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Dynamic Behavior of an Unheated Meniscus
Subjected to Transient Acceleration Field

Kirk L. Yerkes*
U.S. Air Force Wright Laboratory, Wright— Patterson Air Force Base, Ohio 45433-7251
and
Kevin P. Hallinant
University of Dayton, Dayton, Ohio 45469-0210

This study experimentally and analytically investigates the effects of acceleration transients on the dynamic
response of an unheated meniscus in a capillary tube. A capillary tube partially filled with either water or ethyl
alcohol was mounted on a centrifuge to observe the dynamic response of the meniscus subject to an acceleration
transient. It was found that for a transverse acceleration component of less than 2 g, experimental data of the
meniscus advance or recession agreed well with a one-dimensional formulation of the equation of motion that
assumed a spherical-shaped meniscus. However, for a transverse acceleration greater than 2 g, there was an
increase in the observed meniscus velocity, both upon recession and advancement, resulting in a lower meniscus
position when compared to the analytically predicted position. Water exhibited a significant amount of “‘sticking”’

and hysteresis that appeared to intensify with increasing transverse acceleration.

Nomenclature
= capillary tube radius
coefficient defined by Eqs. (11) and (12)
= Bond number, (2a)’g.p/0
acceleration vector
= capillary number, uV /o
unit vector
force vector
gravitational acceleration
peak radial acceleration component
static wicking height, 20 cos 8/pag sin ¢
mass of liquid column in inclined capillary tube
Reynolds number, (2a)pV./u
= radial coordinate
radial location of capillary tube pivot point
time
angular velocity cycle period
surface traction vector
= velocity vector
= characteristic velocity, 2h,/tf
velocity component
capillary tube axial directional coordinate
capillary tube axial pivot location
dimensionless meniscus position, n/h,
meniscus position
dimensionless time, t/tf
equivalent contact angle
dynamic viscosity
density
= surface tension
stress tensor
wall shear stress
inclination angle
angular velocity as a function of ©
= angular velocity
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Subscripts

ave = average

b = body

R = capillary tube transverse direction
r. = centrifuge radial direction

s = surface

T = centrifuge tangential direction

y = vertical direction

z = capillary tube axial direction

Introduction

T HE static and dynamic behavior of two- and three-phase
interfaces constitute a range of problems that have been
frequently addressed by investigators over the last several
years.' * These interfaces, which may be referred to as contact
lines, often involve the displacement of one immiscible fluid
in another along a solid surface, the spreading of a liquid drop
on a solid, the displacement of gas or vapor by a liquid in a
capillary tube, etc.

There are many processes that require information with
regard to the static and dynamic behavior of contact lines,
such as the spreading of viscous liquids like paint, adhesive
technologies, lubrication technologies, oil recovery, and pro-
cesses utilizing contact lines and capillarity to enhance heat
and mass transfer. The latter relates to condensation and
evaporation processes associated with a wetting liquid on planar
surfaces and within wicking structures consisting of porous
media, grooved structures, and screens. In these cases, it is
typical to have length-scales associated with the size of drop-
lets, grooves, or pores on the order of several millimeters or
less, resulting in a dominant surface tension force that controls
the shape of the fluid-fluid interface close to the contact line.

Additional difficulties arise when devices incorporating these
processes are subjected to elevated steady-state and transient
acceleration fields. Elevated steady-state acceleration fields
resulting in forces on the same order of magnitude or greater
than surface tension forces may affect the shape of the fluid
interface. Transient acceleration-induced forces (both trans-
verse and axial), in addition to altering the fluid interface
shape, will cause motion of the contact line as the acceleration
potential associated with the liquid filled pore or groove changes.
In such instances, the contact line velocity is functionally de-
pendent on these transient acceleration-induced forces as well
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as surface tension. The inclusion of these elevated steady-
state and transient acceleration fields defines a class of prob-
lems that are unique in the study of the static and dynamic
behavior of contact lines.

If the problem of a static meniscus in a capillary tube is
considered (discounting the near contact line region where
the solid-liquid intermolecular forces may dominate the force
field at the fluid interface), the equilibrium equation

V-6 + pb =0 (1)

must be satisfied. A traction stress vector boundary condition
in terms of surface tension is imposed on the free-surface
interface. If this interface is assumed to have a spherical shape

ih = oIR,, @)

is also satisfied. With this assumption, the “apparent” contact
angle at the contact line is also required as a boundary con-
dition to determine the radius of curvature, and therefore,
the interface shape. The specification of an apparent contact
angle is intended to macroscopically describe the contribution
of the physics of the extended meniscus region.

Concus* investigated the effect of Bond number on the
shape of this interface in a right circular cylinder. Several
contact angles were specified and the equilibrium equation
was solved for the interface shape as a function of contact
angle. His results showed that the interface shape was not
necessarily spherical in nature, but was strongly dependent
on the specified contact angle and corresponding Bond num-
ber.

Several different approaches, either macroscopic or micro-
scopic. have been used to describe the dynamics associated
with an advancing or receding meniscus. In the macroscopic
approach, the details of the near contact line region are ig-
nored. For example, Calvo et al.® examined the advancing
meniscus in a horizontal capillary tube attached to a liquid
reservoir. It was found that the advance of the meniscus was
controfled by 1) the gravity head of the liquid above the
capillary tube and 2) the line force associated with the ap-
parent contact line equal to 2o/r cos 6, where 6, is the ap-
parent contact line angle for dynamic conditions. Their results
indicated that for capillary numbers less than 10-7, 6, = 6,
the static contact angle. With increasing capillary numbers
the dynamic contact angle increases for advancing menisci
and decreases for receding menisci. The macroscopic predic-
tions of the advancing rate of the meniscus showed good
agreement with experimental data.

The microscopic approach has focused on the details of the
thin film region near the contact line. Instead of prescribing
a line force, this approach has sought to determine the total
dissipation in the thin film where the velocity gradients will
be maximum. Thus, the viscous losses in the thin film will
control the motion of the meniscus. In particular, de Gennes
et al.® considered the dynamic behavior of the contact line
associated with the spreading of a partially wetting fluid on
an inclined moving plate. They differentiated the physics of
the thin film region from that associated with the intrinsic
meniscus region by accounting for the cumulative effect of
solid-liquid internal forces in the thin film through the dis-
joining pressure concept. Gradients in the disjoining pressure
were observed to be the “‘driver” for the near contact line
flow.

Ngan and Dussan’ and Dussan et al.® ignored the details
of the thin film region (called the inner region in their ter-
minology), recognizing that this inner region while unaffected
by the outer region (the intrinsic meniscus region) did, in fact,
influence the outer region through its role in determining the
apparent contact angle. They used a matched asymptotic anal-
ysis, that in an intermediate region there was a “material”
actual contact angle from which an asymptotic solution could

be derived to determine the macroscopic apparent contact
angle. Experimental verification of this material actual con-
tact angle agreed well with the theoretical predictions.

To date, both the microscopic and macroscopic formula-
tions have been limited to situations where the Bond number
is small (e.g., inside of capillary tubes) or where it is infinite
(such as exists for draining films”). While acceleration-in-
duced forces are considered conservative and long-range in
nature, they affect the free-surface shape and the slope for
which solutions to the subregions as described by de Gennes
et al.® must be asymptotically matched. Furthermore, it is not
known what potential effects these forces may have on the
precursor film thickness and stability in both static and dy-
namic conditions.

In general, prior investigations with regard to the dynamic
behavior of the contact line have specified a contact line ve-
locity consistent with a moving solid boundary. Transient ac-
celeration-induced forces will induce a contact line velocity
posing a problem such that the contact line dynamics are
dependent only on the temporal acceleration fields and not
on a moving solid boundary. There has been limited research
with regard to the effects of acceleration-induced forces. Most
of these have addressed the equilibrium free-surface shape.*
This article discusses the dynamic behavior of the meniscus
and contact line region in a capillary tube subjected to a
transient acceleration field.

Experimental

Acceleration Field

Transient acceleration fields were generated using a 2.4-m-
diam centrifuge table (Fig. 1) rotating with a time variant
angular velocity. Angular velocity transients were generated
at a specified cyclic frequency of 0.0015 Hz (¢f = 1/0.0015 s)
using a signal or waveform generator as a control input to the
centrifuge. The angular velocity was increased linearly to a
peak value at the midpoint of the cycle and subsequently
decreased. A tri-axis accelerometer (Columbia Research Lab-
oratories, Inc.) was used to monitor the time variant accel-
eration components in a Cartesian reference frame affixed to
the centrifuge table. For this investigation, the peak angular
velocity was specified such that a 4.2-g = 0.1-g peak radial
acceleration was generated (g, = 41.20 m/s).

Capillary Test Cell

A sealed test cell containing a glass capillary tube and res-
ervoir was positioned on the centrifuge as shown in Fig. 2.
The test cell was mounted to a motorized optics rotation stage
(Newport) such that the capillary tube was allowed to pivot
about its c.m. This pivot point was displaced vertically from
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Fig. 3 Capillary tube orientation: a) pivot point location, directional
coordinates and b) coordinate systems as referenced to the centrifuge
accelerometer and capillary tube.

the centrifuge surface at a fixed radial location r{ as shown
in Fig. 3a. Angles of inclination of the capillary tube were
determined from the output of a calibrated angular position
transducer (Trans-Tek, Inc.) accurate to within =0.2 deg.
Experiments were conducted by fixing the capillary tube at
a specified inclination angle while subjecting it to the transient
acceleration field. Increasing the inclination angle elevates
the transverse acceleration component referenced to the cap-
illary tube. This allowed the dynamic response of the meniscus
subjected to an increasing transverse acceleration component
to be observed experimentally. The dynamic response of the
meniscus to the transient acceleration field was observed using
an 8-mm CCD camera (Sony) mounted adjacent to the test
cell as shown in Fig. 2b. The meniscus height relative to the
reservoir meniscus 7 was measured as a function of time
to within 1.0 mm. An equivalent contact angle 6 was calcu-
lated from the experimentally determined static wicking height
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h,, for conditions when the transverse acceleration component
was zero

hopg = (2ala)cos 6

Water (reverse osmosis) and ethyl alcohol were used as the
test fluids to demonstrate the importance of the equilibrium
contact angle on the advance and recession of the meniscus
due to a transient acceleration field. Properties of these fluids
were assumed to be that of the bulk fluid corresponding to a
experimental temperature of 30°C.

The test cell and capillary tube were cleaned using potas-
sium hydroxide and rinsed with distilled water. The test cell
was filled and subsequently sealed resulting in a fill that had
a combination of air, fluid vapor, and fluid.

Analytical Formulation

The goals of the analytical formulation were as foliows:

1) Mathematically describe the transient nature of the ac-
celeration field referenced to the capillary tube in the menis-
cus region.

2) Mathematically describe the dynamic behavior of the
meniscus as a result of the temporal acceleration-induced forces
using a simplified one-dimensional model with a constant line
force.

3) Infer the relative importance of the transverse acceler-
ation component, Bond number, and capillary number on the
meniscus motion by comparing experimental results and an-
alytical calculations.

Acceleration Vector

Acceleration measurements were obtained with regard to
a three-dimensional Cartesian noninertial reference frame af-
fixed to the centrifuge. The acceleration field was then ref-
erenced to fixed locations on the capillary tube and subse-
quently decomposed into transverse and axial acceleration
components relative to the capillary tube as shown in Fig. 3b.

The transient acceleration vector in a Cartesian coordinate
reference frame from the viewpoint of an observer on the
centrifuge is of the form

b=>b¢ +bé + b, =Dbé + b (3)

where for a fixed radial location r; the following radial, tan-
gential, and vertical acceleration components are realized:

da(t)

b, () = @ bi) = TP b)) = g

After an appropriate transformation to the capillary tube ref-
erence frame, the acceleration vector can be decomposed into
an axial component b. and a transverse component b, which
results in

b= {—w]r, + (z, — 2)cos pJcos ¢ + (—g)sin P}é.

+ <{—w3[r(, + (z, — z)cos P[sin ¢ — (—g)cos ¢}

e - e %) e, *)

Here, the transverse component by is a magnitude with no
reference to direction due to the axisymmetric nature of the
capillary tube.

Equation of Motion

A simple analytical model is described that predicts the
motion of the meniscus subjected to transient accelerations.
The analytical formulation of the equation of motion was
simplified assuming bulk flow only in the axial direction of
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the capillary tube. Effectively, the liquid column in the cap-
illary tube is assumed to undergo a slug flow. From the con-
servation of momentum

d(mV)
dr

>F=F +F, = (5)

the surface and body forces in the axial direction combine,
resulting in the axial force

F.=F +F, (6)

The surface force F. is formulated by accounting for the
cumulative effect of solid—liquid intermolecular forces in the
near contact line region and the wall shear stress associated
with Poiseuille flow in the liquid column. The contact line
force is defined assuming a spherical meniscus and a constant

equivalent or apparent contact angle such that

F,

ER

= o(2ma)cos 6 + 7,(2ma)n )

Note that such an assumption implies a nonchanging apparent
contact angle under dynamic conditions. A great deal of work
has established a relationship between the dynamic contact
angle 6, and the capillary number (for low Bond numbers)
as summarized by Hoffman.'® These results have shown little
change in the contact angle for capillary numbers less than
10 =,

The shear stress at the wall outside the contact line region
is defined using the Darcy friction factor assuming laminar
tube flow where

7, = 64/Re(pV73,./8) (8)

Using a slug flow approximation to describe the flow of liquid
in the column, i.e., V,,. = d»n/dr, the surface force formulation
becomes

F,

R

d
= o(2ma)cos § — Smun d—:’ 9)
The total body force
w fa
F, = J f b.p(2myr dr dz (10)
- 0 0

is formulated by integrating over the volume of the liquid
column the axial acceleration component b. [defined in Eq.
(4)]. In the expression for b., the transient angular velocity
is of the form

o(t) = Bt, 0=1t=(1f/2) (11)
=BUf - 1), (f)=t=(
where
B = [4g,/(tfy’ri]" (12)

Assuming that the axial fluid velocity is also defined by v, =
dn/dt (due to the slug flow assumption), and the mass in the
capillary tube as m = p(wa*)n, the relation for the time rate
of change in momentum is defined as

a2 (5)] o

Combining Eqgs. (9), (10), and (13), the momentum equation

becomes
2 n
)2 ([
pa pa’ ~ dt o7

ENE

Integrating the axial acceleration term b., and rearranging,
the momentum equation becomes

20cos0 [ dn  (dn)*] [8u dn
pa e dt pazndf

+ 7 {w(tf cos ¢ [(21 — g) cos ¢ + r(’,] + g sin d)}
(15)

A nondimensional form of the momentum equation can
now be derived using the following dimensionless parameters:

L = nlhy, 0=¢=1

O = Hif, (16)

with the following initial conditions:

a _

d®—0, 0=0

=1,

A new angular velocity ) is formed by factoring g, out of
the coefficient B [defined by Eq. (12)] in Eq. (11) and casting
it in terms of the nondimensional time ®, where

QO) = (4r))0, 0= =}
= (@)1 - 0), t=0=1

(17)

The nondimensional form of the momentum equation be-

comes
(5)
do

g . _(a)\ (ReCa d=¢
g &= (h) <2Bo> [4 36 "
16Ca dz ,
+ ( Bo ) <§ d®> + {{Q(@) cos ¢

X |:<zl — M) cos ¢ + r{):l + £ sin (/)} (18)
2 gpk

The first and second terms of Eq. (18) represent the inertial
and viscous effects, respectively, with the coefficients formed
as the products of the dimensionless parameters of Reynolds,
capillary, and Bond numbers. The Reynolds and capillary
numbers are referenced to a characteristic velocity V., which
is the maximum attainable velocity over one-half of the ac-
celeration cycle period, assuming = 0 at g,. The Bond
number is referenced to the peak radial acceleration com-
ponent g,

For small inertial and viscous effects, the momentum equa-
tion can be reduced to the following quadratic form for the
transient dimensionless meniscus position:

oo [Q((H))z cos @z, cos ¢ + r() + (g/gy)sin (ﬁ] ;

Q(0)(h,/2)cos’d

[ (8lgpu)sin ¢ ]:0

Q(O)(hy/2)cos*d (19)
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Results

Equations (18) and (19) were solved for the dimensionless
meniscus position using a central difference scheme and as a
quadratic, respectively. These solutions were obtained as a
result of specifying a static wicking height /4, based on the
experimentally determined equivalent contact angle 6. So-
lutions to Egs. (18) and (19) were identical for the experi-
mental parameter range specified in this investigation. This
supports the use of the closed form solution of Eq. (19) in
instances where inertial and viscous effects can be assumed
to be negligible.
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Fig. 4 Experimental data compared to analytical resuits for water
at Bo = 2.05: a) ¢ = 20 deg, Ca = 1.50 x 10~%, Re = 0.278, a/h,
= 225 X 1073 b) & = 40 deg, Ca = 7.99 X 1077, Re = 0.148,
alh, = 4.24 X 1072; and ¢) ¢ = 60 deg, Ca = 5.93 X 1077, Re =
0.110, a/h, = 5.71 x 1072,

Experiments were performed and the results compared with
solutions to the analytical model. Uncertainty in experimen-
tally obtained ¢ and ® was on the order of £, ® * 0.02 based
on the accuracy and resolution of experimentally measured
quantities. In general, the comparison between the model and
the experiment is surprisingly good, given the simplicity of
the model. However, a number of interesting deviations from
the model help to provide insight into the physical phenomena
associated with the advancing/receding meniscus.

Figure 4 compares the experimentally obtained dimension-
less meniscus position to the analytical results for water at
varying angles of inclination. Also shown are the axial and
transverse acceleration components. The equivalent contact
angle was 22.2 deg with an experimental Bond number of
2.05. Experimental parameters ranged from 5.9 X 1077 =
Ca=15x10 ¢ 0.11 = Re =0.28, and 2.3 X 1072 = a/h,,
=< 5.7 X 102 as the inclination angle varied from 20 to 60
deg.

There was a significant amount of “sticking” of the ad-
vancing meniscus for water as evidenced by the discontinuous
nature of the meniscus position curves, Fig. 4. There also was
a permanent hysteresis in the meniscus position at the com-
pletion of the test cycle resulting in a lower wicking height.
This sticking of the meniscus appeared to become more sig-
nificant with an increased transverse acceleration component,
as demonstrated in Fig. 4c. For a peak transverse acceleration
component greater than 2.5 g, the experimental results showed
an increase in the meniscus velocity for both the receding and
advancing meniscus from that predicted by the analytical re-
sults, Fig. 4c. At the midpoint of the acceleration cycle the
meniscus position was also lower in Figs. 4d and 4c than that
predicted analytically.

Also, for all cases using water as the test fluid, the initial
meniscus recession speed tended to be underpredicted. Since
the contact line force in the predictions is controlling the
receding and advancing velocities it is apparent that it is slightly
overpredicting the actual contact line dissipation. Using an
equivalent contact angle to describe the line force at the con-
tact line neglects the fact that, as the meniscus recedes, some
fluid is left behind rather than being dragged over the tube
wall.” Thus, the line force is physically less than predicted by
the model. Conversely, for the advancing contact line, since
it is presumed that a film of liquid is already present on the
i.d. of the tube, it is easier for the meniscus to advance relative
to that predicted for an advancing meniscus over a dry surface
(such as is associated with using the equivalent contact angle).

Figure 5 compares the experimentally obtained dimension-
less meniscus position to the analytical results for ethyl alcohol
at varying angles of inclination. As with Fig. 4, also shown
are the axial and transverse acceleration components. The
equivalent contact angle was 16.7 deg with an experimental
Bond number of 1.47. Experimental parameters ranged from
1.7 x10°=Ca=3.6 x 10 °3.0x 10 *=Re=6.1X
10 2, and 1.9 x 10 2 = a/h, = 4.0 x 10 2

The experimentally obtained dimensionless meniscus po-
sition for ethyl alcohol agrees well with the analytical results
to within experimental error for a peak transverse acceleration
component less than 2 g. No sticking of the meniscus was
observed and there was no observable hysteresis. As shown
in Figs. 5b and Sc, there was an observable increase in the
meniscus velocity relative to the model for both the receding
and advancing meniscus for a peak transverse acceleration
component greater than 2 g. This increase in meniscus velocity
resulted in a meniscus position lower than that predicted an-
alytically.

The effects of capillary number for a fixed Bond number
and inclination angle on the dimensionless meniscus position
are shown in Fig. 6. A comparison of the analytical results,
using Eq. (18), for a Bond number of 0.42 and capillary num-
bers of 10 ¢, 10 %, and 10 * at a 20-deg inclination angle
demonstrates that, for capillary numbers less than 1077, vis-
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Fig. 5 Experimental data compared to analytical results for ethyl
alcohol at Bo = 1.47: a) ¢ = 25 deg, Ca = 3.55 X 107¢, Re = 6.07
x 1072, alh, = 1.93 X 1072 b) ¢ = 40 deg, Ca = 2.33 x 1074,
Re = 3.98 X 1072, a/h, = 2.94 X 1072; and ¢) ¢ = 60 deg, Ca =
1.73 X 107% Re = 2.96 X 1072, a/h, = 3.96 x 1072

cous losses outside of the contact line had only a small effect
on the meniscus position. However, for capillary numbers on
the order of 10~ and greater, there is a significant lag in the
meniscus position due to viscous effects. Capillary numbers
less than 10" ° and Bond numbers ranging from 0.42 to 2.1
were predicted to have no effect on the dynamic response of
the meniscus.

Analytical results, using Eq. (18), for a capillary number
of 10 * and Bond numbers of 0.42, 0.84, and 1.26 at angles
of inclination ranging from 20 to 60 deg, are compared in Fig.
7. Figure 7a shows the dimensionless meniscus position at
varying angles of inclination for a fixed Bond number of 0.42
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Fig. 6 Analytical results for ¢ = 20 deg, Bo = 0.42, and varying
capillary number.
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Fig. 7 Analytical results: a) varying angle of inclination (Be = 0.42,
Ca = 1.0 x 107 and b) varying Bond number (¢ = 20 deg, Ca =
1.0 x 1074,

(recall that the Bond number is based on g,,) and a capillary
number of 10 *. For decreasing angles of inclination, viscous
effects outside the contact line region become significant re-
sulting in the characteristic lag in meniscus position. These
analytical results do not take into account the significance of
the transverse acceleration component at the higher angles of
inclination and to the extent at which this transverse com-
ponent affects the dynamic response of the meniscus. Figure
7b compares the dimensionless meniscus position for a varying
Bond number with that of the inviscid solution, using Eq.
(19), neglecting inertial effects at a 20-deg inclination angle.
Here, a decrease in Bond number resulted in the increased
importance of viscous effects yielding a lag in the meniscus
position when compared to the low inertia inviscid solution.
For Bond numbers less than 1.3 and capillary numbers greater
than 10 *, there were significant viscous effects resulting in
a lag in the meniscus position. However, these results assume
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a constant contact line force, as a result of specifying a con-
stant equivalent contact angle, and do not account for the
functional dependence of the contact angle on capillary num-
ber as discussed by Hoffman.!” However, for experimental
and analytical results with capillary numbers less than 105,
this dependence can be assumed to be negligible.

The magnitude of the transverse acceleration component
had a significant effect on the dynamic response of the me-
niscus. This is in part attributed to the use of the constant
equivalent contact angle to define a constant contact line force
in the analytical formulation. While the meniscus shape may
remain relatively spherical in nature, with an increased axial
acceleration component for the relatively low Bond numbers
considered, the transverse acceleration component will serve
to reorient the meniscus in a transverse direction and distend
it in the axial direction. This variation in the meniscus shape
and position in the capillary tube will result in an increased
contact line length that will tend to be elliptical rather than
spherical. Therefore, one might expect an increase in the net
contact line force due to the increased length of the contact
line. Theoretically, the predicted recession and advancing rates
would differ from those shown, actually moving in a direction
opposite of that observed experimentally. Such observations
point to the need for a closer examination of the near contact
line region fluid physics with regard to the transverse accel-
eration component to completely describe the motion of the
meniscus. Therefore, use of an equivalent contact angle to
define the contact line force is an approximation at best.
Instead, the contact angle, rather than being constant, is a
function of the transverse acceleration component and an-
gular position on the capillary tube wall.

Concluding Remarks

The dynamic response of an unheated meniscus within a
capillary tube subjected to transient acceleration-induced forces
was studied experimentally and analytically. Comparison of
the experimental and analytical results showed that an ele-
vated transverse acceleration greater than 2 g significantly
altered the dynamic response of the meniscus and resulted in
an increased meniscus velocity, and subsequently, lower me-
niscus position. It is speculated that this dynamic response in
meniscus position is due to a reduced overall contact line force
in the near contact line region resulting from the meniscus
being moved in a transverse direction and distended in the
axial direction.

The practical significance of these results, as related to heat
transfer devices utilizing contact lines and capillarity to en-

hance heat and mass transfer, will be to provide information
helpful in defining transient performance parameters and op-
erational limits. It has long been assumed that the operating
performance of such devices subjected to transverse accel-
eration components would not be altered significantly. How-
ever, as demonstrated in this study, the combined axial and
transverse acceleration components may result in an increased
depriming rate leading to a dryout condition sooner than typ-
ically predicted by conventional approaches. Also with the
addition of heat, the deprime and reprime dynamics may be
significantly altered and result in either a degraded or possibly
improved performance such as with the arterial heat pipe
discussed by Yerkes et al.!!
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