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An important feature of screened propellant acquisition devices is the retention capability or maximum
maintainable pressure difference across the porous barrier separating the liquid and gas. Previous experiments
with liquid hydrogen showed a marked reduction in retention when the tank containing the device was pressurized
with hydrogen vapor. These tests, however, did not indicate any appreciable degradation in retention with
helium pressurization or direct heating through the screen. The objective of this article is to determine if the
thermocapillary convection arising from phase change in the microscopic pores of such screens could cause
these disparities in performance. A numerical model of flow in a single pore suggests that the thermocapillary-
induced gradient in liquid pressure along the surface can strongly affect surface morphology. In an evaporative
environment, this gradient exerts a stabilizing influence on surface curvature, and preserves the momentum
balance between the liquid and gas. With condensation, it causes a force imbalance and a destabilizing suction
in the middle of the pore that reduces retention. Results also indicate that introducing an inert gas, such as
helium, suppresses this retention loss mechanism by lowering thermocapillary circulation and its associated

interfacial pressure gradient.

Nomenclature X; = Cartesian coordinates
a; = Earth-normalized acceleration, i = direction y® = meniscus surface x, position
D = characteristic dimension, pore width > = meniscus x,-coordinate centerline
e = accommodation coefficient @ = contour angle of liquid surface
F, = thermocapillary stress force, i = direction B = expansion coefficient
£ = FEarth acceleration magnitude r = surface area
k = thermal conductivity Y = surface tenston
L = latent heat AP, = bubble point pressure
M, = molecular weight |[AT| = subcooling/superheating temperature
n; = i-direction component of unit vector normal to limit o
surface 4 = thermal diffusivity
P = pressure ®, = modified stress force, i = direction
P, = dynamic pressure K = surface curvature
P, = hydrostatic pressure ® = dynamic viscosity
P® = vapor pressure at T, v = kmematlc VISCOsity
R, = universal gas constant p = density o
N = contour position T = YISCOUS stress tensor, [ = direction,
8 = i-direction component of unit vector tangent to J = surface )
surface ¥ = stream function
T = temperature w = contact angle
T, = vapor temperature
t = time Subscripts
V., = velocity, i = direction i = first-order tensor index
") = d/ox;
if = second-order tensor index
g = 0%oxox;
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Introduction

A N important aspect of fluid transfer in low gravity is the
acquisition of gas-free liquid from storage tanks. In such
an environment, the orientation of the bulk liquid surface is
unpredictable and dictated almost wholly by the competition
between acceleration and surface tension forces. Passive de-
vices that exploit surface tension to hold the fluid in a desired
location are often used to acquire liquid and foster its ex-
pulsion.'2 These liquid acquisition devices (LADs) have been
used on spacecraft for some time, primarily to control non-
volatile propellants and liquids. Their operational simplicity
has also made them appealing options for future applications
with cryogenic propellants and liquids.

Numerous LAD concepts have been proposed and used
over the years. A schematic of one common design, a partial
control-type device, is shown in Fig. 1. Most LADs rely on
fine mesh screens that allow liquid to pass into a channel or
trap while inhibiting the flow of gas. This unique feature arises
from the meniscus formed by surface tension between the
mesh and liquid. As long as liquid adheres to the screen wires,
gas is kept out of the channel, and a pressure difference can
be sustained to effect flow through the device. The maximum
pressure difference that can be maintained between the gas
and liquid is the retention capability, and it is an important
characteristic of the porous surface. Also known as the bubble
point pressure A P,, retention is usually expressed as the force
balance on a circular pore, i.e., AP, = 4y cos /D, where D
is the hydraulic diameter and characteristic dimension of the
screen. Because the wire weaves of most screens are too com-
plex to characterize analytically, AP, must be determined
from experiments. The hydraulic diameters of commercial
screens range considerably, but are available with dimensions
as small as 1-10 pm.

The bubble point of nonvolatile liquids is relatively immune
to the minute departures in thermodynamic equilibrium caused
by venting, pressurization, or conduction through the screen
structure. With cryogens and saturated fluids, however, sev-
eral experiments since the early 1970s have shown retention
to be sensitive to the pressurant environment. Among the
earliest of these was Burge and Blackmon,® who tested the
retention capabilities of fine mesh screen samples in liquid
hydrogen (LH2) while subjected to warm hydrogen pressur-
ant. They found that heating the vapor by only 5-10 K above
the bulk liquid temperature caused premature breakdown (ie.,
retention loss), and lowered the effective AP,. A later screen
sample experiment, which evaporated the vapor away from
the surface, did not incur any noticeable reduction in reten-
tion. However, a third test of a screen basket pressurized with
hydrogen vapor encountered retention loss at temperatures
of 40 K. Blackmon* later tested a vertically oriented screen
channel with LH2 and found that warm pressurant, regardless
of gas type, resuited in premature breakdown. The reduction
in retention was as much as 70% of the design bubble point
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Fig. 1 Partial control-type liquid acquisition device (LAD).

pressure with hydrogen vapor, but was only 20% with helium.
Tests with colder hydrogen pressurant, close to its saturation
temperature, did not yield any premature retention loss.

Cady® later measured the bubble points of various screen
samples subjected to different calibrated heating rates, and
found that the maximum reduction in bubble point was less
than 15%. In spite of test conditions being deliberately es-
tablished to superheat the liquid with respect to the pressur-
ant, wicking through the screen and evaporation at the surface
adequately absorbed the heat. Paynter and Page® and Warren’#
conducted LH2 expulsion tests in a total communication-type
LAD, and failed to observe premature breakdown during
periods of continuous outflow, regardless of pressurant type
or temperature. In tests with intermittent flow, however, re-
tention loss occurred repeatedly with warm hydrogen, but not
with warm helium. Bennett” also conducted experiments with
a start basket in LH2. In all hydrogen pressurant tests, a vapor
at approximately 90 K was injected into a test dewar, and the
screen failed before the liquid level was lowered to the bottom
of the basket. On average, the hydrostatic head at the point
of failure was 50% of the screen bubble point. With helium
pressurant the liquid level could always be lowered below the
basket, and retention was demonstrated for periods of up to
several hours.

The most recent investigation of LH2 retention was per-
formed by Meserole and Jones,'” who measured the break-
down pressure of a semicircular screened channel with dif-
ferent pressurant types, temperatures, and degrees of liquid
stagnation. With helium, no measurable variation in perfor-
mance was observed, and retention loss in every test was close
to the predicted screen bubble point. With hydrogen vapor,
however, retention exhibited a strong sensitivity to pressurant
temperature. Cool vapor at approximately saturation tem-
perature yielded a retention capability close to predictions.
With a warm vapor, the bubble point was significantly re-
duced, and temperatures as low as 15-20 K above saturation
caused sharp reductions in retention.

In general, experiments over the last 20 yr have indicated
a reduction in LH2 retention when the porous structure was
subcooled with respect to the vapor. Based on the results in
Refs. 3—10, Meserole and Jones proposed that evaporative
cooling was responsible for the strong tolerance to heated
vapor with small screen samples, whereas condensation of
warm vapor was the cause for reduced retention in pressurized
environments. This conclusion, however, does not constitute
a complete explanation, since it fails to address how conden-
sation lowers the effective bubble point. The objective of this
study is to identify the mechanism leading to retention loss
and explain why it arises when the LAD is subcooled with
respect to the vapor. We begin by supposing that the cause
is related to the convection arising from thermodynamic non-
equilibrium between the liquid and pressurant. The most likely
convection modes with the pore sizes considered here are
evaporation, condensation, and thermocapillarity. The prob-
lem is then to determine if these modes could lead to the
retention failures observed in previous experiments.

Model Formulation
Physical Model

One feature that distinguishes this problem from the tra-
ditional approach of evaluating pore retention is the departure
from thermodynamic equilibrium between the pore structure,
liquid, and pressurant gas. It is therefore necessary to consider
the various types of nonequilibrium conditions imposed in the
aforementioned experiments. We classify these as 1) pres-
surization with heated vapor,*4°-1° 2) evaporation with an
overhead heater,*® 3) evaporation with an overhead heater
followed by recirculation over a screen surface,® 4) evapo-
ration via conductive heating of a screen,” and 5) pressuri-
zation with heated helium.*¢-81¢

These states generally represent either a superheating or
subcooling of the liquid and screen with respect to a saturated
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vapor. In case 1, which is most susceptible to retention failure,
vapor is introduced at a higher pressure and temperature than
the saturated liquid in the LAD. Upon pressurization, the
liquid becomes subcooled. Regardless of whether the vapor
is saturated or superheated, the situation near the meniscus
is likely one of a saturated vapor in contact with a subcooled
liquid. In cases 2 and 3, vapor is obtained through evapora-
tion, and liquid at the surface becomes superheated with re-
spect to the surrounding vapor. In case 2, the pressurant is
not actively recirculated over the screen and no significant
retention loss is observed. In case 3, however, recirculation
takes place, and retention failures are more numerous. In
case 4, liquid is evaporated by heating through the screen
wires. Because the entire wire structure is heated, the region
of superheat extends all around the pore. Like case 2, there
is no significant drop in retention. In case 5, heated helium
is introduced at a higher pressure and temperature, similar
to the state in case 1. Here, however, the presence of helium
near the surface retards evaporation and condensation, and
there is no significant reduction in bubble point pressure.

Another unique feature of this problem is the complex
geometry of LAD screens. The problem domain can be sim-
plified considerably by assuming that 1) retention failure rep-
resents a rupturing of the liquid surface at its point of max-
imum curvature, and 2) the convection responsible for retention
loss is independent of bulk flow within the LAD interior. As
described in Ref. 11, these assumptions allow us to apply the
simple geometry depicted in Fig. 2, which consists of a square
channel partially filled with a Boussinesq liquid.

Although the geometry is similar to that of float-zone
problems'?-'* and investigations of thermocapillary convec-
tion in wetting liquids!*>!¢ (see Ref. 11 for a more extensive
list of references), there are several differences that make this
problem unique. Apart from impermeable left and right side
walls, the lower boundary opens to a large reservoir to enable
balancing of liquid flow through the cavity and modeling of
a capillary structure. The upper surface is represented by a
curved meniscus, which is symmetric about the pore centerline
and bounded by an inert vapor. The shape of the surface is
defined by the height above the base y and is a function of
x,. This study considers a pore dimensional range in which
intermolecular attraction between the liquid and solid is mod-
eled best via a fixed acute contact angle w rather than a
corrected surface or body force.!'” The largest dimension at
which detailed intermolecular effects become apparent is ~10-2
pm, which is considerably less than the hydraulic diameters
of typical LAD screens.

Another unique aspect is the temperature boundary con-
ditions. Previous studies examining the influence of surface
morphology and contact angle'>-'* have maintained the side
walls at different temperatures while keeping the upper and
lower surfaces adiabatic. In this problem, the side walls and
lower boundary are maintained at the same temperature rel-
ative to the saturated vapor. The difference between the
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Fig. 2 Problem domain.

boundary and vapor temperature AT is positive for super-
heating, and negative for subcooling. Liquid convection is
driven by a Robin-type boundary condition along the menis-
cus that accounts for heat transfer either to or from the liquid.

Mathematical Model
The dependent variables describing this problem, i.e., V;

P, T, and y®, are solved via the Navier-Stokes system of
equations, the imposed conditions on boundaries 1, 2, and 3,
and the jump conditions across boundary 4. Using the same
approach as Burelbach et al.,'” we apply viscous scales to all
variables and nondimensionalize temperature according to the
maximum difference in the cavity. The resulting governing
equations for continuity, momentum, temperature, and sur-
face curvature are

Vii=0 )
oV,
ot + VViy+ Poy — 75, — GraT =0 @
oT 1
r + VT, - Pr T,=0 ©)
Boy®) — Ca[P, — P®] + VrT? + 2CaV, nn, 4
= 1-CT )

P, is viewed as the departure from hydrostatic pressure
arising from flow effects, where P = P, + P,. The scaling
of T is intentional so that the vapor always assumes a dimen-
sionless temperature of 0. Note that with superheating the
side wall temperature is fixed at 7 = 1, whereas with sub-
cooling, it is held at T = —~1. All fluid properties are scaled
according to the minimum domain temperature, which is fixed
at the saturated vapor temperature with superheating or the
side wall temperature with subcooling.

Like the other boundary 4 equations, Eq. (4) is derived by
applying the one-sided approximation in which we assume
vanishing ratios between vapor and liquid viscosities and ther-
mal conductivities. The terms Boy§’, Ca[P, — P®}], ViT?,
2CaV, ;n;n;, and (1 — CrT) ! represent the normal force con-
tributions of hydrostatic pressure, dynamic pressure, vapor
recoil, viscous stress, and surface tension thermal variation,
respectively. T is a corrected scaled temperature whose value
depends on the maximum and minimum temperature in the
cavity. For superheating T = T, whereas for subcooling 7' =
T+ 1.

An important parameter in the recoil term of Eq. (4) is Rs,
which defines the degree of nonequilibrium (i.e., the differ-
ence in state between the liquid and vapor) that can be main-
tained per unit mass undergoing phase change at a volatile
interface. It is derived by applying the perfect gas law and
equilibrium thermodynamic assumptions to the Hertz-Knud-
sen equation.'® The factor e in Rs is used to reflect the resis-
tance to mass transfer caused by foreign molecules in the
vapor or condensed phase. Its value can range from 0 for the
nonvolatile case to 1 for a volatile surface free of contami-
nants.

For boundaries 1 and 3, we have V, = 0, V, = 0, and

= =1, which reflect impermeability, no-slip, and isother-
mal temperature, respectively. For boundary 2, we assume
the same temperature as the side walls and hold T = =*=1.
There are several ways to handle velocity along boundary
2. We followed the simplest approach and assumed uniform
parallel flow, where V, = 0, and V, is obtained by balancing
the mass flows across boundaries 2 and 4, i.e.,

1( T

= —dr
v, r,Je,rs

®)
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Equation (5) treats boundary 4 as stationary and is consistent
with our numerical approach of solving the meniscus outside
the steady-state flowfield solution.

The boundary equations for surface 4 consist of Neumann,
Dirichlet, and Robin-type conditions for V,, V,, and 7T, re-
spectively. For V| we have the one-sided tangential stress
balance:

0, = —(MalPr)T,; (6)

The normal gradients of V| and V, are interdependent and
mutually satisfied by applying the Neumann condition to either

> — CaAP, + VrA(T?)

via the results of correction equations formulated from con-
tinuity and momentum. Once convergence is established for
V. and P,, the third loop computes the temperature field. In
the fourth loop, the time step is advanced to steady state, and
temporal convergence is checked. The criterion is that the
average temperature vary no more than 0.01% from its value
at the previous time step.

An important aspect of the model is the solution of surface
geometry. The problem of accommodating small contact an-
gles is handled by transforming Eq. (4) into an integrable
difference equation, noting that « = da/ds, and treating «
and surface position s as dependent and independent varia-
bles, respectively.?-?! The resulting expression is

+ 2CaA(V, )n;n; + Bo f sin a ds
0

[ile’
as 1 - CrT ©)
velocity component. By applying Eq. (6) to V, an expression where
for V, falls out of the condition for local mass flux, i.e., f,— 1)
2 = BO}’((;) + Ca[PM - Pdo] + —E'RT 5+ 2V(n;jnj”i
V, = (Un,)[(T/Rs) — Viny] (7) $ (10)

For temperature, we apply the one-sided approximation in
balancing heat flux into and out of the surface. We ignore
kinetic energy transport, which is negligible for very small
length scales. This yields the following general relationship:

T.n, = —BiT (8)

Birelates the rate of latent heat transfer to heat conduction.
It is inversely proportional to Rs and E, the latter of which
represents the ratio between viscous and evaporation/con-
densation time scales (i.e., D*v and pD>L/(k|AT]), respec-
tively).!” The parameter E is indicative of the rate of phase
change relative to momentum diffusion in the cavity, whereas
Rs dictates the rate at which vaporized liquid leaves or con-
densed vapor deposits onto the surface. Thus, Rs can either
augment or restrict the influence of phase change on pore
heat transfer. For example, increasing the rate of mass trans-
port (i.e., lowering Rs) reduces the rate limiting effects of
phase change and its influence on interfacial temperature.

In addition to the flow and thermal variable equations, we
also have two conditions that must be satisfied to solve Eq.
(4). One is the pinning condition, where y* = 1 atx, = 0
and 1. The other is the contact angle constraint at the side
walls, which in terms of Cartesian coordinates is |[dy®/dx,| =
tan(n/2 — w) at x, = 0 and 1. Recognizing that Ca = f(Cr,
Pr, Ma) and Vr = f(Ca, f,, Rs), we find that Pr, Gr, Ma,
Rs,f,, Cr, Bo, and Birepresent a consistent set of independent
parameters.

Numerical Model

Since a detailed description of the numerical model is given
in Ref. 11, we will only summarize its key features here. The
finite element method was selected mainly because of its
strength in handling unstructured grid domains and free
boundaries. Although it is possible to structure a numerical
solution so that the surface is determined simultaneously with
V., P4, and T, this approach is memory intensive and requires
manipulation of an extremely large sparse coefficient matrix.

An alternative approach, which was implemented in Refs.
13 and 14, relaxes the normal stress boundary condition and
calculates surface position y* in an iteration loop outside the
steady-state flowfield solution. This is justified since Eq. (4)
is independent of the rate of surface deflection. In this ““trial
method,” the meniscus solution is the outermost iteration
in a five-loop flowfield solution procedure. The first loop
determines a velocity field that satisfies Eq. (2) based on
an estimated pressure distribution. The second loop (i.e.,
SIMPLER algorithm'®) adjusts the velocity and pressure field

Between the surface nodes where flowfield data is available,
T, V, and P, values are interpolated using the same order as
their element level variance. We have expressed Eq. (9) in a
form where X corresponds to the curvature at the meniscus
centerline. Consequently, the curvature at other points along
the surface is a function of =, and the change in pressure,
temperature, and velocity relative to the centerline values,
Le, AP, = Py — Py, A(T?) = T? = T3, and A(V, ) = V,
- V()i."

Thejentire surface extending from x, = 0 to 1 is solved by
applying the shooting method to each half of the meniscus.
The objective is to determine a X that yields the specified w
at the side walls. Atx, = 0.5, we set « = 0, assume a value
of 2, and calculate a, at successive steps along the contour
until x; = 0 or 1. If the final contact angle estimate w, = =/
2 — a,fails to match, within a specified tolerance, the desired
value of w, X is adjusted, and the contour integration is re-
peated. The new estimate of X is obtained using a simple
bisection algorithm, which accommodates large positive and
negative .

Basic Flowfield Behavior

Investigating the flow and temperature field about a fixed
circular meniscus is useful for understanding how Ma, Rs, B,
and o mutually influence the convective terms contributing
to surface curvature in Eq. (4). Evaluation of such a domain
was performed in Ref. 11 at parameter values corresponding
to 1 um < D < 10 um, with superheating/subcooling levels
between 10~ and 1 K. Recognizing that buoyancy and hy-
drostatic pressure can be ignored in this size range (i.e., Gr
and Bo — 0), the four major findings were 1) increasing
convective heat transfer relative to conduction (i.e., Bi — ®) ~
yields a higher thermal gradient and total thermocapillary
force on the surface, 2) reducing contact angle also increases
this force, 3) increasing the total thermocapillary force raises
circulation in each half-cavity (i.e., left and right sides of
problem domain in Fig. 2) and promotes large interfacial
pressure gradients near the side walls, and 4) relative to the
meniscus centerline, these gradients are positive for sub-
cooling and negative for superheating.

The first two findings are illustrated by examining the basic
state, where heat transfer between the pore boundaries occurs
solely by conduction. To examine this regime, we set V, = 0
and solve the steady-state diffusion equation for temperature
T ; = 0, while applying Eq. (8). The temperature distribution
is a function of Bi and the geometry of the upper boundary,
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which for a circular meniscus depends exclusively on contact
angle. Although fluid convection and stress are ignored, the
surface temperature distribution associated with the basic state
yields a reference 07/ds, from which a normalized thermo-
capillary force, based only on the nonlinear influence of Bi
and w, can be calculated, i.e.,

0, = —Bif 78% s ar 68
roogn

The parameter 0,, is the nonlinear contribution to the total
thermocapillary force F,, in the x,, direction, where F,, =

o (deg)

Fig. 3 x,-component of normalized thermocapillary force vs contact
angle. Normalized stress calculated from basic state temperature dis-
tribution.

Subcooling

(Ma/Pr)®,,. The unit vector g (= g,i,) is parallel to the surface
temperature gradient VT (=T.,), and g,s,/g;n; is the ratio
between the tangential and normal components of interfacial
heat flux. Important to this problem is the manner in which
0,, varies with w. In the x, direction, the magnitude of 0,
exerted on each half-cavity surface ® tends to increase as
o — 90 deg, because the interfacial temperature gradient
becomes larger to accommodate the smaller surface area for
heat transfer. The total contribution of ®, equals zero, how-
ever, because the thermocapillary stress and half-cavity force
exhibit mirror-symmetry about the centerline. The only force
component that remains when we consider the entire surface
is the x, component or ©,. The relationship between 0, for
the basic state (i.e., 9,,) and Bi and o is shown in Fig. 3.
Reducing contact angle generally increases @,,, whereas flat-
tening the surface causes ©,, to vanish. The sensitivity of @,
to the contact angle also becomes greater as Bi — «, due to
the increasing temperature gradient in the side wall region,
where |s,] is high.

The increase in thermocapillary force with lower contact
angles and higher Bi has implications for flow within the pore.
To illustrate this, we examined the regime of pure thermo-
capillary flow at contact angles of 75, 45, and 15 deg. Super-
heated and subcooled side wall conditions are applied assum-
ing volatility for heat transfer (Bi = 10), but nonvolatility for
mass transfer (Rs — ). A low value of Ma = 102 is selected
to limit convection within the pore and deviation from the
basic state temperature distribution. Steady-state solutions for
the six cases are shown in Fig. 4, which portrays the half-
cavity values of stream function and temperature. This rep-

Superheating

[ 30
[ ?1-§

[

| ¥ =0

0!

2
.1
¥ =
2 .

(=]

4 6 8 1
xl

x1

Fig. 4 Sensitivity of stream function and temperature to contact angle. Pure thermocapillary flow with Ma = 102 and Bi = 10.
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Fig. 5 Interfacial pressure values adjacent to left side wall. Pure
thermocapitlary flow with Ma = 10? and Bi = 10.

resentation is permissible since all variables exhibit mirror-
symmetry about the pore centerline.

For both heating modes, the thermocapillary stress estab-
lishes twin counter-rotating vortices on either sidé of the cav-
ity. With subcooling, the surface traction towards the side
walls establishes counterclockwise and clockwise circulations
in the left and right half-cavities, respectively. With super-
heating, the traction points towards the pore centerline, and
the sense of cell circulation is opposite.

The most apparent trend in Fig. 4 is the increase in cir-
culation with smaller contact angles, which coincides with the
basic state behavior observed for @,. At = 75 deg, the
surface is relatively flat and most of the applied traction ac-
celerates liquid in the x; direction. The momentum of this
flow, however, is diminished at the surface by opposing fluid
motion from the other side of the cavity. This attenuation of
x, direction momentum is reflected by the canceling out of
®' contributions in the calculation of total thermocapillary
force. With smaller w (i.e., 45 deg), a larger portion of the
surface traction is applied in the x, direction. That is, ®,
becomes larger with smaller w. The x, component of mo-
mentum is only partially offset by viscous losses along the
centerline and stationary boundaries. Consequently, its con-
tribution to circulation grows with increasing traction in the
x, direction. This is confirmed by the flowfield for o = 15
deg, which exhibits the strongest circulation of any case.

An important consequence of thermocapillary flow with
small contact angles is the large dynamic pressure gradients
it produces in the contact region. This effect is illustrated in
Fig. 5, which shows the numerical pressure values at the four
surface nodes adjacent to the left side wall. The data indicate
that dynamic pressure increases dramatically as @ — 0, and
that the dynamic pressure gradient tends to vanish at large
contact angles. In fact, with a contact angle of 15 deg, the
pressure can be an order of magnitude higher than the value
for a flat surface. The magnitude of the pressure gradient
depends on the circulation, whereas its sign is due to the
direction of thermocapillary stress. From a physical stand-
point, pressure behaves as a force applied at the corner that
balances changes in fluid momentum, thermocapillary stress,
and friction. Because the momentum change is very sensitive
to restrictions in flow area, the pressure gradient is a strong
function of contact angle.

Retention Failure Modes

The retention capability of a screen pore is ensured as long
as the normal jump momentum balance along the meniscus
is maintained. Loss of retention occurs when a force imbal-
ance develops between the gas and liquid. For a static non-
volatile fluid, retention is preserved by keeping the gas/liquid
pressure difference below the design bubble point. With a
volatile liquid, the condition holds only if a steady-state so-
lution exists that simultaneously satisfies the equations for
velocity, pressure, temperature, and surface curvature. To
study the influence of convection on retention, we examine
coupled solutions of the flowfield and meniscus at parameter
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values corresponding to the thermodynamic conditions im-
posed in previous tests.

The normal jump balance, represented by the expression
for curvature in Eq. (4), contains five terms that could con-
tribute to a force imbalance. In Ref. 11, the first-order influ-
ence of these terms was evaluated using the steady-state flow-
field data for fixed geometry pores. The results showed that,
for parameter vatues corresponding to characteristic dimen-
sions of 1-10 wm, and superheat/subcooling levels of 10~ to
1 K, the influence of surface tension variation, viscous stress,
and hydrostatic pressure on surface curvature is negligible.
Only the terms associated with dynamic pressure and vapor
recoil appear to be important.

Within the context of the one-sided model, variation in
thermodynamic equilibrium is reflected by the values of Rs
and Bi, where Vr « Rs 2. All other parameters, except contact
angle, are fixed at values representative of the dimensional
and thermal limits noted above, namely Ma = 10?, Cr =
10~', and Ca = 107°. Instead of considering a zero or very
low contact angle, which would properly model hydrogen
physical characteristics, we fix w at 45 deg. It was very difficult
to obtain solutions for subcooling at w = 15 deg, let alone
~0 deg, due to the extremely large interline pressure gra-
dients. By employing a higher w, the pressure gradient is
reduced, and the surface is less sensitive to variations in P,.
Assuming a pure liquid and vapor, we set Rs = 1 and Bi =
10. The correspondingly low value of recoil parameter (i.e.,
Vr = 1 with f, = 10°) suggests that the surface is dictated by
dynamic pressure and unaffected by recoil.

The steady-state solutions for this combination of param-
eters are shown in Fig. 6. Note that the static isothermal
solution (SIS) for the @ = 45-deg surface in Fig. 4 has been
superimposed on the plots to better illustrate deformation.
With subcooling, the solution diverges, and we are unable to
obtain convergence between the flowfield and surface. Figure
6 actually represents the steady-state solution after the 16th
surface iteration. With subsequent iterations, the depression
near the centerline grows until the surface becomes multi-
valued (i.e., folds over itself) at x, = 0.1 and 0.9. It appears
that P, is strongly influenced by the contour and growing
depression after each flowfield solution. During the first few
iterations, the meniscus assumes an inflection to accommo-
date the negative contribution of P,in Eq. (9). The flat surface
around this inflection extends the high pressure into the cen-
ter, which drives the depression even lower. The depression
around the centerline serves to increase ©,, and promotes
circulation. Thus, the deformation associated with subcooling
has the same stress-related effect on P, as reducing contact
angle. '

With superheating, a stable steady-state solution was ob-
tained after only eight surface iterations. As the solution con-
verges, the meniscus flattens and decreases in area due to the
pressure drop towards the side wall. This tends to reduce the
half-cavity circulation by lowering ®, and models the effect
of increasing contact angle. It also serves to reduce the side
wall pressure gradient and ensures stable numerical conver-

Subcooling Superheating

Fig. 6 Steady-state stream function and temperature fields with
Ma = 10>, Rs = 1, Bi = 10, and Cr = 10",
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gence. As long as the surface retains a' positive curvature,
superheated thermocapillary flow should promote mechanical
equilibrium along the surface.

The interfacial pressure arising from thermocapillarity ap-
pears to exert a destabilizing influence on subcooled surfaces
and is the likely cause for retention loss. Pressurization with
a warm vapor subcools liquid on the LAD surface, and through
thermocapillary stress establishes a suction that pulls the me-
niscus down in the middle of the pore. The results also explain
the difference in behavior observed with screens heated via
conduction and those subjected to heated pressurant. Heating
through solid contact models the situation of a superheated
pore. This establishes a surface flow towards the centerline
and a suction in the vicinity of the side walls, which, unlike
subcooling, promotes mechanical equilibrium and a more ro-
bust meniscus.

To examine the influence of an inert pressurant, we must
account for the relationship between Bi and the level of equi-
librium between the vapor and liquid (i.e., Rs). The degree
of vapor/liquid equilibrium is embodied by e, which is lowered
by the presence of foreign molecules in either the condensed
or vapor phase. The previous setting of e to unity was ap-
propriate for modeling kinetics of a pure liquid in contact with
its own vapor. An inert gas, however, should suppress this
interaction, and from the standpoint of the one-sided model,
decrease e.

The reduction in e caused by raising helium concentration
is modeled by increasing Rs and lowering Bi, while holding
E, which depends solely on liquid properties and |A T}, con-
stant. This is illustrated in Figs. 6—8. In these cases, E is held
at 107!, while Rs is increased incrementally from 1 to 2 to
10, and Bi is lowered from 10 to 5 to 1. As noted before, the
subcooling regime in Fig. 6 is insolvable due to the destabi-
lizing effect of dynamic pressure, while the superheating re-
gime is stable.

At the next increment of Rs (=2) in Fig. 7, we obtain a
stable solution for subcooling, and the surface exhibits only
a slight depression around the centerline. Although no in-
flection is evident, the surface does become relatively straight
near the side walls. The surface temperature gradient is also
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Fig. 7 Steady-state stream function and temperature fields with
Ma = 10>, Rs = 2,Bi = 5,and Cr = 10—,
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Fig. 8 Steady-state stream function and temperature fields with
Ma = 10>, Rs = 10, Bi = 1, and Cr = 10~'.

lower than the case in Fig. 6, and causes a drop in circulation
intensity and thermocapillary convection. With superheating,
we encounter the same general behavior as Fig. 6. However,
the increase in Rs and reduction in side wall pressure gradient
decreases the effect of recoil and dynamic pressure causing
the surface to drop closer to the SIS curve. With Rs = 10
(Fig. 8), the circulation drops dramatically for both heating
modes, and the surface in both cases converges to a shape
that is very close to the static isothermal geometry.
Reduction in accommodation coefficient appears to restrict
both half-cavity circulation and the deformation associated
with pressure and vapor recoil. This is especially true for sub-
cooling, which, based on a simple decrease in e, can transition
from an unstable solution to one that is completely well-be-
haved. Although we have only sketchily studied this phenom-
enon, it provides a plausible explanation for the resistance to
retention failure exhibited in LAD tests with gaseous helium.
Regardless of whether the gas presents a subcooled or su-
perheated environment, the transition into a more convec-
tion-limited interfacial temperature distribution suppresses
the pressure gradients associated with thermocapillary flow.

Conclusions

The steady-state solution of a pore with a deformable sur-
face has been examined. Using parameter values approxi-
mately representative of liquid hydrogen exposed to its own
vapor, we evaluated the response of the surface to several
heating modes, including pressurization with heated vapor,
screen conduction, and pressurization with heated helium.
The results support the original hypothesis of retention loss
being caused by convection within the screen pores of liquid
acquisition devices. The reduced performance with pressur-
ized heated hydrogen vapor is caused by the thermocapillary
flow arising from condensation-induced temperature gra-
dients along the liquid surface. This flow establishes an in-
terfacial pressure distribution that deforms the center of the
surface into the liquid. The situation is physically unstable for
highly wetting liquids, since the deformation serves to increase
the total thermocapillary force and pressure gradient even
further. The outcome of such deformation is an expansion of
the meniscus into the liquid and eventual detachment from
the screen wires.

The resistance to retention loss with heated helium pres-
surant is due to evaporation at the surface, which establishes
a thermocapillary flow structure opposite to that with hydro-
gen pressurization. Instead of depressing the meniscus, the
pressure gradient tends to raise the surface in the center of
the pore. This situation is inherently stable because the de-
formation serves to reduce the thermocapillary force, circu-
lation, and interfacial pressure gradient. As long as wicking
through the screen accommodates evaporative losses, pres-
surization with heated helium promotes mechanical equilib-
rium of the surface and improves retention.

The immunity to retention loss with direct screen heating
is attributed to the same stabilizing behavior. Since the vapor
surrounding the screen is not pressurized with respect to the
liquid, the pore menisci are superheated relative to the vapor.
The same thermocapillary flow pattern encountered with he-
lium pressurization develops, and, provided the wicking rate
is adequate, the screen exhibits nominal or improved reten-
tion performance.
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