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Abstract 

The computational and experimental studies have been performed to investigate the process of liquid propellant reorientation flow 

dynamics for the tank of CZ-3A launch vehicle series fuel tanks in microgravity environment. The volume-of-fluid (VOF) method was used to 

simulate the free surface flow of gas-liquid. The process of the liquid propellant reorientation started from initially curved interfaces. The 

characteristic time of propellant reorientation flow was obtained from numerical simulation. The results agree well with the experiments. It’s 

found that the method of small thrust for liquid reorientation is effective and thrust impulse consumption for reorientation could be saved by 

using a small thrust Bond number. In addition, a series experimental investigation was conducted in the Drop Tower Facility of National 

Microgravity Laboratory of China. Preliminary drop tower experimental results shows that the sponge PMD is effective in holding the liquid 

in microgravity environment.. 

 

1. Introduction 

In order to fit different transmission requirements, the main 

engine of launch vehicle must have the ability to restart more 

than two times in microgravity environment. During the engine-

off time, the liquid propellant is expected to be held in the 

proper position of the tank for an engine restart on the vehicle. 

On earth, liquid in a tank settles to the bottom to minimize is 

gravitational potential energy. In space, where the effective 

gravity is small, the location of liquid in a tank is determined by 

the competing effects of gravity and the liquid’s surface tension, 

and the shape of the free surface in the tanks is also strongly 

impacted by one parameter, the angle between the gas-liquid 

phase boundary and the solid container wall at the contact line 
1),2), except in the situation of the gravity or tank scale large 

enough. In order to minimize the sum of the gravitational and 

surface energies.3) Spacecraft must therefore complement 

methods to ensure that the liquid is located at the desired 

location in the tank even when effective gravity is directed 

adversely or in unknown directions. Similarly, if the tank is 

pressurized and must be vented periodically, methods are 

required to ensure that gas is positioned over the vent. In recent 

years, NASA has planned the on-orbit management 4) of liquid 

hydrogen for the return to the moon 5): the extended storage and 

handling of large quantities of liquid hydrogen on-orbit. CZ-3A 

launch vehicle series 6) is the rocket series with the largest 

carrying capacity in China at present and the main large 

commercial rocket series. It is mainly used to launch the 

geostationary transfer orbit (GTO) payload, low earth orbit 

(LEO) payload and sun synchronous orbit (SSO) payload as 

well as payloads flying to the moon and Mars can also be 

launched. The worst case of propellant reorientation is that the 

liquid phase locates at the top of the tank. Various methods have 

been proposed to control the location of the liquid for engine 

venting and restarting. In the present design of large propellant 

tanks, one way to accomplish both of these objectives is to use 

an auxiliary thrusting system to provide a linear acceleration 

large enough to settle the liquid. Its principles are similar to a 

tank on Earth exposed to gravity. With the CZ-3A launch 

vehicle series, a typical upper-stage vehicle, four 10-N and four 

150-N thrusters are used to settle the propellant in the tank. So, 

the thrust and time required to reorient the liquid propellant 

back to its desired location must be known to ensure a 

successful engine restart sequence and to determine effective 

thruster parameters. Another method is to in corporate passive 

systems or devices that increase the effective surface tension 

forces sufficiently to hold the liquid at the desired position 

against adverse accelerations. These systems have been given 

the general name of propellant management devices (PMDs) 7). 

2. Numerical Model Description 

In recent years, a number of methods have been developed for 

modeling such free surface flows 8), which can be classified 

primarily as Lagrangian or Eulerian-based. Eulerian-based 

methods are better suited for flows with complex topological 

changes and interface deformations. The volume-of-fluid (VOF) 

method 9) is an Eulerian based method that has been widely used. 

It utilizes a volume fraction function to track the interface 

implicitly. In this method, a scalar function F is defined as the 
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fraction of a cell volume occupied by fluid. F is assumed to be 

unity when a cell is fully occupied by the fluid and zero for an 

empty cell. Cells with values of 0 < F < 1 contain a free surface. 

In this paper, an axisymmetric model is adopted for the 

unsteady, incompressible flows with deforming free surfaces in 

which surface tension forces are significant in microgravity. For 

incompressible flows with constant properties, the continuity, 

momentum and VOF equations are given by: 

0 v      (1) 
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The symbol v  is the velocity vector; p ,  , and   

represent the pressure, density, and viscosity of the mixture fluid, 

respectively. F is the VOF function. The term a denotes the 

residual acceleration of the aerodynamic drag acting on the 

spacecraft for the orbital maneuver course; Fs is the surface 

tension at the liquid–gas interface Surface tension effect plays a 

significant role in the free surface flow problems in micro-

gravity environment. The continuum surface force (CSF) model 10) 

has been widely used to model surface tension. In the CSF 

model, surface tension effect is treated as a body force Fs , It is 

distributed within a transition region of finite thickness at the 

interface, given by: 

( )s  F n x
   

    (4) 

where   is the coefficient of surface tension,   the mean 

curvature, n the normal to the surface, and δ(x) a delta function 

concentrated at the interface. In the context of the VOF method, 

the body force is given by:  

s F F
 

    (5) 

It is included in the momentum equation as a source term. 

This continuum treatment of the discontinuous change at the 

interface eases the implementation of the surface tension effect 

where only the VOF function is needed. In problems with 

complex topological changes, the CSF model is superior to the 

conventional method in robustness and versatility. The term 

F  indicates that Fs is proportional to the curvature   

with the force acting along the normal direction of the interface. 

Contact angles are applied as a boundary condition at the 

contact line 11). In the simulation, we set the contact angle 0c  . 

Boundary conditions for fluid along solid surfaces are the no-

slip and no-penetration conditions. 

For the following simulations, the body force weighted 

scheme is utilized to compute the face pressure by assuming that 

the normal gradient of the difference between pressure and body 

forces is constant. The pressure-implicit with splitting of 

operators (PISO) 12), pressure– velocity coupling scheme is used 

to obtain a semi-implicit pressure correction equation. The 

pressure-correction equation is subsequently solved using the 

algebraic multigrid (AMG) method 13). Temporal discretization 

is accomplished using implicit time integration, which is 

unconditionally stable with respect to time step size. Solutions 

are subsequently iterated at each time level until the 

convergence criteria are met. The geometric reconstruction 

scheme is used to reconstruct the interface between fluids using 

a piecewise-linear approach. 

3. Model Verification and Validation 

The cases of Lewis Research Center drop tower model 14) was 

chosen to verify and validate the program. The experiment test 

containers were right-cylinders machines from II UVA acrylic 

plastic with spheroidal tops and inverted spheroidal bottoms to 

scale a Centaur-space-vehicle, liquid hydrogen tank. The model 

tanks used had radii R of 5.5 and 7.0 centimeters and length L1 

of 21.8 and 27.8 centimeters, respectively. FC-78 was used as 

test liquid. Surface tension, density, and viscosity of FC-78 are 

presented in Table 1. 

 

 

Fig. 1 Reorientation flow process of scale model Centaur experiment compared with simulation for drop tower 
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Table 1 Properties of FC-78 at 20℃ 14) 

Liquid  , N/m  , kg/m3  ,kg/m·s 

FC-78 13.2×10-3 1720.0 8.2×10-3 

 

Table 2 Reorientation event data 

Liquid fill, percent 20 20 70 

Reorientation acceleration, a , 

cm/sec2 31 69 31 

Reorientation 

event times, sec 

 

T1 

Calculated 1.23 0.84 0.77 

Measured 1.23 0.85 0.78 

T2 

Calculated 1.30 0.93 1.01 

Measured 1.34 0.94 0.96 

T3 

Calculated ------ ------ 1.39 

Measured ------ ------ 1.23 

T4 

Calculated 1.70 1.16 1.48 

Measured 1.72 1.29 1.55 

T5 

Calculated 5.45 3.10 3.59 

Measured >2.54 2.50 >2.51 

 

In Fig.1, the black region indicates liquid phase area, and the 

gray region indicates gas phase area. And as Fig.1 shown above, 

a series event times from initiation of thrust 14) were defined as 

below for the reorientation process. 

T1: time of liquid impact at tank bottom 

T2: time of geyser initiation 

T3: time of geyser impact on liquid-vapor interface 

T4: time of geyser impact on tank top 

T5: time when tank top is clear of liquid 

Three cases of the reorientation model experiment were 

investigated and the event times were obtained by simulation. 

As shown in Table 2, the calculated results are in good 

agreement with the experiment measured results. 

 

Fig. 2 Initial gas-liquid interface profiles prior to 

reorientation at liquid fill ratio 80%, 50%, 10% 

4. Numerical Results and Discussions 

Theoretical analyses of liquid behavior in microgravity 15),16) 

indicate that the initial state of the gas-liquid interface should be 

a curved surface under micro-gravity condition. The general 

solution for the equilibrium gas-liquid interface shape is 

described by the Bond number ( 2Bo R  a , a is the residual 

acceleration; R  is the radius of the tank), an indicator of the 

size of the inertia forces to interfacial forces. During the 

reorientation process, the initial conditions of the gas-liquid 

interface will determine the flow mode of liquid in fuel tanks 17). 

According to the on-orbit vehicle situation, the liquid was 

stabilized at the top of the tank at a Bond number of 10 with a 

curved interface as shown in Fig.2. Here the black area denotes 

liquid, the gray denotes gas. The engine would restart in a 

number of times with different propellant residual, and three 

different propellant fill ratios were selected to simulate each 

stages of reorientation. 

The tank here has a concave spherical bottom inside that is 

different form the convex spheroidal bottom of Centaur scale 

model. As the characteristic times defined previously, the time 

T1 equals to T2 in these cases. In additional, we define T6 as the 

time that all the bubbles discharged from the liquid which 

almost reached equilibrium state. In the condition of 

reorientation Bond number of 393.0, the specific reorientation 

flow process is shown in Fig.3. Initially, the propellant gas-

liquid interface had a concave curvature. During the 

reorientation progress, the liquid propellant shifted down along 

the tank wall by the application of thrust. Then the geysering 

occurred when it impacted the tank bottom. The geyser kept 

moving due to inertia and geyser tip impacted on the interface 

then reached the top. In these periods, the single gas-liquid 

interface broke up, gas liquid mixed and bubbles generated from 

 

Fig. 3 Reorientation process with initial curved interface (Bo=393.0)  
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the liquid inside. After the liquid sloshing and bubbles rising, 

tank top could be clear of liquid. Finally, all the bubbles 

discharged from the liquid by the settling thrust, the propellant 

reorientation flow process finished. In the other settling thrusts 

which were available by the vehicle engine and with liquid fill 

ratio of 80% and 10%, the flow processes were similar. The 

difference was that, with higher fluid fill ratio (80%), there were 

more bubbles generated and gas-liquid mixing more strongly. 

Figures 4, 5 and 6 present the propellant reorientation event-

time corresponding to the settling Bond number. The results 

indicate that, The event-time T1 become the same decrease trend 

when the settling Bond number increase in different liquid fill 

ratio cases. Since T1 is the time of the liquid shifts along the 

tank wall and impact at the bottom, during this period, the liquid 

is in a smooth flow state. So T1 has a simply relationship with 

the acceleration characteristic and the distance between the 

liquid interface and the tank bottom. Variation of the time T5 is 

similar to T1. In each case, with the increases of the settling 

Bond number, T5 decreases. Because T5 represents the time of 

liquid migrate from the tank top to the bottom. Larger settling 

thrust leads to larger liquid shifting velocity, and the entire 

migration process of the liquid propellant can be shorter. But 

under the different fluid fill ratio, the time T6 shows a different 

variation to the former. At different fluid fill rate, it shows 

completely opposite trend. With the liquid flow level 10%, the 

time T6 decreases when the settling Bond number increases. But 

with the liquid flow level 80%, the time T6 does increase. Since 

from T5 to T6, the process of this period performs the bubbles 

rise and discharge from the liquid includes the liquid sloshing 

and bubbles break up and coalescence. With higher fluid fill 

ratio (80%), there are a large amount of bubbles generated from 

the liquid when settling thrust get large. It means gas and liquid 

can mix more strongly in the tank in larger settling Bond 

number. The flow is considerably chaotic in such a flow motion. 

So it takes a longer time to be quiescence when the Bond 

number increases. Conversely, with lower fluid fill ratio (10%), 

since there are not many bubbles generate in the flow process, 

and the liquid can quickly reach the equilibrium state without 

taking long time to discharge bubbles inside. 

In the engineering application of on-orbit vehicle tank 

propellant reorientation, the reorientation time is not the only 

considered factor. The more important parameter is the impulse 

consumption of reorientation. Consider the time T6 defined as 

mention above to be the time when all the liquid is collected or 

completely reoriented. We can get the reorientation impulse at 

different settling Bond number with different liquid fill ratio.    

Figure 7 shows that the reorientation impulse and settling 

Bond number in each case have approximatively a linear 

relation. The settling Bond number gets larger; the greater 

impulse for reorientation is needed to settle the liquid propellant.  

 

Fig. 4 Reorientation event-time at different settling Bond 

number, liquid fill ratio 10% 
 

 

Fig. 5 Reorientation event-time at different settling Bond 

number, liquid fill ratio 50% 
 

 

Fig. 6 Reorientation event-time at different settling Bond 

number, liquid fill ratio 80% 
 

 

Fig. 7 Reorientation impulse at different settling Bond 

number with different liquid fill ratio 
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5. Experimental Setup 

The experimental investigation was conducted in the Drop 

Tower Facility of National Microgravity Laboratory of China 

(NMLC) with a scale model of liquid propellant tank. Data were 

obtained by allowing a group of drop cabin (external cabin and 

internal cabin) (Fig.8) to free fall from ground level down a 

chamber approximately 83 meters deep. This resulted in about 

3.6 seconds of free-fall time. By evacuating the external cabin to 

a pressure below 30 newtons per square meter (3.0×10-4 atm), 

the equivalent gravitational acceleration acting on the 

experiment platform in the internal cabin due to residual air 

drag was less than 10-5g. The first step of the experiment 

purpose was to observe the flow motion of the liquid in 

microgravity environment without and with PMD sponge. Then 

next step, reorientation. 

The sponge type PMD 18) is a device provides gas free 

propellant delivery by controlling propellant within the tank. 

The experimental model tanks of the system are made of 

plexiglass. The model tanks have the diameter of 110mm. And 

graphics were collected from the experiments by CCD cameras 

system which was contained on the experiment platform (Fig.9).  

 

 

Fig. 8 Experiment cabin for microgravity tests 

 

 

Fig. 9 Model tank platform of drop tower experiment 

6. Experimental Results and Discussions 

Liquid ammonia and alcohol were used as experimental 

mediums and the tank free-fall in the drop tower facility. A 

series of photographs were taken from the drop tower 

experiment cases. The drop tower experiment data presented is 

very simply and straightforward. Figs. 10, 11 illustrate the 

general behavior of the liquid media in microgravity 

environment. The liquid quickly climb along the tank and in a 

spherical formation with the gas in the center. Volume force 

can't be enough for bounding the liquid in the microgravity 

environment. In order to hold the liquid phase in the tank 

bottom, and in the next experiments, we installed the sponge 

PMD (Figs. 12, 13). in the tank bottom to verify the differences 

with the previous experimental results. The height of sponge 

PMD is 2/3 of the tank height. With the sponge PMD in the tank, 

it can be clearly seen that liquid is held in the tank bottom 

during the tank in the free-fall period instead of flowing along 

the tank wall to surround the gas (Figs. 12, 13). The liquid is 

held firmly in the entire process in the microgravity condition. 

These results indicate the sponge PMD is robust in propellant 

management especially in hold the liquid in microgravity 

environment. These cases were to understand the performance 

of liquid behavior in the tank with and without PMD. The 

remaining experiments of liquid reorientation and the 

experiment event-time verification are carrying out over the next 

work. 

 

 
 

Fig. 10 Liquid ammonia profile in the free-fall state(t= 3.5s) 

 

 
 

Fig. 11 Alcohol profile in the free-fall state (t = 3.5s) 
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Fig.12 Alcohol profile prior to the free-fall, tank with 

sponge PMD (t = 0s) 

 

 
 

Fig. 13 Alcohol profile prior in the free-fall state, tank with 

sponge PMD (t = 3.5s) 

7. Conclusion 

The process of liquid propellant reorientation flow dynamics 

in microgravity environment is investigated. The VOF method 

was used to simulate the free surface flow of gas-liquid. The 

reorientation event-time of propellant reorientation flow was 

obtained from numerical simulation. The results show that the 

completely reorientation time behaves different trend at different 

fluid fill rate. The time T6 decreases with low fluid fill ratio and 

increases with high fluid level when the settling Bond number 

increases. And the greater impulse for reorientation is needed to 

settle the liquid propellant when the settling Bond number gets 

larger. Thrust impulse consumption for reorientation could be 

saved by using a small thrust Bond number. In microgravity 

environment, the sponge PMD can increase the effective surface 

tension forces sufficiently to hold the liquid. Take this system 

into the propellant tank will be useful and effective for 

propellant management. 
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