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Abstract 

The growing interest in sustainable aviation has highlighted liquid hydrogen 
(LH₂) as a promising alternative to conventional fuels. This study develops a 
systems level, conceptual approach to size and assess the key elements of an 
LH₂ fuel system for a short-range commercial aircraft with operational and 
geometric characteristics similar to those of the Airbus A220-300. A 
configuration with two fuselage mounted tanks (front and aft), providing a 
total fuel capacity of approximately 4 t of LH₂, is considered. A modeling 
framework is developed by coupling a tank sizing model with a one-
dimensional distribution system model to evaluate key physical phenomena 
influencing system performance, including pressure losses, thermal behavior 
and overall weight impact, along the fuel path from the storage tanks to the 
engine interfaces under steady operating conditions. The architecture reflects 
typical safety and redundancy requirements for hydrogen systems, while 
remaining sufficiently simple to serve as a preliminary, low fidelity sizing tool 
at conceptual design level. The predicted fuel system mass is compared 
against several empirical mass correlations from the literature, providing an 
initial consistency check for the modelled architecture. The resulting 
framework provides a structured, low fidelity methodology for assessing LH₂ 
storage and main distribution architectures and for identifying key design 
drivers and tradeoffs relevant to aircraft level integration. 
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1. Introduction 

The aviation industry is under increasing pressure to reduce its environmental 
impact, as commercial air transport contributes an estimated 2–3% of global 
CO₂ emissions [1]. Meeting international climate targets requires the adoption 
of alternative propulsion concepts and cleaner fuels capable of delivering 
substantial reductions in greenhouse gas emissions. Among the potential 
solutions, liquid hydrogen is considered one of the most promising due to its 
high gravimetric energy density, absence of carbon emissions during 
combustion, and compatibility with advanced propulsion technologies [2]. 

Hydrogen combustion characteristics provide additional advantages. The high 
adiabatic flame temperature achievable with hydrogen can enhance 
thermodynamic efficiency in gas turbine cycles. Its wide flammability limits, 
rapid diffusivity, and efficient mixing enable the use of compact combustors, 
which can help reduce NOₓ formation. Furthermore, its specific heat capacity, 
which is greater than that of kerosene, offers opportunities for advanced 
thermal management strategies, such as intercooling and recuperation, that 
may improve engine efficiency and reduce specific fuel consumption [3]. 

Despite these benefits, the implementation of hydrogen in aviation presents 
several technical challenges. A key limitation is hydrogen’s low volumetric energy 
density: at standard conditions, 1 𝑘𝑔 of hydrogen occupies approximately 12 𝑚3, 
making storage in gaseous form impractical. Consequently, cryogenic storage at 
around 20 𝐾  is required to reduce the fuel’s volume to usable levels. This 
necessitates robust, insulated tanks and pipelines made from materials capable 
of maintaining mechanical strength at cryogenic temperatures, such as stainless 
steel SS 304 and aluminum alloy Al 2219. Effective insulation, typically 
polyurethane or rigid foams, is also required to minimize heat ingress and 
control boil-off during storage and operation [1,4]. 

The integration of LH₂ fuel systems into aircraft requires a holistic design 
approach that accounts not only for tanks and pipelines but also for subsystems 
such as refueling, defueling, pressurization, and venting. Ensuring redundancy 
and compliance with safety standards, such as those of the Federal Aviation 
Administration (FAA) [5], is equally important to guarantee operational reliability. 
Furthermore, the influence of LH₂ systems on aircraft configuration, weight 
distribution, and maintenance requirements highlights the importance of 
assessing fuel systems within the broader context of aircraft level integration [6]. 

This work contributes a practical methodology for early stage LH₂ fuel system 
assessment by coupling two complementary models. A tank sizing model is 
used to determine tank geometry, structural sizing and boil-off-rate (BOR) 
driven insulation thickness, and a one-dimensional distribution model is used 
to estimate pressure losses, heat ingress and component masses along the 
main feed path from the tank outlets to the engine-mounted high pressure 
pump inlet. Tank model outputs provide the boundary conditions for the 
distribution analysis. The coupled workflow provides a consistent basis for 
preliminary architecture trade studies and identification of key mass drivers, 
while detailed modeling of supporting subsystems and transient operation is 
left for future work. The calculated fuel system mass is compared with empirical 
correlations from the literature as an initial consistency check. 
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2. Materials and Methods 

The present study focuses on the development and evaluation of a liquid 
hydrogen fuel system for a short-range aircraft, using a configuration with 
operational and geometric characteristics similar to those of the A220-300 
class. The work includes quantifying component masses and estimating the 
overall fuel-system mass. The analysis is conducted for a total LH₂ capacity of 
approximately 4 t, which serves as the reference case for sizing the storage and 
distribution system. The modeling approach includes the design methodology 
for both the storage tanks and the overall fuel distribution system, aiming to 
ensure safe, efficient and reliable fuel delivery under cryogenic conditions while 
satisfying the operational requirements of the selected aircraft class. 

The analysis is performed by coupling two complementary models. First, a tank 
sizing tool is used to define the reference LH₂ storage tanks (geometry, 
structural thickness and insulation level) and to estimate steady heat leakage 
and boil-off rate (BOR) under specified ambient conditions. Second, a one-
dimensional (1D) hydrogen distribution model is used to compute pressure 
losses, heat leakage and component masses along the feed path from the tank 
outlets to the inlet of the engine-mounted high pressure pump. The tank model 
provides the boundary conditions for the distribution model, namely tank 
outlet pressure and temperature, tank geometry constraints, and the insulation 
level (or BOR target) adopted for the storage system. 

2.1. Tank design 

To assess the impact of the hydrogen fuel system on aircraft integration,  
a representative model of the fuselage-mounted fuel tanks is developed.  

The modeling approach includes geometric sizing of the inner volume to store 
the required hydrogen mass based on mission energy demands and fuselage 
constraints, mechanical analysis to determine the minimum allowable inner 
wall thickness, and thermal modeling to evaluate insulation performance and 
minimize heat ingress. 

2.1.1. Geometry design and operating conditions 

By design, the two front-and-aft tank configuration provides redundant fuel 
supply capability and is therefore adopted in this study in preference to a single 
tank arrangement. Feeding both engines from one tank would introduce a 
single point of failure, potentially affecting both engines simultaneously.  
In addition, the ability to transfer fuel between tanks in flight can help mitigate 
constraints on the flight envelope. 

A non-integral tank concept is adopted, structurally decoupled from the primary 
airframe; the tank therefore carries only its own weight, that of the contained 
fuel and the internal pressure loads, but not the primary airframe loads. This 
approach is selected as a more straightforward and less complex solution, which 
is more suitable given that the focus of this study lies on robustness.  

Each tank is modelled as a cylinder with semi-spherical caps. The inner volume is 
sized so that the required hydrogen mass for the design mission can be stored 
as saturated liquid at 20 K with a small gaseous volume fraction fixed at 3 %, i.e. 
the liquid volume fraction is limited to 97 %. This choice provides sufficient 
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headspace for venting and pressure control while maximizing usable liquid 
volume [7]. The corresponding average fluid density is approximately 71 kg·m⁻³.  

2.1.2. Mechanical design 

In line with established safety and operational guidelines, the minimum tank 
pressure is set to 1.2 bar, slightly above the maximum expected ambient 
pressure, to avoid air ingress. For the steady-state sizing point considered in 
this study, the tank pressure is assumed to be constant at 1.6 bar [8]. 

The minimum internal wall thickness is calculated by: 

𝑡𝑤 =
𝑝𝑝⋅𝑑𝑖

𝜑⋅(2⋅
𝐾

𝑆
−𝑝𝑝)

     (1) 

where 𝑑𝑖 is the internal tank diameter, 𝑝𝑝 is the burst pressure, φ is the weld 
efficiency equal to 0.8, 𝐾 is the allowable stress and S is the safety factor taken 
as 2 [9]. 

2.1.3. Thermal design 

Heat transfer from the compartment to the LH₂ occurs through three 
mechanisms: natural convection and radiation at the external tank surface, 
radial conduction through the insulation, and natural convection at the internal 
tank surface. To assess the performance of the insulation and quantify these 
effects, a detailed thermal model is developed and represented as a series of 
thermal resistances in an electrical analogy network as illustrated in Figure 1 
below: 

 

Figure 1. Thermal resistance circuit for heat flow through the tank. 

The driving dimensionless groups for natural convection are the Grashof and 
Rayleigh numbers defined as: 

𝐺𝑟 =
𝑔⋅𝛽𝑎𝑖𝑟⋅(𝑇𝑎𝑚𝑏−𝑇𝑠𝑘𝑖𝑛)⋅𝐿𝑐

3

𝑣𝑎𝑖𝑟
2     (2) 

𝑅𝑎 = 𝐺𝑟 ⋅ 𝑃𝑟𝑎𝑖𝑟      (3) 

where 𝑔 is the gravitational acceleration, 𝛽air the thermal expansion coefficient 
of air, 𝜈air  its kinematic viscosity, 𝑇skin  the outer wall (skin) temperature, 𝑇amb 
the ambient air temperature, and 𝐿𝑐 the characteristic length of the tank, in this 
case the diameter. The Prandtl number is evaluated at the bulk air temperature. 
The external Nusselt number is obtained from the following natural convection 
correlation [10]: 
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     (4) 

The corresponding convective heat transfer coefficient is then: 

ℎconv, out =
𝑘𝑎𝑖𝑟⋅𝑁𝑢

𝐿𝑐
     (5) 

where 𝑘𝑎𝑖𝑟 is the thermal conductivity of air. 

In addition to convection, thermal radiation from the surroundings is included 
through an equivalent radiative coefficient: 

ℎrad = 𝜎 ⋅  𝜀 ⋅  (𝑇skin
2 + 𝑇amb

2 ) ⋅  (𝑇skin + 𝑇amb)   (6) 

where 𝜎 is the Stefan–Boltzmann constant and 𝜀 the outer surface emissivity.  

The total external heat transfer coefficient is therefore: 

ℎtotal, out = ℎconv, out + ℎrad    (7) 

and the corresponding external thermal resistance is: 

𝑅total, out =
1

ℎtotal, out⋅ 𝐴out
     (8) 

with 𝐴out the external surface area of the tank. 

Selecting an appropriate insulation system is crucial for the effectiveness of a 
cryogenic storage system, as it must mitigate pressure fluctuations caused by 
environmental heat leakage and fuel withdrawal, which can drive the tank 
pressure towards its operational limits. Foam insulation is therefore selected 
for the LH₂ tank over vacuum insulation due to its reduced weight, lower 
construction, installation and maintenance costs, and greater reliability and 
safety [2]. In addition, much more information on foam insulated LH₂ tanks is 
publicly available than for alternative concepts, which further supports this 
choice. The insulation thickness is treated as a design variable and is iterated 
to satisfy a target boil-off rate (BOR). The resulting thickness is then used to 
compute the total thermal resistance and the steady heat leakage into the tank. 

Because the thermal conductivity of the foam varies significantly with 
temperature, the insulation is discretized into 100 concentric sub-layers of 
equal thickness. For each sub-layer, the thermal resistance and local 
temperature are computed, and the total insulation resistance is obtained by 
summing the individual contributions [11]: 

𝑅ins = ∑
𝑙𝑛 (𝑟𝑖+1/𝑟𝑖)

2⋅𝜋⋅𝑙𝑠⋅𝑘foam, i

100
𝑖=1     (9) 

where 𝑟𝑖 and 𝑟𝑖+1 are the inner and outer sub-layer radii, 𝑙𝑠 is the tank length 
and 𝑘foam, i the corresponding foam thermal conductivity. 

Conduction through the walls is neglected, as their thickness is small compared 
to the insulation. 

The inevitable heat leakage through the tank walls produces a temperature 
difference between the inner wall and the hydrogen bulk, which in turn drives 
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natural convection inside the tank. This internal convection is evaluated 
separately for the liquid and gas phases. 

For the liquid phase, the Nusselt number is evaluated from [12]: 

𝑁𝑢 = 0.0605⋅𝑅𝑎1/3    (10) 

For the gas phase, a constant Nusselt number is used [2]: 

𝑁𝑢 = 17     (11) 

The liquid fill height is determined iteratively to match the prescribed ullage 
fraction. An initial gas height is assumed, the corresponding gas volume is 
computed (cylindrical section and end caps treated separately), and the liquid 
volume is obtained by difference from the total tank volume. The gas height is 
updated until the calculated phase volumes match the target liquid–gas volume 
ratio. 

The convective heat transfer on the inner side of the tank is represented by a 
single effective coefficient, obtained by weighing the liquid and gas 
contributions with their respective wetted areas: 

ℎconv, in =
1

𝑆𝑤,tot
 (ℎin,ℓ⋅𝑆𝑤,ℓ + ℎin,𝑔⋅𝑆𝑤,𝑔)   (12) 

where ℎin,ℓ and ℎin,𝑔 are the internal heat transfer coefficients for the liquid and 
gas phases, 𝑆𝑤,ℓ and 𝑆𝑤,𝑔 are their wetted surface areas, and 𝑆𝑤,tot = 𝑆𝑤,ℓ + 𝑆𝑤,𝑔. 

The internal heat resistance is then calculated based on the internal surface 
area 𝐴𝑖𝑛 as: 

𝑅conv, in =
1

ℎconv, in⋅𝐴in
    (13) 

Having identified the heat transfer mechanisms and calculated the 
corresponding resistances, the total thermal resistance of the circuit can be 
determined by: 

𝑅𝑡𝑜𝑡𝑎𝑙 = 𝑅𝑡𝑜𝑡𝑎𝑙,𝑜𝑢𝑡 + 𝑅𝑖𝑛𝑠 + 𝑅𝑐𝑜𝑛𝑣,𝑖𝑛  (14) 

The steady-state heat flux into the tank, accounting for 30% margin for 
additional heat paths through supports and piping, which is applied to the 
calculated heat load, is [12]: 

𝑄 = 1.3 ⋅
𝑇air−𝑇𝐿𝐻2
𝑅total

    (15) 

with 𝑇air  the ambient air temperature and 𝑇𝐿𝐻₂  the liquid hydrogen 
temperature.  

The vaporization rate of hydrogen, Boil-off rate (BOR), can be determined as 
stated in [13]: 

𝐵𝑂𝑅 =
360,000 · 𝑄

𝛥ℎ · 𝑚𝐿𝐻2

 
%

ℎ𝑟
    (16) 

Q represents the total heat exchanged between the liquid hydrogen in the tank 
and the surrounding atmosphere in W. 𝛥ℎ stands for the vaporization heat (in 
joules per kilogram), and for LH₂, it is assumed to be 461,000 𝐽

𝑘𝑔
. 𝑚𝐿𝐻2 signifies 

the quantity of LH₂ in the tank in 𝑘𝑔. 
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Convergence is, finally, achieved through iterative analysis of the insulation 
thickness required to achieve the necessary calculated resistance (𝑅𝑡𝑜𝑡,𝑐𝑎𝑙𝑐) 
indicated by the resulting resistance of the BOR (𝑅𝑡𝑜𝑡,𝐵𝑂𝑅). 

𝑅𝑡𝑜𝑡,𝑐𝑎𝑙𝑐 = 𝑅𝑡𝑜𝑡,𝐵𝑂𝑅    (17) 

The tank model provides the geometry, structural mass, insulation thickness 
(and corresponding BOR/heat leakage) and outlet pressure/temperature used 
as inputs to the distribution model. 

2.2. Fuel distribution system design 

The primary function of the fuel system is to supply supercritical hydrogen to 
the engines at the required pressure and temperature, in accordance with 
aircraft specifications. This fuel delivery system comprises pumps, hydraulic 
components, and pipelines. Pumps are essential for raising pressure 
sufficiently to offset pressure losses encountered within pipelines and 
hydraulic elements, thereby ensuring hydrogen remains in a supercritical state 
without phase changes upon reaching the engines. Hydraulic components 
regulate fuel flow, manage directional changes, and merge multiple fuel 
pathways. Pipelines interconnect these components and facilitate fuel 
transportation. Critical factors influencing the design and operation of the fuel 
distribution system include pressure drop, heat loss, and overall system weight. 
To meet these criteria, careful selection of parameters affecting system 
performance is crucial, ensuring it operates effectively within engine 
requirements. The aircraft fuel system encompasses all subsystems connected 
to the tanks or engines that handle fuel. In addition to the main distribution 
lines, further systems such as refueling and defueling, pressurization and 
venting are required.  

In the present work, the focus is on the cryogenic storage tanks and the main 
hydrogen distribution system from the tank outlets to the engine-mounted 
high pressure pumps. These parts of the architecture are modelled in the COCO 
(CAPE-OPEN to CAPE-OPEN) simulator [14] using a one-dimensional hydraulic 
and thermal representation. COCO is a free, CAPE-OPEN compliant steady-state 
flowsheet simulator that provides a graphical environment and supports 
modular CAPE-OPEN thermodynamics and unit operation components. 
Hydrogen properties are obtained from CoolProp [15]. The model includes 
calculations of pressure drops across pipelines and hydraulic components, heat 
leakage, and the resulting component masses. Supporting subsystems 
(refueling/defueling, pressurization and venting) are not modelled in detail; 
their contribution is included only through aggregate mass estimates based on 
literature data.  

2.2.1. Hydraulic calculations 

The friction factor for flow in tubes is calculated according to [16]  

𝑓 =

{
 
 

 
 

64

𝑅𝑒
, 𝑅𝑒 < 2300

{
1

−1.8∙𝑙𝑜𝑔[
6.9

𝑅𝑒
+(

𝑒 𝑑𝑖⁄

3.7
)
1.11

]

}

2

, 𝑅𝑒 > 2300
   (18) 
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where 𝑑𝑖 is the inner diameter of the tube, 𝑒 is the wall roughness and 𝑅𝑒 the 
Reynolds number. The pressure drop across a pipe is calculated based on the 
Darcy-Weisbach equation: 

𝛥𝑃𝑝𝑖𝑝𝑒 = 𝑓 ⋅
𝐿

𝑑𝑖
⋅
𝜌𝐻2⋅𝑉

2

2
    (19) 

where 𝐿 is the length of the pipe, 𝜌𝐻2 is the hydrogen density in 𝑘𝑔
𝑚3 and V is the 

hydrogen velocity in 𝑚
𝑠
. 

The determination of the pressure drop for each hydraulic element is based on 
the use of the dimensionless form factors 𝐾 [16]: 

𝛥𝑝ℎ𝑦𝑑 = 𝛫 · 𝜌𝐻2 ·
𝑉2

2
    (20) 

The total pressure drop is the sum of the individual losses as follows: 

𝛥𝑝𝑡𝑜𝑡𝑎𝑙 = 𝛥𝑝𝑝𝑖𝑝𝑒 + 𝛥𝑝ℎ𝑦𝑑     (21) 

2.2.2. Pipe wall thickness 

The minimum allowable thickness of the steel inner wall, in order to cope with 
the loads due to the internal hydrogen pressure, is derived in the same manner 
as that of the tank from eq.1. The maximum design pressure inside the piping 
should be set well above the operating pressure of the fuel distribution system 
to avoid the possibility of cracking the wall. 

2.2.3. Thermal sizing 

The thermal design of the piping involves determining the minimum insulation 
thickness that keeps heat leakage within allowable limits while minimizing 
weight. On the inside, heat transfer occurs by forced convection from the 
flowing hydrogen to the inner pipe wall, followed by conduction through the 
insulation (the thermal resistance of the thin pipe wall is neglected). On the 
outside, heat is transferred to the environment by natural convection and 
radiation. The procedure is similar to that used for the hydrogen tank; 
therefore, common steps are omitted here. 

To calculate the internal thermal resistance of forced convection, the Nusselt 
number is required, which is determined using Gnielinski's correlation for 
turbulent flow as follows [17]: 

𝑁𝑢𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 =
𝑓

8
∙(𝑅𝑒−1000)∙𝑃𝑟𝐻2

1+12.7∙(
𝑓
8⁄ )
0.5
∙(𝑃𝑟𝐻2

2 3⁄ −1)
   (22) 

where 𝑃𝑟𝐻2is the Prandtl number for hydrogen and 𝑅𝑒 is the Reynolds number. 

Similar to the tank methodology, the wall side thermal resistance is evaluated 
by accounting for the temperature dependent thermal conductivity of the 
insulation via discretization into equal thickness sub-layers, computing the 
resistance of each sub-layer, and summing the contributions. Likewise, the 
external side heat transfer (natural convection of ambient air around the 
cylindrical pipe, and radiation if considered) is treated using the same 
correlations and assumptions adopted for the tank, including the ambient 
reference temperature (300 K). 

Finally, the total heat input per meter of piping is obtained: 
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𝑞 =
𝑇𝑎𝑖𝑟−𝑇𝐻2

𝑅𝑡𝑜𝑡𝑎𝑙⋅𝐿
    (23) 

where, Rtotal is the total thermal resistance in K
W

 and L is the length of the pipe 
in m. 

The final value of the insulation thickness is selected so that heat leakage meets 
the construction requirements, and no phase change is observed within the 
boundaries of the fuel distribution system. 

2.2.4. LH₂ fuel distribution system model assumptions  

The system architecture is shaped by several safety and regulatory standards. 
First, it is assumed that two tanks placed at the front and aft of the fuselage 
must independently feed each engine during takeoff complying with 
regulations mandated by the FAA. For every fuel containment system, there 
need to be two boost pumps in parallel and one inline pump in series, so that 
in the event of a pump malfunction, the engines will not flame out due to fuel 
starvation, resulting in a total of six pumps. The pumps’ design and 
performance characteristics are obtained from literature and are fed directly 
into 1D model calculations [8]. 

Pressure drop and heat leakage are calculated to ensure that hydrogen 
remains in a supercritical state at the engine interface, preventing issues 
related to sudden density fluctuations across critical components, such as heat 
exchangers. Hydraulic components are used to control fuel flow, change 
direction, and connect multiple flow paths effectively. 

The fuel distribution system model includes several types of valves to ensure 
safety, control, and redundancy [18]. Shut-off valves are used to stop fuel flow 
during emergencies or maintenance, with four valves in total for the front and 
aft tanks. Each fuel line must ensure one way flow using non-return valves to 
prevent reverse flow that could damage booster pumps and other 
components. Relief valves prevent over pressurization of pipelines, with two 
valves ensuring safety in a twin-engine configuration. Cross-feed valves 
balance fuel distribution between engines and tanks in emergencies, ensuring 
redundancy in case of engine or booster pump failure. Regulator valves control 
mass flow through each line according to flight requirements, ensuring optimal 
efficiency. These valves work together to ensure safe and effective fuel 
management in the system. Assumptions related to the components of the fuel 
distribution line can be found in Table 1. 

Table 1. Model assumptions. 

Component Comments 
Valves Cross feed, non-return, relief, shut off, regulator valve 

Pipelines Closed-cell polyurethane foam insulation 

Pumps 

3 pumps per tank per engine feed: 
- 2 booster pumps in parallel 
- one inline pump per tank 

Booster pump pressure ratio: 2.5 
Efficiency: 0.7 

Inline pump pressure ratio: 3.5 
Efficiency: 0.85 

Fuel tanks 1 front and 1 aft tank of equal capacity 
Each tank should feed a separate engine at takeoff 
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For clarity, the principal boundary conditions, input parameters, and delivery 
requirements used in the hydrogen distribution model are summarized in 
Table 2, including the interface quantities provided by the tank-sizing model. 

Table 2. Boundary conditions and key inputs for the hydrogen distribution model. 

Category Parameter Source 
Boundary condition Tank outlet pressure From tank-sizing model 
Boundary condition Tank outlet temperature From tank-sizing model 

Operating input Hydrogen mass flow rate From engine / flight envelope requirement 
Hydraulic input Pump pressure ratio Literature / assumption 
Hydraulic input Pump efficiency Literature / assumption 
Hydraulic input Hydraulic component type and K-values Literature / assumption 
Geometric input Pipe length Aircraft spatial constraints 
Geometric input Pipe inner diameter Design / parametric study 
Thermal input Insulation type Material selection 

Boundary condition Engine-interface temperature/pressure Engine/system requirement 

2.3. Fuel system weight estimation 

The total weight of the fuel distribution system is the sum of the masses of the 
individual components as follows: 

𝑚𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 = 𝑚𝑝𝑢𝑚𝑝 +𝑚𝑝𝑖𝑝𝑒 +𝑚ℎ𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐𝑠   (24) 

where 𝑚𝑝𝑢𝑚𝑝 is the weight of all pumps required to operate the fuel delivery 
system, 𝑚ℎ𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐𝑠   is the weight of the hydraulic components (𝑚𝑝𝑢𝑚𝑝  and 
𝑚ℎ𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐𝑠 were assessed based on available literature data [2]) and 𝑚𝑝𝑖𝑝𝑒   is the 
weight of the piping. 

Based on literature [2], the fuel distribution system is expected to account for 
approximately 40% of the total system’s weight, with the remaining 60% taken 
up by the aforementioned subsystems.  

While this study primarily relies on an analytical approach to calculate the 
overall system’s weight by summing the contribution of individual 
components, it is also instructive to compare these results with empirical 
correlations. They provide useful order of magnitude estimates for system 
mass, although their direct applicability to liquid hydrogen architecture is 
limited due to the additional requirements of cryogenic storage and insulation. 

The total weight based on Raymer’s method is calculated using the following 
relation [19]: 

𝑊𝑓𝑢𝑒𝑙,𝑠𝑦𝑠𝑡𝑒𝑚 = 16.01 · 𝑉𝑡
0.606 · 𝑁𝑡

0.5 [𝑘𝑔]   (25) 

where 𝑉𝑡  [𝑚3]  is the total available fuel volume and 𝑁𝑡  is the number of fuel 
tanks. 

The weight estimation based on Torenbeek’s correction is given by the 
following equation [19]: 

𝑊𝑓𝑢𝑒𝑙,𝑠𝑦𝑠𝑡𝑒𝑚 = 36.3 · (𝑁𝑒𝑛𝑔 + 𝑁𝑓𝑡 − 1) + 43.56 · 𝑁𝑓𝑡
0.5 · 𝑉𝑓𝑡

0.333 [𝑘𝑔]      (26) 

where 𝑉𝑓𝑡 [𝑚3] is the total volume, 𝑁𝑒𝑛𝑔 is the number of engines and 𝑁𝑓𝑡 is the 
number of tanks. 

NASA recommends the use of the following formula to estimate the weight for 
commercial aircraft [19]: 
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𝑊𝑓𝑢𝑒𝑙,𝑠𝑦𝑠𝑡𝑒𝑚 = 0.7677 · 𝑊𝑓𝑢𝑒𝑙 𝑐𝑎𝑝
0.58 · 𝑁𝑒𝑛𝑔

0.43 · 𝑉𝑚𝑎𝑥
0.34 [𝑘𝑔]  (27) 

where 𝑊𝑓𝑢𝑒𝑙 𝑐𝑎𝑝  is Aircraft maximum fuel capacity [𝑘𝑔 ], 𝑁𝑒𝑛𝑔  is the number of 
engines, and 𝑉𝑚𝑎𝑥  is the maximum Mach number. 

The total weight according to the Cryoplane project is calculated as follows [20]: 

𝑊𝑓𝑢𝑒𝑙,𝑠𝑦𝑠𝑡𝑒𝑚 = 12 · 𝑉𝑓𝑢𝑒𝑙  [𝑘𝑔]   (28) 

where 𝑉𝑓𝑢𝑒𝑙  [𝑚3] is the total volume for fuel storage provided by the tanks. 

The modeling framework is intended as a preliminary, low fidelity sizing tool at 
conceptual design level. Its primary purpose is to identify the main components 
and mass drivers of the liquid hydrogen fuel system, rather than to provide a 
detailed description of system operation, control strategies or transient 
behavior. Consequently, the analysis focuses on steady-state hydraulic and 
thermal performance and on mass estimation, while detailed functional 
analyses of individual subsystems are left for future work. 

3. Results and Discussion 

This section summarizes the main outcomes from the design and analysis of 
the liquid hydrogen fuel system for a short-range aircraft application. The 
results address key performance drivers, including pressure losses, heat 
ingress, material selection for cryogenic operation, and system layout. Using 
the one-dimensional analytical framework described in Section 2, the flow 
behavior, thermal performance and hydraulic losses are evaluated under 
representative operating conditions, and the corresponding component 
masses are estimated. 

For the storage system, the inner tank wall material is aluminum alloy 2219, 
selected for cryogenic compatibility, with a density of 2840 kg·m⁻³ and an 
allowable stress of 172.4 MPa at 20 K. To limit heat ingress through the tank 
wall, a high performance insulation system is required. A Rohacell foam based 
insulation, as reported by Winnefeld, is adopted due to its favorable safety 
characteristics and competitive mass; for the foam grade considered, a density 
of 35 kg·m⁻³ is used and the thermal conductivity increases with temperature 
within the range 0.005–0.035 W·m⁻¹·K⁻¹. The outer wall is modelled as a Kevlar–
epoxy composite, whose low density contributes to reducing tank weight and 
is acceptable given the moderate structural requirements.  

As described in Section 2.1.1, the total LH₂ load is split equally between the 
front and aft tanks, so each tank stores half of the mission fuel. The gravimetric 
density (tank gravimetric efficiency) is defined as the dimensionless ratio of the 
fuel mass stored in the tank to the combined mass of tank structure and stored 
hydrogen [12]: 

𝑛𝑔𝑟𝑎𝑣 =
𝑚𝐻2

𝑚𝑡𝑎𝑛𝑘+𝑚𝐻2

    (29) 

With the structural layers held constant across the parametric study, the effect 
of the allowable boil-off rate (BOR), evaluated at 2.5, 5, 10 and 15 %/day, is 
dominated by the insulation requirement: stricter BOR targets demand thicker 
insulation to reduce heat ingress, increasing tank mass and lowering 𝜂grav , 
whereas higher BOR allows thinner insulation and a lighter tank. Figure 2 
reflects this trade-off, with 𝜂grav increasing from ~0.41 at 2.5 %/day to ~0.57 at 
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15 %/day. A BOR of 5 %/day is selected as the design point, consistent with 
values reported in the literature [2], as it balances thermal performance with 
mass efficiency; the final tank design is summarized in Table 3. 

 

Figure 2. Gravimetric index vs Boil-off rate. 

Table 3. LH2 tank characteristics. 

Property Value Units 
LH₂ capacity 28.2 𝑚3 

Inner wall thickness 0.005 𝑚 
Outer wall thickness 0.0157 𝑚 
Insulation thickness 0.224 𝑚 

Gravimetric index 0.505 − 
Total tank length ~6 𝑚 

Total empty tank weight 1960 𝑘𝑔 

Hydrogen is stored in the fuel tanks at an assumed steady pressure of 
approximately 1.6 bar and is supplied to the distribution system. The inner pipe 
wall material is selected to maintain mechanical integrity under cryogenic 
conditions, thereby reducing the likelihood of cracking and leakage. Stainless 
steel (SS 304), with a density of 8000 kg·m−3, is adopted due to its established 
performance at temperatures down to approximately 20 K. Closed-cell 
polyurethane foam is used as pipe insulation because of its low thermal 
conductivity and low density, which help limit heat ingress while minimizing 
added mass. The outer pipe layer is modelled as aluminum alloy (Al 2219), 
selected for its low density and cryogenic suitability, and for providing 
mechanical protection to the insulation. The selected materials and key 
properties are summarized in Table 4. 

Table 4. Pipe wall layers. 

Layer Material Density [𝒌𝒈/𝒎³] 
Internal Stainless Steel SS 304 8000 

Insulation Polyurethane Foam 35 
External Aluminum Alloy Al 2219 2840 
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A parametric study is conducted by varying the inner diameter of the tubing 
from 2 to 7 𝑐𝑚 to evaluate its effect on pressure drop and inner wall weight, as 
illustrated in Figure 3. Based on the analysis, an inner pipe diameter of 5 𝑐𝑚 is 
selected, since larger diameters offer limited additional pressure drop 
reduction while significantly increasing the system mass. 

 
(A)       (B) 

Figure 3. LH₂ pipe pressure drop (A) and pipe weight (B) vs inner diameter. 

Hydrogen is maintained in the supercritical region to reduce the risk of sudden 
phase changes in downstream components and to account for temperature 
variations and possible instrument inaccuracies. Based on this fuel condition, 
the thermal insulation of the distribution system is modelled. Before entering 
the engine-mounted pump, hydrogen is expected to reach a temperature of 27 
𝐾 and a pressure of 13.5 𝑏𝑎𝑟. Taking all these assumptions and design decisions 
into account, the final pipe configuration is summarized in Table 5. 

Table 5. LH₂ pipe design characteristics. 

Parameter Unit Value 
Inner diameter 𝑚 0.0500 

Inner pipe thickness 𝑚 0.0005 
Insulation thickness 𝑚 0.0450 
Outer pipe thickness 𝑚 0.0005 

Total pipe weight per meter 𝑘𝑔/𝑚 1.8000 

Six pumps and the associated hydraulic components are selected for the fuel 
distribution system to ensure effective fuel delivery, with weight data for 
pumps, valves, and hydraulic elements derived from available literature. The 
piping system, fully dimensioned with material and geometric considerations, 
is used to estimate its weight contribution by accounting for the aircraft’s 
spatial constraints and available path lines incorporating both safety and return 
lines for the engines and tanks [2,21,22]. The resulting system developed on 
the COCO simulator platform and its representation regarding the individual 
tank supply to the engine is presented in Figure 4. 
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Figure 4. LH₂ fuel distribution system aircraft integration. 

This work was compared with weight estimation methods presented, where 
most correlations are based on kerosene fueled architecture. As a result, they 
showed significant deviation from the weight calculated in-house. In contrast, 
the Cryoplane study, which is based on hydrogen fuel, predicted a value of 
similar magnitude to the results of this study, as can be seen in Table 6. The 
deviation between the empirical correlation–based estimations and the 
analytical calculation of the system’s weight, considering the studied engine, 
tank, and fuel configuration, is calculated based on eq. 30 and presented in the 
table below. 

𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 (%) =
𝑚𝐴𝑈𝑇𝐻−𝑚𝑟𝑒𝑓

𝑚𝑟𝑒𝑓
· 100   (30) 

where 𝑚ref  is the literature-based estimate and positive values indicate 
overprediction by the present model. 

Table 6. LH₂ fuel system weight estimation comparison. 

Comparison with empirical correlations 
Source Total weight Fuel 
AUTH - Hydrogen 

Cryoplane + 13% Hydrogen 
Torenbeek + 56% Kerosene 

Raymer + 66% Kerosene 
NASA + 64% Kerosene 

This study presents a methodology for designing and evaluating a liquid 
hydrogen fuel system for short-range aircraft applications, demonstrating a 
coupled conceptual design framework that combines tank sizing with one-
dimensional distribution modeling to quantify thermohydraulic behavior and 
mass drivers. For the storage system, the primary objective is to satisfy 
allowable boil-off limits while minimizing tank structural mass; the parametric 
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analysis shows that the BOR constraint directly drives the required insulation 
thickness and, in turn, the overall tank mass and gravimetric efficiency, with a 
design point BOR of 5 %/day selected as a practical balance between thermal 
performance and mass penalty for a short-range application. For the fuel 
distribution system, the focus is on ensuring delivery of hydrogen above the 
critical pressure at the engine interface, with minimal pressure losses and heat 
ingress, while maintaining a low overall system mass. Comparison with 
available literature-based estimates indicates a deviation of approximately 13% 
in total fuel system weight, with the AUTH model tending to overpredict mass; 
this provides an initial consistency check for the approach and suggests that 
the main trends are captured, although further refinement is required. Future 
work will extend the modeling to supporting subsystems such as 
refueling/defueling, pressurization and venting, toward a more complete and 
integrated aircraft level hydrogen system architecture. 
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