driven by the required fuel volume, number of tanks, insulation de-
sign, pressure loading and geometric constraints such as fuselage internal volume. The method
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structurally sizes the tank walls in accordance with the internal pressure load case (set by the venti-
lation pressure) and outside conditions.

3. Resizing of the baseline aircraft weight and geometry

With the baseline aircraft and the new propulsion system defined, the actual aircraft resizing can take
place. With the total fuel volume set, by either user or optimization input, the tanks are sized. This
sets the amount that the fuselage will be extended by. This increases the fuselage wetted area and
translates the empennage rearward. The design then enters an iterative scheme where the geometric
changes in the airframe causes the total aircraft weight to increase, and the increase in weight then
changes the geometry. This is repeated until the total weight and centre-of-gravity (CoG) position of
the aircraft have converged. If a target power-to-weight ratio is set, a propulsion resizing is performed
in each iteration.

4.1 Hydrogen storage design

A method for mechanically sizing non-integral MLI LH, tanks has been implemented into SUAVE.
The tank dimensions are limited by the fuselage internal diameter, and is of spherical or cylindrical
shape depending on the required fuel volume. It is assumed that 92% of the fuselage diameter is
usable. The design routine will output a spherical tank if possible, as less surface area per volume
will result in superior heat transfer performance compared to other shapes. If a spherical tank does
not produce the required internal volume, a cylindrical section between the hemispherical end-caps
is added. The tank walls can be made out of steel or aluminium alloys appropriate for cryogenic
conditions.

Outer tank wall

—| Multi-layer insulation

I4

Inner tank wall 3

| Liquid/Gaseous H, | r

Figure 1 — lllustrative cross-section of an MLI tank.

The MLI requires the tank to consist of an inner and an outer tank wall, with a near-vacuum contained
in-between (see Figure[T). The distance between the inner and outer walls are set by the number of
insulation layers Ny ; and the layer density N;

tmrr = Ny /N (1)

The inner wall is designed to withstand internal pressure loading caused by the pressure difference
between the ventilation pressure p,... and the vacuum jacket pressure py ;. The inner wall pressure
loading becomes

APinner = Dmax — PMLI (2)

As with any pressure vessel design extra safety margin has to be added to the load case. To account
for imperfect ventilation valves a 10% increase of p,.. is included in accordance with [13], and finally
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a factor of two is added to account for dynamic loads in-flight

pdexign,inner =2 (1-1Apinner) (3)

The wall thickness of the inner shell can then be found using equations for welded pressure vessels
[14], where K defines the sphericity of the endcaps, ¢,, a weld weakness factor and SF;,,., a desired
yield safety factor.

(4)

z'pdesign inner'r2'K h H
; rical
[ ’,.2 _ r] — { 2'(GVV/SF[émer)'ew_2'pde.vign(imzer'(K_O-1) (Sp erica )
w,inner - *Pdesign,inner* 12 . .

! cylindrical
2'(Q\'/SFinner)'ew70~8'pdesign,inner ( y )

The external wall is designed to withstand buckling caused by the external pressure in the unpres-
surized part of the fuselage. The worst-case loading occurs at sea-level pressure p. ... The outer
wall pressure loading becomes

Apouter = Doomax — PMLI (5)
and after accounting for dynamic loading the design pressure for the outer tank wall becomes

Pdesign,outer = 2. Apouter (6)

The thickness of the outer shell is then found using equations for bucking of thin shells [15]

""gog—éﬁ,f”f (spherical)

Ly =y —Ir = 4 1/10
wouter 4 3 |:(Pde.vign.outer'SFouler‘Lcyl'ri/(0-807E)) :| (Cy“ndncal)

(7)

(1/(1-v2))’

where L., is the length of the cylindrical segment and SF,,., the safety factor on the critical buckling
pressure.

With the wall and insulation thickness known, the combined total tank weight is calculated using
the specified tank wall material density and a layer specific area density (kg - m—2/layer) for the MLI
(derived from the "45 layer standard MLI" covered in [16]). Table[1]details the parameters used in the
tank design.

Moreover, the routine calculates the initial fuel mass and liquid-gas fraction available at mission start,
which is a function of desired gas ullage and the fill and ventilation pressures. Considering two tanks
with the same fill pressure and desired gas ullage, the tank with a higher ventilation pressure will
have less total fuel mass and a larger fraction of gas at the filling pressure.

Lastly, a key performance metric for tank design is the gravimetric index (Gl), which is defined as

o) e L — (8)
M fyel + Myank



MODELLING HYDROGEN FUEL CELL AIRCRAFT IN SUAVE

Table 1 — Structural parameters and material properties used in the tank design.

Parameter | Value Description

oy 228 MPa Yield strength (AL5083 [17])

E 71 GPa Young’s modulus (AL5083 [17])

ey 0.8 Weld weakness factor

K 0.5 Sphericity of end caps

SEnner 2 Safety factor on yield strength

SE,uter 2.5 Safety factor on critical buckling pressure
MLI density | 0.0272 kg - m™ / layer | Layer specific area density

N 20 layers/cm MLI layer density

4.2 Fuel cell propulsion design

The fuel cell propulsion system in each nacelle consists of multiple fuel cell stacks connected in
a multi-stack configuration to produce a desired voltage, power and size. The multi-stack system
also requires balance-of-plant (BoP) components such as heat-exchangers, coolant pumps and air
COMpressors.

4.2.1 Multi-stack design

In the multi-stack, individual fuel cells are connected in series to develop the desired system voltage.
Multiple stacks are then connected in parallel to raise the power to the desired level. For an input
current density i [A/cm?], a single fuel cell’s voltage (polarization curve) is modeled according to [18]

Vcell = Er — Nact — Nohm — Nconc
Nact = [aA + bA IOg (l + ileak)] + [aC + bC log (l + ileak)]
Nowm = IASRq (9)

iL
=Clog———
Meone g iL - (l + ileak)

where E, is the reversible cell voltage, n,., activation losses, n,., ohmic or resistive losses and 1.onc
concentration losses due to mass transport. The activation loss terms are defined by

RTFc RTFc _ RTrc RTrc

logi by = = logioc, bc = 10
08104 A= mF cencF \0gioc C= oncF (10)

ap —

where R is the universal gas constant and F Faraday’s constant. For the remaining model parameters,
see Table[2l

The cell’s efficiency is defined as
Vcell

Ej
where Ej, is the voltage potential corresponding to the higher heating value (HHV) of hydrogen.

(11)

Nrc =

The first step in the sizing is to choose the design point on the polarization curve at which the stacks
are sized at. The power produced by a single fuel cell is defined as

Prett = peettAcell = (chell)Acell (1 2)

where p.;; is the cell's power density [W/cm?] and A..;; [cm?] the cell active area. The total power
produced by the multi-stack is calculated as

P = NytacksPstack = Ntacks (Ncells,stackpcell) (1 3)

6
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where Ny, are the number of stacks connected in parallell and N, «ack the number of cells con-
nected in series per stack.

To begin the sizing, the cell design point (denoted as D) and maximum system voltage for the multi-
stack are chosen. The number of cells per stack then becomes

Vb
VD,cel 1

Ncells,stack = ( -| (1 4)
where Vj, is the total voltage produced by the multi-stack at maximum load. The total number of cells
in the multi-stack is then simply

Ncells = Nstackchells.,stack (1 5)

The active area of each cell is then determined by the number of cells and power output at maximum

load
Pp

Y (16)
PD,cellNcells

Acell - [

It is now possible to determine the geometry and weight of the multi-stack. The total length, width and
depth of the system will depend on the chosen stack configuration and placement of balance-of-plant
(BoP) components. For a given equivalent cell thickness z..;;, the length per stack in the multi-stack
becomes

Lstack = Ncells,stacktcell (1 7)
By default the BoP is located behind the multi-stack and assumed to extend the combined assembly
in length by 0.5L .

The volume per stack is then
"Lstack = Ncells,smckAcelltcell (1 8)

and finally the mass per stack is defined using an equivalent cell density p..;; and a stack porosity
coefficient @y qck
Mgtack = VstackPeell ¢cell (1 9)

Finally, the total mass of the system is the combined mass of the stacks and BoP components

MEC = Myulti—stack T MBoP = NitacksMstack + MBopP (20)

Table 2 — Fuel cell model parameters obtained from [19] for a modern fuel cell.

Parameter Value Parameter Value
E, 1.1782 V C 0.035V
ioc 0.0001 ne 4
oc 0.22 Trc 353.15 K
oA 0.1 PFC 2.5 bar
Oy 0.5 teell 0.001381 m
ASRq 0.04 Q cm? Ostack 1
iL 2.45 Alcm? Peelt 2854 kg/m?
Leak 0.30 A/cm?
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Figure 2 — lllustration of cooling duct.

4.2.2 Cooling system design

The cooling system is comprised of a electric coolant pump and a cooling duct (CD) in the nacelle, in
which an air-to-liquid heat-exchanger (HEX) and a puller-fan is located. The cooling duct consists of
a ram-air intake, a diverging diffuser duct and a converging nozzle, as illustrated in Figure 2|

The ram-air scoop intake is designed according to the procedures outlined in [20]. At the desired
sizing design condition D, the total mass flow of air entering the cooling duct is

Mp,cp = Mp FCairin + MD HEX air (21)

where rip rc qir 1S the mass flow of the fuel cell system’s inlet air at design power, and rip gex qir the
required amount of air through the heat-exchanger in order to reject the heat produced at design
power.

The required intake area is then '
A, =TReD (22)
poovco

where p.. and v, are the freestream density and airspeed. As the intake will be located in the leading
edge of the nacelle, it is assumed there is no blockage caused by boundary layer build-up. Subse-
quently, the blockage compensation described [20] is skipped. The intake dimensions are dictated
by the required intake area and the intake aspect ratio AS.

Next, the planar diffuser section is designed. The performance of the diffuser is calculated using the
pressure recovery map correlations by Pittaluga [21]. In this, the coefficient c;, refers to a optimal
pressure recovery locus at a constant length-to-width ratio. A diffuser wall-divergence angle of 6 = 8°
is assumed for the entire performance map cj, locus. The entry area of the diffuser is equal to the
intake area A, = A1, and the diffuser exit area is found using the diffuser area ratio AR. The length of
the diffuser duct is then simply
wy(AR—1

ldiff = 2256171(9) ) (23)
The HEX dimensions L, and L, are set by the diffuser exit area, while its length in the air’s streamwise
direction L, is driven by the cooling requirement. For a required heat rejection rate at the design point,
Op, the required air mass flow through the HEX is

Op

— (24)
Cp3ATD,air

Mp HEX air =

where c,, is the diffuser exit specific heat and ATp ;- the temperature rise of the air through the
HEX at the sizing point. As the temperature rise dictates the required massflow, which affects the
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total pressure losses both in the cooling duct and inside the HEX itself, ATp ,;» becomes a design
parameter in the cooling system sizing. Similarly, the coolant mass flow at the sizing point is

Op

Cpeool ATD.,CO()I

(25)

Mp HEX cool =

With the inlet conditions for the air and coolant set, an appropriate HEX design is generated using
the in-house software GenHEX [22]. The software uses a generalized design formulation and com-
putes the performance using a set of correlations together with the e — NTU method. The length L,
and non-dimensional quantities o,, o, and y are unknown geometric parameters and are solved via
optimization to satisfy the cooling requirement.

Finally, the converging nozzle section is sized. The duct convergence angle is quite aggressive in
order to reduce the overall cooling duct length, as it is assumed that little to no pressure losses
occurs. The outlet area is sized to bring the pressure back to ambient. It also dictates the puller-fan
diameter.

For the full set of geometric relations in the cooling duct, see Table

Table 3 — Cooling duct geometric relations.

Station 1 Station 2 | Station 3 Station 4 Station 5

A =220 Ay=A; | A;=ARA; Ay=A; As = ARyozz1eAs
by =dise =\A-AS | by=b bs=by=1L, by = bs3 bs = by
W1:A1/b1 Wy = Wwip W3:A3/b3:Ly W4:W3:Ly W5:A5/b5

4.2.3 Combined sizing procedure

The total power output of the fuel cell system (per nacelle) has to be able to provide the wanted
propulsive power and be able to drive BoP components such as the coolant pump, cooling fan and
air compressor. The combined sizing problem is then simply to find a factor &p

PD = PD,prop + PD,BoP = PD,prop + (PD,comp + PD,pump + PD,fan - PD,turb) = kDPD,prop (26)
at which the heat rejection requirement is
Op = Op,rc + Op motor — Op,air

1 1 .
= ( - 1> kDPD,pmp + < - 1) PD,pmp — Cp.air,stack™D,FC air,out (Tstack - Tw)
Nrc Nmotor

(27)

where the first term (Qp rc) is the heat produced by the multi-stack, the second term (Qp moror) the
heat produced by the motor and the third term (Qp i) the heat rejected via the fuel cell exhaust. The
exhaust mass flow of the fuel cell system is calculated according to [19]

kpP,
SfO (fAmA _m0> DD, prop (28)
NF \ xo VD cell

MWD, FC.airout =

To ensure the fuel cell system is able to produce enough power to overcome pressure losses in
caused by the cooling system, and to ensure the cooling system is able to reject enough heat, kp is
solved for using the routine below:

1. Set kD,guess

2. Given kp guess, Calculate required heat rejection and size cooling duct and HEX
9
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3. Run the fuel cell sizing code, where the BoP components are sized to cope with the losses
produced by the cooling duct and HEX. This will output kp acruar

4. If kp guess = kp actual, the system sizing is converged, otherwise update guess
As there are several solutions in the resulting design space which satisfy the cooling requirement,

the HEX, cooling duct and multi-stack design are preferably optimized together to minimize overall
aircraft drag.

4.3 Aircraft resizing

FC driveline definition
extension »
Sizing loop
/ Baseline vehicle definiton /| .~/ e e e e e e e e e oo - -1

Airframe resizing

Propulsion
resizing

Start resizing

Sizing rules (e.g. P/W,
W/S, geometric constraints)

Weight &
Position update

& CoG
converged?

!
|
|
|
|
|
|
|
|
|
/Optimizer input (e.g. fuel volume)/ !
!
|
|
|
|
|
|
|
|
!

Figure 3 — Iterative resizing scheme.

The resizing routine estimates the change in aircraft geometry, weight and centre-of-gravity brought
on by changing the propulsion system, and predicts the aerodynamic changes brought on by re-
shaping the aircraft. To initialize the resizing, the weight breakdown and geometric parameters of
the baseline aircraft are brought in. Next, the fuselage is stretched by adding a section between the
cabin and empennage, in order to fit the hydrogen tanks. The horizontal and vertical stabilizers are
then moved rearward an amount equal to the stretch.

After the initialization, the actual resizing loop is started. The first step is to resize the wing to match
a target wing loading. By default the wing is scaled uniformly to maintain the wing’s aspect ratio (AR).
If wanted, the wing loading and aspect ratio can be treated as optimization inputs. After the wing
has been scaled, the horizontal and vertical stabilizers can be sized. With the tail volume coefficients
set and moment-arm distances known, the resulting tail areas are calculated. By default the original
volume coefficients are kept in order to maintain the stability properties of the baseline aircraft. The
next step is then to resize the propulsion system in order to achieve a target power-to-weight (P/W)
ratio (by default it conserves the original P/W of the baseline aircraft). As the design point for the
cells, system voltage and number of stacks are already set, only cell areas are changed to increase
the power. BoP components are resized as well, keeping their previously set design point.

With the airframe and propulsion system resized, it is then possible to update the component weights
using empirical weight methods (by default the "New SUAVE" method [6]). The weight of the propul-
sion system takes into account the multi-stack itself, the BoP components, electrical motor and pro-
peller. The nacelle weight depends on the diameter and length of the fuel cell system.

The maximum zero-fuel weight (MZFW) of the baseline aircraft is updated according to

MZFW = MZFWpse — (mpmpulsiun + Mpuselage + Mwing + mempennage)

+ (mpropulsiun + Mpuselage + Mwing + mempennage)

base (29)

resized

10
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and the new maximum take-off weight (MTOW) is found by adding the weight of the fuel, which is
determined outside the resizing routine by the user or the SUAVE optimizer

MTOW = MZFW + M el soral (30)

The longitudinal CoG is updated in each sizing iteration and follows a set of sizing rules. The rules for
the individual CoG’s of the wing, fuselage and tail assembly are the default SUAVE implementation
[6], which are based on classic text-book estimations.

As the stretching of the fuselage only concerns the aft space behind the cabin, the cabin furnishing,
passengers and cargo remain unchanged in terms CoG location. The nose and tail cone assemblies
do not change in size. The fuselage CoG is at 45% of the total length. The stretching of the fuselage
moves the tail assemblies rearward, and depending on their updated weight they can impact the total
aircraft CoG.

The wing’s CoG is located at 30% of its mean-aerodynamic-chord (MAC). It is then repositioned
relative to the total aircraft CoG in each sizing iteration in order to achieve a desired total CoG. This
repositioning changes the lever-arm distance to the tail sections and therefore has an effect on their
size.

For the propulsion system CoG location, the weight and location of the fuel and tanks has a significant
effect, as it is located in a space behind the cabin aft bulkhead. By default the identical tanks are
placed behind one another in the fuselage, and their combined CoG is assumed to be located at 50%
of the combined length. The fuel cell multi-stack and the BoP components are assumed to have their
CoG at 50% of their respective lengths.

The total aircraft CoG is updated according to (in this case for the MZFW)

(CoG-MZFW) 5, + Xh_1 [(CoGy-my) 100 — (COGr 11y e
MZFWbase + Zﬁ:l [(m”)resized - (m”)base}

CoG =

where n is one of the components being resized.

The resizing is considered to have converged when the difference between the current and previous
iteration’s MZFW and longitudinal CoG both are below a set tolerance.

5. Dynamic models
5.1 Hydrogen boil-off

The thermodynamic state of the fuel is calculated for each time step during the mission solving and
has a direct effect on mission performance. The main state variable of interest is the pressure inside
the tank as pressure should not drop below the fill pressure, and not exceed the design limits of the
tank design. Using the control volume approach presented in [23], the homogeneous pressure inside
the tank varies over time according to

dp @

o = 2; [1-3QMLI —Ah (mgas + P* (mgas + mliquid))] (32)
where o
* gas
pr=—-—""-— 33
Pgas + Pliguid ( )
and the energy derivative is defined as
1
D= (34)
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The state variables of the two hydrogen phases are calculated using the thermodynamic library Cool-
Prop [24].

The factor of two in Equation [32|is to compensate for a lack of fluid stratification in the model [23] and
the heat transfer rate Q. through the tank walls and insulation is increased by 30% in accordance
with [13] to account for heat transfer via components such as pipes and structural attachments.
The mass flow rates in ., and riy;qiq relate to the ventilation of gaseous hydrogen and liquid fuel
consumption to power the fuel cell stacks. If the pressure reaches the limit of the tank design, the
internal energy must be decreased. This is achieved by ventilating gas. It should be observed that
the fuel flow also will lower the pressure, and can in cases with too little heat transfer input and high
fuel flow rates cause the pressure to drop below the fill pressure. To prevent structural failure and
the risk of the external atmosphere entering the tank, the pressure must never drop below the set fill
pressure. To maintain a high enough tank pressure, the insulation must be designed to have the right
amount of thermal resistance. The ventilation is dynamically controlled during the mission solving
routine.

The heat transfer rate Oy, in Equation[32)is solved by accounting for external and internal convection
for both the gas and liquid, as well as radiative heat transfer from the tank exterior surface. The
convective heat transfer is modeled through a Nusselt-number correlation for a vertical flat plate, with
the length set to the tank diameter [25]

0.387Ra'/®
(1+(0.492/Pr)9/16)8/27

Nu= [0.825+ (35)

As the tank wall material is highly conductive, this thermal resistance is neglected. The heat flux
through the MLI is modeled by an empirical model that evaluates all layers in bulk. The MLI model
is an adaptation [26] of the semi-empirical Lockheed model [27] and relies on experimentally deter-
mined model parameters (see Table

(Ty + Tc) (Ty — Tc) T — 1267

PMLI , 0 n
+ et +C Th — T (36)
2(Nmur+1) ’ Numrr gNMLI( i 1e)

where Ty and T¢ are the hot and cold surface temperatures, respectively.

qurr = CIN©

The resulting rate of heat transfer into the tank is then calculated by numerically solving for O,

Qconv,air + Qrud = QMLI

Qconv,gas + Qconv,liq = Owmrr

(37)

Table 4 — Model parameters for the MLI system ("DAM/Tissuglas" [26]) and chosen vacuum-level.

Parameter Value
Ci 4.43-10°1
G, 3.91
C; 8.03-10710
Cq 1.46 - 10*
ng 0.53
PMLI 1 mBar

5.2 Cooling duct

At a given time in the mission, the total pressure inlet condition for the fuel cell system’s air compres-
sor and HEX is

Ptot3 = Hinletndiffuserptot,l (38)
12
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Where pior1 = Prore + Apror,fan 1S the total pressure in at the intake face produced by the forward-
flight and the cooling fan, IT;,.; and Il /s the total pressure ratios across the inlet and diffuser
respectively.

The total pressure loss experienced in the scoop inlet follows the methods described in [20]. The
boundary layer height is set to § /A = 0.2 and is assumed for both upper and lower lips of the scoop.
Additional pressure losses when the inlet is not running at full mass flow is assumed to be zero, due
to being located in the leading edge of the nacelle. The total pressure ratio then only becomes a
function of the freestream Mach number (correlation valid in 0.2 < M < 1.0).

The losses produced in the scoop inlet then enters the throat of the planar diffuser. Using the corre-
lation proposed by [21], the optimal pressure recovery locus for a constant length is defined as

1.03-(1—B,)?
R -y 2
AR (1-0820- 4R B/ V)

where AR is the diffuser area ratio corrected for boundary layer blockage and B; is the percentage of
area lost to the blockage (assumed to be 2%). For further details on the remaining model parameters,
see [21]. The correlation is valid for inlet conditions in the range of Re > 100000, 0.02 < B, < 0.12,
M, <0.8, 2 < AR < 4. The flow conditions for this application differ from the correlation and much
data on available on diffusers, due to the presence of flow resistance in the diffuser exit. However, no
significant effects on the pressure recovery (other than the flow resistance producing a pressure loss
itself) are to be expected from this [28].

c,=81-8&|1- (39)

The total pressure ratio in the diffuser can then be expressed as

Doy (P2+cpqa) +43
Ptot2 Minter Pror 1

Hd if fuser —

(40)

where the dynamic pressure ¢; in the diffuser exit is calculated by assuming adiabatic compression.

The exit speed becomes
2y P2 p3
o ()G 8) :
" \/v2 Yy=1/\p2 p3 *)

P3 P3
p3=——= — (42)
RT; R {Tz <&)(V )/Y]

where

P2

Further total pressure losses in the airflow are induced inside the HEX. As the air compressor system
is located upstream of the HEX, these losses will only have have an impact on the momentum drag
of the cooling duct. The loss of total pressure depends on the HEX geometric parameters, mass
flow and the dimensionless friction factor f. GenHEX [22] calculates the friction factor f and Colburn
factor j using a correlation-based method fitted to data from [29].

The cooling duct terminates with a contracting nozzle with and a puller-fan in its exit. The calculation
of dynamic pressure follows the same principle as in the diffuser, and it is assumed no extra total
pressure loss is produced here. The puller-fan is powered when the ambient dynamic pressure is
not able to produce the required cooling mass flow. For a given point during the mission, the cooling
mass flow deficit is

AWMBEX 4ir = m — (mep — MEC airin) (43)
The required volumetric flow produced by the fan is
‘;Lﬂm _ MHEX air ( 4 4)
Ps

13
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The required increase in total pressure at the intake face is then just the cooling mass flow deficit
expressed in terms of dynamic pressure

0.5 ( Aipex air \
Aptotmfan = E (T) (45)

Finally, with the speed and pressure mapped throughout the cooling duct, the drag produced by the
internal duct flow can be calculated. The loss of total pressure causes the air exiting the duct to be
slower than the ambient. The drag force caused by the momentum loss is calculated as

D oo1 = iicp (Voo - VS) (46)

5.3 Fuel consumption

During the mission solving, the objective of the fuel cell code is to calculate the total power P produced
by the multi-stack (see Equation [26). The air compression system has to boost the static pressure in
the cooling duct diffuser exit to the fuel cell stack operating pressure (by default ppc = 2.5 bar). The
power draw of the compressor system (assuming 75% isentropic efficiency) is

Cp73 (47)

m) (57-1)

) ) 1
Pcomp = mFC,air,inATcompcpﬁ = MEC air,in —T; D
3

comp

It is assumed that power can be recuperated in the fuel cell exhaust. The power recuperation is
(assuming 65% isentropic efficiency)

r=1_
. | po\ 7Y
Burp = mFC,air,outATcompCp,stack = MFC air,out Neurb Lstack D Cp,stack (48)
FC

The puller-fan is modeled as an ideal fan with an efficiency factor 1.,

V- tan\Dior f
Pfan: fanAPtot, fan (49)

Nfan

where Vfan is the volumetric flow through the fan and Ap;. r.» the increase in total pressure inside
the cooling duct.

The coolant pump has to overcome the pressure losses inside the HEX and coolant lines and is also
modelled as an ideal pump with an efficiency factor

WV ool AP,
Ppump: cool AP cool (50)

Npump

where Ap.,.; is the total pressure loss in the system.
Finally, the liquid fuel flow in Equation[32 can be calculated according to
Miiguia = P/ (HHV -NEc) (51)

where HHV is the higher-heating value for hydrogen. The fuel flow rate ;,.,s and gas ventilation
rate iy, are inputs to SUAVE’s mission solver and reduces the vehicle weight according to

Hlyehicle = — [Mnultifstacksmliquid +Ntanksmgas} (52)

14
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6. Results
6.1 Storage design

A set of tank designs are generated for a redesigned ATR42-600. The tanks are designed with a gas
ullage of 3%, and the MLI system has a layer count of Ny, = 15.

A study is performed on the effect of total fuel volume on the Gl for a fixed fuselage size. The design
code outputs spherical shaped tanks if », is less than the available internal diameter, and switches
to cylindrical if not. Figure {4 shows the variation of Gl for different ventilation pressures, total fuel
volumes and number of tanks.

0.55 | 1
0.5 1 1 | = pmar =2.0 bar
0.45 | = DPmax = 2.5 bar
G 5 | | Pmax=3.0 bar
04 5 1 — Pmax = 3.5 bar
0351 ] — Pmax = 4.0 bar
03} .
L1 ! ! ! ! ! ! ! ! J
2 4 6 8 10 12 14 16 18 20
Total fuel volume [m?3]
(a) One tank.
0.55 | 1 0
— ] L
0.5 5 -
— — 05}
¢ 045 :* (O] /
04| —
i 0.45 |
0.35 L ! ! ! ! L ! | | |
4 8 12 16 4 8 12 16 20
Total fuel volume [m?3] Total fuel volume [m3]
(b) Two tanks. (c) Three tanks.

Figure 4 — Variation of Gl as function of total fuel volume and ventilation pressure.

It can be observed that if the total fuel volume does not cause the tank diameter to exceed the
available space, as few tanks as possible will give the lowest total weight. However, the drop seen
in Gl when the shape turns cylindrical is possible to delay by splitting the total fuel volume into more
tanks.

The disadvantage of splitting the fuel into additional tanks is the increased total heat transfer area.
As seen in Figure[5] for a given hot and cold boundary temperature on the insulation system, splitting
the fuel increases the heating rate.

15
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Figure 5 — Variation of total heat transfer rate as function of total fuel volume and number of tanks.
Pmax = 2.0 bar, Te = 20K, Ty =273 K.

6.2 ATR42-600 resizing

An ATR42-600 is redesigned to accommodate 6 m® of hydrogen with a 3% gas ullage split over two
tanks. The inner tank wall is designed for a ventilation pressure p,..x =2 bar and the insulation system
consists of 15 MLI layers. Fuselage diameter, wing aspect ratio and taper, tail volume coefficients,
P/W and W/S are unchanged from the baseline. The distance between the nacelle’s and wing’s
leading edges (LE) is also kept.

SUAVE estimates the baseline wing aerodynamic center as 28.3% of MAC, which is then assumed
as the baseline total aircraft CoG. The baseline propulsion weight is calculated using the dry weight
of the PW127M turboprop and a nacelle weight correlation from [30]

Mpropulsion,base = kfudgeNpmps [mPW127M7dry + Myacelle,base = MPW127M dry + (0-0635PPW127M)] (53)

where Nyrops = 2, mpwi27m.ary = 481 Kg, Prwi27m = 2750 hp. A fudge factor ks 40 = 1.194 is added in
order to get a matching MZFW when performing the weight breakdown of the baseline aircraft.

The baseline aircraft is compared with the redesign in Tables[5]and[6] Figure [g]illustrates the differ-
ence in planform.

The redesign is significantly heavier due to the fuel cell propulsion system, and is longer in order
to fit the two hydrogen tanks. A concern when having the tanks located in the aft is the CoG shift
during flight. With the assumptions made in this study, the difference in CoG between the MTOW
and MZFW condition is 5.5%. Referring to the baseline aircraft's CoG envelope, this amount of shift
is within the trim ability. However, because of this the redesign will not exhibit much margin for cargo
and passengers shifting around, and is therefore much more limited in its operation.

Interestingly, the tail surfaces have become smaller due to increased moment arm distances. It could
be expected to see the wing positioned much further back with having the fuel stored in the aft, but
the combined weight of the hydrogen and tanks is a just a fraction of the MTOW. The combined effect
of the much heavier propulsion system and a large fuselage extension then causes the fuselage to
outgrow the wing repositioning.
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Figure 6 — Baseline and redesigned planform.

Table 5 — Comparison of weights and CoG of resized and baseline aircraft (*estimated value for the

baseline aircraft).

Table 6 — Comparison of airframe geometry of resized and baseline aircraft (*estimated value for the

baseline aircraft).

Parameter Baseline Resized
MTOW 18600.0 kg | 19754.7 kg
MZFW 16700.0 kg | 19353.5 kg
CoG at MTOW* 28.3% MAC | 30.5% MAC
CoG at MZFW * 28.3% MAC | 25.0% MAC
Wingloading (at MTOW) 341 kg/m? 341 kg/m?
Power-to-weight (at MTOW) | 0.192 kW/kg | 0.192 kW/kg
Wing weight* 1377.9 kg 1473.9 kg
Fuselage weight* 2460.7 kg 2910.2 kg
Propulsion weight* 1565.7 kg 3430.2 kg
Tank weight (2) - 342.4 kg
Horizontal stabilizer weight* | 296.1 kg 243.8 kg
Vertical stabilizer weight* 287.9 kg 241.2 kg

Parameter Baseline | Resized
Fuselage length 22.67m | 26.3m
Fuselage diameter 2.865m | 2.865m
Wing reference area 545m? | 57.9m?
Wing origin (nose to center LE)* | 8.6 m 9.5m
Wing span 2457 m | 25.33 m
Horizontal tail reference area* 11.55m? | 9.51 m?
Horizontal tail moment arm* 11.46m | 15.39m
Vertical tail reference area* 13.97 m? | 11.83 m?
Vertical tail moment arm* 9.82 m 12.7m

6.3 Dynamic mission performance
A resized ATR 42-600 with a hydrogen fuel cell driveline and liquid hydrogen storage with a total

fuel volume of 7 m® is simulated performing a 648 NM design mission. The mission is illustrated in
Figure[7|and includes reserves in the form of 20 minutes loiter at the destination, a 100 NM alternate

17
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diversion and 30 minutes of loiter for final reserves at the alternate.

-

>
Design range Diversion

Figure 7 — Design mission.

The dynamic mission performance is illustrated below in Figure 8l The tank has an MLI layer count
of 10, which with the chosen layer density corresponds to a total insulation thickness of 5 mm.

24
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Descent :Diversion;

| AN 1Loiter:/ \\! Loiter |
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Figure 8 — Variation of altitude, tank pressure, ventilation mass rate and fuel mass rate for during the
design mission (pu. = 1.6 bar, Ny ; = 10).

The pressure is initially at 1.2 bar, which is the fill pressure, and slowly rises during the climb and
cruise portion of the mission. It is observed that the reduction in fuel flow for the cruise segment
causes the pressure to rise more rapidly when compared to the previous climb segments. On the
contrary, the increased flight altitude will cause less heat transfer, which will counteract the pressure
rise. During the descent segments the combination of reduced fuel flow and increased heat transfer
causes the pressure to rise rapidly. When the pressure reaches the ventilation pressure p.. = 1.6
bar, gaseous hydrogen is vented to maintain the pressure level, which is seen in the gas flow rate.
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