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ABSTRACT As the surface tension of cryogenic fluids in deep low-temperature space is much smaller,
the capillary driven by surface tension is weakened under microgravity, which is influenced by many
factors, including the working fluid properties, the wettability of capillary surface, and the geometrical
properties of tube (cross-sectional shape, equivalent diameter, wetted perimeter, etc.). So it is necessary
to study the flow behaviors of low temperature working fluid driven by surface tension under
microgravity. In the paper, fluid behaviors under influencing factors (including tube sizes, low-
temperature working fluid properties, initial liquid volumes, etc.) of cryogenic capillary-flow under
microgravity are studied numerically by developing a 2D numerical simulation of vertical capillary tube.
In the process of direct numerical simulation, the interface between two phases is represented by a
boundary and has no thickness which is described through the moving mesh interface method. To verify
accuracy and rationality of this numerical method, the capillary height of interphase between water and
air at room temperature in the gravity field is tested firstly, in which the relative results prove that the
accuracy and rationality of this numerical method here. Then, the numerical simulation is carried out for
four working cases, which is also analyzed in detail. The work in this paper can provide effective
verification and analysis means for subsequent experiments and theoretical models.

INTRODUCTION

With the rapid development of human space exploration and space science, the capillary flow has
drawn much more attention in recent years [e.g. Lucas 1918, Washburn 1921, Bell 1906], because of
its importance for fluid dynamics, surface science and especially for fluid management in space
including propellant and cryogenic fluid tanks, thermal control systems, coolant reservoirs and systems
for collection, storage and provision of water [Dreyer 1998]. Capillary flows are spontaneous
interfacial flows driven by surface tension, container geometry and surface wettability without the
ubiquitous effects of gravity, which are fundamental to a myriad transport processes in both nature and
industry and range from microscale flows ( < 1mm) in porous media on earth to macroscale flows
(<1m) in large liquid fuel tanks aboard spacecraft. In the space microgravity environment, the surface
tension highlights in the gas-liquid two-phase fluid flow and its phase change heat transfer process is
prominent and dominant, which plays the leading role.

As the capillary-driven flow becomes remarkable only when the size of the capillary tube is small for
terrestrial experiments, many researchers have begun to experimentally study the capillary-driven flow
under microgravity because large sized capillary tubes can be used by removing the effect of gravity
[e.g. Dreyer 1994, Weislogel 1998, Chen 2005, Concus 2000, Stange 2003, Wang 2009]. However, for



cryogenic fluids in deep low-temperature space, the surface tension is much smaller, and the capillary
driven by surface tension is weakened under microgravity. So it is necessary to study the flow
behaviors of low temperature working fluid driven by surface tension under microgravity. Under
microgravity, flow behaviors of cryogenic fluids are rather complicated, because the dynamic process
of the interface evolution is influenced by many factors, including the working fluid properties, the
wettability of capillary surface, and the geometrical properties of tube (cross-sectional shape,
equivalent diameter, wetted perimeter, etc.). So far, there is still a lack of systematic study on effects of
these factors on the capillary flow behaviors and dynamics under microgravity.

As one of the most important means of modern scientific research, numerical simulation has been
widely used in the research of multiphase flow because of its outstanding superiority. In view of the
complexity and high cost of the test, a 2D numerical simulation of fluid behaviors under influencing
factors (including tube sizes, low-temperature working fluid properties, initial liquid volumes, etc.) of
cryogenic capillary-flow under microgravity is carried out in this paper, which can provide effective
verification and analysis means for subsequent experiments and theoretical models.

NUMERICAL METHOD

The interface between two phases is represented by a boundary and has no thickness which is
described through the moving mesh interface method.

Governing Equations With assumptions of immiscible, incompressible Newtonian fluids, the Navier-
Stokes equations are expressed as below:

V-au=0 (D

p(z—l;+(u-um)-Vuj:—Vp+pg+V.[ﬂ(Vu+(Vu)T)}+FU )

where” is the fluid density, ¥ is the velocity vector, # is the fluid viscosity, 7 is the pressure, and &

is the gravitational acceleration, F; denotes the surface tension force, #m denotes the mesh velocity and
arises from the definition of time derivatives in the coordinate system of the deformed mesh. Poisson’s
equation is solved for the mesh displacement.

Boundary Conditions In the absence of mass flow across the boundary the correct boundary
condition on the fluid/fluid interface is

n-(T,-T,)=c(V-n)n-Vo A3)
where the total stress tensor, T is defined for either fluid 1 or fluid 2 as
Tl,z = _pl,ZI +7, (Vul,Z + (Vul,z)T) “4)
This boundary condition can be decomposed into a normal component
n-T-n-n-T,-n=0(V-n) (5)
and a tangential component
n-T-t—n-T,-t=Vo-t (6)

The term on the right-hand side of Equation 5 is the force per unit area due to local curvature of the
interface. The term on the right-hand side of Equation 6 is a tangential stress associated with gradients
in the surface tension coefficient. Equation 6 reveals that whenever gradients in the surface tension
coefficient exist, the flow must be nonstationary. This is because the pressure is continuous in the
tangential direction so the gradient in the surface tension coefficient must be balanced by the tangential



component of the viscous stress. A mesh velocity equal to the fluid velocity is imposed on the
interface:

u =u (7

Equation 1 and Equation 2 along with the equation for the mesh displacement describe the evolution of
the fluid at the domain level. Equation 3 and Equation 7 are suitable boundary conditions for the problem.
These equations and boundary conditions are solved in the moving mesh interface method.

COMPUTATION CONDITIONS

Geometry Model, Boundary Conditions and Initial Conditions In order to study fluid behaviors
under influencing factors of cryogenic capillary-flow under microgravity, a 2d numerical model of
vertical capillary tube is constructed in the paper showed in the Fig.1 and physical properties of working
fluids are shown in Table 1. In order to save computational resources, a 2D axisymmetric numerical
model is adopted in the paper. The model radius of capillary tube is 0.2 mm, Imm respectively, along
with the height of the model is 50 mm. Initially, the capillary channel is filled with most of the gas (upper)
and a small amount of liquid (lower), and the capillary tension causes the liquid to rise. The initial height
of liquid is 1 mm, 10 mm respectively in this paper. The static contact angle of the wetted wall in the
model which is the angle between the surface of the water and the wall surface, is chosen to be 68°. The
upper and lower boundary of the model are respectively the pressure outlet and pressure inlet boundary
conditions.
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Figure 1. Geometry model and boundary conditions for numerical simulation
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Table 1
Physical properties of working fluids

Working fluid Working temperature Density Kinetic viscosity ~ Surface tension
('C) (kg/m”) (Pa*s) (N/m)
Water 20 1000 1.003¢™ 0.0727
Air 1.225 1.789¢”
Ne (liquid) -249 1223.4868 1.281¢™ 5.114e”
Ne (gas) 7.2985 4.366¢”°

N, (liquid) -200 824.8498 1.912¢™* 9.842¢”




N, (gas) 2.8403 5.121e®

He (liquid) -269.5 134.1618 3.446¢” 1.470¢™

He (gas) 9.4746 1.018¢”

Calculation of Working Conditions In this paper, there are four working cases which would be

calculated and analyzed in the following:

* Case 1: The comparisons among various low-temperature working fluids (Ne, He and N;) for the
capillary tube radius r=0.2mm under microgravity.

* Case 2: The comparisons among various capillary tube radii (r=0.2mm, 0.6mm and 1mm) for Ne
working fluid under microgravity.

* Case 3: The comparisons among various initial liquid volumes (initial interface height is 1mm,
10mm, respectively) for the capillary tube radius r=0.2mm and Ne working fluid.under microgravity.

* Case 4: The comparisons among various initial liquid volumes (initial interface height is 1mm,
10mm, respectively) for the capillary tube radius r=1mm and Ne working fluid.under microgravity.

NUMERICAL MODEL VALIDATION

In order to verify the accuracy and rationality of this numerical method, the first thing needs to do is to
test the capillary height of interphase in the gravity field. Water and air at room temperature are chose as
the testing liquid and gas, and their physical properties are shown in Table 1. The verification model,
boundary conditions, and initial conditions are shown in Fig.1. The model radius of capillary tube is 0.2
mm and the height is 35 mm in this 2D verification model, along with the height of the initial interface
is 1 mm and the static contact angle is 68°. The acceleration of gravity here is 9.8 m/s.
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Figure 2. The change trend of the height Z of interphase dynamic contact point with time t under
gravity

From Fig.2, it can be seen that the height Z of the interphase dynamic contact point on the wetting
wall increases with the time t under gravity. The contact point height Z approaches to 28.2 mm at t=
0.4s under gravity. The relative error between the numerical model and the theoretical formula

2 . : : Y
pgh= ?0' =27.8mm is 1.44% under gravity, which proves the accuracy and rationality of the

numerical method here.
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Figure 3. The change trend of the velocity of interphase dynamic contact point with time t under
gravity

From Fig.3, it can be seen that the velocity of interphase dynamic contact point on the wetting wall
under gravity reaches the maximum 0.41 m/s at t = 0.01s, while it is increasing sharply at t <0.01s
and decreases rapidly at t> 0.01s. After time t = 0.4s, the velocity of interphase dynamic contact point
on the wetting wall is almost close to zero under gravity.
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Figure 4. The velocity contour of the whole flow field under gravity

It can be seen that the velocity of the whole flow field (water and air) decreases rapidly as time under
gravity in Fig.4.
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Fig.5 The pressure contour part magnification around the interface of the whole flow field under
gravity

RESULTS AND DISCUSSION



Case 1 The change trend comparisons of height and velocity of interphase dynamic contact point on the
wetting wall with time t among various low-temperature working fluids (Ne, He and N») are shown in
Fig.6 and Fig.7 separately, which are in the model of capillary tube diameter r=0.2 mm under
microgravity.
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Figure 6. The height change trend of interphase dynamic contact point for low-temperature working
fluids under microgravity

From Fig.6, it can be seen that the height Z of the interphase dynamic contact point on the wetting wall
increases with the time t under microgravity for various low-temperature working fluids (Ne, He and
N>). Among them, the height increasing trend with time for N is the largest, followed by Ne, and finally
He.
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Figure 7. The velocity change trend of interphase dynamic contact point for low-temperature working
fluids under microgravity

From Fig.7, it can be seen that the velocity V of the interphase dynamic contact point on the wetting wall
increases sharply at first with the time t and then decrease rapidly to the same value 0.04 m/s under
microgravity for low-temperature working fluids N, and Ne, which reaches the maximum 0.2 m/s at t =



0.01s, 0.12 m/s at t=0.04, respectively. For He, the velocity trend of the interphase dynamic contact point
on the wetting wall increases gradually to 0.02 m/s with the time t under microgravity.

Therefore, it shows an upward trend for the height of the interphase dynamic contact point on the wetting
wall toward various low-temperature working fluids (Ne, He and N) for the capillary tube diameter
r=0.2 mm under microgravity, but the corresponding velocity trend has a great relationship with the low-
temperature working fluid.

Case 2 The change trend comparisons of height and velocity of interphase dynamic contact point on the
wetting wall with time t among various capillary tube radii (r=0.2 mm, 0.6 mm and 1 mm) are shown in
Fig.8 and Fig.9 separately, which are for Ne working fluid under microgravity.
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Figure 8. The height change trend of interphase dynamic contact point among various capillary tube
radii for Ne under microgravity
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Figure 9. The velocity change trend of interphase dynamic contact point among various capillary tube
radii for Ne under microgravity



From Fig.9, we can see that before t=0.04 s, the velocity of the interphase dynamic contact point on the
wetting wall for r=0.2 mm under microgravity is larger than that of r=0.6 mm, and the corresponding
velocity for r=0.6 mm is also larger than that of r=Imm under microgravity. But after t=0.04s, the
corresponding velocity began to decrease for r=0.2 mm, while it increases slowly after t=0.125s and
t=0.19s, respectively for r=0.6 mm and 1mm under microgravity. So it can be seen that the height of the
interphase dynamic contact point on the wetting wall for r=0.6 mm tends to exceed that of r=0.2 mm
after t=0.125s under microgravity, while the corresponding velocity of =1 mm larger tends to exceed
that of r=0.2 mm after t=0.19s under microgravity showed in Fig.8.

Therefore, it shows an upward trend for the height of the interphase dynamic contact point on the wetting
wall toward various capillary tube radii (r=0.2 mm, 0.6mm and Imm) for Ne working fluid under
microgravity, but the corresponding velocity trend has a great relationship with the capillary tube radius.

Case 3 The change trend comparisons of height and velocity of interphase dynamic contact point on the
wetting wall with time t for various initial liquid volumes (initial interface height 1 mm and10 mm) are
shown in Fig.10 and Fig.11 separately, which are for the capillary tube radius r = 0.2 mm and Ne working
fluid under microgravity.
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Figure 10. The height change trend of interphase dynamic contact point among various initial liquid
volumes for Ne and capillary tube radius r=0.2mm under microgravity
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Figure 11. The velocity change trend of interphase dynamic contact point among various initial liquid
volumes for Ne and capillary tube radius r=0.2mm under microgravity

As Fig.10 shows that the velocity of the interphase dynamic contact point on the wetting wall for the
initial interface height 1mm is much larger than that of the initial interface height 10mm before t=0.28s,
and the corresponding maximal velocity of the interphase dynamic contact point for the initial interface
height 1mm reaches 0.105m/s. After t=0.28s, the corresponding velocity of the interphase dynamic
contact point is almost the same for various initial liquid volumes. So the corresponding height of the
interphase dynamic contact point on the wetting wall maintains a parallel upward trend for various initial
liquid volumes after t=0.28s showed in Fig.9.

Case 4 The change trend comparisons of height and velocity of interphase dynamic contact point on the

wetting wall with time t for various initial liquid volumes (initial interface height 1 mm and10 mm) are
shown in Fig.12 and Fig.13 separately, which are for the capillary tube radius r=1mm and the Ne working

fluid under microgravity.
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Figure 12. The height change trend of interphase dynamic contact point among various initial liquid
volumes for Ne and capillary tube radius =1mm under microgravity
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Figure 13. The velocity change trend of interphase dynamic contact point among various initial liquid
volumes for Ne and capillary tube radius =1mm under microgravity




It can be seen from Fig.13 that the velocity of the interphase dynamic contact point on the wetting wall
increases steadily with the time t under microgravity, which finally approximates to 0.11m/s for the
initial interface height Imm and 0.06m/s for the initial interface height 10mm, respectively. So it shows
that the height of the interphase dynamic contact point on the wetting wall for the initial interface height
Imm increases sharply and then exceed the corresponding height for the initial interface height 10 mm
after t=0.15s under microgravity showed in Fig.12.

CONCLUSIONS

As we all known, the surface tension of cryogenic fluids in deep low-temperature space is much smaller,
so the capillary driven by surface tension is weakened under microgravity, which is influenced by many
factors, including the working fluid properties, the wettability of capillary surface, and the geometrical
properties of tube (cross-sectional shape, equivalent diameter, wetted perimeter, etc.). In the paper, fluid
behaviors under influencing factors (including tube sizes, low-temperature working fluid properties,
initial liquid volumes, etc.) of cryogenic capillary-flow under microgravity are studied numerically by
developing a 2D numerical simulation of vertical capillary tube based on the moving mesh interface
method, which represent the interface between two phases by a no thickness boundary. To verify
accuracy and rationality of this numerical method, the capillary height of interphase between water and
air at room temperature in the gravity field is tested firstly, in which the relative results prove that the
accuracy and rationality of this numerical method here. Then, the numerical simulation is carried out for
four working cases.

From the results in Case 1, we can see that there is an upward trend for the height of the interphase
dynamic contact point on the wetting wall toward various low-temperature working fluids (Ne, He and
N2) for the capillary tube diameter r=0.2mm under microgravity, but the corresponding velocity trend
has a great relationship with the low-temperature working fluid. It is clear that N2 is the best cryogenic
fluid here, which is more suitable in deep low-temperature space. It also shows an upward trend in Case
2 for the height of the interphase dynamic contact point toward various capillary tube radii (r=0.2mm,
0.6mm and 1mm) for Ne under microgravity, but the corresponding velocity trend has a great
relationship with the capillary tube radius.

Although there are some small differences which are brought by the different velocity trend of the
interphase dynamic contact point in Case 3 and 4, it shows an increasing trend on the whole in the height
of the interphase dynamic contact point on the wetting wall for various initial interface heights for Ne
under microgravity, either the capillary tube radius r=0.2mm or r=1mm.

STATEMENT ON NUMERICAL ACCURACY

The numerical modelling made in this work was strictly followed the statement of the simulation
conditions. Accuracy of the results were ensured by the following criteria as we stated in the text.
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