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1. Introduction

Gas free delivery of liquid propellants is of great necessity for
the safety and reliability of engine operations or other propellant
transportation requirements. The liquid-gas distribution in
reduced gravity environments depends on many parameters, Pro-
pellant management technologies must be applied for space flight
missions in order to guarantee the gas free liquid delivery of pro-
pellants [1,2]. Owing to the high thrust and nontoxicity, cryogenic
propellants such as liquid hydrogen, liquid methane and liquid
oxygen, are considered as an ideal option for future deep space
missions [3]. However, special physical properties of cryogenic
propellants including low boiling point, low viscosity and low sur-
face tension, also brings new challenges to the orbital propellant
management technology [4-6). Compared with several feasible
methods, the screen channel liquid acquisition devices (LADs),
whose orbital availability of single phase liquid delivery has been
successfully verified for storable fluids, is considered the most
robust and applicable option for cryogenic propellants [7-10].
Fig. 1 shows the schematic of a typical screen channel LAD with
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In order to investigate the wicking performance of cryogenic propellants within metallic screens for space
liquid acquisition devices (LADs), a vertical wicking experiment was carried out in a one-species test sys-
tem with liquid nitrogen (LN,). Screens of Dutch twill weave (DTW) type 200 x 1400 were tested in both
warp and shute directions. Two different degrees of superheat (~2 K and ~25 K) were achieved with a
novel porous cooling shield element, A modified one-dimensional macroscopic model is proposed which
considers the thermal effect of the solid weave and the vapor environment. Good agreement with exper-
imental data is achieved. Results show that the cryo-wicking process is sensitive to the superheat condi-
tion, The wicking velocity as well as the maximum wicking height decreases with increasing superheat.
For the same superheat condition, the wicking velocity was always higher in the warp direction than that

four full communication channels. Within the tank, channels are
uniformly installed in each quadrant and are joined together at
the outlet, On the side facing the inner tank wall, each channel is
covered with a piece of porous screen. This screen is woven with
metallic wires and has microscopic openings that could imbibe lig-
uid into the channel but block the gas ingestion depending on the
surface tension and capillary forces [11].

The mechanism of phase separation and detailed operation per-
formance of this screen channel LAD has been studied for several
decades, and from 1990s, increasing attention has been payed
upon cryogenic liquids. The bubble point pressure, representing
the gas blocking capacity of the porous screen, has been deeply
analyzed and tested in several cryogenic liquids [12-17). Mean-
while, as anindication of the gas free liquid outflow characteristics,
the pressure drop of LAD channels has also been comprehensively
studied through theoretical, numerical and experimental methods
[18-20).

Besides, the liquid wicking phenomena within the screen is
regarded as the critical foundation of the LAD operation since the
gas blocking function is only available after the porous screen is
saturated with liquid [21,22]. If the screen is partially dry, wicking
could also provide a degree of self-repairing for saturation recovery
[23]). Liquid transport processes driven by capillary force inside
porous media are generally called "wicking"”, the ones with



Nomenclature
Latin letters
A surface area/m?
G empirical coefficient
c specific heat capacity/) kg=' I’
Cp specific heat capacity at constant pressure/] kg~! K~!
D wire diameter/m
D, equivalent capillary diameter/m
Gr Grashof number
g gravity/m s=2
H height of sample/m
h wicking height/m
hyg latent heat of evaporation/] kg™!
(¢ permeability/m?
k coefficient of heat transferjW (! m~2
q heat exchange capacity/)
q heat transfer rate/W
! characteristic length/m
m mass/kg
Nu Nusselt number
N empirical coefficient
Pr Prandtl number
T temperature/K
t time/s
| u wicking velocity/m s~!
w width/m
| Greek letters
oty expansion coefficient/KK~"

AT temperature difference/K
3 thickness/m

0 contact angle/°

i thermal conductivity/W m~' K-!
N dynamic viscosity/Pa s

v kinematic viscosity/m? s~!
vT vertical temperature gradient/K m™!
p density/kg m™3

G surface tension/N m™~!

) porosity/-

Subscripts

0 initial state

e evaporation

g gas

I liquid

max maximum

S shute

s solid

w warp

Abbreviation

DTW Dutch twill weave

LAD liquid acquisition device
LSH low superheat

HSH high superheat

cryogenic liquids are usually called “cryo-wicking” [24]. Symons
[25] tested the wicking performance of 13 different metallic
screens under normal and micro gravities, with methanol and
ethanol as test liquids. Dodge et al. [26] investigated the vertical
and horizontal wicking performance of several screens in isopropyl
alcohol. Fries et al. [23] conducted a vertical wicking experiment in
five storable liquids using 200 x 1400 Dutch twill weave (DTW)
and investigated the effects of evaporation. Subsequently, Conrath
et al. [27), Hartwig and Darr [28] also experimentally investigated
the wicking process within several metallic weaves using storable
liquids. Ma et al. [29] recently conducted an isothermal vertical
experiment in HFE-7500 to measurement the structural parame-
ters of three DTWs. Meanwhile, Conrath et al. [30] studied the
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Fig. 1. Schematic diagram of a screen channel liquid acquisition device,

horizontal inward and outward radial wicking process within filter
papers and established a theoretical model based on Darcy's law.
Zhang et al, [31], Shirazy and Fréchette [32] experimentally inves-
tigated the capillary wicking and wetting performance of copper
metal foams. Liu et al. [33] performed water wicking experiment
within fibrous paper and modified the Lucas-Washburn model by
adding the evaporation effect caused by humidity difference. How-
ever, according to the existing literatures, researches regarding to
cryo-wicking are still very limited. Hastings et al. [34] experimen-
tally investigated the wicking process of liquid nitrogen into metal-
lic weaves, but no detailed data were presented. Zhang et al. [35]
comparatively studied the wicking and heat transfer performance
of liquid nitrogen within a multi-layer metallic wire cloth lami-
nate, and indicated the metallic meshes screen with strong wicking
was an efficient porous structure for fluid and thermal manage-
ment in space, Choi et al. [36] conducted an experimental investi-
gation on the flow phenomenon of liquid nitrogen in porous glass
wool. The permeability was measured and it was affected by the
applied pressure and bulk density. Grebenyuk et al. [37] tested
the wicking velocity of liquid nitrogen into the porous glass frit
samples by mass measurement method, and theoretically analyzed
the effects of superheat degree.

From the above, although wicking has direct effects on both
obtaining and maintaining a screen channel LAD for orbital propel-
lant management, studies concerning cryo-wicking and the evapo-
ration effects on wicking performance are still extremely deficient.
In this paper, the vertical wicking of saturated liquid nitrogen at
atmospheric pressure was experimentally investigated through
an imbibition mass measurement method. The non-isothermal
wicking performance was tested within DTW 200 x 1400 in both
warp and shute directions under two different superheat degrees.
Besides, the standard porous-continuum model was modified to
take the evaporation effects caused by superheating the screen
and the vapor environment into account,



2. Theory

Wicking in porous media has been theoretically studied
through many different methods [38,39]. The porous-continuum
model has proven to be an appropriate model for woven screens
with a regular and uniform porous structure, such as the DTWs
used in this study. Isothermal wicking can be predicted with a
good accuracy [23,27,28]. In this model, the porous medium is
hypothesized to be uniform with constant structural parameters,
and is simplified into a bundle of straight capillary tubes of the
same diameter [23,29,38]. After an initial contact with a liquid sur-
face, the liquid would initially wick into the capillary under the
strength of capillary pressure, and be resisted by the viscous and
hydrostatic force. In case of a vertical orientation of the main axis
of the screen, the balance equation of linear momentum takes the
form

40 cos0 r[J,u,hu
~ B

+pigh. (1)

With the initial condition h (t = 0) = 0, the relationship between
time t and the height of isothermal wicking front h could be solved
into

th ¢/,l| 4acoso¢;l,l < __Depg > 2
= Png Dcpi2g’K 1~ 45 coso" @

As shown in Fig. 2, a meniscus appears at the outside of the
screen due to the capillary effects as well. Therefore, the surface
of the liquid contacting the screen surface, namely the upper edge
of the submerged part of the screen, exceeds a height of the menis-
cus compared with the free surface of the liquid bath. In order to
calculate the development of the real wicking height, the origin
is located at the top of the meniscus. Meanwhile, this model

depends on a persistent contact between the screen bottom and-

the liquid bath to guarantee the continuous replenishment of lig-
uid for the wicking process.

The wicking front is assumed as a sharp interface between the
fully saturated region below and a fully dry region above [38]. With
the effect of gravity, vertical wicking has a maximum reachable
height when the hydrostatic pressure of this liquid column is bal-
anced by the capillary pressure, The maximum height is calculable
as

40 cosl

PlgDc ' ®)

hmax =

h(?)

Wetting meniscus

Based on this isothermal model, Fries et al. [23] proposed a
modified model to predict the effect of evaporation on the wicking
of storable liquids. This model requires the evaporation rate from
experimental measurement as an input value. Grebenyuk et al.
[37] also enhanced the isothermal model to evaluate the thermal
effect of a superheated porous structure, but they neglected the
thermal energy exchange with the surrounding gas. In this paper,
a modified model based on the porous-continuum method is pro-
posed where both the thermal effects of the solid and the gas
regions are considered.

2.1. Governing equations

For the evaporative wicking process as shown in Fig. 3, the
momentum balance at the bottom inlet should be equal to Eq.
(1), but states differently at the wicking liquid front as

40 cos 0 thu
Dc (M I : Ly plgh + pc (4)

The effect of liquid evaporation p. causes the interface velocity
U, to be different from the inlet velocity u. They are equal for the
isothermal case, This difference can be related by a mass balance of

(u~u)Wgp, = L. | )

It is assumed that the heat for cooling is taken from the latent
heat of evaporation for a saturated liquid. Two terms of evaporated
liquid mass are considered here, one is due to the evaporation at
the wicking front, caused by the heat transfer from the super-
heated solid, and one is due to the evaporation at the sides of the
saturated sample, caused by heat transfer from the superheated
gas region. Therefore, the latent heat of the evaporative mass flow
should be equal to the heat transferred from the superheated solid
structure and the superheated vapor. The energy balance can be
express as
dme dgy , dgy

——hy ?-*_T' (6)

Therefore, coupling Egs. (5) and (6), unknown parameter u,
could be obtained, finally the development of the evaporative
wicking height h(t) can be calculated by Eq. (4).

Due to the high specific surface area of the porous screen, the
heat transfer between cold liquid and superheated solid screen is
not negligible. The solid structure is supposed to be cooled down
instantaneously from its initial temperature T; to the liquid

h(t=0)=0 ¢
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Fig. 2. Schematic diagram of the wicking phenomenon in a porous screen.
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Fig. 3. Schematic diagram of the evaporation-modified wicking model,

temperature T,. Therefore, when u, is given, the mass of the solid
part which would be wetted by the wicking liquid, ms, can be
obtained, and then the heat flux from solid to liquid can be calcu-
lated by

d G(Ts—T
%=W= UeSW(1 — $)0,s(Ts — Ty). )

In this model, the gas region is supposed to be big enough with
constant temperature, The initial temperature distribution of the
solid screen is assumed to be the same as in the surrounding gas,
and the heat conduction in the solid is neglected. The dry screen
above the wicking front always has the same temperature with
the contacting gas region, where no heat transfer occurs. Mean-
while, the wet screen part below the wicking front is at the satura-
tion temperature of the liquid. The temperature difference
between the wet screen and the surrounding superheated gas will
induce heat transfer and the evaporation of the imbibed liquid.

In view of the relatively smooth surface of the saturated porous
screen and the slow wicking velocity, the heat transfer between
the wet screen and the surrounding gas is assumed as a natural
convection issue from vertical plates [40]. The heat transfer coeffi-
cient could be obtained by the correlations of
k= Nu *f, ®
and the 'heat flux from gas to the wet screen surface can be
expressed as

dqgl

— KAAT = 2k(0 + W)h(Tg = T)). (9)
Nu can be expressed in the form
Nu = C(Gr - Pr)", (10)
where
g0, AT

Gr= ——-”;'i , (11)
pr = K (12)

g

AT is defined as the temperature difference between the
gas region and the saturated liquid. The wicking height h is
taken as the characteristic length | of Gr [42]. In the range
1.43 x 10* < Gr <3 x 10° the empirical coefficients C=0.59 and
n=025 apply; in the range 3 x 10° < Gr<2 x 10'°, C=0.0292
and n=0.39 apply; for Gr>2 x 10'%, the values are C=0.11 and

n=1/3 [41). When the value of the Grashof number is lower than
1.43 x 10%, taking no account for heat transfer by conduction or
radiation, the thermal effect of the gas region is assumed to be neg-
ligible and the heat transfer coefficient of the natural convection is
assumed to be zero in this model.

2.2. Solving algorithm

To solve this evaporative wicking problem, the wicking process
is discretized in time and the wicking height can be accordingly
divided into several slices. Fig. 3 also gives an illustration of the
modeling process, where symbol i represents the number of the
time step. At the initial time ¢t(1) = 0 s, the sample bottom just con-
tacts the liquid surface and the wicking height h(1) is zero. At an
arbitrary time (i), the increase of the evaporative wicking height
during the next time step is

dh(i+ 1) = ue(i)dt. (13)

The wicking height change due to the evaporated liquid can be
calculated as

me(i+ 1)

Wep,
Referring to Eq. (6), the evaporated liquid mass in this time step
consists of two terms

QSI(l U ]) A le(l 4y 1)
hfg

one is due to the evaporation at the wicking front, caused by the
heat transfer from the superheated solid, and one is due to the
evaporation at the sides of the saturated sample, caused by heat
transfer from the superheated gas region.

In this model, the solid, liquid and gas regions are all divided
into several slices matching with the wicking height development.
The lumped parameter method is adopted for all slices, which
means each slice can be treated as a single point with uniform
physical properties. Therefore, the heat transferred from solid to
liquid in this time step equals to the internal energy change of
the solid part in dh(i + 1), which can be calculated by

ga(i +1) = dh(i+ 1)6W(1 — ¢)pscs(Ts(i+ 1) - T). (16)

The total heat transfer from gas to the wet screen surface during
one time step is

dhe(i + 1) = u(i)dt — ue(i)dt = (14)

me(i+1)= ; (15)

i+1

Gg(i+1) = Zk, 8+ W)dh(j) - (Te(j) = Ty) - dt. (17)



If there is a linear temperature gradient along the screen height,
the local temperatures of the gas region are defined by this tem-
perature gradient and the initial temperature Ty at the sample bot-
tom as

Ty(i+1) = Tog + VT(h(i) +2dh(i+ 1)). (18)

The same method is used for the solid screen with linear tem-
perature distribution.

3. Experiments
3.1. Experiment arrangement

The apparatus of the cryogenic wicking experiment is depicted
in Fig. 4. The cryostat (manufacturer Cryovac, Germany) is made of
stainless steel with an outer diameter of 394 mm and an overall
height of 725 mm. A flange with a diameter of 360 mm and a thick-
ness of 15 mm is welded on the top of the container and is con-
nected to an inner cylinder with a diameter of 296 mm and a
maximum inner height of 602 mm. The lower inner bottom of
the container has an ellipsoid shape with a height of 45 mm. The
container has a volume of 43 L and can be closed with a top lid
(diameter 360 mm, thickness 13 mm). The volume between the
inner and the outer cylinders is evacuated to a pressure below
1.3 x 1072 Pa,

The coordinate system is fixed to the uppermost edge of the
container (without the sealing flange). A baffle made of stainless
steel (diameter 290 mm, thickness 1mm) is

= —465 mm. It has an opening in the center to move the sample
into the lower part and other openings for the temperature mea-
surement rod, gas/liquid pipes, endoscope, etc. The aim of the baf-
fle is to thermally separate the electronic elements located above

placed at.

from the lower cryogenic environment. The inner side of the top
plate is at several degrees below outside ambient temperature,
depending on the particular experiment conditions. The lower part
of the inner cylinder is filled with liquid nitrogen to a level which is
always below the baffle. The wall of the inner container below the
baffle is covered with a piece of DTW 325 x 2300 (thickness 90
pm, provided by SPORL, Germany) around its circumference. The
mesh extends from —465 mm to —565 mm. If the level of liquid
nitrogen is within this range, the mesh is saturated with liquid
nitrogen and provides a thermal boundary condition. If the liquid
level decreases below the lower range, the mesh would dry out
and the wall temperature would increase. This effect can be used
to thermally control the lower part of the container.

A movable platform is connected to the top lid with three
threaded bars and three stepper motors (L351851204-T6x1, Nano-
Tec, Germany). A high-precision electronic balance (WZA-224, Sar-
torius, Germany) with an accuracy of £0.1 mg is positioned in the
center of the platform. A sample holder hangs freely below the bal-
ance by a metal wire of 200 mm length and 2.8 mm diameter. The
sample hold can clamp the screen sample and protrude through
the baffle into the lower part of the cryostat. As shown in Fig. 5,
there is an obtuse angle between two splints of the sample holder,
which does not keep the sample completely flat but imposes a cer-
tain shape on the sample. This slight circumferential bending of the
sample can effectively avoid undesirable curling in the vertical
direction. Through the remote control of the stepper motors by a
computer, the position of the platform, namely the distance
between sample bottom and liquid surface can be adjusted with
a velocity of 1 mm s~! and a minimum step of 1 mm.

A temperature measurement rod (11 in Fig. 4) vertically
extends from the top lid towards the bottom of the cryostat, as
the rod 1.shown in Fig. 5. This rod consists of an epoxy glass plate
with scale (length 660 mm, width 22.5 mm, thickness 3 mm) and
ten temperature sensors (T;-Tqo) allocated along its length. A

- Vent to environment

] Lid

] Flange

_ILN;I. GN; 725

PC for image of
endoscope

® vacuum jacket

Vacuum pump 1 Vacuum pump 2 |

- =296 mm————--¥

REARTINN

PC for control of motors and
data logging

Fig. 4. Sketch of the experiment arrangement. 1. Welghing cell; 2. Helght changeable platform; 3. Endoscope; 4. Free-hanging frame; 5. GN; filling/vacuum pumping pipe; 6.
Illumination; 7. LN; filling pipe (Inner)/vent pipe (outer); 8. Sample holder; 9. Test sample; 10. Baffle; 11, Temperature rod 1 fixed to the top lid; 12. Temperature rod 2 fixed

to the sample holder; 13. Porous cooling shield.
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Fig, 5. Locations of two temperature measurement rods.

smaller temperature measurement rod (12 in Fig. 4) made of poly-
acetal (length 80 mm, diameter 4 mm) is installed on the sample
holder. Three temperature sensors (Ty;-Ty3) are allocated along
its length. The data monitoring and recording were programmed
with LabVIEW,

3.1.1. Measurement devices

The main idea to obtain the wicking process is measuring the
mass development of the imbibed liquid within the porous sample.
The pressure inside the cryostat is measured with a pressure sen-
sor (TJE-1256-30, Sensotec, Germany) with an accuracy of +0.2 kPa.

Temperature are measured by 13 temperature sensors (DT-
670A, LakeShore, America) with an accuracy of +0.25 K at temper-
atures from 2 I( to 100 K and 0.5 K at temperatures from 100 K to
305 K. 10 sensors (T;-T;o) are mounted on rod 1. Tg-yo are located

above the baffle with an equal spacing of 45 mm, while others are’

below the baffle with an equal spacing of 15 mm for T4-T; and
5mm for Ty-T4. This measurement technique has already been
used by Grebenyuk et al. [37]. The aim of this device is to measure
the temperature distribution in the cryostat at fixed locations. The
locations of the sensors are given in Table 1.

The rest three sensors (T;;-Ty3) are attached to rod 2 without
contacting the sample, This rod can synchronously move with
the sample to measure the temperature of the gas in the vicinity
of the sample at different positions fixed to the sample holder.
The sensors are supposed to be in the gas phase all the time. The
distances of the sensors from the bottom of the screen are
20 mm for Ty, 50 mm for T;2 and 80 mm for Ty3, which are also
given in Fig. 5.

Table 1

Location of the temperature sensors on temperature measurement rod 1.
Number z/mm Comment
1 -595 Liquid or gas
2 -590 Liquid or gas
3 -585 Liquid or gas
4 -580 Liquid or gas
5 -565 Liquid or gas
6 -550 Liquid or gas
7 -535 Liquid or gas
8 -430 Gas '
9 -385 Gas
10 -340 Gas

*The coordinate system Is fixed to the uppermost edge of the container (without the
sealing flange). The comment column indicates in which phase the sensors are
intended to measure the temperature.

3.1.2. Optical means

The lower part of the cryostat can be visually inspected with an
endoscope. The position of the lens can be adjusted. The endoscope
is connected to a camera (CCT-1/4" Chip). Fig. 6 shows two images
from the lower part of the cryostat. Two temperature measure-
ment rods and the screen sample can be observed clearly. The por-
ous screen at the wall can be seen in the background. The liquid
level is clearly visible,

3.2. Screen samples and test fluid

Two samples of DTW 200 x 1400 (made of stainless steel AISI
304 L) were cut, one in warp direction and one in shute direction
(sometimes called weft direction as well). The warp direction
means wicking is parallel to the warp wires. The samples are
aligned with the warp direction parallel to the gravity vector, or
with the shute direction. The related information of each sample
is listed in Table 2. The height and width were measured by an
optical microscope (Kiestrel Wision Dynascope K 07546, Leybold).
The heights of the two samples are about 100 mm. Considering the
part clamped in the sample holder with a height of 15 mm (Fig. 5),
the free length of the samples is about 85 mm. The thermophysical
properties of the solid material were obtained from Material Prop-
erties DataBase (MPDB), other information was provided by the
supplier (SPORL, Germany).

Referring to Section 2, macroscopic parameters including poros-
ity, equivalent capillary diameter and permeability are also impor-
tant parameters for screens. Due to the difficulty of achieving the
isothermal environment in cryogenic LN,, these three parameters
were not directly measured in this experiment. The measurement
results of the same samples from an isothermal wicking experi-
ment in storable liquid (HFE-7500) were used. The corresponding
data are listed in Table 3 [29]. In theory, these structural parame-
ters should be constant for a certain porous structure even in dif-
ferent fluids [23,37). However, from the comparison among the
history data in Ref, (29], the existing results of these parameters
might be still divergent and discrepant.

The wicking experiment was carried out in saturated LN, at
normal pressure conditions. The static contact angle between LN,
and the stainless steel is assumed to be zero [37), other properties

" were obtained from NIST REFPROP and are listed in Table 4.

3.3. Experiment procedures

At the beginning of the experiment campaign, the cryostat was
filled with gaseous nitrogen to replace the air. The cryostat was
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Table 2

Information about the test samples.
Direction H/mm Wjmm 5/um Dy/pm Ds/pm psfkg m~3 c/) kg™ K JgfWm™ K

77K 120K 77K 120K 77K 120K

Warp 99.68 38.81 150 70 40 7930 204.62 317.31 7.92 10.10
Shute 99.80 39.87

Table 3

Measurement and ftting results of macroscopic parameters in Ref. [29].

* Parameter o/ Daw/pm Kw/pm? D s/pm Ks/um?
Average 0.254 £0.013 43,26 + 0.41 1.165 % 0.015 47.58+0.17 0.544 + 0.007

Table 4

Thermo-physical properties of saturated nitrogen at 101,325 Pa and 77.355 K [37).
Phase plkg m~3 wfuPa s v/mm?s™! AmwW m~' K-? /K] kg™! K~ o /mK! ag/mN m™! hg/k) kg™!
Liquid 806.08 160.66 0.20 144.77 2.04 - 8.87 199.18

4,61 5.44 1.18 7.19 1.12 14.74 - -

Gas

evacuate by a vacuum pump (Drehschieber) to a pressure below
3 kPa, and then flushed with gaseous nitrogen. This procedure
was repeated three times, After that, the cryostat was filled with
liquid nitrogen with an open connection to ambient pressure, A
refill was required after about 5 h, A steady temperature distribu-
tion was achieved after 10 h, as depicted in Fig. 7-left. When the
liquid level dropped below the position of sensor T, an increase
of temperature was recorded at 13.3 h after the start of the chill

down procedure (see Fig. 7-right). The same happened when the
liquid level dropped below the position of sensor Tg at 14.5 h. After
the detachment from the liquid level, the temperatures of T, and Tg
stayed below 78 K, indicating a low superheat of the vapor of
around 1 K. This condition remained for another 7 h, before the
sensor Ts detached from the liquid surface. This sensor is at the
same level as the screenwhich covers the side walls of the cryostat.
As long as the screen stays in contact with liquid nitrogen, it

300} - 78.0 - T, loses connection
- with lic\uid level T,
778} s I
v 200 F o : T, loses connection { Ty
& T S 976} with liquid level \1
150 | 10 '
T R i
9 A el '.:A.’ AN I‘
ol | o S —
il fillLN, above T, ‘L—l-r?- , #33 . i BT
N 047 4456 8 10 12 14 16 129 132 135 1323 141 144145147
t/h

Fig. 7. Stable process for establishment of low superheat condition.



remains saturated and provides a constant temperature condition
below the baffle. This condition was used as an initial condition
to bring the test sample to the same temperature as the vapor. It
is named as low superheat condition, or LSH.

When the liquid level dropped below z=-565mm, ie. the
lower edge of the screen shield and the position of sensor Ts, the
temperatures in the cryostat started to rise. As shown in Fig. 8, a
temperature stratification was built up. It can be observed that this
temperature stratification remained fairly constant when the lig-
uid level reached sensor T4. This condition was used as an initial
condition for the wicking tests, referred to as high superheat con-
dition, or HSH. The rate of decrease of the free surface was approx-
imately 20 min mm~?, and therefore giving sufficient time to
perform three measurements when the liquid level was between
T4 and T3, T3 and T,, and T; and Ty, respectively.

For each wicking test run, the procedures were as follows: (1)
positioned the sample 1-2 mm above the liquid surface; (2) cali-
brated the balance; (3) decreased the sample position 3 mm down
into the liquid to start the wicking process; (4) lifted the sample
3 mm up out of the liquid after about 10 min, This would stop
the wicking process and initiate the evaporation process; (5) kept
recording the evaporation data until the sample weight was the
same as at the beginning.

4. Results and discussion

The test matrix consists of two sample orientations and two ini-
tial temperature conditions. Three repeating runs were conducted
for each condition, namely 12 measurements were performed in
total. The initial temperature condition for each run is listed in
Table 5.

For the high superheat condition, the temperature gradient was
calculated from the slope of the temperatures of sensors T;1-T;sa.
The average superheat degree is about 25 K. For the low superheat
condition, the gradient was calculated only from temperatures of
Ti;-Tq2 since the initial temperature of T;3 had a big difference
among different runs. The average superheat degree is below 2 K
(exclude the part above Ty3).

4.1. Mass and temperature developments during wicking test

Taking the test data of the warp sample as an example, the
changes of mass and temperature over time are displayed in
Fig. 9 for low superheat and in Fig. 10 for high superheat condition.
The mass curves for both superheat conditions show a similar
trend that a sharp increase occurs at first due to the wetting phe-
nomenon which is also called Wilhelmy force [43]. Then, the mass
begins to increase gradually through liquid wicking until it reaches
a plateau due to the balance between capillary pressure and resis-
tances of both gravity and evaporation. The following sharp mass
drop indicates the sample was lifted up and lost the wetting
meniscus. Finally, the mass gradually decreases to zero, represent-
ing the thorough evaporation of the residual liquid within the sam-
ple. There are also differences concerning wicking velocity and
evaporation velocity between two cases, which will be further
compared in Section 4.2.

Comparing the temperature changes of each sensor in Fig. 9,
sensors T;-T; almost keep constant below 79 K, providing a relative
uniform and nearly isothermal cryogenic environment. The slight
rise and fluctuation at the beginning and the end of the wicking
process are mainly caused by the interference from sample moving
and the thermal effect of illumination for visual operation. For
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Fig. 8. Stable process for establishment of high superheat condition.
Table 5
Initial temperature condition for each case.
Items T/K VTIK  Average linear
m~! YTK m~!
T T, i EY Ty Ts L= Tz Tg Tg Tio KT Ty Tia
LSH Warp Runl 7743 7742 774 7742 7742 7803 7832 12925 148.06 16592 7837 79.52 101.99 36.9 32.7+38
Run2 7743 7743 774 7743 7744 78.09 7837 12927 14832 166.38 7836 7927 .99.68 31.7
Run3 7744 7743 7741 7743 7743 7812 7840 129.44 14858 166,69 7822 79.09 97.22 294
Shute Runl 7749 7748 7745 7748 776 7822 7847 12492 14451 16288 7838 7854 8285 16.8 17.1£ 1.3
Run2 7749 7749 7746 7748 7761 7833 7862 126,19 14595 164,51 7841 7859 8238 175
Run3 7748 7748 7745 7748 77.61 7836 7865 12794 147.64 166.1 7826 7853 8216 169
HSH Warp Runl 7746 7745 77.44 7797 83.06 9286 9942 146,17 16335 17975 8840 10216 116,57 4835 4915+11.7
Run2 7745 7745 7822 7973 8594 9575 10242 15081 167.61 183,74 88.82 10274 117.29 486.1
Run3 7744 7822 7993 8176 9053 9875 10556 154.16 17089 186.95 90.18 10439 118.80 504.9
Shute Runl 7743 7742 77.40 7798 83.02 9264 9897 14527 16242 17873 8746 10077 11474 466.6 471.3% 4.2
Run2 7743 7744 7834 7986 86.09 9579 10224 14952 166.14 18200 88,82 10245 11645 4748
Run3 7744 7837 80.00 8175 89.99 9824 104.66 152,11 168,65 18446 8863 10234 116.00 472.5
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Fig. 10, Wicking process in warp direction under high superheat condition,

sensors Ty;-Ty3, Which are synchronously moving with the sample,
Ty4 is of the lowest temperature due to its lowest position close to
the liquid level. Temperature of Ty3 is the highest, presenting an
obvious change with its position and increasing the most
after the wicking test. Sensor Tys is at the highest position among
Ty1-Ty3, which is the closest to the baffle, hereby suffers the most
severe thermal effect from above,

Different from Fig. 9, the temperature distribution in Fig. 10
presents a linear gradient along height for the high superheat case.
Without the constant cooling from the wet porous shield, temper-
atures of all sensors keep increasing slightly after the wicking test.
However, T;-T- still have no marked change during test, implying
the stratification of vapor environment would not be disturbed

by the test operation, Besides, temperatures of T;4-T3 are stable
during the wicking test but decrease with the sample descent
and increase with the sample rise, similar to the trends of Ty,
and T3 in Fig. 9. It indicates that the temperatures of sensors on
rod 2 are mainly determined by their positions in the stratification
but barely influenced by the wicking process. In other words, the
liquid wicking process within the sample cannot obviously disturb
even the environment around the sample.

4.2, Effect of superheat degree

In order to visually compare the effect of the degree of super-
heat on the wicking performance, the development of the. real
wicking mass was extracted from the raw data of mass measure-
ment (contains the disturbances of Wilhelmy force, immersion
depth, et al.) using the data processing method introduced in Ref.
[29]. As shown in Fig. 11, three repeating runs always have high
coincidence for each condition, which indicates the good repro-
ducibility of the experiment system and the reliability of the
experiment results. It could be easily observed that, under high
superheat condition, the mass increases more slowly and becomes
stable at a lower value, The main reason is, under higher superheat
condition, evaporation of the imbibed liquid in screen is more
remarkable, resulting in a higher resistance to the wicking devel-
opment. Finally, only a lower equivalent mass can be achieved
based on the balance of the effects of capillary pressure, gravity
and evaporation.

For a certain porous sample, the maximal mass of the accom-
modated liquid can be calculated by '

M = SWHSp). (19)

By substituting the related values (Tables 2-4) into Eq. (19), the
maxima of the wicking mass are about 118.8 mg and 122:2 mg for
warp and shute samples, respectively. From Fig. 11, at the LSH con-
dition with a superheat degree of about 2 K, the equivalent wicking
masses are around 73.1 mg and 78.5 mg for warp and shute sam-
ples, which are about 38.5% and 35.8% lower than the correspond-
ing maximums. When the superheat degree increases to about
25K, the equivalent wicking masses are about 31.7mg and

26,6 mg for warp and shute samples, corresponding to a reduction
of 73.3% and 78.2% from the maximums. This remarkable decreas-
ing of the equivalent wicking mass as the increasing superheat
could indicate the significant effect of the superheat condition on
the wicking process.

The evaporation processes of each run in warp direction are
shown in Fig. 12. The evaporation process in shute direction has
a similar trend, therefore is not shown here. In order to unify the
time deviation from three runs, a same mass of the residual liquid
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Fig. 11. Wicking mass development for each test run.
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Fig. 12, Effect of superheat degree on evaporation rate.

is set as the starting point and the time axis is relocated for each
case. It can be seen that, all curves have the concave shape indicat-
ing the decrease of the evaporation rate over time, which is mainly
because the evaporation surface becomes smaller as the liquid
evaporates, When the superheat degree increases from ~2K to
~25K, the average evaporation rate increases more than 10 times
higher. The slight difference between each repeating run also
obeys the same trend that the evaporation rate increases as the
superheat degree.
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Fig. 13. Wicking height developments for each test condition.
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4.3. Effect of wicking direction

Fig. 13 displays the average results of the wicking height versus
time for each condition, The wicking height was calculated from
the data of mass change as

m(t)
Wep,'

where the maximal wicking height should be the height of the sam-
ple (H in Table 2). It should be noted that only the data of wicking
height below T;; were used for comparison, since the initial tem-
perature of Ty3 had a big difference among different runs (Table 5)
for the low superheat condition, It could be revealed from Fig, 13
that, the wicking height always increases faster in the warp direc-
tion than that in the shute direction for two superheat conditions.
A higher wicking velocity usually corresponds to a better perfor-
mance, since the faster the wicking velocity is, the faster the chan-
nel of LAD could start to play arole of gas blocking, also the faster
the screen could recover the function after breakdown [10]. How-
ever, some researchers also claimed that, high wicking rates might
be undesirable for LAD filling or refilling since the wicking might
seal the device prematurely and fail to clear the gas for gas free lig-
uid delivery [26].

h(t) = (20)

4.4. Comparison with theoretical model

According to the conditions and results of experiment, a com-
parative calculation was also performed to evaluate the modified

- theoretical model proposed in Section 2. As essential inputs,

macroscopic parameters including porosity, equivalent capillary
diameter and permeability were set at the values listed in Table 3.
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Fig. 14. Comparison between experimental data and theoretical predictions.
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The average temperature gradients in Table 5 were used as input
for the initial superheat condition.

As the comparative results shown in Fig. 14, the calculating
curves for all cases present a fair agreement with the experiment
data, verifying the reasonability of the wicking theory used in this
paper. For low superheat condition, predictions by the isothermal
model in Eq. (2) are also displayed for comparison, which are
higher than the results of the non-isothermal model but still
underestimate the experiment data. Similar results also have been
obtained by Grebenyuk et al. [37]. A probable reason for this devi-
ation between calculated and experimental results is speculated to
be the error propagation from experiment measurement and the
post processing of data. Besides, there is also a possibility that
the macroscopic parameters of the porous structure might have
unpredictable deviations under different temperatures. However,
the exact reason is difficult to determine from the current results
and further investigation is needed.

By contrast, the prediction for high superheat condition has a
better goodness of fit than that under low superheat condition.
Although some errors occur at the early stage, the equilibrium
mass at the final stage could be predicted with high accuracy.
The information of the relative error for each case is listed in
Table 6.

Taking the data of the warp sample as an example (similar
results for shute sample), Fig. 15 illustrates the predicted heat
transfer rates from screen solid and gas regions under LSH and
HSH conditions, respectively. It can be easily discovered that, at
LSH condition, the heat transfer intensity is overall much lower
than that at HSH. However, the heat transfer rates from solid and
gas region show a similar change rule under the two superheated
conditions.

Since the initial value of gy is Set as zero and the wicking veloc-
ity is very fast at the very beginning, g, presents a wave peak dur-
ing the first few time steps. After that, g, gradually decreases along
the wicking process and becomes zero after the wicking height
achieving equilibrium, which is similar to the change of wicking
velocity. This can be verified by Eq. (7) that, g, is in direct propor-
tion to the evaporative wicking velocity ue.

Table 6 ;
Relative errors of the theoretical results compared to experiment data.

Condition ©  Model Relative error/%
Warp Shute
Max. Average Max. Average
LSH Isothermal 14,83 3,65 17.8 7.74
Evaporative 13.79 6.86 15.6 10.1
HSH Evaporative 26.29 412 9.68 332
0.030 |- el
0.025 | “ 200x1400-warp
L LSH(AT=2 K)
0.020 [
E - q:ll
.= 0,015 mee g
-=q
0'010 | totel
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Meanwhile, the heat transfer intensity of natural convection
between gas and wet screen presents a similar trend with the
wicking height. The reason is, on the one hand, as the wicking
height increases, the surface area of the wet screen part increases
and the average temperature difference increases as well due to
the linear distribution of the superheat environment. On the other
hand, referring to Eq. (11), Gr also increases based on a larger char-
acteristic length I and a larger temperature difference. Therefore,
according to Egs. (9)-(11), gg has a positive correlation with the
wicking height development. When the wicking process finally
reaches an equivalent state, Gr, heat transfer area and temperature
difference also stabilize at a certain value, resulting in a constant
{g as shown in Fig. 15.

As for the integral heat transfer rate, early in the wicking pro-
cess, it depends on the combined actions of heat transfer from solid
and gas. Then, as the increase of g, and the decrease of gy, the duty
of gy is growing, Finally, after the wicking process reaches equilib-
rium, the total heat transfer rate is only determined by g,,. This
indicates that, for the thin screens studied in this paper, the ther-
mal effects of solid and gas regions both play a very important role
and must be considered during superheated wicking processes.

On the whole, with an acceptable average relative error. below
10%, the modified model is considered reasonable and reliable to
predict the superheated wicking process. Hereby, .in view of the
difficulty and cost for experimental measurement, the theoretical
model is recommended as an efficient tool when all of the neces-
sary information for model calculation are given.

5. Conclusions

As an important feature for liquid channel LADs, the wicking
performance in metallic screens is theoretically and experimen-
tally investigated in this paper. Main conclusions are listed as
follows:

(1) Cryo-wicking of LN, in DTW 200 x 1400 was measured
under two superheat degrees (~2 K and ~25 K) and in both
warp and shute directions, which could effectively supple-
ment the lack of data at cryogenic temperature. In the open
literatures, this is the first time to obtain available data of
cryo-wicking at nearly isothermal condition.

(2) The vertical cryo-wicking process also obey the basic wick-
ing mechanism that, the wicking height increases faster at
the beginning then slows down and finally stabilizes at a
maximum reachable height. At the same superheat condi-
tion, the wicking velocity is always higher in warp direction,
consistent with the findings from other experiments

[25,26,28,29).
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Fig. 15. Thermal effects of screen solid and gas region during wicking process.
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(3) The wicking process in thin metallic screen is wealk and sen-
sible, which almost has no thermal effect on the surrounding
environment but was remarkably influenced by the super-
heat condition of surroundings. Under a higher superheat
condition, the wicking process obviously slows down and
the reachable wicking height is much lower.

(4) Based on the isothermal porous-continuum model, a modi-
fied evaporative wicking model was proposed by taking
the evaporation effect caused by both superheated porous
media and atmosphere into account. With an acceptable
average error below 10% compared to the experiment data,
this model was verified to be effective and reasonable for
prediction of the superheated wicking process of cryogenic
liquids within metallic screens.
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