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Abstract. The growth in the aviation sector has highlighted the need to decrease carbon 

emissions, a significant factor in climate change. Hydrogen is a potential alternative clean fuel 

due to its high energy density. As a collaborative effort in developing integrated zero emission 

aviation (IZEA, a NASA ULI), we present the design concept for a liquid hydrogen storage 

system for short-range aircraft with a gravimetric index greater than 0.6. Our design leverages 

the cryogenic cooling power of liquid hydrogen to support the temperature and heat loads of 

various power system components, such as the high-temperature superconducting (HTS) 

generator, HTS motor, DC power distribution cable network, and power electronic converters. 

By controlling the pressure in the storage tank, we demonstrate that it is feasible to deliver the 

desired mass flow rate of hydrogen while effectively cooling the power system components 

using practical heat exchangers. Also, since heat exchangers are an integral part of our 

hydrogen storage and flow system, their design also impacts the overall system storage density. 

The entire system is designed considering the space and weight factors of an aircraft. This 

work represents a significant advancement towards developing the complete IZEA thermal 

management system for a given airplane and flight profile. 

1. Introduction 

IZEA (Integrated Zero Emissions Aviation) is a NASA ULI (University Leadership Initiative) which 

aims to develop a hybrid aircraft that uses liquid hydrogen as the aviation fuel. The global aviation 

market is growing, and the effects of rising emissions are a serious concern. This leads us to a search 

for an alternative fuel. Hydrogen is a clean fuel and has 2.8 times higher gravimetric energy density in 

comparison to the presently used aviation fuel, kerosene [1]. However, a known challenge is its low 

density. Hydrogen in its gas phase has a density of 0.08 kg/m3 at ambient temperature and pressure. 
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This low density can be increased by increasing the pressure or lowering the temperature, but for 

aviation purposes liquid hydrogen LH2 appears to be the only feasible solution of storage. Hydrogen in 

its liquid form at 20.3 K and one atmospheric pressure has a density of 70.8 kg/m3.  Even then, this 

requires four times the volume [1] as compared to the conventional jet fuel for the same energy 

amount. This brings in the requirement of the development of a model hybrid aircraft and an effective 

LH2 fuel storage solution. 

 The proposed IZEA model aircraft is equipped with a hybrid hydrogen-electric propulsion 

architecture. The electricity is generated via a combination of hydrogen turboelectric generator(s) and 

fuel cells. Fuel cells operate at 350 K while the hydrogen is stored at 20.3 K in the storage tank. Our 

approach aims to utilize the cooling power of liquid hydrogen to cool down the power components in 

the power architecture and maintain them at the required operating temperatures. This requires the 

hydrogen stored in the tank to flow via a system of heat exchangers before it is utilized for electric 

power generation in a high temperature superconducting (HTS) generator or a fuel cell.  

 In this paper, we present the design of a liquid hydrogen tank along with the LH2 fuel mass flow 

rate control system that can meet the power requirements based on a specific flight power profile.  

 

2. Tank Design 

A blended wing body aircraft provides more volume especially in the outer and rear fuselage parts as 

compared to the conventional aircraft [1]. IZEA presents a conceptual model of a LH2-based blended 

wing body aircraft that carries more than 100 passengers. The baseline aircraft geometry is shown in 

Figure 1(a). It highlights the space layout for the LH2 storage tank. The spatial constraint of the layout 

is shown in the adjacent 2D CAD Figure 1(b). 

 
(a)                                                                (b) 

Figure 1. (a) Model aircraft’s baseline geometry. (b) The space for liquid hydrogen tank storage in the 

left section of the aircraft. An optimal configuration of the liquid hydrogen storage tank is shown 

placed inside the space available. 

A conventional narrow body aircraft flight mission profile is included in Figure 2 which shows the 

required power 𝑃𝑟𝑒𝑞 versus time 𝑡 for a given flight path [2]. The maximum power, which is 38 MW, 

occurs during the aircraft climbing stage. 
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Figure 2. Flight Required Power Profile for 

narrow body aircraft.  

2.1. Required Hydrogen Mass  

IZEA embraces a flexible hybrid power generation concept, where LH2 fuel is converted to energy by 

gas turbine combustion coupled with electric generators (i.e., turboelectric) and fuel cells. The 

hydrogen combustion releases 120 MJ/kg of energy [1]. Hydrogen is consumed in fuel cells to 

produce electric power.  This conversion efficiency is around 50% [1], which translates to a chemical 

power 𝑃𝑐ℎ𝑒𝑚 profile as shown in Figure 3 (a). From the required chemical power profile, we obtain the 

required hydrogen mass flow rate �̇�𝑟𝑒𝑞  as a function of time in Figure 3 (b).  

  
                                     (a) (b) 

Figure 3. (a) The required chemical power as a function of flight time; and (b) The required mass 

flow rate as a function of flight time for the narrow body aircraft under consideration. 

 

Integrating the mass flow rate over the flight time results in the total required hydrogen mass of 1750 

kg, which needs to be carried in the aircraft to execute the fight mission profile. 

Following the aircraft geometry outlined in Figure 1, this total required hydrogen mass needs to be 

distributed in two storage tanks, each placed symmetrically on the right and left side of the airplane. 

Therefore, each tank carries 875 kg of LH2 which can be filled in a tank of 13 m3 volume. 

 

2.2. Closed LH2 Tank System  

After the tank is filled with LH2, we consider a flight waiting time τw before the flight takes off. 

During the fight waiting time, we would not like to waste any fuel by venting. This leads to a closed 

LH2 tank system where the tank pressure 𝑃𝑡𝑎𝑛𝑘  rises due to the heat in-leak �̇�𝑙𝑒𝑎𝑘  from the tank’s 

surrounding environment to the LH2 stored inside. The tank pressure 𝑃𝑡𝑎𝑛𝑘  is allowed to rise till it 

reaches the set tank vent pressure 𝑃𝑣𝑒𝑛𝑡 . 
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Also, as the pressure 𝑃 rises, the liquid level 𝑦 inside the closed tank increases as shown in Figure 

4 (a). This happens because hydrogen vapor density increases with increasing pressure and the liquid 

density drops with increasing pressure as depicted in Figure 4 (b). 

 

  
(a) (b) 

Figure 4 (a) .  Rise in liquid level from an initial level to a set final level at 0.97 volume fraction for  

different vent pressures in a closed LH2 tank. (b) Density variation with pressure for LH2 and GH2. 
 

To avoid LH2 spilling off the vent port, we set a maximum liquid level to 97% of the tank volume [1]. 

This limitation sets the initial fill level of the LH2 at 1 bar. We would essentially want to fill our tank 

as much as possible utilizing the maximum possible volume available. 

The tank vent pressure 𝑃𝑣𝑒𝑛𝑡 is an important parameter of the tank design in aviation because it 

determines the minimum tank wall thickness 𝑠𝑤, which affects the weight of the tank system. 

Winnefeld et. al (2018) proposed to keep a low vent pressure such as 1.448 bar to minimize tank 

weight which is in accordance with Brewer’s suggestion [3]. Besides the consideration of tank weight, 

we also propose to control the flow rate of the LH2 fuel by regulating the tank pressure. While the tank 

pressure 𝑃𝑡𝑎𝑛𝑘  is limited to the vent pressure 𝑃𝑣𝑒𝑛𝑡, it should also be greater than fuel cell operating 

pressure. Under all such consideration we choose 𝑃𝑣𝑒𝑛𝑡 as 1.74 bar. As shown in Figure 4(a), this vent 

pressure corresponds to the initial fill level of 0.95 fraction of tank volume at 1 bar. This vent pressure 

𝑃𝑣𝑒𝑛𝑡 is used to determine the tank wall thickness δ.  

Heat leak rate �̇�𝑙𝑒𝑎𝑘  is calculated using (𝐸𝑓  −  𝐸𝑖)/𝜏𝑤  , where  𝐸𝑖 = −1.2 𝑀𝐽 is the tank internal 

energy at time 𝑡 = 0 when the tank is filled with LH2 at 0.95 fraction of tank volume at pressure 𝑃 =
 1 𝑏𝑎𝑟 and temperature 𝑇 =  20 𝐾, 𝐸𝑓  =  16.3 𝑀𝐽 is the tank internal energy after flight waiting time 

𝜏𝑤 =  80 𝑚𝑖𝑛𝑠 during which the tank pressure reaches the vent pressure due to heat leak from the 

surroundings to the closed tank system. This heat leak rate �̇�𝑙𝑒𝑎𝑘  = 3.6 kW forms the basis of 

determining tank insulation thickness. 

2.3. Storage Density 

Storage Density χ is defined as χ = 𝑚𝐻2
/(𝑚𝐻2

+ 𝑚𝑤𝑎𝑙𝑙 + 𝑚𝑖𝑛𝑠), where 𝑚𝐻2
 is LH2 fuel mass, 

𝑚𝑤𝑎𝑙𝑙 is tank wall mass and 𝑚𝑖𝑛𝑠 is tank insulation mass. For our application we need a tank 

geometrical configuration that provides the maximum storage density while complying with the space 

constraints inside the airplane. Here, we adopt the methodology developed by Winnefeld et al. (2018) 

where the different geometrical configurations are obtained for a fixed tank volume. 

Tank geometry considered in our analysis is a shell with hemispherical cap as shown in Figure 5. 

The tank volume V can be calculated as V= (4/3)𝜋𝑎𝑐2 + 𝜋𝑎𝑐𝑙𝑠, which is function of 3 variables (a, 

c, ls). For a fixed volume, specifying any two variables automatically sets the third parameter. Here we 
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introduce two geometrical ratios to describe the geometry: phi 𝛷 =  𝑎/𝑐 and lambda 𝜆 = 𝑙𝑠/𝑙𝑡,. In 

our analysis, 𝛷 is tuned from 0.5 to 1.5 and 𝜆 is tuned from 0.1 to 0.9. 

 

                                                                                                                                                                                                                                                      

  

 
Figure 5. Description of the parameters generating different tank geometrical configurations of a 

constant tank volume (V = 13 m3). 

For any given tank configuration, the tank wall thickness 𝑠𝑤 is evaluated using equation (1) for 

𝛷 = 1 and equation (2) for 𝛷 ≠ 1[1]:   

 

𝑠𝑤 =
𝑝𝑣𝑒𝑛𝑡𝐷

𝑣(
2𝐾
𝑆 − 𝑝𝑣𝑒𝑛𝑡)

+ 𝑐1 

 

(1) 

𝐾

𝑆
≥ 𝑝𝑣𝑒𝑛𝑡 [

𝑎 + 𝑐

2𝑠𝑤
(1 + 2 (1 + 3.6

𝑝𝑣𝑒𝑛𝑡

𝐸𝑌
(

𝑎 + 𝑐

2𝑠𝑤
)

3

) (
𝑎 − 𝑐

𝑎 + 𝑐
)) +

1

2
] 

 

 

(2) 

where 𝑝𝑣𝑒𝑛𝑡 is the maximum tank internal pressure, K is the limited stress of the tank wall material, S 

is the safety factor which is taken as 4 following reference [4] and  𝐸𝑌 is the modulus of elasticity of 

the tank wall material. We take the tank wall material as Aluminium 2219 ([1],[5]-[7]). 
Tank insulation thickness δ is calculated as:   

 

∫
�̇�𝑙𝑒𝑎𝑘

̇

𝐴
𝑑𝑥

𝛿

0

=  ∫ 𝑘(𝑇)𝑑𝑇
𝑇𝑜

20 𝐾

 

 

(3) 

where 𝑇𝑜   is the ambient temperature, 𝐴 is the surface area and 𝑘 is the thermal conductivity of the 

tank insulation material as a function of temperature. We take the tank insulation material as 

polyurethane foam [5],[8],[9]. Here, equation (3) only considers conduction through tank insulation 

since it is the major source of thermal resistance. After evaluating the tank wall thickness and tank 

insulation thickness for any given geometrical configuration, the tank wall mass and tank insulation 

mass can be calculated from which storage density can be determined for that geometrical 

configuration. 

 

2.4. Result  

The calculated storage density χ for various geometrical configurations is shown in Figure 6 (a) and 6 

(b). 
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(a)                                                                    (b) 

Figure 6 (a). Storage Density variation with Φ. (b) Storage Density variation with λ. Combination of 

Φ and λ at the maximum storage density value is the choice of tank configuration. 

The storage density plots reveal maximum storage density for a cylindrical shell i.e., 𝛷 = 1 . Highest 

storage density can be found for 𝜆 = 0.5. 𝜆  can be tuned around 0.5 without compromising much on 

the storage density in case space constraints restrict the tank placement. The tank with this optimal 

geometry is found to perfectly fit in the space specified in the model aircraft as shown in Figure 1.  

 

For further accuracy of the tank insulation thickness and to ensure that the tank surface 

temperature (𝑇𝑠) is above 273 K to avoid icing on the tank surface, the thermal resistance due to 

external surface convection was also considered on the optimal tank geometrical configuration. It was 

done by solving for the conduction through insulation using Equation (4a) and external convection 

using Equation (4b) 

 

∫
�̇�𝑙𝑒𝑎𝑘

̇

𝐴
𝑑𝑥

𝛿

0

=  ∫ 𝑘(𝑇)𝑑𝑇
𝑇𝑠

20

 

 

(4a) 

�̇�𝑙𝑒𝑎𝑘 =
𝑁𝑢𝐷𝑘𝑎𝑖𝑟

𝐷
𝐴(𝑇𝑜 − 𝑇𝑠) 

 
(4b) 

where the Nusselt Number and Rayleigh Number correlations for natural convection on a horizontally 

placed cylindrical tank were used for this calculation [10]. 

 The optimal tank parameters derived through this analysis are listed in Table 1.  

 

Table 1. Tank specifications and features 

Description Value 

LH2 mass 875 kg 

LH2 volume 13 m3 

Tank wall thickness 5.69 mm 

Tank Wall Mass 463 kg 

Ins. Thickness 5.3 cm 

Tank Insulation Mass 54.3 kg 

 
3. LH2 Mass Flow Rate Control 

Liquid Hydrogen fuel stored in two tanks inside the aircraft must flow at the desired mass flow rate to 

the fuel cell/ combustion engine. We propose to control this fuel mass flow rate by tuning the pressure 

inside the tank. This could avoid potential issues such as cavitation, heating etc. with cryo-fans [11]. 
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The tuning range of tank pressure 𝑃𝑡𝑎𝑛𝑘 is within the maximum value of 𝑃𝑣𝑒𝑛𝑡 = 1.74 𝑏𝑎𝑟 and 

minimum value of optimal fuel cell operating pressure, which is 1.3 bar [12].   

This tank pressure can be controlled by two mechanisms: 1.  controlled boiling and 2. venting. A 

hot fluid flowing inside a pipe immersed in the LH2 tank is conceptualized as a controlled boiling 

mechanism as shown in Figure 7. Heat is transferred from this pipe to liquid hydrogen causing boil 

off, which increases the pressure inside the tank. Venting of GH2 takes place through a vent port 

situated on the top of the tank. The pressure inside the tank is actively monitored by a pressure 

transducer [13] mounted on the tank whose feedback and the aircraft power requirement actuate the 

controlled boiling and venting mechanisms.  

 

 
Figure 7. LH2 Tank Schematic shows the cut-section view of the storage tank. The LH2 fuel output 

line passes through a set of heat exchangers of which the first heat exchanger (pipe-in-pipe counter 

flow heat exchanger) which cools the HTS generator is shown.   

From the storage tank, LH2 must flow through a set of heat exchangers that utilize its cooling 

power to cool down and maintain the power components at the required operating temperatures.  

 
3.1. Heat Exchangers 

The power components in the aircraft’s power architecture that require cooling are HTS generator, 

HTS motor, DC cables, power convertors / invertors and fuel cell. Each power component operates at 

a different temperature range with different efficiency [14]. This efficiency and the operating 

temperature range are listed in Table 2. To achieve efficient heat exchange between H2 fuel and the 

power components, we consider the simplest type of heat exchanger i.e., the pipe-in- pipe counter flow 

heat exchanger as shown in Figure 7. The hydrogen flowing in the inner pipe cools the gaseous helium 

flowing in the outer annulus. The cold GHe then cools the power component and maintains it under 

the required operating conditions. As liquid hydrogen flows through the heat exchangers it undergoes 

phase change to gaseous hydrogen initially and then its temperature rises as it approaches the fuel cell. 

Along the hydrogen flow path there will be a pressure drop. The pressure drop in the first heat 

exchanger that meets the cooling load of HTS generator is given by Equation 5.  

 

∆𝑃2∅
𝑖 = 𝑓𝐿𝐻2

�̇�2𝐿𝑖

2𝜌𝐿𝐻2
𝐴𝑖

2𝐷𝑖

1

𝑥𝑒 − 𝑥𝑖
∫ 𝜑𝑙

2(𝑥)𝑑𝑥
𝑥𝑒

𝑥𝑖

 (5) 

 

where �̇� is hydrogen mass flow rate, which is a function of flight time, 𝑥𝑖 and 𝑥𝑒 is the inlet and exit 

quality fraction of Hydrogen as it undergoes phase change through the heat exchanger, 𝜌𝐿𝐻2
is the 
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hydrogen density,  𝑓𝐿𝐻2
is the friction factor corresponding to the Reynolds Number of the hydrogen 

flowing through the inner pipe of diameter 𝐷𝑖.  

The tank pressure 𝑃𝑡𝑎𝑛𝑘  must be such that it equals the pressure drop in the heat exchangers in 

addition to the required fuel cell operating pressure as 𝑃𝑡𝑎𝑛𝑘 (𝑡) = ∆𝑃(𝑡) + 𝑃𝑓𝑢𝑒𝑙 𝑐𝑒𝑙𝑙. Since, 𝑃𝑡𝑎𝑛𝑘 (𝑡) 

can only be tuned within a maximum value of 1.74 bar and minimum value of 1.3 bar, the heat 

exchanger design must be such that the pressure drop is within 0.44 bar. Assuming an inner pipe 

diameter, we calculate the length of the heat exchanger required to exchange the required cooling 

power. This gives a pressure drop in that heat exchanger. Similarly, it is followed for other heat 

exchangers. If the total pressure drop along the entire hydrogen flow path exceeds 0.44 bar, we tune 

the inner pipe diameter. The design and optimization of the heat exchangers could not be presented in 

detail here due to the page limitation. It will be presented in detail in our upcoming journal paper. A 

partial summary of the results is shown in Table 2. The maximum total pressure drop ∆𝑃 

corresponding to the maximum mass flow rate is well within the tuning range. 

 
Table 2. Heat Exchanger Summary 

Equipment Efficiency  Operating 

Temperature  

Heat 

Load 

(kW) 

HX 

Inner 

D (in) 

HX 

Outer 

D (in) 

HX 

Length 

(m) 

HX 

Frictional 

loss (kPa) + 

Turn Loss 

(kPa) 

Generator  99.96 % 30 K- 50 K 7.6 1.5 1.8 2.91 1.02 

Motor 99.96 % 40 K- 60 K 7.6 1.5 1.8 1.80 1.20 

DC Cable 250 W (per 

cable) 

60 K- 70 K 1.5 1.5 1.8 0.30 0.30 

Power Convertor  99 % 225K- 275K  380 3.0 4.8 3.40 0.3 

Power Convertor  3.0 4.8 7.20 5.38 + 0.8 

Fuel Cell  50 % 350 K  375.75 3.0 - 5.24 10.1 +1.1 

Fuel Cell   420.36 4.0 - 13.50 12 + 6 

Total    
   

34.35 38.2 

 

3.2. Tank Pressure 

The tank pressure 𝑃𝑡𝑎𝑛𝑘 required to achieve the desired LH2 mass flow rate profile is shown in Figure 

8. 

 

Figure 8. The tank pressure Ptank required to 

maintain the corresponding mass flow rate from 

the tank. During the flight waiting of 40 minutes 

the tank pressure rises following the closed tank 

system. 
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3.3. Flow Control 

In our current design, the external heat in-leak is at 3.6 kW. This heat leak is large enough to avoid 

using the controlled boiling mechanism installed inside the storage tank.  The required hydrogen mass 

flow rate can be maintained by the vapor flow rate control determined using Equation (6). 

 

�̇�𝐺𝐻2
(𝑡)ℎ𝑣 = �̇�𝑙𝑒𝑎𝑘(𝑡) − �̇�𝑡𝑎𝑛𝑘(𝑃𝑡𝑎𝑛𝑘, 𝑡) − �̇�𝐿𝐻2

(𝑡)ℎ𝑙 

 

(6) 

 

The resulting vapor flow rate control is shown in Figure 9. The controlled boiling mechanism is 

nonetheless installed just in case of emergency where a high-power consumption requirement arises.  

 

 

 

 

 

 

 

 

 

 

Figure 9. The required vapor flow control 

from the tank that needs to be maintained 

to execute the flight mission profile. 

 

 

4. Summary  

This work shows the LH2 tank design and optimization to achieve a storage density of above 0.6. It is 

possible to achieve the desired fuel mass flow rate by regulating the tank pressure. The LH2 cooling 

power is effectively utilized in meeting the cooling requirements of the aircraft’s power architecture 

before its consumption in the fuel cell / generator. 
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