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Abstract 

An improved CFD model involving a multi-component gas mixture in the ullage is constructed to predict the pressurization 
behavior of a cryogenic tank considering the existence of pressurizing helium. A temperature difference between the local fluid
and its saturation temperature corresponding to the vapor partial pressure is taken as the phase change driving force. As practical 
application of the model, hydrogen and oxygen tanks with helium pressurization are numerically simulated by using the multi-
component gas model. The results present that the improved model produce higher ullage temperature and pressure and lower 
wall temperature than those without multi-component consideration. The phase change has a slight influence on the 
pressurization performance due to the small quantities involved. 
© 2014 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the organizing committee of ICEC 25-ICMC 2014.  
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1. Introduction 

During the rocket launching process, cryogenic propellant is discharged from the tank bottom and high-
temperature helium gas is generally injected into the tank to maintain the tank pressure at a sufficiently high level so 
as to prevent cavitation at the pump inlet. In this process, various thermodynamic phenomena may simultaneously  
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Nomenclature 

 mass transfer, kg/(m3•s)                                                   volumetric fraction 
 density, kg/m3                                                                                                    x mole fraction 

Ptotal total pressure, Pa                                                            P0 initial ullage pressure, Pa 
lu0 initial ullage height, m                                                   Tin inlet temperature, K 

 inlet mass flux, kg/s                                                        outlet volume       
l distance from tank top, m                                               t time, s 
Tu ullage temperature, K                                                    Tw wall temperature, K 

occur including heat transfers between ullage, liquid and tank wall, liquid-vapor mass transfer and species transport 
in the multi-component ullage. A sufficient knowledge of these processes and their effects on pressurization 
performances are of importance for the design and optimization of a pressurization system. 

Several experimental investigations have been conducted to exhibit the thermodynamic phenomena inside the 
cryogenic tank. Stochl et al. [1-2], Lacovic [3], Ludwig and Dreyer [4-5] applied experimental studies to obtain the 
pressurization performances and to evaluate the effects of various parameters on helium gas requirements. Besides, 
computational approaches can also be used to predict the thermal and pressurization behavior, and several 
computational models including the 0-D model, 1-D model and CFD model have been developed. Karimi et al. [6] 
and Kim et al. [7] respectively employed the 0-D model to predict the pressurization behavior for the self-
pressurization or the pressurized discharge processes. Roudebush [8] developed a 1-D model to consider the ullage 
stratified effect for the problem of a pressurized discharge process. Masters [9] revised and extended this 1-D model 
to include the interfacial energy transfer in tanks of arbitrary symmetric shape and to cover the initial pressurization 
(ramp) period. Kwon et al [10] also developed a 1-D model to predict the helium mass requirements and an 
“expanding” finite volume method was applied to divide the ullage region axially. Great emphasis has been placed 
on the CFD investigation of tank pressurization prediction. Adnani and Jennings [11], Leuva et al. [12], Ludwig and 
Dreyer [5] respectively used commercial CFD software to predict the ullage pressure behavior or gas requirements 
during the pressurization stage. We have previously constructed a CFD model to investigate the transient thermal 
performance and pressurization behavior of cryogenic tanks during liquid discharge [13]. For the helium 
pressurization case, the propellant vapor as well as the mass transfer effect is ignored and a helium-only ullage 
model is applied [14]. 

In the present paper, an improved CFD model is introduced to investigate the thermal performance and 
pressurization behavior for a typical helium pressurized discharge process. Two helium pressurization cases, 
respectively pressurizing hydrogen tank and oxygen tank, are simulated and analyzed, and the thermal performance 
and pressure behavior are presented and compared. The present study will provide a more reasonable insight into the 
tank interior field distributions as well as the pressurization behavior. 

2. CFD modeling 

2.1 Physical model 

The cryogenic tank in reference [13] is selected as the present research objective. Helium gas is applied as the 
pressurant gas, so a mixture of propellant vapor and helium gas will fill the ullage space during liquid discharge. In 
the present model, the species transport model is activated to consider the diffusion and mixing effect of multi-
component ullage. Table 1 lists the main initial and boundary conditions for the following pressurization cases. To 
obtain an accurate initial field distribution, the pre-pressurization process including a ramp stage and a hold stage is 
also considered in the present computations. During the pre-pressurization process, warm helium gas, 100K for LH2
tank and 300K for LO2 tank respectively, is selected to pressurize the propellant tank from ambient state to the 
launching state, P0. Other initial and boundary conditions can be seen in reference [13]. 
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Table 1 Initial and boundary conditions for CFD simulations 

Case P0

[MPa] 
lu0

[m] 
Tin

[K] 
inm

[kg/s] 
outV

[m3/s]
ttotal

[s] 
q

[W/m2]

LO2-He 0.48 1.0 300 0.2 0.528 175 0 
LH2-He 0.48 1.0 300 0.4 0.528 175 0 

2.2 Phase change model 

The phase change effect is also considered in the present model. In this model, a quasi-steady thermodynamic 
condition is supposed and the difference between propellant fluid temperature, T, and the saturation temperature, 
Tsat, corresponding to the vapor partial pressure, Pvapor, is taken as the driving force of the phase change.  

For satT T (evaporation), 

sat
lv vl l l

sat

T T
m m C

T                                                                                                                   (1)

For satT T (condensation), 

sat
vl lv v v

sat

T T
m m C

T                                                                                                                   (2)

Tsat is calculated as follows: 

( )sat sat vaporT T P                                                                                                                                        (3)

vapor total vaporP P x       (4)
       

3. Results and discussion 

3.1 LH2-He case 

To better evaluate the predictive ability of the present CFD model, the results of the previous helium-only 
model and the present model are displayed in the same figures. Fig.2 displays the comparison of ullage pressure 
histories. It shows nearly a continuous decline of tank pressure exists in the whole discharge process. This is because 
the ullage-wall heat transfer rate increases with the enlargement of wall area exposed to warmer ullage and the 
energy left in the ullage that is providing the pressurization effect is reduced correspondingly. Moreover, the 
improved CFD model produces remarkably higher pressure values. The deviation of the pressures increases with 
time and the maximum deviation is approximate 35%. Fig.3 displays the comparison of final axial temperature 
profiles.  It shows a warmer ullage and a colder tank wall are obtained by the present model, which may indicate 
that the improved model produces a weaker ullage-wall heat transfer than the previous model. Fig.4 displays the 
comparison of the calculated ullage-wall heat transfer rate for the two models. It can be seen clearly that ignoring 
the propellant vapor effect in the computation will overestimate the ullage-wall heat transfer. The average deviation 
of the predicting values is approximate 33.4%.  

The integral mass transfer amount during the discharge is displayed in Fig.5. It shows that the phase change 
mode for the current LH2-He case is evaporation. Over the whole discharge process, approximate 2kg hydrogen is 
transferred from liquid to vapor. Since an adiabatic heat boundary is applied to the tank wall, the energy driving 
mass transfer only comes from the ullage-interface heat transfer. The ratio of mass transfer amount to the 
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discharging liquid mass is only about 0.03%, which may indicate that the phase change effect cannot have a large 
influence on the liquid volumetric change. 
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                  Fig.2 Comparison of pressure histories for LH2-He case                  Fig.3 Comparison of final temperature profiles for LH2-He case 
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Fig.4 Comparison of fluid-wall heat transfer rate for LH2-He case               Fig.5 Mass transfer amount history for LH2-He case

Fig.6 displays the physical field distribution contours at the end of discharge. It shows that helium gas 
dominates the ullage region, and propellant vapor and helium gas diffuse and mix with each other, resulting in a 
continuous variation of gas concentration, as shown in Fig6 (b). Moreover, it can be seen that in the lower ullage 
region, gas temperatures in the center are slightly lower than in the surrounding region. This is closely related to the 
gas concentration distribution. It shows that the hydrogen concentration in the central region is higher. Hydrogen gas 
has a larger specific heat, cp, than helium, thus a higher average cp exists in the central region. When the same 
energy is transferred to the multi-component ullage, the region with a larger cp will experience a smaller temperature 
rise.

3.2 LO2-He case 

Fig.7 displays the comparison of pressure curves for the LO2-He case. It also shows that higher pressure values 
can be obtained by the present model, and the maximum deviation is approximate 18.4%. Fig.8 displays the integral 
mass transfer amount during the discharge. In general, the fluid experiences a continuous vapor condensation during 
the first 80s and then a liquid evaporation for the remainder of discharge, which is different from that in LH2-He 
case. Compared to the situation in LH2 tank, the ullage-interface heat transfer, Qui, of the LO2 tank is weaker 
because of the smaller temperature difference. The initial liquid oxygen is subcooled. Therefore, at the beginning 
stage of discharge, Qui is smaller than the liquid-interface heat transfer, Qli, and vapor condensation occurs to 
balance the heat transfer difference on both sides of the interface. With the discharge process proceeding, the liquid 
temperature in the near-interface region rises gradually, leading to a continuous decline of Qli. When Qui surpasses 
Qli, the phase change mode turns to liquid evaporation. 
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(a) temperature (b) H2 mass fraction 

           Fig.6 Physical field distribution at the end of discharge for LH2-He case
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Fig.7 Comparison of pressure altering curves for LO2-He case             Fig.8 Mass transfer amount history for LO2-He case 

Fig.9 illustrates the physical field distribution contours for the LO2-He case. It shows that a significant radial 
temperature distribution exists in the lower ullage region. For the radial temperature distribution, the temperature at 
the central region is higher than that in the surrounding region. This phenomenon can also be attributed to the gas 
concentration distribution. In the lower ullage region, oxygen gas has an obvious radial concentration distribution 
and the central oxygen concentration is higher. Also, oxygen gas has a lower cp than helium. When equivalent heat 
is transferred to the multi-component ullage, the central region with much oxygen will experience a large 
temperature rise than that in surrounding region. 

4. Conclusions 

Several main conclusions may be made as follows: 
(1) Compared to the helium-only ullage model, the present model produces a weaker fluid-wall heat transfer 

rate, and further results in a higher ullage temperature as well as the pressurization behavior. 
(2) The multi-component ullage will affect the properties variations within the ullage, leading to an observable 

radial temperature distribution, especially for the liquid oxygen tank.  
(3) The phase change mode of the LH2-He case is liquid evaporation, while the LO2-He case experiences first 

the vapor condensation and then the liquid evaporation process during the whole discharge. On the whole, 
the phase change effect is very small and has a slight influence on the pressurization performance.  
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        (a) temperature    (b) O2 mass fraction 

Fig.9 Physical field distribution at the end of discharge for LO2-He case 
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