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Abstract—Future space vehicles will require the use of non-toxic, _ADs are custom designed to fulfill a unique set of

cryogenic propellants, because of the performance advantages Overrg?fuirements under the appropriate environmental conditions
toxic hypergolic propellants and also because of the environmental

and handling concerns. A prototypical capillary flow liquid acquisitio or ,a partlcular. rT1|55|0n; co.nse.quently, there is no unlve.rsal
device (LAD) for cryogenic propellants was fabricated with a mesidesign that satisfies all applications [2]. Future space vehicles
screen, covering a rectangular flow channel with a cylindrical outl#ill require the use of non-toxic, cryogenic propellants, because
tube, and was tested with liquid oxygen (LOX). In order to bettasf the performance advantages over the toxic hypergolic
understand the performance in various gravity environments agggpellants and also because of the environmental and handling

orientations with different submersion depths of the LAD, a series o ; ;
' ncern . D nflicting vehicle requiremen h
computational fluid dynamics (CFD) simulations of LOX ﬂowf% cerns [3]. Due to conflicting vehicle requirements, the

through the LAD screen channel, including horizontally and verticall;;ett“ng” method previously u$ed to posmon Cryogenlc
submersions of the LAD channel assembly at normal gravilyfopellants over the tank outlet will have to be relinquished for
environment was conducted. Gravity effects on the flow field in LA®OmMe future missions necessitating the need for a capillary flow
channel are inspected and analyzed through comparing thAD [4]. Capillary flow LADs have been well characterized
simulations. for storable toxic propellants [3, 5], but there have been only a
few LAD experiments with cryogenic propellants, including
Keywords—Liquid acquisition device, cryogenic propellants,jiqiq oxygen (LOX). Because the available measurement
CFD simulation, vertically submerged screen channel, gravity eﬁec'ise'chnolo . limi . S .
gies are limited when using cryogenic liquids, detailed
pressure and velocity distributions in the LAD channel have not
) o o been revealed. Computational fluid dynamics (CFD)simulations
S is well known, for a space mission liquid propellantgan provide this information, thus leading to insight into the

have to be delivered from their storage tanks to an engifi§y with LAD screen channel and potentially increased
in liquid state. It is easy to realize the delivery on earth Us"fﬂarformance.

gravity to position liquid above the tank outlet that is located at
the tank bottom, as shown in Fig. 1a. However, it is impossible

to ensure the propellants drainage from the tank without vapor

or pressurized gas entrainment in the low gravity environment

of space because of the uncertainty of the ullage position. For,

example, the ullage may cover the outlet some times, as show

in Fig. 1b. A conceptual design of four screen-channel LADs

installed inside a propellant tank was presentedshawn in

Fig. 1c [1]. The open area of the screen channels is covered with

a tight mesh screen. Liquid in the tank passes through the mesh

screen and then flows in the screen-channels towards the outle®) b) X
It should be noted that in the vapor area no vapor passes through screen

the screen because the liquid wetted the mesh screen prohib ;
vapor from entering into the channel, as shown in Fig.1d. The
performance of capillary flow propellant acquisition/expulsion
devices has been a critical research and development conce
for space missions. Many of these devices have been buil
tested and used for hypergolic propellants, such as nitroge
tetroxide (NO,) and monomethyl hydrazine (MMH), but the
development for use with cryogenic propellants has beer

lagging.
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Fig. 1 Liquid propellant delivery on earth and microgravity
environments
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on moon (1.6667 nffs and in space (0.0 mMjsfor various flow
rates. All of these simulations are for the horiatip
submerged LAD channel in the LOX. Another impottasue
for the performance of the screen channel is tfentation and
submerged depth effects of the LAD channel in nbgravity
environment on the pressure and flow fields indhannel, and
the mass flow rate passing through the channet ¢ne of
important concerns for liftoff period and first-g&aof missions.
This paper reports the simulation results for wasio
vertically-submerged depths of the LAD channel adsg in
the LOX at normal gravity environment. The grawffects on
the flow in the screen channel have been revealed.

Il. LAD CHANNEL TESTASSEMBLY AND POROUSJUMP MODEL
FOR SCREEN

for the screen weave of 200x1400 Dutch Twill mesh®X is
9.5 inch HO (2366 Pa) while the surface tension of LOX is
0.0132 N/m at normal boiling point conditions.

In order to determine flow resistance across thehnsereen,
Armour and Cannon [8] developed a general coraati
applicable to the flow through all types of woveatai screens,
which is

f =a/Re+ b 2
wheref = Ap£D/(QJdpV?), Re = pVI(us?D), a= 8.61and b =
0.52 in which4p is the pressure drop when fluid flow passing
through the screen, while the parame€yrs, D, J, ands are the
tortuosity factor, the void fraction, the pore diter, the screen
thickness, and the surface area to unit volumeo,rati

Under NASA’s continuing Cryogenic Fluid Managemenfespectively, which have been determined by Armand
(CFM) development program, a prototypica' LAD Sﬂeecanon through their analySIS and measurements dch e

channel assembly was designed and tested using O@OX.
LAD channel geometry has been reported in previapers [6,

7], whose channel geometry is as follows: The fhannel is
609.6 mm (24 in) long by 50.8 mm (2 in) wide by£28im (1 in)

deep. A lip along the top of the channel framedraen window
of 482.6 mm (19 in) long by 50.8 mm (2 in) wide dadilitated

the attachment of the screen section to the charted

outlet-tube has an inner diameter of 23.622 mm3(@Y. The

LOX flows into the channel assembly via the gapiveen the
cover plate and the mesh screen, so called entgapcdrom all

directions, and then passes through the fine n@sles to flow

down of the channel assembly and then goes owh@sn in

Fig. 2. Since most liquids, including LOX, perfgciiet on

stainless steel surfaces, capillary forces drieeliduid to wet

the entire screen when the porous screen partiatyacts the
liquid pool, thus effectively blocking gas passageugh the

porous screen unless a critical pressure diffexbréb-called

bubble point, is exceeded. The procedure for tHibledpoint

test is described in American Society for Testind Materials

Standard (ASTM) Method F316. The theoretical refati
between the effective pore diamef@s and the bubble-point
pressuredpy, is:

Dy=40cosd Apy, )(1

Cover plate Fine mesh Screen Flow inlet
e + —
1 1 r 1 1 1 ‘/
CS/6 6 -6 - &
-/ = = = = 0
Entrancegar LAD flow channe

Outlet-tube

Flow outlet ﬂ

Fig. 2 Fluid flow route in the LAD channel assembly

wherecis the surface tension of the liquid, afiés the contact
angle of the liquid on the screen material. Acaogdio the
measurement results by Kudlac and Jurns [3], thdleupoint

specified screerg, i, andV are the density, viscosity, and
approaching velocity of the fluid passing througg screen. In
fact, Eq. (2) can be directly written as

Ap= AV + BV? 3)
whereA = 8.61Qdus/ €% B = 0.52QJp/D.

Cady [9] found that the constards- 8.61 andb =0.52 in
Eq. (2) are only applicable well to the screen P Dutch
mesh 24x110, while considerable errors occur iemsicreens.
He revised Eqg. (2) with different values afandb for each
specified screen. For the screen of Dutch Twill m230x1400,
he givesa=4.2 andb =0.20, while Q = 1.3, = 0.248,D =
0.000010 mp=0.0001524 ms= 65390 1/m.

Itis noted that the relevant parameters deterniye&rmour
and Cannon are based on the experimental dataqoid li
nitrogen while by Cady based on the experimenti daliquid
hydrogen and other data available in literaturesluiing
Armour and Cannon’s data.

Recently, the research group of CFM developmengnara
has measured the pressure drops of LOX flow pasknogigh
the screen at various approaching velocities pgskiough the
screen and then directly obtained the param&ter4.05x10
[Pas/m] andB = 1.13x16 [Pas’m? in Eq. (3).

Since the Dutch Twill mesh screen is very thin aad be
taken as a porous sheet, it is treated as a ppnoysin the CFD
simulations of the LAD channel flow using FLUENThd flow
across the screen is considered as one—dimensthaedfore,
the pressure gradient in the screen can be wiken

dp/dy = DyV +0.50C,\? (4)
where Dy is the viscous resistance coefficient, aBdis the
inertial resistance coefficient. The pressure gnaidis assumed
constant across the thickness; consequently, #xEspre drop
for flow through the screen is

Aps. = (DyNV + 0.50C V25 (5)

Two major parameters for the porous-jump in FLUERE

face permeability, defined as=1/D,; and the pressure jump
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coefficient defined a€, = C,, were determined through relating0.0 m/é, andg, =

Eq. (3) to Eq. (5):

a = udA= 7.32498x10° [m?
C, = 2B/pd= 1.29854x16[1/m]

(6)
)

It can be seen that they are quite difference fooes derived
from the data ether provided by Armour and Cannorbyo
Cady. For example, from Cady’s data we obtaimeds?/aQs’)
= 2.634x10% [m?] and C, =2bQ/(£D) = 8.45473x10[1/m],
respectively [6]. The occurrence of the differemc@robably
due to they used inappropriate pore diameters tiweal¢he
parameters in Egs. (2) and (3) [7].

[1l. CFDSIMULATION SETTINGS

In order to simulate the cases of vertically pagigomersions
of the LAD channel in LOX, several geometry modeés/e
been established, including completely submergedantially
submerged depths of the mesh screen, such ag2/antl 2/3
screen length submerged. In all of the geometryeaispdhe
origin of coordinates was positioned at the ceofescreen top
surface. For partially submerged cases, the exppsgobn of
the mesh screen was taken as a solid wall, as ishBig. 3.

Air _
] [ 1= Outlet
M = outlet Walls ]
Air
LOX | I
. y | —
z |5
I LOX
Inlets V. T — ///////
Submerged Inlets T Submerged
\ L +— mesh screen i’ el G
J
J o

Fig. 3 Vertically submerged LAD channel assembly

This is reasonable because no liquid or vapor dew f
through this portion of the screen provided thas thcal
pressure drop between the vapor and the LOX doesxeeed
the bubble point. The pressure-based solver wad, ugith a
steady implicit formulation. The three-dimensiosahulations
used the Green-Gauss cell based gradient and &nelasd
k-epsilon model for the turbulent flow with the Ifmling
constants: the coefficient of first order turbuldigsipation rate
in the dissipation rate equatid®y .= 1.44, the coefficient of
second order turbulent dissipation rate in theipd®on rate
equation G = 1.92, the turbulent viscosity coefficie®y = 0.09,
the turbulent Prandtl number for turbulent kineticergy oy =
1.0, and the turbulent Prandtl number for dissgpatiate of

-9.81 m/é for vertically, completely and
partially submerged cases. The ‘pressure-outlgpe tyas
selected as the boundary condition at the flowebwurface,
and set to a gauge pressure of 0 Pa with a backfiodified
turbulent viscosity of 0.001 #s. The ‘pressure-inlet’ type
boundary condition was selected at the flow inteface with
corresponding values of total gauge pressure andified
turbulent viscosity of 0.001 #s to obtain a mass flow rate
within the range of 0.0455 kg/s (0.1 Ib/s) ~ 0.184& (0.4 Ib/s).
It should be noted that all the gauge pressuresetative to the
operating pressure.

IV. SIMULATION RESULTS

Twenty four cases of vertically-oriented submergekD
channel, including six completely submerged, se&8
submerged screen length, five 1/2 submerged s&eagth, and
six 1/3 submerged screen length cases, were siduldivo
cases of horizontally-oriented completely submerdeD
channel were simulated for comparison with theesponding
vertically-oriented completely submerged cases.

A. Effects of Gravity on the Flow in the LAD Channel

The simulation results show that for the completely
submerged cases the mass flow rate passing thitbeghAD
channel is not affected by the orientation of thermel. In fact,
the total static pressure drop between the inledsoartlet,dp;.o,
and submerged portion of the screen determineméss flow
rate. For example, at the cases of completely stdgedechannel,
the value of4p,, is proportional to the mass flow rate and
independent of channel orientation. However, in the
vertically-oriented submerged cases, as more ofstireen
becomes exposed, a larglg., is needed to achieve the same
mass flow rate, as shown in Fig. 4.

For the vertically-oriented completely submergedesa the
hydrostatic pressures in both entrance gap and LAy
channel are the same; therefore, gravity has rexctsfion the
flow in the channel. The static pressure field fioe pattern in
the channel have no different between the completel
submerged cases horizontally and vertically origmeannels.
For example, the static pressure fields and thecitgl vectors
near the outlet tube for both cases are almostignas shown
in Fig. 5. For completely submerged channel, the velocity
vectors at different sections along the channebl®identical
in both horizontally and vertically oriented chatmé-igure 6
shows the velocity vectors along the channel leragtithe
sections of axial distance f -0.16 mx=0m, andk=0.16 m
for completely submerged channels in the cagipof= 400Pa,
in which the left ones are for horizontally orieteth channel
while the right ones for vertically orientated chah However,
gravity affects the flow pattern in the flow chahméhen a
portion of the screen is exposed vertically. Atshenedp,.,, the
amount of exposed screen length is proportionalthe
hydrostatic pressure drop between the entranceagdpthe
LAD flow channel; consequently, when the screenosep

turbulent kinetic energy, = 1.3.The operating conditions werepPortion increases, the resistance of the flow passirough the

set to a system pressure = 1620269 Pa, and graniht
acceleration was set@g¢= g, = 0.0 m/4, andg, = -9.81 m/éfor
the horizontally, completely submerged cases, wgjile g, =

flow channel becomes larger. As a result, the flo the flow
channel end by the outlet tube is different for ttases of
various screen exposures.
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Fig. 4 Mass flow rate vs static pressure drop betwée inlet and the
outlet
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Contours of Static Pressure (pascal) Aug 28, 2011 ascl) 1
ske)
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rged

In case of horizontally submerged cdge of vertically subme
a) Pressure field for completely submerged cases
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c) At section of x =0.16 m.
Fig. 6 Velocity vectors at different sections fangpletely submerged
cases aflp,,= 400 Pa

2
940608

Velocity Vectors Colored By Velocity Magnitude (ms) Aug28, 2011
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In case of horizontally submerged Ieecaf vertically submerged
b) Velocity vectors for completely submerged cases
Fig. 5 Static pressure fields and velocity vectorthe channel near
the outlet tube aflp,,= 400 Pa

' FLUENT 63 )
In case of vertically, completely In case of vertically half screen

. . submerged submerged
For the case of ve_rncally-one_nte_d completely sebged a) Velocity vectors in the channel near the outlbe
channel, the flow has higher velocity in the chamamel a vortex ; -

occurs at the flow channel end by the outlet taseshown in
Fig. 5b, while for the cases of vertically-orientedbmerged
screen half length, the flow enters into the ouilie without
generating vortex, as shown in Fig. 7a, becausehipleer
hydrostatic pressure drop reduces the flow velaaithe flow
channel. It should also be noted that for the cabesempletely
submerged channel and half submerged screen lehgtfipw
direction passing through the screen is differealimost
opposite, at the bottom end of the flow channeshasvn in Fig.

FLUENT 63
In case of vertically half screen
submerged

In case of vertically, completely
submerged
7b. b) Velocity vectors in the channel at the bottord efithe channel
Fig. 7 Velocity vectors in the channel for the ieally submerged
cases aflp,,= 400 Pa
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B. Mass Flow Rates and Static Pressurein the LAD Channel

The CFD simulation results show that the flow véjoand
mass flow rate in the channel are continuously argralong
the submerged channel length (x-axis direction)mthe LOX
passes through the screen and then flows towaralutiet tube
in the flow channel. For the vertically partiallytsmerged
cases, the mass flow rate in the channel incredseg the flow
path at the submerged screen portion of the floanohkl, and
then maintains constant when the LOX flows in thpased
screen portion of the channel because no LOX isadto the
channel through the screen anymore. At the sanue \d4p;.,,
although the mass flow rate in the outlet tubehazn¢ompletely
submerged case is much larger than one in the o&pestially
submerged screen, the local mass flow rates asectjons in
the submerged screen portion of the flow channettfe cases
of partially submerged screen are always highen tttee
corresponding ones of the completely submerged. dese
instance, in the cases of vertically oriented /2, and 2/3
submerged screen length, the submersion termirsdtebe
sections of axial distance of x = -0.08 m, x = Camg x = 0.08
m, respectively, and consequently, the flow raterdases
linearly in the channel and reaches maximum atetlsestions
and then maintains constant, as shown in Fig. & fJhical
velocity vectors distributions at different secsdor the cases
of vertically completely submerged and half subradrgcreen
length are shown in Fig. 9, in which the left orzes for the
completely submerged case, while the right onegHerhalf
screen submerged case.

1, kg/s
0.16

0.14
0.12

0.10

7

0.08
0.06

0.04

0.02 L 1 L 1 1 I ]
-0.30 -0.24 -0.16 -0.08 0.00 0.08 0.16 0.24 0.30

X, m
Fig. 8 Mass flow ratezft , changes along the flow course in the
vertically-oriented submerged channelglpt, = 400 Pa
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No:8, 2012

Colored By Velocity Magnitude (m/s) Aug 28, 2011
FLUENT 6.3 (3d, pbns, ske)

Completely submerged Half screen submerged
a) At section of x =-0.16 m

agnitude (mis) A
FLUENT 6.3 (3

Completely submerged Half screen submerged
b) At section of x=0m

city Magnitade (mis)

Completely submerg Half screen submerged

c) At section of x =0.24 m
Fig. 9 Velocity vectors distributions in the vedily oriented
submerged channel assemblylpt, = 400 Pa

A typical static pressure distributions along themnel for
the cases of vertically submerged LAD assembMipat = 400
Pa are shown in Fig. 10.i& seen that in the submerged screen
portion of the flow channel, the static pressurerdases
nonlinearly, following a parabolic, while in thegosed screen
portion of the channel the static pressure linedelgreases. The
pressure smoothly transits from the nonlinear desgéo linear
decrease along the channel centerline (y = -12.7), nut
undergoes a small surging near the screen (y =mBwinen the
LOX flows into the exposed screen portion of tlewflichannel.
It is also noted that for the vertically-orientadmerged cases,
at the bottom end of the channel, whose locatidarifrom the
outlet tube, the pressure drop between the entigaycend the
LAD flow channel depends on the submerged scrawgitis. In
the vertically-oriented, completely submerged catdp,, =
400 Pa, the pressure drop between the entran@ngepe flow
channel at the bottom end of the channel is ab®6itPA, where
the static pressure is 164 Pa, and maintains aunsliathe
screen emerges for no hydrostatic pressure difterbetween
the entrance gap and the LAD flow channel.
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Fig. 10 Static pressure distributions in the vaittjcoriented
submerged channel Ap;, = 400 Pa

However, in the vertically-oriented partially sulnged cases
the pressure drop at the bottom end is much higtreexample,
in the case of 1/2 submerged screen length, trsspre drop is
about 320.5 Pa, where the static pressure is 789.6nB, and
linearly increases till the screen emerges beoafube effect of
gravity, resulting the hydrostatic pressure diffex@ between
the entrance gap and the LAD flow channel. Afterftow goes
out of the active screen region, the pressure dmopeases
linearly again under the gravity effect. When thiewf
approaches the outlet tube in the channel, thé gta¢ssure
undergoes an obvious rebound with a little decreaseshown
in Fig. 10. The static pressure sharply decreasmsgahe
centerline of the outlet tube at the entrance seaif the tube,
as shown in Fig. 11, which is due to the local stesice
produced by the sudden change of the flow sectiea.a

4.00e+02

Static
Pressure
(pascal)

016 -014 012

Static
Pressure
(pascal)

Static Pressure

b) In the case of vertically half screen submerged
Fig. 11 Static pressure in the vertically-oriensethmerged channel
along the outlet tube center linefq., = 400 Pa

V.CONCLUSIONS

1.For the completely submerged cases the mass fltev ra

passing through the LAD channel are not affectedthey
orientation of the channel. The mass flow rateeiednined
by the total static pressure drop between thesraat outlet,
Api-o-

2. The gravity affects the flow pattern in the flowacimel when
different portions of the screen are submergedoagh. At
the bottom end of the flow channel, far away frdm putlet
tube, the hydrostatic pressure drop reversesdiedirection
of the LOX passing through the screen, while atdipeend of
the flow channel the flow smoothly enters into thelet tube
without generating vortex, which is contrary to dnethe
completely submerged channel cases.

3.For the cases of vertically-oriented partially sebged
screen, the mass flow rate increases along thedtnwse at
the submerged portion of the screen in the flowokg same
as the completely submerged cases. However, wiedrQX
flows in the exposed screen portion of the flowrsied, the
flow rate maintains constant. The local mass flates at any
sections in the submerged screen portion of the ¢loannel
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are always higher than the corresponding ones & th
completely submerged case.

.In the vertically submerged screen portion of thawf

channel, the static pressure decreases nonlindalttywing

a parabolic, while in the exposed screen portiothefflow
channel the static pressure linearly decreasesr utide
gravity effect.

When the flow approaches the outlet tube in thencbh the
static pressure undergoes an obvious rebound wiittlea
decrease. The static pressure sharply decreaseg #ie
centerline of the outlet tube at the entrance sedf the tube
for the local resistance.
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