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HIGHLIGHTS

« Designed an integrated system combining liquid hydrogen storage, thermal management, and transfer control for hybrid-electric aircraft.
« Optimized a system-level fuel gravimetric index to 0.62, ensuring efficient hydrogen storage and utilization in aviation.

« Leveraged liquid hydrogen’s dual functionality as both a fuel source and a cooling agent for power systems.

« Developed counterflow heat exchangers for effective thermal management of superconducting and other power components.

Regulated tank pressure to maintain consistent hydrogen flow and cooling during varying flight conditions.

« Demonstrated significant potential for reducing carbon emissions and contrails in aviation.
« Provided a scalable solution for adopting hydrogen as a sustainable aviation fuel.
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ABSTRACT

The rapid growth of the aviation sector underscores the urgent need to reduce carbon and contrail emissions, key
contributors to climate change. Hydrogen, with its high specific chemical energy, emerges as a promising clean
fuel alternative. To promote sustainable aviation, we propose an innovative design for a liquid hydrogen storage,
thermal management, and transfer-control system tailored for Integrated Zero Emission Aviation (IZEA). Our
design harnesses the cooling power of liquid hydrogen to manage the temperature and thermal loads on essential
power system components. By regulating the pressure in the storage tank, we demonstrate the feasibility of
delivering the required hydrogen mass flow rates—up to 0.25 kg/s—to meet a peak power demand of 16.2 MW
for a prototype 100-passenger hybrid-electric aircraft, while efficiently cooling the power system using practical
heat exchangers. Through comprehensive system-level optimization, we have identified the optimal tank and
heat exchanger configurations that maximize the overall gravimetric index to a value of 0.62, where the index is
defined as the ratio of the hydrogen fuel mass to the total mass of the fuel, storage tank, and thermal management
system. Our findings emphasize the critical importance of system-level optimization in determining key design
parameters, paving the way for zero-emission aviation technologies and advancing environmental sustainability
in the aviation industry.
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Nomenclature

Fuel properties
Prm, Density of saturated liquid hydrogen at 20 K (kg/m?)
PGH, Density of saturated vapor hydrogen at 20 K (kg/m?)

Him, Dynamic viscosity of saturated liquid hydrogen at 20 K
) (Pa-s)
HG i, Dynamic viscosity of saturated vapor hydrogen at 20 K
(Pa-s)
Hy, Hydrogen specific enthalpy for vaporization (kJ/kg)
Hyp, Specific enthalpy of saturated liquid hydrogen at 20 K
(kJ/kg)
Hgy, Specific enthalpy of saturated vapor hydrogen at 20 K
© (kJ/kg)
Erm, Specific internal energy of saturated liquid hydrogen at
20 K (kJ/kg)
&, Specific internal energy of saturated vapor hydrogen at
20 K (kJ/kg)
Fuel and working fluids parameters
T},va, T;lz,ex Inlet and exit temperatures of fuel in the ith heat

exchanger (K)

Inlet and exit temperatures of working fluid (K)
Inlet and exit enthalpies of fuel (kJ/kg)

H,’” i H,’v fex Inlet and exit enthalpies of working fluid (kJ/kg)

C; H, Fuel specific heat (J/kg - K)
CL wy Working fluid specific heat (J/kg - K)

kfﬂ ; Working fluid thermal conductivity (W/m - K)

k"H7 Fuel thermal conductivity (W/m - K)

Ti T!

wf,in’ wf,ex

i i
Hyy o Hy o

Heat transfer parameters

h Heat transfer coefficient (W/m? - K)
Kips Thermal conductivity of tank insulation (W/m - K)
Ol Rate of heat leakage to the tank (kW)

T, Insulation outer surface temperature (K)

E; Fuel total internal energy after refilling (kJ)

E; Fuel internal energy at P,,,, (kJ)

qblz Two-phase friction multiplier

Tank parameters

Pk Pressure in hydrogen storage tank (bar)

Vim, Initial liquid hydrogen volume in the tank (m?)

My, Initial liquid hydrogen mass in the tank (kg)

Myl Mass of the hydrogen tank wall (kg)

My Mass of the hydrogen tank insulation (kg)
14 Volume of hydrogen storage tank (m?)

I Thickness of the hydrogen tank wall (mm)
Sins Tank insulation thickness (cm)

Pw Wall material density (kg/m?)

A Tank surface area (m?)

y Volume fraction of LH,

Heat exchanger parameters

L; Length of the i-th heat exchanger (m)

U Overall heat transfer coefficient (W/m? - K)

djn, d(’; Diameters of inner and outer pipes (cm)

8o 6; Thicknesses of inner and outer pipes (mm)

il . Working fluid mass flow rate (kg/s)

Mo Required fuel mass flow rate (kg/s)
';aa " Heat load from power system component (kW)
‘iy . Pressure of working fluid (bar)

API‘;2 Pressure drop of the fuel (bar)

Miscellaneous properties

Kiank Tank gravimetric index

Yianemv  Maximum tank gravimetric index

X Overall gravimetric index

M Maximum overall gravimetric index at given P,

I Highest overall gravimetric index across all P,

Ey Young’s modulus (N/m?)

v Poisson’s ratio

1. Introduction

The global aviation market is experiencing significant growth, but
the associated rise in emissions poses a critical environmental chal-
lenge [1,2]. Aviation currently contributes a notable portion of global
CO, and contrail emissions [3], making it imperative to develop revo-
lutionary solutions to meet the industry’s climate goals [4]. Hydrogen
is a promising solution due to its clean combustion and a gravimetric
energy density about 2.8 times higher than that of conventional avia-
tion fuel, kerosene [5,6]. However, hydrogen’s low density at ambient
conditions (0.08 kg/m3) presents major storage challenges, especially
for long-haul flights. As a result, storing hydrogen in its saturated lig-
uid form at 20 K, where its density increases to pp 4, = 70.8 kg/m3, has
emerged as a practical approach for aviation applications. Recent efforts
have explored various aspects of liquid hydrogen (LH,) integration in
aircraft, including structural sizing of cryogenic tanks, insulation strate-
gies, pressure control mechanisms, and thermal management [6-13].
However, a holistic system that integrates LH, storage, thermal manage-
ment, and transfer-control in a form scalable to aircraft design remains
underexplored.

To fill this gap, the Integrated Zero Emission Aviation (IZEA) col-
laboration was launched to develop a comprehensive and scalable
hydrogen-based propulsion system for future aircraft. As a first step, the
project targets short-distance regional flights to evaluate the near-term
feasibility of LH2-powered aviation. Central to this effort is a prototype
hybrid-electric aircraft with a blended wing body configuration, de-
signed to carry 100 passengers, as illustrated schematically in Fig. 1(a).

Our analysis considers a flight power demand profile P,,,, (1), as shown
in Fig. 1(b), which includes the takeoff, cruising, and landing phases,
spanning a total of 365 min [14]. An additional 100-min cruise fuel
reserve is included in our analysis to account for potential delays or di-
versions. This aircraft is powered by a combination of hydrogen fuel cells
and hydrogen-fueled combustion turbines driving high-temperature su-
perconducting (HTS) electric generators. While hydrogen combustion
is highly efficient in large gas turbines and HTS electric generators
also provide excellent efficiency, NO, emissions and contrails remain
concerns that diminish hydrogen’s otherwise positive impact on cli-
mate change and air quality [15,16]. Fuel cells offer a solution to
avoid NO,, emissions and contrails, and several organizations (such as
CHEETA [11,12] and Airbus [13]) are exploring fuel cell-powered air-
craft. However, current fuel cell stacks remain too heavy to power a large
aircraft through all mission phases, particularly during takeoff. The dual
power source in the IZEA concept addresses this by using fuel cells dur-
ing low-load conditions, such as taxiing and cruising—up to a maximum
power of approximately 6.8 MW, as shown in Fig. 1(b)—while utilizing
combustion turbine electric generators to supply the additional 9.4 MW
power required during takeoff, bringing the total power to a peak of
16.2 MW. In addition, the dual power source enhances resiliency by
providing power redundancy.

The LH, is stored in two storage tanks, symmetrically positioned
around the aircraft’s center axis, each equipped with a fuel transfer
control system and connected to the corresponding power system com-
ponents. From each storage tank, hydrogen flows through a series of
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Fig. 1. (a) Layout of the blended wing-body airplane showing the space allocated for the liquid hydrogen fuel tank [14]. The inset displays the optimal tank geometry
determined through the analysis presented in the text. (b) Flight power demand profile P,,,,(¢) for a short-range flight considered in our analysis. The corresponding

required mass flow rate of hydrogen fuel 2s,,,

(¢) is also shown. (c) Schematic diagram illustrating hydrogen fuel flowing through heat exchangers associated with

different power system components to provide cooling power before being fed into the fuel cell and combustion turboelectric generator.

heat exchangers, as illustrated in Fig. 1(c), before being supplied to the
fuel cells and turboelectric generators. The working fluids in these heat
exchangers are either supercritical helium or water, depending on the re-
quired operating temperature ranges and cooling demands of the power
system components, as detailed in our later analysis. The electric power
generated in the fuel cells and HTS generators is transmitted via HTS
DC cables with near-zero resistive losses to power electronics, includ-
ing DC-DC converters and generator rectifiers. The DC power is then
converted back to AC power through motor drives, which power the
aircraft’s propellers to generate the necessary thrust.

This architecture is expected to have superior overall system effi-
ciency. However, onboard LH, fuel storage must align with the aircraft’s
architecture and flight requirements [9,17-19]. Furthermore, managing
the transfer of LH, to meet flight power demands while simultaneously
addressing the cooling needs of power system components operating at
different temperature ranges poses a significant design challenge [10,20,
21]. In this paper, we present a comprehensive design for an LH, storage
and transfer system integrated with the thermal management system of
the proposed hybrid-electric aircraft. By regulating the pressure within
the storage tanks, we demonstrate the feasibility of achieving the de-
sired hydrogen mass flow rate while effectively cooling power system
components using practical heat exchangers. Furthermore, we perform
a system-level optimization of our design by maximizing an overall
gravimetric index. The critical importance of this holistic optimization
approach in determining optimal design parameters is discussed. This
study represents a significant advancement in zero-emission aviation,
promoting greater environmental sustainability.

2. Methods

The concept for our LH, storage, thermal management, and transfer-
control system is illustrated in Fig. 2(a). We propose regulating the
pressure inside the storage tank P,,,, to supply hydrogen fuel at the mass

flow rate s, (1) required to meet the power demands of the flight. This
approach avoids common issues associated with cryogenic pumps and
cryofans used to drive LH, flow, including frictional heating from rotary
components, LH, cavitation, seal failures, and hydrogen embrittlement
[22]. Before reaching the fuel cells or combustion turbines, the hydro-
gen passes through a series of counterflow heat exchangers designed to
provide the necessary cooling power to various power system compo-
nents. The total pressure drop of the fuel across all the heat exchangers
> AP;',2 vary with the fuel mass flow rate. Since fuel cells operate opti-

ank —

during all flight phases. Tank pressure is controlled through two mecha-
nisms: hydrogen gas charging and vapor venting. As shown in Fig. 2(a),
a standard hydrogen gas cylinder equipped with a pressure regulator can
be used to rapidly increase P, while a vent valve can be controlled
to release vapor and reduce P, (see details in Section 3.2). A pressure
sensor continuously monitors the tank pressure, and feedback from the
aircraft’s power demands actuates the charging and venting processes.

Fig. 2(b) illustrates our iterative design flowchart for optimizing the
key parameters of the LH, storage tanks and heat exchangers. The pro-
cess begins by setting two input parameters: the vent pressure P,,,, and
the hold time 7. The vent pressure defines the maximum allowable tank
pressure, beyond which vapor is vented through a leak valve, potentially
routed to downstream heat exchangers to minimize fuel loss. The hold
time represents how long the tank can store LH, without venting af-
ter refueling. Consider the typical pre-departure time of about 120 min
for aircrafts before takeoff [24], we set 7;; = 120 min in our analysis.
As detailed in the next section, these two parameters allow us to deter-
mine the optimal tank and insulation configurations. Next, we design
the heat exchangers to deliver the required cooling power to the power
system components. Various configurations of heat exchanger geometry
and working fluid properties can meet these requirements. We retain
designs where the P,,,;, remains below P,,,, even during takeoff when

mally at 1.3 bar [23], our goal is to maintain P,,,, = Y, AP}I2 + 1.3 bar
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Fig. 2. (a) Schematic diagram showing the LH, storage tank (half-section), along with the heat exchangers through which hydrogen flows before reaching the fuel cells
and the combustion turboelectric generators. The zoomed inset illustrates the counterflow heat exchanger for the generator. (b) Flowchart outlining the procedures

for designing and optimizing the tank and thermal management systems.

maximum power demand and the highest mass flow rate occurs. After
that, we calculate the overall gravimetric index y, defined as the ratio
of the initial LH, mass (m Hz) in the tank to the combined mass of the
fuel, storage tank, and the thermal management system, for each valid
configuration. The design with the maximum gravimetric index (y,,) is
selected. Finally, we vary P,,,, and repeat the process to identify y,, for
each P,,,,, ultimately determining the optimal P}, = and the correspond-
ing system parameters that yield the highest gravimetric index (y;,). In
what follows, we present the detailed design processes for the LH, tanks
and the heat exchangers.

2.1. Tank design

Designing an efficient LH, storage system for aircraft involves chal-
lenges related to space constraints and weight optimization. The blended
wing body airplane, illustrated in Fig. 1(a), offers an advantageous ge-
ometry for hydrogen aviation by providing increased space in the outer
and rear fuselage compared to conventional commercial airplanes [6].
The designated area for the hydrogen storage tank is highlighted in the
same figure. To estimate the required fuel mass and volume, we note
the specific chemical energy of 120 MJ/kg released during the hydro-
gen oxidation reaction [6]. In fuel cells or turboelectric generators, this
energy is converted into electricity with an average efficiency of around
50 % [6]. Based on the flight power demand profile P,,,,(r) shown in
Fig. 1(b), the required hydrogen mass flow rate from each tank can be
calculated as: it (1) = %Pdem(t) /(50 % x 120 MJ/kg), which is also indi-
cated in Fig. 1(b). By integrating ,,,(f) over the entire flight duration
and accounting for the 100-min cruise reserve, the total hydrogen mass
is determined to be 2871.2 kg. With the hydrogen stored in two tanks,
the fuel mass in each tank is my, = 1435.6 kg, and the corresponding
LH, volume is V; ;;, = my, /p; y, = 20.28 m3.

To optimize the LH, tank design, we adopt the method developed by
Winnefeld et al. to maximize the tank gravimetric index y,,,, [6], de-
fined as g, = mp, /(myg, +myqy +mg,s), where my,,, and my,; denote the
masses of the tank wall and insulation layer, respectively. To calculate
Xranks it 1S necessary to determine the tank volume ¥, along with the ma-
terial and thickness of both the wall (6,,) and insulation layer (5;,,). The
workflow of this analysis is summarized in the flowchart in Fig. 3(a).
The tank volume V' can be determined as follows. Assume the tank is
initially filled with LH, at P, = 1 bar to a liquid volumetric fraction y?.
After filling, the tank is closed, and any subsequent heat leakage causes

the tank pressure P, to rise. In this closed system, where both the fuel

mass and tank volume remain constant, the liquid volume fraction y,(P)
at any elevated pressure P can be determined by solving:
1- y?

Ug(P 0) ’

L-y(@) _ Y
vg(P) v (Fy)

yi(P)
v (P)

1)

where v,(P) and vy (P) are the specific volumes of saturated liquid and
vapor hydrogen, respectively [6]. Fig. 3(b) shows a set of y,(P) curves
corresponding to different initial fill fractions y?. To prevent LH, from
spilling through the fill port, we set the vent pressure P,,,, to be the
tank pressure at which y, reaches 97 %, ensuring that vapor vents with-
out further increasing the liquid level [6]. As a consequence, P,,,, is
directly related to the initial fill fraction y‘l) (see Fig. 3(b)): a higher y‘l)
corresponds to a lower P,,,,, and vice versa. Given a specific input P,,,,,
the required tank volume can thus be calculated as V =V, / y?.

Next, following recommendations from NASA [7] and other stud-
ies [8,25], we select aluminium alloy 2219 (Al-2219) as the tank wall
material. This alloy is widely used for cryogenic applications, offering
relatively low density of p,, = 2825 kg/m® and a high limit stress of
K = 1724 MPa at 20 K [6]. To evaluate the tank wall thickness §,,
for calculating m,,,;;, we need to specify the tank geometry, since §,,
depends on both the maximum tank pressure (i.e., P,,,,) and the local
curvature of the tank wall. Following Winnefeld et al. [6], we model the
tank as an elliptical shell with two half-ellipsoid end caps, as illustrated
in Fig. 3(c). This tank geometry can be described by four shape param-
eters: the length of the shell section /,, the major radius ¢ and minor
radius ¢ of the shell’s elliptical cross section, and the height of the half-
ellipsoidal end caps which is set equal to ¢ [6]. Given the tank volume
constraint V = (4/3)zac?+racl,, one only needs two dimensionless ratio
parameters to describe the tank geometry: ¢ = a/c and A =1,/(I;+ 2 ¢).
In our analysis, we vary ¢ from 0.5 to 1.5 and 4 from 0.1 to 0.9, then
calculate §,, for each shape configuration for both the elliptical shell and
the end caps based on curvature and P,,,, using established correlations
reported in Refs. [6,26]. With §,, determined, the tank mass m,,,;, can
be calculated.

For insulation, Mital et al. conducted a comprehensive review of
various insulation strategies, including foam, aerogels, vacuum with
multilayer insulation (MLI), vapor-cooled shields, composite materi-
als, and their combinations [7]. Vacuum-based insulation minimizes
heat leakage but requires a sealed double-wall tank to maintain the
vacuum, adding significant mass that negatively impacts aircraft perfor-
mance and operating costs [27-29]. Additionally, vacuum loss presents a



P. Virdi, W. Guo, L. Cattafesta III et al.

Applied Energy 393 (2025) 126054

+—l

| Calculate m_, and m.
wall ins

y N
<~ Y] >0 |

@ | Choose P, | | Prescribed 7, | (b) 1.00
Tank Design X 0.96
1 ~
: =
—>| Choose 1 Calculate Q ,
= 092
1
1
—>| Choose ¢ |->| Calculate § | | | Calculate 3, <1 0.88
:
1
1
1
1

P, (bar)

o 0.671

X tank, M

! 0.7
! — =0.1
! 0.6
! =
I X 0.5
| obtainy, . @P |:
I 0.4
tmmmcce e o i __________ P, =1.63 bar
. Heat Exchanger Design | 06 08 1.0 1.2 14
Fem s s mmmmmmmmmmmee . (d) D=a/c

P, =1.63 bar 1 < 1

— =15 ] 0.651

— @=1.0 1

— @=0.5 1 1
1 0.631

02 04 06 08 14 16 18 20
A=1/(1+2c) (e) P (bar)

vent
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catastrophic safety risk during flight [29]. Aerogel insulation also offers
low heat leakage, but its poor mechanical properties and material per-
formance uncertainties currently limit its aviation applications [7,30].
Composite materials, such as carbon or glass fiber reinforced polymers,
provide high strength and notable weight savings, but hydrogen perme-
ation and microcracking remain challenges [7]. While metallic liners can
help mitigate permeation, they introduce issues such as thermal expan-
sion mismatches between layers [31,32]. On the other hand, closed-cell
rigid polyurethane foam is widely favored in LH, storage designs due
to its low weight, adequate thermal conductivity for short- to medium-
range flights, and high technology readiness level [6,25]. In our analysis,
we apply this insulation externally to the tank wall.

The insulation thickness, §,,,, is selected based on the following con-
siderations. After the tank is filled with LH,, heat leakage from the
ambient environment at 7, = 293 K will cause the tank pressure to rise.
The insulation thickness should be chosen to limit the heat leak rate,
Olear> SO that over the standby period, r;; = 120 min, P, does not
exceed the vent pressure P,,,. This approach minimizes fuel loss from
venting while the aircraft is on the ground before takeoff. Let E; be the
initial internal energy of the LH, after filling, and E, be the internal
energy when the tank pressure reaches P,,,,. The maximum allowable
heat leak rate can then be expressed as Q,,, = (E; — E;)/zj;. To achieve
this target heat leak rate, the minimum required insulation thickness §,,,,
can be calculated as follows [33]:

A (5
6ins == / kins(T)dT (2)
Qleak J20K

where T, is the insulation outer surface temperature, A is the tank
surface area which can be calculated for the given tank geome-
try, and k;, (T) is the temperature-dependent thermal conductivity of
polyurethane foam [34]. The value of T is determined based on air con-
vection over the insulation surface: Q,,,, = h,;, A(Ty—T,), where the heat
transfer coefficient &, for air at ambient temperature T} is evaluated us-
ing the standard Nusselt number correlation for natural convection on
a horizontally oriented tank [35]. If 7| is found to be below 273 K, we

= 1.63 bar. The maximum value y,,,, », is marked by the solid circles. (e) The obtained ,,, » at different input parameter P,

vent*

s to reduce Q,,,, ensuring T, remains above 273 K to
prevent ice forming on the insulation surface.

With §,, and §,,; established, we calculate m,,,;, and m,,, obtaining
Jiank fOr €ach tank configuration. The calculated y,,,, values for various
tank configurations at P,,,, = 1.63 bar are shown in Fig. 3(d). The results
indicate that the maximum y,,,, »s is achieved for a tank with aspect
ratios ¢ = 1 and 1 ~ 0.55, consistent with findings of Winnefeld et al. [6].
Since y,,,, varies mildly with A, this parameter can be adjusted around
0.5 if space constraints limit tank placement. In Fig. 3(e), we show the
maximum y,,, » obtained at different P,,. The results suggest that
the highest ;(;;mk’ y = 0.67 is achieved at a vent pressure Py, = 1.36 bar.
However, as will be shown later, when a system-level optimization is
performed to maximize the overall gravimetric index, the optimal P,,,,
shifts to 1.63 bar.

will increase §;

2.2. Heat exchanger design

Some power system components, particularly the superconducting
ones such as the HTS electric generators and DC cables, can achieve ex-
ceptionally high efficiencies. Nonetheless, they still generate heat due
to AC losses and other dissipation mechanisms [36-38]. Table 1 pro-
vides the estimated typical efficiencies ' and operating temperatures
for the primary power system components [14,39]. Based on the power
demand profile shown in Fig. 1(b), the peak power requirement during
takeoff is about P,,, = 16.2 MW. Since the airplane has two identical
power system architectures on its two sides, each system handles a peak
power of 8.1 MW. In normal operation, the fuel cells contribute 3.4 MW
per side, matching the cruise-phase power demand shown in Fig. 1(b),
while the HTS generators supply the remaining 4.7 MW per side dur-
ing takeoff. However, for thermal load evaluation and heat exchanger
design, we conservatively assume a full 8.1 MW output from the HTS
generators to account for a potential scenario in which the fuel cell sys-
tem is non-operational due to a fault or other issue. This assumption
reflects our power redundancy strategy and ensures that the generator-
side heat exchangers can manage the full thermal load under worst-case
conditions. Consequently, the peak heat generation rate for each power
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Table 1
Heat exchanger label (i), estimated efficiency (r'), operating temperature (7"),

and peak heat load (Q';'Oa d) for the power system components.

i Component 7' (%) T' (K) 00 4 (kw)
1 HTS generator 99.9 30-40 8.1

2 HTS DC cable 99.9 50-60 8.1

3 Motor 99.2 110-140 65.3

4 Motor drive 99.0 110-140 81.8

5 DC-DC converter and rectifier 99.0 110-200 81.8

6 Fuel cells ~50 333-353 3400

system component is estimated as Q! , = (1 —»') X (P'/n') MW, where
P = 3.4 MW for the fuel cells and 8.1 MW for all other components. The
corresponding results are summarized in Table 1.

To cool the components, one possible approach would be to divert
a fraction of the cold hydrogen fuel directly through each component.
However, this method couples component thermal loads to the fuel flow,
making it difficult to independently control component temperatures.
It also poses significant practical challenges, including material com-
patibility with cryogenic hydrogen, risks of embrittlement and thermal
shock during transients, and added safety concerns due to hydrogen’s
high diffusivity and flammability, which complicate leak prevention and
fault isolation in distributed systems. To avoid these issues, we instead
equip each component with a dedicated circulation loop to transfer heat
to the cold hydrogen fuel, as illustrated in Fig. 1(c). This design en-
ables independent thermal management by controlling the flow within
each loop without affecting the performance of other components. For
components labeled i = 1-5 in Table 1, we use supercritical helium as
the working fluid due to its proven efficacy within the required tempera-
ture range [40-42]. Each circulation loop includes two heat exchangers:
one connected to the hydrogen fuel pipeline and the other to the power
system component. The design of the latter depends on the specific ge-
ometry and materials of each power system component, details of which
are not currently available. Therefore, this study focuses on design-
ing the heat exchangers that interface directly with the hydrogen fuel
pipeline.

The combustion turbines and fuel cells operate at lower efficiencies.
For instance, fuel cells can typically achieve a maximum efficiency of
around 50 % when operated at 1.3 bar and within a temperature range
of 333-353 K [23]. This limited efficiency results in substantial heat
generation in the fuel cells, necessitating innovative cooling strategies
to maintain their optimal operating conditions. One possible approach
involves transferring this heat to the aircraft’s surface, allowing it to be
dissipated by the cold air flowing over it [43]. This skin-cooling concept,
while promising, is beyond the scope of the current work. Nonetheless,
in this study we incorporate a heat exchanger (i = 6) between the fuel
pipeline and the fuel cell stack using water as the working fluid, allow-
ing us to utilize the waste heat to preheat the hydrogen fuel to 333 K,
supporting optimal fuel-cell operation.

As shown in Fig. 2(a), we adopt pipe-in-pipe counterflow heat ex-
changers placed in protective housing. The counterflow configuration is
chosen for its high thermal effectiveness and simplicity [44], allowing us
to establish a baseline framework for system-level analysis. While com-
pact designs such as plate-and-fin exchangers may offer reduced length,
they introduce added structural complexity and mass that require de-
tailed trade-off analysis, which we are pursuing in ongoing work. The
present analysis begins by evaluating the inlet and exit temperatures of
the hydrogen fuel and the working fluid for each heat exchanger. As
LH, flows out of the storage tank at a mass flow rate s, , the heat
load required to fully vaporize it is given by Q g = teaHpg, where
H,, = 448 kJ/kg is the specific enthalpy of vaporization for hydro-
gen around 1 bar. At the peak mass flow rate, Q'fg is about 56.1 kW,
which is greater than the combined heat loads from the HTS generator
and DC cables, according to Table 1. Therefore, the hydrogen fuel re-
mains as a liquid-vapor mixture while passing through heat exchangers
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i = 1,2, with its inlet and exit temperatures both at the saturation
temperature of about 20 K. For heat exchangers i = 3-5, the spe-
cific enthalpy of the fuel at the exchanger exit can be calculated as:
H;{Z’” =Hppy, +(X0_, O )/t where H| yy, is the specific enthalpy
of LH, in the storage tank. In the pressure range considered, the specific
enthalpy of the hydrogen fuel is nearly solely correlated with its tem-
perature [45], allowing us to determine the exit temperature of the fuel
T;'[Nx. The inlet temperature of the fuel at the i-th heat exchanger T;lzjn
is taken as the exit temperature of the preceding exchanger T;;z {ex. This
treatment is valid because the heat leak in the fuel pipeline between ex-
changers is designed to be negligible compared to the heat loads listed
in Table 1. For heat exchanger i = 6, the fuel exit temperature is set to
333 K, and the heat load Q'foad = m,eq[ng‘ex(333 K) - HZZ,M] ~ 311 kW
replaces the value listed in Table 1.

For the working fluid in the heat exchangers, the inlet temperature
T:i» Fin and exit temperature T,L ox ATESELTO the upper and lower bounds
of the operating temperature range for the corresponding power system
component, as listed in Table 1. As for their working pressures, P,i, ;= 20
bar is set for supercritical helium in heat exchangers i = 1-5, consider-
ing cryofan selection requirements, as will be discussed later. For heat
exchanger i = 6, a water pressure of 1 bar is assumed. With the inlet and
exit states of the working fluids known for each heat exchanger, the spe-
cific enthalpy H ,’L in and H "” Fox €N be determined. Using these specific
enthalpy values, the required mass flow rate of the working fluid in each
circulation loop can be calculated as: !, ;= Q';oa S/ (H L s~ H i’ o) This
analysis ensures that each heat exchanger can accommodate the peak
thermal load during takeoff. In subsequent phases, such as cruising, the
working fluid flow rates in each heat exchanger loop are adjusted ac-
cording to the power demands. The flow rate in the HTS generator loop
can be reduced to a minimal level sufficient to maintain superconducting
conditions, allowing for rapid reactivation if needed.

Next, we proceed to determine the dimensions of each heat ex-
changer, following the steps outlined in the flowchart in Fig. 4. The
process begins with selecting the diameters of the inner pipe d [f'n and the
concentric outer pipe d’ for the pipe-in-pipe heat exchangers i = 1-6.
The hydrogen fuel flows through the inner pipe, while the working fluid
flows in opposite direction within the annulus formed between the two
pipes. To determine the length of the i-th heat exchanger L;, we use
the heat transfer equation: Q! = U'A,;AT! , where U’ is the overall

1
load Im’

Choose d! and d

; Select Cryofans and pump with
for heat exchanger i=1-6

lowest masses that satisfy:
> nyri >vi

fan wf
Calculate parameters: 2) ’7i;unP i/un >AP w/ v w/[
Re’HJ R Re‘uf, Pr’HQ,Pr’uf ¢
* Calculate m', and overall

Calculate overall heat gravimetric index y,

transfer coefficient: U’ *

Is the overall gravimetric index

o . o
x maximized @ given P 7

Calculate heat

exchanger length: L, | | —F———— 7
Y NE v
| Determine: AP,/ | Change P,
. N e -
—1 2AP, <P, -137 - : . Tank design |
Yy ! e S a

Fig. 4. Flowchart showing the steps for designing the heat exchangers.
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heat transfer coefficient, A; = zd! L, is the heat transfer surface area,
and AT] = (AT! — AT}, A)/ In(AT! /AT:[n ) is the log mean temperature
difference [46], with AT} and AT}, being the temperature differences
between the fuel and the working fluid at the inlet and exit, respectively.
This equation allows us to calculate L; once U’ is determined.

The value of U’ depends on the convective heat transfer coefﬁcients
of the fuel A, and the working fluid »’| ;as wh = (hiq2 ylewm f)
These coefﬁments can be calculated usmg their respective Nusselt num-
bers [35]: hin = kin Nu’HZ/dln and hfuf = kfw,NuLJf/(a!["7 - d}), where
the Nusselt numbers are obtained using the Chilton—-Colburn correla-
t10n [46], based on the Reynolds and Prandtl Numbers for the fuel
(Re' , = pH0 Ho m//‘H and Pr = ;4H2 sz/k' ) and the work-
ing fluid (Rewf =7, wf(d‘ d;n)/,lf”f and Pr = 4l c; wf /kiuf)
The physical properties in the expressions of the Reynolds and Prandtl
numbers (see the Nomenclature for definitions) are evaluated at the av-
erage temperatures of the fuel and working fluids across each respective
heat exchanger. We have also conduced finite element analysis using
properties based on local temperatures and confirmed that the results
show negligible differences. The mean flow velocities of the fuel u[H2

and the working fluid Mlu , required for the Reynolds number calcu-
lations, can be determined from their respective mass flow rates as:
Wy = tityeg /(0 7}, /%) and wl, = il [1pl, 7(d] — d},?)/4]. With
the obtained U’, the length L, of each heat exchanger for the chosen
diameters 4!, and d! can be determined.

The geometry of the heat exchangers obtained through the above
analysis ensures effective management of the heat loads from the power
system components. However, we also need to make sure the tank pres-
sure, regulated as P, = 2;6:1 AP;,, + 1.3 bar, always remains below
the maximum allowable tank pressure P,,,, even during peak fuel de-
mand at takeoff. For this purpose, we need to evaluate the pressure drop
API"{’ of the fuel across each heat exchanger. For heat exchangers i = 1,2
and part of i = 3, where the fuel exists as a liquid—vapor mixture, the
pressure drop can be evaluated using the correlation for two-phase pipe
flows [47]:

. f;{ m%eqL' 1 XiH Lex
1112 = 2 i2 2 gi i i i ’ ¢12(xH2)dxH2 (3)
pH A d tz ex tz,in XHZ,M
where f ;i = [0.79 ln(Re ) - 1. 64] is the friction factor for turbulent

flows in smooth pipes [46] and x J.ex AT€ the quality factors of
the fuel at the inlet and exit of the heat exchanger i, respectively. These
quality factors can be determined based on the corresponding specific
enthalpy, H Hyin and H}, Hye . In the above expression, ¢2 (xp,) is the two-
phase friction multiplier, wh1ch depends on the fuel quality factor x,

as [47]:
PLH? HLH2 w0
2
¢I(XH2)=ll+xH2(ﬂGH2_1>ll1+xH2<MGH2_1>l @

where pgy, is saturated hydrogen vapor density at 20 K, and u; 5, and
Mg n, are the dynamic viscosity of liquid and gaseous hydrogen at 20 K,
respectively. In the remaining part of heat exchanger i = 3 and for heat
exchangers i = 4-6, where the fuel exists as a pure gas, the pressure
drop can be calculated using the expression for single-phase flows [48]:
AP}, = (1/2p fi, L'ul, */d,. If the condition X7 AP}, < P,

= Lvent —

in andx

1.3 bar is not satisfied, the case will be discarded, the diameters dl?n and
d! will be adjusted, and the analysis will be repeated until the condition
is fulfilled.

The next step is to select the cryofans and pump to drive the work-
ing fluids in the circulation loops. This selection is based on two criteria.
The first one is that the maximum flow capacity of the cryofan or pump,
Vfiaﬂ, must exceed the volumetric flow rate V| , of the working fluid.

For heat exchangers i = 1-5, V,i ; for supercritical helium is given by
v ;= =l i/ o /» where the helium density o, ; can be adjusted by vary-

ing its pressure P; ;- We consider all the cryofan models from Stirling
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Cryogenics [49], a leading provider in the field. These cryofans typi-
cally have a maximum operating pressure in the range of 20 to 30 bar,
and the models with higher Vfian generally have larger impellers and
hence greater masses. To minimize the weight of the cryofans, we opt
to operate supercritical helium at P! , = 20 bar, ensuring a high o, ;

and hence a low Vul ;- For heat exchanger i = 6, water is circulated at

PIZ = 1 bar, whose density and hence V,S can be readily determined
to guide the selection of the water pump. The second criteria is that
the power capacity, P /an, of the cryofans and the pump must be suffi-
cient to maintain the required mass flow rate, f, of the working fluid.

The power needed to drive the workmg fluid flow is given by V! AP’

wf’
where AP;}f = (1/2)pfﬂf Ly of /(d —d,,) is the pressure drop of
the working fluid across the heat exchanger i. Therefore, the second
criterion can be expressed as n}anP’ﬂm > VM") fAPIL - where n}‘m is the
efficiency of the cryofans or pump, as specified by Stirling Cryogenics
[49]. In our design, we select the cryofan with the lowest mass for each
heat exchanger loop that satisfies both criteria.
After obtaining all the design parameters of the heat exchanger sys-
tem, we proceed to calculate the overall gravimetric index y for a system

level optimization:

6
X = mHz/ (mH2 + My + Mg + Z miHX> ’ ®
i=1

where m’ Yy x denotes the total mass of the i-th heat exchanger system,
which includes the mass of the heat exchanger body m', X.5d? the mass of

the heat exchanger insulation ' , the mass of the cryofan (or pump)

HX,in
H X.fan , and the mass of the workmg fluid within the heat exchanger

My X - The latter two contributions can be readily determined based on
the geometry of heat exchangers, densities of the working fluids, and the
cryofans and pump information from the vendor. To calculate m', X b
we need to determine the thickness of the inner and outer pipes. The

outer pipes are internally pressurized by the working fluids (i.e., P‘L ;=
20 bar for i = 1-5 and P,i ;= 1 bar for i = 6). Following established
convention [50], we set the outer pipe thickness as 6! = P! fdzi; /2 K,
where K is the limiting stress of the outer pipe material, chosen to be
aluminium alloy Al-2219 [51]. The inner tube is typically subjected to
external pressurization as the fuel pressure is lower than P;} oo Its thick-

ness can be calculated as [51]: 5/ = dln[Psz(l - vz)/ZEY]1/3, where v
is the Poisson’s ratio and Ey is the Young’s modulus of the pipe mate-
rial, Al-2219 [51]. For heat exchangers i =1-5, we apply a polyurethane
insulation layer to the outer surface to limit the ambient heat leak rate
into the heat exchanger to less than 5 % of Q';'Da . The required insulation
thickness can be determined through a similar analysis as depicted by
Eq. (2), which allows the calculation of m’ HX ins"

For a given P,,,,, there are many valid designs of the heat exchanger
system. We systematically varying 4! and d! to explore all the valid
design configurations. Among these, the one with the highest overall
gravimetric index, y,,, is retained. We then adjust P,,,, and repeat the
tank and heat exchanger design processes to determine the dependence
of y) on P,

vent*
3. Results and discussion
3.1. System optimization analysis results

In Fig. 5, we present the obtained y,, as a function of P,,,, along
with additional curves illustrating how the inclusion of various com-
ponents in the total mass impacts the value of y,,. When the total mass
includes only the fuel and the tank system, the highest gravimetric index,
Xy, = 0.67, is achieved at an optimal vent pressure of P}, = 1.36 bar.
Adding the masses of the heat exchanger body and insulation shifts the
optimal P}, = to 1.58 bar. This shift arises because, at relatively low
P,,,:» although the tank benefits from a reduced mass due to the thinner
required wall thickness, the lower pressure within the tank limits the
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Fig. 5. Maximum overall gravimetric index, y,,, as a function of the design
parameter P, For comparison, y,, curves for analyses based on different

vent*

contributions to the total mass are included.

achievable pressure head from the tank to the fuel cell stacks. Due to
this constraint, all heat exchangers must be designed with larger diam-
eters to maintain sufficiently small pressure drops API"h. Consequently,
the size and total mass of the heat exchanger systems increase signif-
icantly, ultimately reducing the overall gravimetric index at low P,,,,.
Further shift of P}, to 1.63 bar occurs when the masses of the working
fluids are included, and the corresponding y;, = 0.62. This progression
demonstrates the necessity of system-level optimization to determine the
best design parameters. In contrast, adding the cryofan masses results in
a uniform scaling down of the y,, curve without altering the optimal
P, This behavior occurs because the optimal cryofan models remain
unchanged across the explored range of P,,,,. Similarly, incorporating
other aircraft component masses that are independent of P,,,,, such as
heat exchanger protective housing, would also rescale the curve without
affecting P, .
For the optimal configuration achieved at P!

. = 1.63 bar, the mass
fractions of the system components are as follows: fuel (54.7 %), tank
wall (25.4 %), tank insulation (3.2 %), heat exchangers and insulation
(3.4 %), working fluids (1.4 %), and cryofans and water pump (11.9 %).
The resulting tank geometry is illustrated in Fig. 1(a), which has a wall
thickness of §;, = 7.3 mm and an insulation thickness of §;,; = 7.5 cm,
fitting nicely within the outer and rear fuselage of the aircraft. The heat
exchanger parameters for the optimal configuration are listed in Table 2,
along with the pressure drop APL2 of the fuel across each heat exchanger
at the peak mass flow rate during takeoff. Notably, the inner diameter of
the fuel pipeline, 4! , increases from 3.8 cm or less for heat exchangers
i = 1-2 to over 5 cm for heat exchangers i = 3-6. This increase is necessi-
tated by the transition of LH, to vapor in heat exchanger i = 3, resulting
in a significant drop in fuel density that becomes more pronounced as
the fuel temperature rises in the subsequent heat exchangers. At a given
i, the lower density leads to a higher mean velocity of the fuel in the
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pipeline. To maintain a manageable pressure drop A P! 2 larger d! is
then required.

In Table 3, we list the models and specifications of the cryofans and
water pump selected to drive the working fluids in the heat exchangers
for the optimal design configuration. The table also includes the derived
parameters of the working fluids in these heat exchangers. For heat ex-
changers i = 1-2, the Chinook cryofan is identified as the optimal choice
due to its lightweight design (weighing only 8 kg) and its ability to de-
liver the required volumetric flow rate and power output [49]. For heat
exchangers i = 3-5, the Tramontana cryofan is selected, despite its larger
mass of 90 kg. This selection is necessary to meet both the increased vol-
ume flow rate of the working fluid V‘L p and the higher power demand
v fAP,jJ - required to drive the working fluids in these heat exchang-
ers. The data in Table 3 also show that the maximum power output of
each cryofan n}lm P}an is significantly higher than the power demand for
driving the working fluid. This is advantageous, as the selected cryofans
may have sufficient power to maintain the same mass flow rate, even
if a second heat exchanger is added to each circulation loop in the fu-
ture to transfer heat from the power system component to the working
fluid. Water circulation for preheating the hydrogen fuel using waste
heat from the fuel cell stacks is achieved with a commercially available
Magnatex pump [52], which meets both the volumetric flow capacity
and power requirements.

3.2. Tank pressure regulation

As discussed earlier, the tank pressure must be regulated during flight
as P, = Zle AP;,2 + 1.3 bar in order to maintain the required fuel
mass flow rate #,,,(7) to meet the power demands P,,,, (7). The calcu-
lated P, (1) profile for the optimal configuration, based on the P,,,, (1)
profile shown in Fig. 1, is illustrated in Fig. 6. This profile includes a
40-min taxi-out period, during which P,,,, increases from 1 bar imme-
diately after fuel refilling to about 1.2 bar due to heat leakage through
the tank insulation. Prior to takeoff at t = 0, P,,,, must be ramped up
to above 1.6 bar in order to meet the takeoff power demand. This can
be achieved by charging the tank with room-temperature hydrogen gas
from the compressed hydrogen cylinder, as illustrated in Fig. 2. If the
charging pressure is regulated to 10 bar through a charging pipeline with
a diameter of 0.25 inches and a length of 2 m, it is estimated that P,
can be increased from 1.2 bar to 1.63 bar in less than half a minute. In ur-
gent situation, such as when a go-around is required during landing, the
power P,,,,(t) must be ramped up rapidly from minimal to peak levels.
In such cases, the charging pressure can be increased to a much higher
level, such as 200 bar, allowing P,,,, to reach its peak value within a
few seconds.

Following the climb phase, P,,,, needs to be reduced as the power
demand P,,,, decreases. Once the gas charging process is complete, the
outflowing LH, at the required mass flow rate r,,, naturally decreases
P,,«- Conversely, the ambient heat leakage through the hydrogen tank
wall Q,,,, vaporizes LH,, leading to an increase in P, ;. To control P,
and ensure it follows the required profile as shown in Fig. 6 for ¢t > 0,
some hydrogen vapor must be released from the tank using a controlled
vent valve. The vapor venting mass flow rate 1, can be determined by
evaluating the rate of change of the total fuel mass iy, and internal
energy E 1, in the storage tank as follows:

Table 2
Heat exchanger specifications for the optimal design configuration that achieves the highest overall gravimetric index at P}, = 1.63 bar.
i Component Working fluid  ri,, - (kg/s) P ; (ar) d (ecm) &, (mm) d(cm) & (mm) L' (m) &, . (cm) miy, , + my, xinsk8) APy (kPa)
1  Generator SHe 0.15 20 3.32 0.76 4.17 1.21 4.03 1.34 3.04 1.07
2  Cable SHe 0.15 20 3.81 0.87 4.78 1.38 1.83 0.59 1.67 0.57
3 Motor SHe 0.41 20 5.23 1.20 6.55 1.89 4.82 0.22 8.09 1.03
4 Motor drive SHe 0.52 20 5.72 1.31 7.77 2.26 9.55 0.42 21.59 5.36
5  Converter/rectifier ~ SHe 0.17 20 6.50 1.49 8.13 2.36 19.24 0.94 51.20 14.13
6  Fuel cell Water 3.49 1 7.32 0.21 9.12 0.21 13.37 0 4.13 10.65
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Table 3
Specifications of the cryofans and pump used to drive the working fluids in the heat exchangers for the optimal design configuration at P}, = 1.63 bar.
Parameters of the working fluids in these heat exchangers are also provided.
i Component Model of eryofan/pump  mrfy, . (kg) Vf"m (m3/s) P, W), () P (bar) i (kg/s) Vi ; (m3/s) Vi SAP, (W)
1 Generator Chinook 8 0.0094 120 71 20 0.15 0.005 55.66
2 Cable Chinook 8 0.0094 120 71 20 0.15 0.008 37.33
3 Motor Tramontana 90 0.083 2400 90 20 0.41 0.054 1939.84
4 Motor drive Tramontana 90 0.083 2400 90 20 0.52 0.068 1429.74
5 Converter/rectifier =~ Tramontana 90 0.083 2400 90 20 0.17 0.028 395.46
6 Fuel cell Magnatex 26 0.005 2238 - 1 3.49 0.0035 55.61
1.7 - o
P ~=1.63 bar 3.4
1.6 . : }
Taxi-out period < 30-
1.51 Bl Takeoff period 5 "
~ . :
5 Flight period T%06-
£ 1.41 3~
< -Q j
S - — — — — — — — — — —— . ] -
1.3 2.2
1 2 T 1 8 p
1.1 0 100 200 300 400
10 (a) ¢t (minutes)
0 100 200 300 400
¢t (minutes) 251
Fig. 6. Calculated tank pressure P, required to deliver fuel and meet the 20 1
power demand shown in Fig. 1(a), using the optimal tank and heat exchanger /v?
configuration. A 40-min taxi-out period is included. ?0 151
~
-
. -8 104
tg, = 22 [9OpL,V + = 3O,V |
5 -
= _mreq(t) - mv(t)s (6) \
Epy = 4 [0 000m, VL, + (= yi@pan,V €] O
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where H, is the specific enthalpy of saturated hydrogen vapor at 20K,
while £, ;) and &gy, denote the specific internal energies of saturated
liquid and vapor hydrogen at 20 K, respectively. The rate of heat leakage
0. for the optimal tank configuration is shown in Fig. 7(a). Its time
variation corresponds to changes in flight altitude. On the ground, with
an ambient temperature of 20 °C, Q,,, is about 3.45 kW. At cruising
altitude, where the ambient temperature drops to —50 °C, Q,,,; de-
creases to about 1.9 kW. By substituting O, into the above equations,
the liquid fuel volume fraction y,(¢) in the tank and the vapor venting
mass flow rate 7z, can be solved. The obtained 1, as a function of time
during the flight is shown in Fig. 7(b). During the transition from the
climb phase to cruising, and throughout the cruising phase, the vapor
venting mass flow rate 1, constitutes only a few percent of the fuel mass
flow rate r,,, supplied to the power system components. To minimize
fuel losses, the vented vapor can be redirected to downstream fuel cell
stacks, ensuring that no hydrogen is wasted while maintaining optimal
system performance.

4. Summary

We have presented a comprehensive framework for the design and
optimization of an LH, storage, thermal management, and transfer-
control system to support the IZEA mission. The study demonstrates

Fig. 7. (a) Calculated heat leakage rate Q,,,, through the hydrogen tank wall for
the optimal design configuration; (b) derived vapor venting mass flow rate s,
for maintaining the desired tank pressure profile during the flight.

the successful regulation of tank pressure and hydrogen mass flow rates
to meet varying flight power demands while effectively managing the
thermal loads of power system components. Key findings emphasize
the importance of system-level optimization, balancing storage, trans-
fer, and cooling efficiency to maximize the overall gravimetric index—a
critical measure of fuel storage efficiency. The integration of counterflow
heat exchangers into the system illustrates the feasibility of using LH, as
both a fuel and a cooling medium, showcasing its dual functionality in
addressing both energy and thermal management needs. This work un-
derscores the potential of LH,-based systems in advancing sustainable
and efficient aviation technologies.

In the future, we plan to address two critical challenges for advanc-
ing the IZEA mission. First, the design of heat exchangers within each
circulation loop, tasked with transferring heat from the power system
components to the working fluid, will be a key focus. Although the cur-
rent study analyzes the heat exchanger responsible for transferring heat
from the working fluid to the fuel pipeline, the absence of detailed spec-
ifications for the size, material, and thermal properties of the power
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system components has prevented the inclusion of these additional heat
exchangers. Future efforts will resolve these gaps, enabling their design
and incorporation into system-level optimization to achieve an ideal
balance of thermal performance, weight, and efficiency. Second, innova-
tive thermal management strategies for cooling the fuel cell stacks will
be developed to address the significant heat generation during opera-
tion. One promising solution involves conducting heat to the aircraft’s
body and utilizing skin cooling with cold ambient air at high altitudes,
offering an efficient and lightweight means of dissipating heat. These
advancements are crucial for refining the overall thermal management
architecture and ensuring the practical implementation of zero-emission
aviation technologies.
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