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ABSTRACT

A single pilot, full-scale, proton exchange membrane fuel cell powered helicopter is flight tested with 700 bar com-
pressed gaseous hydrogen as fuel. Models are developed for the fuel cell, hydrogen flow and the helicopter, and
validated with flight test data. The data covers powerplant architecture, stack electrical characteristics, hydrogen flow,
component weights, radiator drag, and aircraft power measured in hover and forward fight. The validated models
are then used to conceptually explore the conversion of a larger, more capable, turbine engine R66-like airframe with
liquid hydrogen as fuel. Predictions indicate that payloads of 300 — 600 Ib can be carried over a range of 200 nautical
miles, with current fuel cell technology, if hydrogen storage weight fractions of 0.2 — 0.3 can be achieved, and if the
tank and baggage compartments are both used for fuel. The key conclusion is that hydrogen fuel cell helicopters are
feasible and the test data and validations presented here open the door for advancing its performance in the future.

NOTATION
A Cell active area, cm?
Cy Specific heat of air, J/kg-K
Cd Airfoil drag coefficient
c Airfoil lift coefficient
D Drag force, N
E, E, Ideal, practical reversible cell voltages, V
f Leakage or utilization factor
1 Stack current, A
i Cell current density, A/cm?
L Lift force, N
m Molecular weight, kg/mole
N Moles of electrons
ne Number of cells
P Power, W
P Cell power density or pressure, W/cm? or
N/m?
) Heat or torque, W or N-m
Cell heat density, W/cm?
Sy Moles of hydrogen
sf Volume fraction
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Shos Stank Ha,, tank volume, m?

Vv Voltage or velocity, V or m/s

v Cell voltage, V

w Weight, 1b, or mass, kg

w Mass flow rate, kg/s

wy Weight fraction

Wh2s Wrank Hs, tank weight, kg

X0 Mole fraction of oxygen in air

a, og Angle of attack or aircraft pitch, deg
v Lock number or specific heat ratio
AT Temperature difference, K

675, 01c, B1s  collec, lat and lon cyclic, deg

Ko, K1 Proportionality constants

Nis N Ideal, practical thermodynamic efficiency
Vg Flap frequency, /rev

Ps Aircraft roll, deg

INTRODUCTION

The overall objective of this research is to develop a certifi-
able, zero-emissions, liquid hydrogen powered fuel cell heli-
copter, with a range of 200 nautical miles (nm) or more and a
payload of critical life-saving organs, medical equipment, and
personnel, equivalent to two passengers or more including a
pilot. To this end, a Robinson R44 was re-engineered to a
gaseous hydrogen (700 bar) powered, experimental, fuel cell
helicopter followed by systematic flight testing and modeling.
The objective of this paper is to document the insights gained



Figure 1. Forward flight tests of the Unither Bioelectronics hydrogen-electric R44 helicopter. The first crewed hydrogen

powered fuel cell helicopter.

from this endeavor and validate fuel cell tools in preparation
for the future. One of the major impediments to hydrogen
aviation is the lack of flight test data. This keeps the true
state-of-the-art unclear. This research seeks to fill that gap.

To combat the irreversible consequences of climate change
and global warming, traditional fuels such as kerosene and
gasoline must be phased out with cleaner alternatives. The
promise of hydrogen is well known—it is a clean fuel and has
three times the specific energy of kerosene—notwithstanding
its challenges of production and storage. Compared to con-
ventional combustion engines, modern proton exchange mem-
brane (PEM) fuel cell technology has no CO; or NO, emis-
sions, no engine noise, and can be more efficient.

There is a history of hydrogen in aeronautics—from the first
liquid hydrogen-fueled turbojet flown in 1956 on a U.S. Air
Force B-57 at NACA-Lewis (Ref. 1) to the more recent lig-
uid hydrogen-fueled piston engine flown in 2012 on the Boe-
ing Phantom Eye unmanned air vehicle at NASA-Dryden Ed-
wards Air Force base (Ref. 2). Fuel cells, first adopted in
aerospace during the Gemini V program in 1965, and dramat-
ically improved since then by the automobile industry, have
also been adapted over the past two decades to experimental,
piloted fixed-wing aircraft (Refs. 3,4). But there has not been
any documented program on piloted fuel cell helicopters. The
emergence of the brand-new electric-Vertical Take Off and
Landing (eVTOL) aircraft industry, and its long term search
for greater specific energy—with zero-emissions and no en-
gine noise—warrants a renewed attention to hydrogen and hy-
drogen fuel cells.

On March 27, 2025 at Roland-Désourdy Airport in Bromont,
Québec, Canada, pilot Ric Webb lifted a gaseous hydrogen
powered fuel cell helicopter into a short but stable, three-
minute and 16-second test flight (Ref. 5). This was the first,
crewed, hydrogen fuel cell powered helicopter flight. Since
then, the helicopter has been tested in piloted hover, hover

taxi, level flight up to 70 kts, climb/descent and maneuvers.
Figure 1 shows the helicopter in a recent forward flight test to
collect data reported in this paper. This proof-of-concept heli-
copter was developed by Unither Bioelectronics (a subsidiary
of the United Therapeutic Corporation) by converting a piston
engine Robinson R44. The project is named Project Protic-
ity, inspired by biology, with the term proticity referring to
the flow of protons across the inner mitochondrial membrane,
driving the synthesis of energy. This phenomena is akin to the
flow of protons across the membrane electrolyte of a fuel cell.

The broader aspiration of the project is to develop a zero car-
bon footprint vertical lift aircraft to deliver manufactured or-
gans to hospitals for lifesaving human transplant surgeries.
The converted hydrogen-electric R44 and its gaseous hydro-
gen storage is a baseline stepping stone to a larger, more ca-
pable hydrogen-electric R66-like airframe in the future with
liquid hydrogen supplying the fuel cell. Refining tools with
flight test data from the baseline and parametric exploration
of the future are the two objectives of this paper.

The concept of a hydrogen fuel cell helicopter is as old as
eVTOL aircraft (Ref. 6). Researchers had explored on paper
conversions of existing helicopters (Refs. 7,8) as well as new
designs (Refs. 9, 10), but there was no flight test prototype
to validate any conclusion and benchmark the true potential
of a hydrogen helicopter. A few notable vertical lift industry
efforts have been reported in the recent past, see for exam-
ple the unmanned liquid hydrogen flight by Joby (Ref. 11) or
development by Piasecki (Ref. 12). These pursuits are being
fueled by the growth in power density of fuel cells over the
last decade and advanced light-weight liquid hydrogen stor-
age tanks achieving high weight fractions and low volumetric
footprints. However, none of the efforts have published any
technical details or flight test data.

Design tools needed to support such developments require
high quality research data to validate models, identify barri-



ers, and benchmark progress. The goal of this paper is to
carry out these tasks using Project Proticity as the founda-
tional, full-scale, flight test prototype.

Scope of Paper

Following the introduction, the paper begins by describing the
full architecture of the fuel cell powerplant. Models of the fuel
cell and the helicopter are then briefly summarized. The next
two sections deal with the hydrogen-electric R44 and R66.
The last section concludes the paper. Throughout, the term
fuel cell is used interchangeably to mean a cell, the stack,
or the entire stack and ancillary systems, depending on con-
text, and abbreviated as FC or PEMFC. The converted heli-
copter is termed fuel cell helicopter, hydrogen helicopter, or
hydrogen-electric helicopter interchangeably. The word hy-
drogen is used interchangeably with H2 or Hj.
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FUEL CELL ARCHITECTURE

Electrical power from a Proton Exchange Membrane (PEM)
fuel cell (PEMFC) is generated through a chemical reaction
that requires hydrogen and air as reactants. Regardless of
gaseous or liquid storage, the cell needs gaseous hydrogen, so
the architecture remains the same. A fuel cell stack is formed
by arranging cells in parallel. Operation of the stack requires
an air intake system, a low temperature cooling system (LTC),
an Hj system, a high temperature cooling system (HTC), and
supporting water management.

Air System

The air system supplies oxygen to the cathode side of the fuel
cell. Figure 2 shows a schematic of the air system. The air
is sucked in through a filter (to avoid contaminating the flow
with dirt, dust, and other unwanted particles) by a compres-
sor, turned by an electric motor. The compressor increases
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the pressure of the intake air from ambient to the stack pres-
sure of 2.2 atmospheric pressure (atm). The compressor also
heats the air to a temperature higher than the stack tempera-
ture (80°C). Therefore, a cathode intercooler is needed to cool
the air.

High humidity is essential to prevent membrane dehydration,
so air is passed through a humidifier. Recycled air flowing out
of the stack transfers heat and moisture to the intake air. This
prevents the need of an external humidification system. The
air is now ready to enter the stack. A pressure regulating valve
is used to discharge the remaining moisture-laden air into the
atmosphere.

Low Temperature Cooling (LTC) System

The cathode intercooler and motor need cooling. Because
the heat load is low (compared to the stack system described
later), a low temperature coolant suffice. The name is bor-
rowed from automobile stacks, although the coolant used in
this application is the same throughout. Figure 3 shows a
schematic of the LTC system.

Starting from the tank, the coolant is pumped into the in-
tercooler and motor, and its temperature increases. The hot
coolant flows into a radiator, which acts as a heat exchanger.
Air absorbs the coolant heat, and the cooled coolant is ready
to circulate through the LTC loop again.

Hydrogen System

The hydrogen system supplies hydrogen to the anode side of
the fuel cell. Figure 4 shows a schematic of the gaseous hy-
drogen system.

Compressed hydrogen gas at 700 bar exists the tank and
passes through a high-pressure regulator, which reduces its

pressure to 10 bar. This hydrogen flows through a pre-warmer
to increase its temperature to the stack temperature. It then
passes through a mid-pressure regulator, to reach the required
stack pressure of 2.2 atm. To enter the stack at a controlled
flow rate based on load (power) demand, hydrogen passes
through a proportional control valve.

Recirculated hydrogen is mixed with fresh hydrogen at the
water separation inlet, and flows into the stack. The stack
outlet stream contains unused hydrogen and water (liquid or
vapor). It passes through the outlet of the water separation
system, where water is stripped from the unused hydrogen and
exhausts out. Hydrogen is sent to the separator inlet, where it
mixes with fresh hydrogen, and flows back into the stack.

High Temperature Cooling (HTC) System

Compared to a combustion engine, a fuel cell operates at a
very low temperature, so the exhaust gases carry very little
heat out. Thus, heat must be removed entirely by other means.
The high temperature cooling (HTC) system cools the stack.
It is the heaviest element of the entire powerplant after the
stack system. Figure 5 shows a schematic of the HTC system.

The system is divided into three parts. The first part handles
coolant flow into the stack. The second part cools the coolant.
The third part degases the line.

Liquid coolant is pumped out of the tank and passed through
a de-ionizing filter. Deionizing prevents high coolant conduc-
tivity from ion contamination in the bipolar plates. A highly
conductive coolant leads to a high leakage current, which re-
duces cell efficiency greatly. Coolant is then pumped through
the cooling channels built into the cathode bipolar plates of
the fuel cell, to absorb stack heat.



Once it exits the stack, it is sent to a radiator. Some of the
hot coolant is used to increase the fuel temperature in the hy-
drogen pre-warmer. This takes advantage of coolant heat that
would otherwise be wasted. A three-way valve regulates stack
temperature by mixing or diverting coolant between a cooling
path through the radiator, and a bypass path.

A coolant degassing line removes trapped gases such as nitro-
gen or leaked hydrogen from the coolant loop.

Fuel cell

Figure 7. PEM Fuel stack integration on Unither Bio-
electronics hydrogen-electric R44; top-isometric view,
bottom-side view.

Full PEMFC System

The full system integrates the building blocks above inno-
vatively with proper interconnections. Figure 6 shows a
schematic of the full PEMFC system.

The full architecture contains two parallel stacks, each provid-
ing exactly half the power. This provides some redundancy,
hence improves reliability. Each stack can provide a little
more than the cruise power for best endurance (92 kW) which
can assist in safe landing if one stack fails. Each stack has its
own air, high temperature cooling, and hydrogen supply sys-
tem. The low temperature cooling system — mainly radiators
and pumps that cool the coolant passing into the cathode inter-
cooler and motor, are common. Hydrogen and coolant tanks
are also shared.

The actual hardware on the fuel cell helicopter is shown in
Figure 7, from two different angles. The two stacks in front
and the single tank in the back are clearly visible. The tank
is a composite type IV tank containing 2.1 kg of hydrogen —

just enough for flight testing. The two nacelles hanging on
either side of the fuselage carry the radiators for stack cooling
(HTC system).

All of the mentioned components were modeled, their per-
formance and weights predicted, and validated with measure-
ments. The modeling is summarized in the following section.

FUEL CELL MODEL

The fuel cell model sizes a stack to deliver a specified design
power, Pp, at a specified design voltage, Vp. The model starts
from Ref. 15 and then refines it to include the details of the ac-
tual system and the dual-stack architecture. The key elements
of the model are summarized in this subsection.

The fuel cell used is a Proton Exchange Membrane (PEM)
Fuel Cell (PEMFC). At the specified cell operating tempera-
ture of 80°C, the ideal reversible cell voltage is E, = 1.4722
V. The efficiency of a cell is defined relative to this voltage.
Due to entropy losses, the true reversible voltage is lower and
it is a function of pressure and reactants. At the specified cell
operating pressure of 2.2 atm, and with air as reactant (in-
stead of pure oxygen), the true (practical) reversible cell volt-
age is E, = 1.1722 V. The ideal thermodynamic efficiency is
M = E,/E, = 1.1722/1.4722 = 0.796. This value is merely
of academic interest, because as soon as a current i is drawn,
the cell voltage drops again from E, to its true value v.

Often, the total current produced at the electrodes is i + ijg ) »
of which 7], is lost in side reactions and i is the useful cur-
rent that flows through the cell. The practical thermodynamic
efficiency of the cell is then

_ry_ 5 v
Ehi+ileak E;

n (1
where f is a leakage factor. The drop in cell voltage from E,
to its true value v is due to three losses: activation loss (due to
reaction kinetics), Ohmic loss (due to ionic and electronic re-
sistance), and concentration loss (due to mass transport). Each
of these losses is influenced by the cell leakage current, ijoq) -
A simple model of the variation of the cell voltage with cur-
rent is

v=E; — Nact — NMOhmic — Tlconc )

which is called the characteristic i — v curve. The three losses
can be modeled using seven thermodynamic constants plus
the leakage current.

In the i — v curve, current is normalized by the area of the
membrane, resulting in the cell current density (typical unit
A/cm?). The corresponding characteristic i — p curve shows
variation of cell power with current. Here, p = iv, which is
the power density (Watt/cm?).

The i — v curve of the present cell is not published, but it
follows the state-of-the-art. Figure 8 shows a range of such
curves found in open literature. The UMD data is acquired for
this paper from an in-house test on an off-the-shelf unpressur-
ized fuel cell stack (1 atm). The U.S. Department of Energy
data, published in Ref. 13, shows the effect of higher pressures



1 —2.5 atm. The Toyota Mirai data, published in Ref. 14, is
also at high pressure, with pressure rising from 1.1 —2.2 atm
as current density rises from 0.05 — 2.2 A/cm?. The Air Lig-
uide/Axane data, available in public domain in their brochure
(not peer reviewed), is of similar pressure. Figure 9 shows
the corresponding i — p curves. The high power density of
modern cells are evident. The Toyota and Axane data repre-
sent the state-of-the-art, and since altitude operations call for
pressurization, these are representative of the discussed stack
design.

The basis for the design involves a selection of a cell design
point, v, i., along the i — v curve. Any point can be selected
and the stack sized to deliver the specified design power Pp at
the specified design voltage Vp. Each selection will produce a
different stack, of different weight and fuel consumption char-
acteristics. The selection is made judiciously to minimize the
weight of the entire stack system.

If the selected point corresponds to cell power density p., then
the total membrane area, must be Pp/p.. The volume, and
hence the weight, is ultimately proportional to this area.

Pp
Wstack = Ko + ki e 3)

c

The constant of proportionality k7 and the overhead kj are
design factors that depend only on structure and are calculated
with a model (detailed later). The specified design voltage can
be supplied by splitting the membrane area into n. cells and
arranging them in series (to form a stack) so they add up to
Vp = ncve (ve adjusted for integer n.). The membrane area
of each cell, called the cell active area, is A, = Pp/(n. pc).
As design voltage rises, the number of cells increases, while
active area decreases. Thus, voltage drives the aspect ratio of
the stack, not its weight.

For a selected cell design point, the number of cells, cell active
area, and cell efficiency for a specified design power Pp at
voltage Vp (or current Ip = Pp/Vp) are the following:

V
e = L (rounded to integer)
Ve
P, I
Ag=——==2 @)
Ne Pe e
- Ve I Ve

"B i e B

where f. is the leakage factor at i... If the selected design point
is at maximum power density, p¢ max, then from Equation 3,
the stack has minimum weight. If the selected design point is
at maximum voltage, V¢ mqx, then from the third of Equation 4,
the stack has maximum efficiency, which later leads to min-
imum fuel consumption. Conflicts arise as maximum power
density occurs at the minimum voltage, and vice versa. Thus,
one or the other must be selected, or perhaps a compromise
in between. Later, stacks will be shown for such conditions.
Once n. and A, are fixed, the rest of the design falls out.

The stack structure is modeled based on the template shown in
Figures 10 and 11. The membrane is encapsulated within cat-
alyst layers, gas diffusion layers (GDL), and gaskets to form
a Membrane Electrode Assembly (MEA), surrounded by the
bipolar plates, as in Figure 10. Hydrogen (cathode side) and
air (anode side) flow through channels built into these plates.
This forms one cell unit. The cell units are placed in series
and end with current collector plates, insulating plates, and
end plates as in Figure 11, secured together by a fastener.

The measured weight of the stack structure will be used to
validate the weight model. In addition to the stack, the elec-
tronic stack controller and other structural overhead (covering
support structure) are accounted for under stack weight.

Once the stack is sized, the current, voltage, and power at any
current density i are the following,

I=iA,
V =ncv &)
P=VI=A.n.

with efficiency varying with current density (governed by fuel
flow) as in Equation 1. The stack / —V and I — P character-
istics for the full current range will be measured and used to
validate the model. Since Ej, and ijo ) are hard to measure,
the efficiency is difficult to predict. However, ijo, can be
inferred from fuel flow data and will be used to validate the
model.

The fuel (hydrogen) flow is obtained from the anode half re-
action stoichiometry: H, — 2H " + 2e¢~, where a single mole
of hydrogen (Sy = 1) is oxidized to produce two moles of
electrons (N = 2). A utilization factor fg is added if supply is
greater than stoichiometric consumption. The fuel flow is

my P 1
Win = JuSu 7 (6)
where my = 2.01588 x 1073 kg/mole is the molecular weight
of hydrogen, F = 96,485 Coulomb/mole is the charge car-
ried by a mole of electrons (Faraday’s constant), P is the
stack power, v is the cell voltage, and f the leakage factor.
In the present system fy = 1. Because fuel consumption is
inversely proportional to cell voltage, maximum cell voltage
gives minimum fuel consumption—in direct contradiction to

stack weight.

The weight of the hydrogen carried aboard is specified and
the time of operation is calculated. The top-level parameters
for conceptual design are the weight fraction, wy, and volume
fraction, sy.

wp= Wh2
Wh2 + Wank

)

Sh2

Sf=
Stank
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where wy, is the mass of hydrogen, wy, i is the mass of tank
system, which includes regulators, sensors, a high pressure
manifold and a hydrogen pre-warmer to raise it to the stack
temperature. sp is the volume of hydrogen and s;,y is the
volume of tank system. The tank weight is calculated from a
specified tank weight fraction. The total weight is measured
and used to validate the model.

The air flow is obtained from oxygen flow and mole fraction
of oxygen in air. The oxygen flow is obtained from the cath-
ode half reaction stoichiometry: (1/2) 0, +2e~ +2H" —
H,>O0, where half a mole of oxygen (Sp = 1/2) captures two
moles of electrons (N = 2). A utilization factor f4 is needed
as the supply of air is always greater than stoichiometric con-
sumption. The air flow is

my P 1
xoNF v f

WAir in = faSo (8)
where my = 28.9655 x 1073 kg/mole is the molecular weight
of dry air and xp = 0.2095. f4 is hard to measure, but typically
~ 1.5 —2.5 for PEM cells; a value of 2.5 is used here to be
conservative. A high cell voltage is beneficial, as it results in
lower air flow for the same power, hence requiring a lighter
air compression system.

A compressor takes in ambient air at pressure p, and pressur-
izes it to the stack pressure p;. This requires power that cuts
into the net power output. The power is calculated from the
rise in temperature of the air AT as it is compressed. AT is
found by assuming isentropic compression with an efficiency
n =0.7.

Feomp = Cp WAy in AT

(r-1/y
or=[(2)"
[ Pa

where T, is the ambient temperature (Kelvin), C, is the spe-
cific heat of air in J/kg-K and 7 is the ratio of specific heat.
Cp and v are calculated at the ambient temperature. The com-
pressor weight is calibrated to the maximum power, which is
required to deliver maximum stack power. For a pressurized
stack, the air at the outlet is at a higher pressure than ambient,
and some power can be recovered with a turbine. This is not
used in the present system.

(€))
T,

L
n

The heat generated in each cell is the cell heat density
(Watt/em?), g = Ej(i + ijoq) — vi = (En/f —v)i= (1/n —
1) p, which is the gap between power delivered to the cell and
power extracted by the electrons. The heat generated by the
stack is simply the heat density multiplied by the active area
and number of cells.

Q= (En/f —v)incAc=(1/n—1)P (10)

The power to operate the subsystems—air, high temperature
cooling, and low temperature cooling is called the balance of

9

plant, Pgop. Thus, if the gross power is Pp, the net useful
power is

Y

Ppe = Pp — Pgop

reported as kW-electrical or kWe. The final system efficiency
at the design condition is then

PDe

7 (12)

System 1 = 2—; fe

To predict component weights, the model is refined to include
all components of the air intake, high and low temperature
cooling, and hydrogen supply. Careful calibration of weights
is carried out to match measured weights of the fuel cell R44.
The model generates engine charts of current, voltage, fuel
flow, and balance of plant loss which will all be compared to
test data in a later section.

HELICOPTER MODEL

The helicopter model predicts power versus speed for various
gross weights and altitudes. A simplified model is used, ade-
quate for a design level analysis of the fuel cell powerplant.

The main rotor blades have rigid flapping motion with fre-
quency Vg = 1/rev and Lock number y = 6 (at 4300 ft). The
blades are rigid in lag and torsion, and the details of the
teeter/dual flap hinges and blade elasticity are neglected. Uni-
form inflow assumption is used. The aerodynamic model is
linear with sectional lift and drag coefficients of ¢; =5.73 &
and ¢4y = 0.01, respectively, where & is the sectional angle of
attack.

The tail rotor model is similar, except it has no cyclics, and
the flapping motion is neglected. The fuselage is a rigid body
with a center of gravity (CG) located a distance & below the
shaft. Specified CG offsets in the lateral and longitudinal di-
rections are included. The horizontal and vertical tails are not
modeled separately, but as part of the fuselage. The flat plate
area is refined for a good fit of power at high speed. This
compensates for inadequate profile power rise due to the sim-
plified sectional drag model. The flat plate area is increased
by the nacelle drag of the fuel cell cooling system, as will be
explained in a later section of the paper.

Only steady level flight is considered at this stage. The air-
craft is trimmed for equilibrium in six-axes with the six trim
variables: collective, longtitudinal and lateral cyclics, aircraft
pitch and roll, and tail rotor collective.

The aircraft properties are compiled from the R44 and R66
pilot’s operating handbook. Model validation for both is per-
formed using published R44 and R66 performance data, taken
from Ref. 16 and Ref. 17, respectively.

HYDROGEN R44

The baseline four-seat light utility R44 has a (maximum)
gross takeoff weight of 2500 1b. The powerplant is a single
Textron-Lycoming 10-540-AE1AS5 six-cylinder piston engine
with manufacturer’s rating of 260 HP (194 kW), derated to a



5-minute takeoff rating of 245 HP (184 kW), and continuous
rating of 205 HP (153 kW).

The hydrogen R44 retained the same maximum gross takeoff
weight. The fuel cell powerplant provided the same takeoff
rating of 245 HP (184 kW). Gaseous hydrogen (700 bar) was
used as fuel. The belt drive was retained, and the engine was
replaced with an electric motor. The following subsections
describe the performance and weights of the powerplant, hy-
drogen storage, radiator nacelles, and the converted aircraft.
Validation of prediction tools is also included.

Fuel Cell Powerplant

The dual-stack configuration is designed so that each stack is
required to generate a gross electrical power of 92 kW at a
specified stack voltage of 210 V. The environment is SL/ISA.

The variation of stack voltage and power with stack current
are shown in Figure 12. The stack current is between 0 — 420
A, and the corresponding voltage and power are between
0—210V and 0 —92 kW, respectively. The model predictions
follow the test data satisfactorily, except for jumps in voltage
at low power rating. These are transient phenomena not in-
cluded in the model and likely artifacts of the test procedure.
The power variation with current, however, is smooth. Be-
cause there are two stacks in parallel, the stack currents add,
whereas the voltage remains the same as that of a single stack.
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Figure 12. Measured stack voltage and power versus cur-
rent compared with predictions.

The next important performance parameter is the fuel flow.
The total fuel (hydrogen) flow (to both stacks) is plotted ver-
sus total current in Figure 13. The test data allows for com-
parisons with predictions and refinement of the model. The
predicted fuel flow is higher than measurements at lower cur-
rents but it is conservative.

Figure 13 shows how two leakage currents change the predic-
tions. They suggest a value around 0.2 A/cm?, lower than the
0.3 A/cm? value that was obtained from the cell i — v curve.
The value of 0.3 A/cm? was retained as it gave a good fit to
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Figure 13. Measured H, flow rate versus stack current
compared with predictions.

the curve, and would provide a conservative margin to the
payload-range assessment for the R66 later in the next sec-
tion.

The test program allowed for the validation and calibration of
the most crucial of all aspects of the design — weights. All
parts and pieces of the powerplant were weighed individu-
ally. The subsystem weights are presented in Table 1. Recall,
the architecture has a duel-stack system, so the breakdown in-
cludes both stacks, air, hydrogen, and HTC systems, with the
single LTC system.

The stack system consists of the stack, controller, and other
weights which include support structure (for dual-stack archi-
tecture), fasteners and fittings. The stack weight is well pre-
dicted, the controller is over-predicted, and the other weights
were not in the model at all, making the value of this exercise
clear. With the controller compensating for this other weight,
the overall the prediction was only about 5% lower. With test
data available, the model was calibrated with the necessary
technology factor (= measured / predicted).

The air system consists mainly of the compressor and humid-
ifier, along with other ancillary parts listed in the table. The
compressor weight was over-predicted but the ancillaries were
under-predicted. Overall, the prediction was about 13% lower.
With test data available, the models were corrected.

The high temperature cooling system (stack cooling) is as
heavy as the stack system. It consists mainly of the radia-
tors and coolant along with other ancillary parts listed in the
table. The prediction is quite close, and only about 5% lower.
The cooling system is a major design challenge and was inten-
tionally over-sized. This was a judicious choice for safety of
the first piloted hydrogen helicopter. Hence, predictions used
very liberal margins to match the actual system. The present
exercise provided the insight and models needed for optimiza-
tion, which remains an area of focus for future design.

The low temperature cooling system (air cooling) consists
mainly of the cathode intercooler, a lower shroud structure,
its own radiator and coolant, along with ancillary parts listed



Table 1. R44 fuel cell powerplant masses; measured versus predicted; power P = 184 kW.

Sub-system  Components Measured Predicted Technology
kg kg factor
2 Stacks Stacks, 88 91 0.97
controller, and 6 17 0.35
Other. 20 0
Total 114 108 1.05
2 Air Compressor, 16 34 0.47
Systems humidifier
filter
regulator
plumbing & power. 28 5 5.6
Total 44 39 1.13
2 High Radiator,
Temperature  coolant
Cooling filter
Systems regulator
plumbing & power
Total 112 107 1.05
1 Low Cathode cooler,
Temperature lower Shroud,
Cooling radiator,
Systems coolant,
filter,
regulator,
plumbing & power
Total 22 8.7 2.53
Grand total 292 263 1.11
H; System Tank. 36 35 1.03
(2.1 kgHy)  Regulator,
Sensors,
plumbing & prewarmer 19 3 6.3
Total 55 38 14

in the table. This system is much lighter than the stack cool-
ing but significant. The prediction underestimated the weight
by a factor of 2.5. With test data available, the models were
corrected.

The hydrogen system consists mainly of the tank and the an-
ode hydrogen circuit consisting of the ancillary parts listed in
the table. There are also the water separators. The tank weight
is well predicted, but the ancillaries are not, hence, the predic-
tion under-estimated the total system weight by a factor of 1.4.
With test data available, the models were corrected. Note that
the ancillary parts are decoupled from hydrogen weight, and
it is the tank that scales up with the amount of hydrogen.

With the models calibrated, a more detailed assessment of the
system is given in Table 2. Here, the present design (column
4) is compared with two important hypothetical designs —
one for minimum weight (column 5) and another for maxi-
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mum efficiency (column 6).

The only change is in the selected design point on the cell
i —v curve. For the minimum weight stack, the design point
corresponds to maximum power density, p.. This implies a
lower cell voltage, v.. For the maximum efficiency stack, the
design point corresponds to a high cell voltage. This implies
a lower power density.

The minimum weight design minimizes the weight of the
stack and air system but increases the heat load, hence the
weight of the HTC, as it is less efficient. The maximum ef-
ficiency design does the opposite. The LTC weight, small as
it is, remains unaffected. In the end, the difference in total
weight is not substantial (289 kg versus 296 kg). This is due to
the relatively flat nature of the state-of-the-art cell i — v curve,
which is of significant benefit, as it brings the maximum effi-
ciency solution close to the minimum weight solution.



Table 2. Various designs for net P = 160 kWe. SL/ISA. Stack: 210V, 2.2 atm, 80°C.

Components  Variables Units Present min max
design weight n
Stack Weight kg 114 103 117
Specific power kW/kg 1.57 1.8 1.61
Air Weight kg 44 43 46
HTC Weight kg 112 116 111
Q generated kW 224 232 222
Q load kW 199 208 197
Q/AT kW/°C 3 32 3
LTC Weight kg 22 22 23
Q generated kW 12 11 12
Power kW 33 34 33
Stack system
P, P kW, kWe 184,160 185,160 184,160
Weight kg 292 289 296
Specific power kW/kg 0.63 0.64 0.62
Efficiency n 0.3226  0.3225  0.3271
The present design falls in between. Overall, the specific 1200 : w w
. —Stack + H2 (=total)
power of the stack alone is 184 /88 = 2.1 kW/kg, stack subsys- --—+ Air
tem is 184 /114 = 1.57 kW/kg, the total system is 184/292 = 1000 (.5 108 +LTC |
0.63 kW/kg and total system with net electrical is around =+ H2 / +HTC
160/292 = 0.55 kWe/kg. The stack efficiencies, after balance
800 -
of plant losses, are all around 0.32. -
£
@ 600
Finally, the cell voltage is varied widely to cover the full &
range, and a series of hypothetical designs is studied. The a00| |
mass of these designs is plotted in Figure 14. The plot uses a
build-up approach, where the curve above adds to the weight
of the curve below. The first curve at the bottom corresponds 200 )
strictly to the weight of the stack, the curves above add the
weights of the air system, HTC, LTC, and the hydrogen sys- 0 ) ) ‘ ) ‘ ‘ ‘
. . . 096 099 1.01 1.04 1.07 110 113 116 1.19
tem, progressively. The cell voltage is plotted as a fraction of v /v

the design voltage. The sensitivity of weights to the selection
of design voltage is evident. Even a 10% change in design
voltage can almost double the weights. Clearly, the stack and
the HTC are the heaviest subsystems. With the stack already
being at a high specific power, and the HTC oversized for the
experimental aircraft, the effect of reducing this weight will
be studied later for the R66.

Hydrogen Storage

An external tank stores hydrogen for easy access for experi-
mental purposes. The proof-of-concept R44 has a 36 kg tank,
that stores 2.1 kg of gaseous hydrogen at 700 bar. This corre-
sponds to a weight fraction of wy = 0.055 (or 5.5%). The to-
tal tank system, including regulators, sensors, plumbing, fuel
prewarmer and other pieces weigh about 55 kg, with a weight
fraction of 0.036 (3.6 %). This fraction will be significantly
increased with liquid hydrogen for the R66.
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Figure 14. Powerplant weight variation with cell voltage.

Radiator Drag

The majority of the balance of plant is dominated by the high
temperature cooling system. Note that it is significantly over-
sized in keeping with the experimental nature of the aircraft.
The radiators are large and built into special nacelles which
hang from either side of the fuselage, thus imposing a high
penalty on the airframe drag. An experimental test campaign
was carried out to measure their flat-plate drag.

For this purpose, a special test rig was constructed. A single
nacelle was mounted on a platform on top of a pickup truck,
which was driven at speeds up to 55 kts on a runway. The
experimental setup is shown in Figure 15.

The drag was measured using a load cell and converted to
equivalent flat plate area by dividing the drag with the dy-
namic pressure. The data is presented in Figure 16, with mea-
surement scatter shown as minimum, mean, and maximum



Figure 15. A single radiator nacelle being truck-tested on
the runway.

values. There is significant scatter at low speeds, which is not
unusual due to low signal-to-noise ratio, but the values con-
verge to around 2.15 ft? beyond 40 kts. So, to first order, the
two nacelles contribute an additional 4.3 ft> of flat plate area
to the helicopter, neglecting any interference.
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Figure 16. Measured radiator nacelle drag; Min and Max

values show scatter in data.

Aircraft Performance

With the powerplant validated and radiator drag measured, at-
tention is turned to flight tests. The fuel cell power output was
measured during the tests, accounting for aircraft power plus
all the balance of plant losses. Comparing predictions with
this data would therefore validate both.

The aircraft power versus speed of the baseline piston engine
R44 is shown in Figure 17. Note that this is not the exact
aircraft that was converted, but one for which test data is pub-
licly available (Ref. 16). The gross weight of the aircraft was
2200 1b, 300 1b lower than the fuel cell aircraft. The model
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assumes main rotor and tail rotor power to yield total aircraft
power. To obtain satisfactory predictions at high speeds, the
flat plate area in the model was increased by 20% from the
assumed baseline of 4.75 ft? to 5.7 ft2. Thus, this is not a true
prediction, but a calibration, justified by the conceptual nature
of the analysis.
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Figure 17. Power versus speed of a normal / generic R44;
2200 Ib; Predictions in lines and test data in symbols.

Next, we turn to the fuel cell aircraft. The gross weight is
increased to 2500 Ib. The drag penalty from the nacelles is
added, increasing the total drag area to 10 ft*>. The predicted
aircraft power is shown in Figure 18. From 2200 1b to 2500 1b
there is an increase in induced power affecting hover and low
speed. From without nacelles to nacelles there is an increase
in parasite power affecting cruise beyond 40 kts.
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Figure 18. Predicted power of fuel cell R44; 2200 and 2500
b, with and without radiator nacelles.

The predicted aircraft power, shown again as a dashed line in
Figure 19, is assumed to be the net electrical power output
of the fuel cell. This power is input to the fuel cell model to
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calculate the gross power output, including balance of plant
losses, which is shown as the solid line.

The power measured during flight are both the shaft power and
the fuel cell power, current x voltage. These measurements
are also shown in Figure 19 as symbols. The shaft power is the
aircraft power (labeled as rotor power). The fuel cell power is
the shaft power plus all the balance of plant losses (labeled as
FC power). They are close in hover but deviate in cruise. The
shaft power is generally well predicted, but the fuel cell power
shows a difference. The reason is not very clear, especially as
the hover data is well predicted, where fuel cell and its balance
of power is near maximum. Nevertheless, the general trend is
similar.

The power is then converted to lift-to-drag ratio, L/D =
WV /P, and is shown in Figure 20. The solid line uses pre-
dicted fuel cell power (labeled as FC power), and the dashed
line uses predicted aircraft power (labeled as rotor power).
These are compared with flight test that use measured engine
power, shown as symbols. The aircraft L/D peaks to around 4
near 80 kts.

With validations completed for both the powerplant and air-
craft tools, attention is turned to the conceptual conversion
of a larger, more capable aircraft—the R66, now using liquid
hydrogen.

HYDROGEN R66

The Robinson R66 is now converted to a hydrogen powered
fuel cell helicopter. This conversion is conceptual, but in
preparation for future development. The objective is to maxi-
mize its payload-range envelope.

First, the helicopter model of a turbine engine R66 aircraft is
validated. Next, the fuel cell is sized, building on knowledge
gained from the R44. Finally, its payload-range envelope is
explored.

The R66 is similar in gross weight to the R44, so all cali-
brations can be carried over. Liquid hydrogen is considered
instead of compressed gas, so hydrogen storage is the princi-
ple difference between the two. The R66 offers more volume
for fuel storage, which is a significant benefit.

Baseline R66

The (maximum) gross takeoff weight Wr¢ is 2700 1b. It con-
sists of an empty weight (structural Wy and propulsion Wp) of
1280 Ib, fuel Wr of 493 Ib, and payload W), of 927 Ib.

Wro = Ws+Wp +Wg + Wy, (13)
The powerplant weight is not available in public, but the iso-
lated engine dry weight is reported as 201 1b. A 25% over-
head results in a weight of 250 1b. The structure is therefore
assumed to be 1280 — 250 = 1030 1b.

The 493 b of fuel is stored in a tank of volume 74.6 US gal-
lons, of which 73.6 US gallons are usable. The fuel is Jet A
or Al with density 6.7 Ib/gal (784 kg/m?). An additional vol-
ume of 134 US gallons is available in a baggage compartment.
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Thus, for purposes of conversion, the extra space of 134 US
gallons is available.

The powerplant is a single Rolls-Royce 250-C300/A1 engine
(commercial designation RR300) with manufacturer rating of
300 HP (224 kW), derated to a 5-minute takeoff rating of 270
HP (200 kW), and continuous rating of 224 HP (167 kW).

The fuel cell powerplant will be designed for 200 kWe net
electrical. This is an over-design, as the 200 kW takeoff rating
is in fact the gross power, but it serves to keep ample margin.

Validation of Performance

The performance of the baseline turbine helicopter is vali-
dated extensively with level flight test data for a range of gross
weights (2200 —2700 Ib) and altitudes (3000 — 12000 ft). The
conditions presented in this paper however are only those
for which data was already published by UMD and Robin-
son (Ref. 17). They correspond to a gross weight of 2200 1b,
altitudes of 3696 ft and 4300 ft, and two aircraft CG locations.

The variation of power with speed is shown in Figure 21. The
symbols are test data and the lines are predictions. The tail
rotor torque was also published, although the conditions were
not stated; nevertheless, that torque was converted to power
using the published tail rotor speed, and is also shown in Fig-
ure 21. In general, the tail rotor power is within 5% of the
main rotor power, which is well captured by the analysis. The
last data point, at 145 kts, is known to be a maneuver, not a
level flight.
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Figure 21. Main and tail rotor power; 2200 Ib.

The aircraft L/D = WV /P requires the total aircraft power.
These values are not published; however, the addition of main
and tail rotor powers provides a reasonable approximation.
These approximate values are shown in Figure 22. The pre-
dictions follow the trends satisfactorily, within the limitations
of a simple analysis.

The predictions of collective 6;5, lateral cyclic 0;¢, longitudi-
nal cyclic 0yg, aircraft pitch ag, and roll ¢g are indicators of
the fidelity of the analysis.



These are shown in Figures 23 to 27. They generally follow
the flight test data with a level of accuracy expected from a
simplified analysis.
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Figure 23. Collective angle; 2200 Ib.

Once validated, the analysis is used to predict performance
at the target gross weight of 2700 1b, with the same radiator
nacelles attached on both sides, just like the converted R44.
Because the power levels are similar (200 kW versus 184 kW),
and because the R44 was oversized, this is justified.

Figure 28 compares the predicted performance with and with-
out nacelles. Predictions for the 2200 1b without nacelles are
also shown. The expected rise in power at hover and low
speeds is apparent with the rise in gross weight. The con-
sequence of the nacelle drag penalty is also observed beyond
40 kts, and it is very significant.

Figure 29 shows a loss in maximum L/D of nearly 0.8. It
is clear therefore that the HTC designs would significantly
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Figure 25. Longitudinal cyclic; 2200 Ib.

benefit from designs more streamlined than two large nacelles
hanging externally.

Figure 30 shows the specific range for R44 and R66 with and
without nacelles. Specific range is the ratio of speed to fuel
flow. The speed for best range (location of maximum specific
range) drops from 100 kts to 85 kts for both aircraft as soon
as the nacelles are included.

Conversion to Electric Drive

With baseline performance established, and nacelle drag in-
cluded, we transition to the conversion of the powerplant from
turbine to fuel cell.

The original drive is retained, only the engine is replaced with
electric motor and fuel cell. From the engine to the main rotor
there is a 14.75 : 1 reduction in RPM (13 : 37 from engine to
drive line and 11 : 57 from drive line to main rotor, per R66
operator manual).

The main rotor power of 200 kW and rotational speed of
408 RPM (from tip speed of 705 ft/s and rotor radius 16.5
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Figure 27. Aircraft roll; + right; 2200 Ib.

ft) gives a torque of 4700 N-m. The engine torque is then
Q=4700/14.75 =317 N-m and RPM =408 x 14.75 = 6018.
The motor is sized to this torque.

The regression model by Mills (Ref. 18) is used, as given in
Equation 14. The motor model is based on 49 commercial per-
manent magnet motors up to 400 N-m in torque with +20%
error. W is in kg and Q is in N-m. With torque levels greatly
surpassing 13 N-m, the liquid cooled motors are needed.

W =0.25190%3%7
=0.1062Q"0422

0 < 13 N-m (air-cooled)
Q > 13 N-m (lig-cooled)

The motor controller model is based on 45 commercial elec-
tronic speed controllers up to 360 kW with +=23% error. Here
W is in kg and P is in kW. The equation for liquid cooled is
used.

W =0.0497 P78
= 0.4655 001"

(air-cooled)
(15)
(lig-cooled)
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Substituting torque and power values in the above equations
imply a motor mass of 42 kg and controller mass of 13 kg. For
reliability, two motors (each providing half the torque) are de-
sired. Thus, if one motor fails, the other can provide some
power to land immediately. There is no weight benefit as the
model is almost linear with torque: 2 x 0.1062 (Q/2)!0422 ~
42. An additional 30 kg is allotted for wiring, support struc-
ture, and margins, bringing the total estimate to 85 kg.

Fuel Cell Powerplant

From Figure 28, the hydrogen R66 requires 230 HP (170
kW) to hover, and 160 HP (120 kW) for best range cruise.
Nonetheless, the stack is sized to the maximum derated power
of 200 kW.

Table 3 shows three fuel cell systems, all sized to the same
design condition of the earlier hydrogen R44, only varying
in net power. The reference powerplant supplies 100 kW per
stack, for a combined total of 200 kW. The other two cases
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supply 90 and 80 kW per stack, for a combined total of 180
and 160 kW, respectively.

Table 3. eR66 Powerplant weights (kg) for three design
powers.

Subsystem Unit 80kWe 90kWe 100 kWe

Stack kg 106 116 126

Air kg 40 45 49

HTC kg 98 108 117

LTC kg 19 21 23

Total kg 263 290 315
Liquid Hydrogen

Liquid hydrogen storage is complex. A notional diagram of
a tank is shown in Figure 31. Liquid H, occupies an inner
tank insulated by vacuum from an outer tank. A pump main-
tains the vacuum. There are supports, a fill port (and a return
channel for pressure relief) and a delivery line, all built of
cryogenic materials. Inside the tank, hydrogen vapor accu-
mulates (ullage). A heater controls boil-offs to supply, and
level sensors for the liquid ensure reliable operation.

The mass of the tank system should include sensors, regula-
tors, and relief valves, along with cryogenic fuel lines and the
controller. The volume of the tank system should account for
the outer tank and the space needed for vacuum pump, regu-
lators, controller, and support.

There is a dearth of data on weights and volumes of these
components for aeronautical applications. The few works that
report useful data are described next.

The US Navy lon Tiger project in the early 2010s re-
mains the most well-documented work in peer-reviewed lit-
erature (Refs. 19,20), albeit in small scale. It flew a small 16
kg airplane using 1.34 kg of LH;. The mass of the aluminum
storage tank was 3.68 kg, and tank system mass including
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Figure 31. Notional LH; storage system.

tank, fuel lines, sensors and regulators was 5.87 kg. Thus, the
weight fraction of hydrogen was approximately 0.185. The
tank external and internal volumes were 31.63 L and 20.46
L, respectively. The resulting volume fraction of hydrogen
storage was reported as 0.65. The mass of hydrogen and the
internal volume indicate a density of 65 kg/m?, slightly lower
than the theoretical 70.99 kg/m?, to account for ullage.

Hylium Industries of South Korea have reported the devel-
opment of a LH; tank for an unmanned airplane over the
last decade (Refs. 21-23). However, beyond a LH; mass of
0.85 kg, aluminum tank mass of 2.8 kg (Ref. 22) or 2.6 kg
(Ref. 23) quoted variously, and tank internal volume of 13.2
L, no regulator or controller weights are reported, nor outer
vessel volume. The mass of hydrogen and internal volume
indicate a density of 64 kg/m’.

A European Union-supported project led by Josef Kallo of
H2Fly/DLR in the late 2010s and early 2020s, demonstrated
LH, flight of a piloted aircraft, with two pilots on board. The
project, called high power density fuel cell system for aerial
passenger vehicle fueled by liquid hydrogen (HEAVEN), is
of a scale relevant to the present work. A presentation by
Jeunesse at the ICEC29/ICMC Conference in 2024 reports a
LH, mass of 16 kg, tank mass of 54 kg, and total tank sys-
tem mass of 125 kg (Ref. 24), resulting in a weight fraction of
0.11. No volumes were reported. The tank material was alu-
minum, with some titanium and steel parts. The same group
at H2Fly later partnered with Joby to demonstrate LH, flight
of Joby’s converted, rotary-wing aircraft. The flight was un-
manned. The LH; mass was 40 kg; no other details were
reported.

Gloyer, of Gloyer-Taylor Industries, have reported the de-
velopment and testing of LH, tanks with advanced compos-
ites (Ref. 25). When completed, these tanks are envisioned to
contain 19 and 50 kg of hydrogen and weigh 15 and 30 kg, re-
spectively, implying weight fractions of 0.55 and 0.62 for the
tank alone. This number will reduce with regulators and other
ancillary equipment but still very high compared to aluminum
state-of-the-art.

Based on these data, and the volume available in the R66
helicopter, the amounts of LH, that can potentially be car-



Table 4. Mass and volume of LH2 in R66; volume fraction
50% (s; = 0.5) and density 65 kg/m>.

Unit  Small Large
US units
Vol useful US gal 74 207
Vol LH, US gal 37 104
Mass LH; Ib 30 83
Mass tank sys b 300 830
ST units
Vol useful m? 028  0.78
Vol LH, m? 0.14 039
Mass LH; kg 9 25
Mass Tank Sys kg 90 250

ried are calculated in Table 4. The small volume corresponds
to the currently available fuel tank volume. The large vol-
ume corresponds to the fuel tank plus baggage compartment
volume. The mass of the tank is calculated using the EU
project weight fraction of 0.11 as this level of storage has al-
ready been demonstrated in (fixed-wing) flight. Later, in the
R66 Performance sub-section, the weight fraction will be in-
creased up to 0.3, but the volume will always be restricted to
the available volume shown in Table 4.

Aircraft Performace

The powerplant weight is replaced with the new electric drive
and the fuel cell system. The structural weight is increased by
the hydrogen tank weight. What remains must be payload and
fuel.

The fuel is restricted by the volume available. Consider the
two cases of small and large volumes available, as presented
in Table 4. From the volume available, assume a 50% volume
fraction to calculate the volume of liquid hydrogen. This ac-
counts for external tank and other equipment. The weight of
hydrogen is obtained by multiplying with density. A reduced
value of 65 kg/m? is considered to account for some ullage.

The weight of the hydrogen tank is calculated assuming a
weight fraction of 0.11. This is considered to be the refer-
ence case—the worst case scenario, with the most conserva-
tive tank weight fraction.

The payload-range plot has two segments. The segment on
the top is where more and more fuel is carried. A trade-off
occurs between the addition of fuel and payload weight. The
take-off weight is fixed. The starting point is where no fuel is
carried, so the entire fuel weight can be carried as additional
payload. Without fuel, the range is zero. The ending point is
where the fuel tank is full. The payload is the design value.
The corresponding range is the design range.

The segment on the right is where the tank is full but the pay-
load is reduced gradually to zero. Thus, the take-off weight
is reduced. The starting point is the end point of the first seg-
ment. The end point is where the payload is deleted. The
range is maximum, as the tank is full and the aircraft has min-
imum weight.
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The payload-range calculation is carried out as follows. At
every time step, depending on the aircraft weight and condi-
tion (hover, cruise, climb/descent), the required engine power
is calculated. For cruise, the best range speed is calculated,
and the power is taken at that speed (normally 99% of the best
range speed, to allow the aircraft to fly faster at the expense
of reducing the range by 1%). Power is used to calculate the
fuel flow rate. The fuel consumed updates the aircraft weight.
The range is calculated by multiplying the cruise speed and
the time step. The process is repeated until the tank is empty.
Note that the power, best range speed, and L/D changes con-
tinuously with weight.

Figure 32 shows the payload-range for the reference case,
with a liquid hydrogen weight fraction of 0.11. The solid
and dashed lines represent the small and large volumes, re-
spectively. The best range speed is 87 kts, where the L/D is
around 3.7 or less.
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Figure 32. Payload-Range reference configuration.

Six parametric variations are performed next for:
(1) aircraft lift-to-drag ratio,

(2) hydrogen volume fraction,

(3) hydrogen weight fraction,

(4) HTC system weight,

(5) stack system weight, and

(6) design power.

The first two are important for range, while the next four are
important for payload. The aircraft cruises at the best range
speed (highest L/D) until fuel runs out.

Figure 33 shows the impact of L/D. Because L/D varies with
speed (normally increasing with fuel burn), these are average
values. As L/D increases, less power is required by the air-
craft, resulting in lower fuel burn. From the analysis shown
earlier, it is clear that to improve the L/D it is necessary to
optimize the design of the high temperature cooling system,
and avoid having external nacelles to store the radiators. This
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Figure 33. Payload-range with varying lift-to-drag ratio.
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Figure 36. Payload-range with reduction in HTC weight.
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Figure 37. Payload-range with reduction in stack weight.
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Figure 35. Payload-range with varying weight fraction.
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Figure 38. Payload-range with varying design power.



will reduce the drag and allow the aircraft to operate at L/D
up to 4.5. This gives a range increase of 20 — 50 nm with no
loss in payload.

Figure 34 shows the impact of LH; storage volume fraction.
An increase in volume fraction allows more liquid hydrogen
in the same volume, hence allowing the aircraft to cover a
larger range. A range of 15 — 35 nm is gained with some loss
in payload.

Figure 35 shows the impact of weight fraction. Increased
weight fraction decreases tank weight and allows more pay-
load. A lighter tank also implies less support structure.
Weight fraction up to 0.3 is considered. This gives a payload
increase of 100 — 300 1b with no loss in range.

Figure 36 shows the impact of high temperature cooling
(HTC) system weight. Reduced HTC system weight de-
creases overall powerplant weight and allows more payload.
Reduction of up to 40% is considered. This gives a payload
increase of 50 — 100 Ib with no loss in range.

Figure 37 shows the impact of stack weight. Reduced stack
weight decreases overall powerplant weight and allows more
payload. Reduction of up to 20% is considered. This gives a
payload increase of about 20 — 45 1b with no loss in range.

The last parameter varied is the design power. Even though
the derated engine power of the current aircraft is 200 kW, the
hover power of the fuel cell aircraft is only 170 kW. So it is of
interest to evaluate the gain, if any, of a less powerful engine.
Figure 38 shows the impact of a 180 kW engine. The gain is
about 55 Ib of payload.

A battery will be integrated to provide burst power when de-
manded. One of the benefits of a battery is that the powerplant
can be resized to an even lower design power, taking advan-
tage of its higher specific power than a fuel cell.

Figure 39 compares the reference fuel cell range with that of
a battery powered R66. A pack level specific energy of 200
Wh/kg available and installed is assumed. The original tur-
bine R66 design payload-range is also shown. The battery
powered R66 would be able to carry the turbine payload but
its range would be limited to about 35 nm. The reference fuel
cell R66 carries only 60% of the original payload (554 Ib)
but reaches around 70 nm. Thus, a hybridization might be of
some benefit.

Consider two hybrid fuel-cell/battery systems. In one, the
fuel-cell is sized to 180 kW (90 kW/stack), and the battery
provides the remaining 20 kW. In the other, the fuel-cell is
sized to an even lower 160 kW (80 kW/stack), and battery
provides the remaining 40 kW. The battery has the same spe-
cific energy of 200 Wh/kg, available and installed as before,
and can operate for five minutes (12-C). The payload-range
of these two are compared with the baseline fuel-cell sized to
200 kW in Figure 40. Sizing the powerplant to a lower power
provides a payload increase of about 80 1b, with no loss in
range. Thus, there is some, although little, benefit in hybridiz-
ing with a battery.
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Figure 39. Payload-range of turbine and 200 Wh/kg bat-
tery R66.
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Figure 40. Payload-range for cruise at best range speed
with battery.

Three Summary Cases

To summarize the improvements of the most influential pa-
rameters on the payload-range performance, three configura-
tions are presented. These are listed in Table 5. While prior
results explored the improvements one by one, here they are
considered together. Three cases are envisioned. The ref-
erence case is the worst of all, where no improvements are
achieved. The maximum case is where almost all improve-
ments are achieved but still with sensible margins. The mod-
erate case is in between.

Figure 41 compares the different payload-range capabilities
of each configuration. The design payload-range point of a
turbine R66 is marked as well. The maximum improved case
results in a design payload of 713 1b and achieves a range of
205 nm. This is an improvement of about 30% in payload
but more than 3-times the range when compared to what the
reference case offers.



Table 5. Powerplant variations to increase fuel cell R66 performance.

Units Reference Moderate  Maximum
Ib 2700 2700 2700
L/D 3.5 3.5 4
LH, volume fraction 0.5 0.5 0.5
LH, weight Fraction 0.11 0.3 0.3
Volume available USgal 74 178 207
Design Power kW 100 100 90
HTC Weight Reference -20% -40%
Stack Weight Reference Reference -10%
Payload Ib 554 629 713
Range nm 64 155 205
1000 25
900 - : — O
Baseline R66
800 Turbine |
20} :
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Figure 41. Fuel cell R66 performance for reference, mod-
erate, and maximum improvement configurations.

Finally, Figure 42 shows the impact of hovering time on the
range of each of the three cases. During hover, fuel is being
consumed although the aircraft remains stationary. To maxi-
mize payload-range, hover time should be minimized to save
LH, for cruise. With a 10-minute hover time, remaining LH»
suffices to cover a range of 58 nm in reference, 160 nm in
moderate, and 193 nm in the maximum improvement cases.

SUMMARY AND CONCLUSIONS

A piloted, full-scale, proton exchange membrane fuel cell
powered helicopter, converted from a piston engine R44,
was flight tested with 700 bar compressed gaseous hydrogen.
Models were developed for the fuel cell, hydrogen flow, and
the helicopter, and were validated with flight test data. The
data covered powerplant architecture, stack electrical charac-
teristics, hydrogen flow, detailed component weights, radiator
drag, and full aircraft power measured in hover and forward
fight. The validated models were then used to conceptually
explore the conversion of a more capable, liquid hydrogen
powered helicopter, using the turbine engine R66 as the target
of conversion. Based on this work, the following key conclu-
sions are drawn.
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Figure 42. Hover time versus range for reference, interme-
diate, and maximum improvement configurations.

1. Piloted, full-scale, hydrogen fuel cell helicopters are fea-
sible. The successful flight tests of an experimental,
converted R44 helicopter, powered by gaseous hydrogen
support this claim. Predictions anchored to test data in-
dicated more capable missions are possible with liquid
hydrogen, if larger helicopters like R66 are converted.

2. The test program established the fuel cell technology lev-
els in performance and weight. The specific power was
measured as 2.1 kW/kg with the stack alone, 1.6 kW/kg
including the controller and support structure, and 0.63
kW/kg with the total system including stack, air, high
and low temperature cooling. The overall efficiency of
the fuel cell system, after balance of plant has been sub-
tracted, is around 0.32 or so. The hydrogen storage was
counted separately. The test program used gaseous hy-
drogen. A tank weight fraction of 0.055 was measured
which is the state-of-the-art for a 700 bar compressed hy-
drogen storage.

3. Stack heating was a significant challenge, as expected,
with the high temperature cooling system (stack cooling)
dominating the balance of plant weight, accounting for



38% of the total fuel cell system weight. Note however,
the baseline design was significantly over-sized, in view
of the experimental nature of the program.

4. The test program established the cooling technology lev-
els in weight and aerodynamic drag. Radiators were spe-
cially designed, instrumented, truck-tested on a full-scale
rig, then integrated on the aircraft, and finally fight tested
up to 70 kts. Measurements showed a 75% increase in
airframe drag due to an additional 4.3 ft*> or so of drag
area. The resulting aircraft L/D was a modest 3.7 or so
at around 70 kts.

5. Predictions for a converted R66, with liquid hydrogen
replacing the gaseous, while other technologies remain
similar, indicated payloads of 300 — 600 Ib may be fea-
sible over a range of 200 nautical miles with the current
gross take off weight of 2700 1b. The principal require-
ment to achieve this range is that the baggage storage
volume (134 US gallons) should be dedicated to hydro-
gen storage in addition to the current fuel tank volume
(74 US gallons). Substantial benefit can also be derived
by optimizing the cooling system, and not over-sizing it,
to achieve an aircraft L/D of 4.0 or higher. The principal
requirement to achieve the higher end of the payload is
that the hydrogen storage weight fraction should be in-
creased to 0.3. This increase is expected from gaseous to
liquid storage.

The next step is the development and flight testing of the larger
more capable liquid hydrogen helicopter, with the objective of
meeting and beating the maximum performance predicted in
this paper.
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