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Transient Studies of G-Induced Capillary Flow

M. K. Reagan®
Air Force Institute of Technology, Wright-Patterson Air Force Base, Ohio 45433-7765

and

W. J. Bowman'
Brigham Young University, Provo, Utah 84602

A transient, one-dimensional numerical code is developed to model liquid motion in a square groove. Transient
body forces up to 0.51 m/s? are investigated. Axial variation in liquid level, shear stress and heat transfer between
the groove wall and the liquid, evaporation, and body forces are accounted for in the model. Dryout and rewet
of the groove are allowed; the front location is determined using conservation of mass. An experiment is presen-
ted that measures the depth of liquid in the groove and the dryout and rewet front locations during a transient.
Within the uncertainty of the measurements, the code predicts the correct liquid distribution and front locations.

Nomenclature

liquid cross-sectional flow area
nondimensional area, A /w§

groove area over which shear acts

groove area across which heat energy flows
liquid specific heat

hydraulic diameter based on A

distance between the last wet node and the
extinction point

total energy per unit mass

spatial derivative matrix

friction coefficient

gravitational constant, 9.81 m/s?

average liquid depth, A /w

in = heat-transfer coefficient between the groove wall
and the liquid

liquid height parameter, 1 —h,, /8

meniscus depth parameter

axial groove length

liquid mass

evaporative mass flow rate

Nusselt number

average liquid pressure

ambient pressure

energy transfer rate caused by axial conduction
in the liquid

energy transfer rate between the groove wall and the
liquid

= energy transfer rate between the liquid and the
environment

meniscus radius of curvature

source matrix

bulk liquid temperature

groove wall temperature

time

experimental run time

nondimensional time, ¢ /1,

= temporal derivative matrix
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liquid velocity

evaporative velocity

groove width

axial location from the center of rotation
nondimensional axial location, x /L .,
angle describing meniscus variation
groove depth

latent heat of vaporization
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surface tension coefficient

shear stress between groove wall and liquid
groove tilt angle

groove rotation rate
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Introduction

EAT pipes and capillary-driven evaporators have been pro-

posed as a means of thermal management in the aerospace
industry. Uses include electronics cooling, hypersonic aircraft en-
gine inlet and leading-edge cooling, and thermal management of
space-based platforms.'—*

The environmentof the aerospace vehicleis a dynamic one where
transient body forces primarily affect the movement of the working
fluid within the capillary structure, or wick, of these devices. Tradi-
tionally, these devices have been used in environments where body
forces were either steady or negligible. Acceptance of these devices
as the primary means of cooling in the aerospace environment will
depend, then, on a thorough understanding of their operation under
the expected transient G loading.

Literature on the effect of transient body forces on the perfor-
mance of capillary-driven heat-transfer devices is limited. A tran-
sient heat pipe modeling workshop held at the NASA John H. Glenn
Research Center at Lewis Field in September of 1990 concluded the
most important part of the transient heat pipe problem was model-
ing the liquid flow in the wick. Recommendations suggested that
more physical experiments geared toward understanding the liquid
flow under transient conditions be conducted, especially liquid flow
under transient G loading.

Yerkes et al.’ studied the performance of a flexible copper/water
heat pipe subjected to transverse and axial accelerations between
1.1 and 9.8 G and 0.01 and 0.03 Hz. Results of the study indicated
partial dryout of the wick at higher accelerations. A reductionin the
applied accelerations was mentioned as the most effective method
forrewettingthe pipe. Theoreticalanalysisdealtonly with the steady
behavior of increased body forces on the pipe’s performance; no
attempt was made to model the liquid flow.

Hawthorne® studied the effect of transient body forces on the
liquid flow in a single, heated capillary groove. Dryout and rewet
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in the groove caused by the transient body force was observed. In
addition to some general observationson the shape and behavior of
the front, the extentof dryout was found to depend on the magnitude
and duration of the body force transient. No analytical model of the
liquid flow was provided.

Several investigatorshave numerically modeled the transientliq-
uid flow in a heated capillary structure.”~° One limitation of these
modelsis thatthe body force is only treated in a steady-statemanner.
Anotherlimitationis that none of them realisticallymodels the shape
or behavior of the liquid front. Visual observations of Hawthorne
confirmed liquid recession along the groove up to the front location.
None of the preceding models allows for recession; in fact, each
models the wick as either full or empty, with the interface between
the full and empty regions described as planar and perpendicularto
the liquid flow direction.

Experimentalwork has shown that transientbody forces can cause
dryout and rewet of a capillary structure. However, the capability to
realisticallymodel unsteady capillary flow subjectto transientbody
forcesisinadequate. A new numerical model is therefore warranted.

Theory

Several assumptions are made concerning the derivation of the
governing equations.'® The capillary structure is a square groove
with constant width w and depth §. One end of the groove can be
tilted relativeto the otherend. This providesthe transientbody force.
No flooding of the grooveis allowed (i.e., the depth of liquid in the
groove is always less than or equal to ), and the pressure above
the liquid in the groove is assumed constant and equal to ambient
pressure Py.

The working liquid is ethanol and is assumed to be incompress-
ible with density, p = 785 kg/m®. Laminar flow within the groove is
assumed at all times, and kinetic and potential energy changes are
considered negligible with respect to the internal energy of the lig-
uid. Free convectionand radiationlosses to the environmentare also
considerednegligible with respectto the energy lostby evaporation.

Consider the control volume shown in Fig. 1. This control volume
encompassesthe liquid only and not the groove structure. The liquid
flow is from left to right, and the meniscus level is assumed to vary
linearly through the control volume.

The equation of conservation of mass for this control volume,
noting that p dx is constant, yields

dA  0J(AV) m,
— —_= 1
ot + ox + odx 0 )

Figure 2 shows the same control volume with the appropriate
forces (solid arrows) and momentum terms (dashed arrows). The
groove with the liquid is tilted at an angle i around a center of
rotation relative to horizontal level, and this angle is a function of
time, which provides the transient body force p Ag sin ¥ dx, where
g is the gravitational constant.

Momentum changes within the liquid, evaporative momentum
flux (7, V, sin y ), shear force between the groove wall and the liquid
(tA), and capillary forces (p,, — o /R)w tan y dx are also modeled,
where y is the axial variation of the liquid depth, V, is the velocity
with which the evaporative mass flow leaves the control volume,
and o is the ethanol surface tension coefficient.

The meniscus radius of curvature R is a function of the liquid
cross-sectional flow area and therefore can vary with axial loca-
tion x. The (o AQ%x) dx term accounts for the noninertial reference
frame of the governing equations, where €2 is the groove rotation
rate.

Newton’s second law for this control volume then is given by
Eq. (2):

AV PA iV, si
a( )4_1 AV 4 — A gln}/—Agsint//
ot dx 0 o dx

A 1 o ¢ 4 AQ? 2)
—— == P — — an r
Ta o \Px T g Jrany

The average liquid pressure P at any axial location is assumed to
be the ambient pressure minus the capillary pressure because of the
curved interface, plus the pressure head caused by the depth of the
liquid in the groove. The average depth of liquid in the groove & is
approximated by &7 = A /w, and the average pressure head can be
shown to be 0.5pgh cosy. The average liquid pressure then is a
function of the groove tilt angle v, the cross-sectionalflow area A,
and the meniscus radius of curvature R.

The radius of curvature is a function of the liquid cross-sectional
flow area and is assumed to behave as shown in Fig. 3. When the
groove is entirely full of liquid, there is no meniscus, and the ra-
dius of curvature is infinite. As liquid evaporates or is moved by

€
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+

Fig. 1 Continuity control volume.
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Fig. 2 Momentum control volume.
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bulk motion, the meniscusrecedes into the groove, and R decreases
from infinity until a hemispherical shape is formed. The radius of
curvature at this condition is R =w /2. This hemispherical shape
remains fixed until the tangent to the meniscus is coincident with
the bottom of the groove. As more liquid is removed by bulk motion
or evaporation, the meniscus recedes further into the corners of the
groove, and the radius of curvature continues to decrease. This de-
crease in radiusis only allowed to continue until the resulting liquid
pressure is zero.

The shear stressbetween the groove wall and liquid 7 is calculated
using

T=fpV?/2 €)

The friction coefficient f in Eq. (3) is determined using rectangular
tube flow data from Shah!! and modified for channel flow accord-
ing to Chi.'” The remaining quantities in Eq. (2) (evaporative mass
flow, groove tilt angle, and angular rotationrate) are experimentally
measuredquantitiesand will be discussedin the Experimentsection.

The energy equation for this system is derived using the control
volume in Fig. 4. The total energy is approximated by the internal
energy E~c,T, where c, is the liquid specific heat and T is the
bulk liquid temperature.

The energy influx Q;, is modeled using Qi, =hy, Ay, (T, — T).
This coefficient was calculated using

hy, = Nuk/D,, 4)

where k is the liquid thermal conductivity. Nu was determined using
convection correlations for constant surface heat flux, laminar tube
flow,"® and corrected for channel flow similar to the method used
for the friction coefficient.'?

Qo is the rate of heat energy exiting the control volume and
was determined using Q,, =, A, where A is the latent heat of
vaporization. Q. is the rate of energy conducted axially through
the control volume and was calculated using Fourier’s conduction

. R=w2 - d.ecr.easmg
5 el -t liquid
inventory
R < w/2
\\\ / \ //
V - -
- W _—

Fig. 3 Meniscus behavior in a square groove.
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law. The equation for conservationof energy for the control volume
of Fig. 4, therefore, is

9 3 P
E(AEH-H—XI:AV(E—F— ®)

)] — (Qin - Qnul) _lanond
P

pdx p 0x

Equations(1),(2), and (5) form the set of governingequationsfor the
new model. The pressure-areaand radius-arearelationshipsalready
discussed provide closure for the system. ~

The temporal derivative terms are groupedintoa 3 x 1 matrix U,
and the spatial derivative terms are grouped together into a 3 x 1
matrix E. The remaining terms are combined into a source term S,
and the resulting system is written as

U+E =S (©6)

where the subscripts? and x refer to the time and space derivatives,
respectively. Equation (6) is nondimensionalizedand integrated us-
ing a first-order-accurate,explicit Roe scheme.' Details of the so-
lution methodology and code validation are found in Ref. 10. The
sensitivity of the solution results to numerical grid was studied. The
number of grid points was doubled until solution convergence was
obtained. The excellent agreement between numerical and exper-
imental results also supported the adequacy of the numerical grid
used.

Boundary Conditions

The integrationis performed on a one-dimensional grid. Node 1
lies on the left boundary; this node is also the center of rotation of
the groove. As such, it always contains some liquid, and because of
the physical boundary, the velocity is always zero. The grid extends
to I nodes, some or all of which have liquid in them, depending
on the dryout/rewet front location. Node nb refers to the last wet
node and is only equal to node I if the groove is fully wet. The grid
remains fixed to the groove structure and does not move with the
liquid.

Attime level n the total mass of liquid in the groove m, is known.
At time level n + 1, assuming only evaporation, the total mass of
liquid in the groove is

ib:mL,At 7)
i=2

mn+l =m" —
8 8

The mass in any control volume is found by using
m; =0.5pAx(A; + A;_)) ®)

Applying the principle of conservation of mass to the leftmost
control volume yields the area of node 1 as

2_r21+1 — AL (9)

mn+1:mn_At mt 4+ m" =>A"+1:
2 ( 2 e) 1 b dx 2

2
where m, is the rate of mass leaving node 2 via the groove. The

velocity at node 1 is zero because of the physical boundary, and the
temperature is updated assuming an adiabatic end condition.
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Fig. 4 Energy control volume.
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The rightmost control volume in the groovem, attime leveln 4 1
is

m

n+1 —-m
’

+1 +1 +1
o my = m) (10)
where m;,, is the mass in all interior nodes along the groove.
If the groove is not in a state of dryout, then m, occupies node I
and the area at node I is
2m" +1
+1 _ _ +1
AT = —— = —ATT (11)
pAx

The velocity is identically zero, and the temperature is updated as-
suming an adiabatic end condition.

If, however, the groove is exhibiting dryout or rewet, then a front
exists, and m, occupies some specified volume extending beyond
the last wet node. Linear interpolation was used to find the length
of the wet region past the last wet node. Defining the location in the
groove where the cross-sectional flow area is zero at the extinction
point ep, then the distance between the last wet node (node nb) and
the extinction point is

2m" +1
p = ——T (12)
pALS
The boundary conditions at the extinction point are
2
9A —p(An")
Ayp =0 — = —— 13
, - D (13)

ep

Ifd., isless than Ax, thenm, is notsufficientto extend the triangular
profile tonode nb + 1. In this case the area, velocity and temperature
distributions of the liquid are completely defined, and no further
calculations are required.

If, however, d_,, is greater than Ax, then m, is sufficient to extend
the profile to node nb + 1. In this case Aﬁb++11 is calculated using the
area at node nb and the slope from Eq. (13). Applying conservation
of mass on the control volume between the last wet nodes and the
new last wet node (nb + 1) yields the velocity as

av m,
Vn’llj-:—ll = I:(Av)sz - (E) - 0 ]/Aﬁle (14)
nb+1

where V is the volume. A first-order approximation to the volume
derivativeterm is used, and the evaporation term is evaluated at the
temperature of node nb at time n 4 1. The temperature is updated
assuming no axial conduction.

After the area velocity and temperatures are updated, the mass
in the new control volume is subtracted from m,, and a new m, is
established. Node nb + 1 is renumbered as node nb, and a new d.,
value is calculated. The procedure just described is repeated until
this new d.,, is less than Ax.

Experiment

The experimental portion of the work was divided into two tests.
The first test measured the evaporationrate of ethanol as a function
of temperature; the second test measured the liquid distribution of
ethanol in the heated groove structure as a function of time. The
second test provided the data necessary to validate the numerical
model.

Evaporation Test

A cylindrical vessel with a 17.4-mm-diam circular opening was
placed on a digital scale, and a thermocouple was placed within
the vessel. The scale and thermocouple were connected to a data
acquisition system that recorded the temperature and mass of the
ethanol in the vessel as a function of time. A heater was placed
between the vessel and the scale to maintain the ethanol at different
temperatures between ambient and its boiling point.

A typical run was accomplished by heating the ethanol within
the vessel to a steady-state temperature, which depended on the
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Fig. 5 Ethanol mass flow results.
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Fig. 6 Groove substructure.

amount of input power to the heater. The acquisition system was
activated, and the mass was recorded as a function of time. Because
the temperature was held constant, the slope of the mass vs time
data was expected to be linear. The slope provided the mass flow
at the given temperature, and a least-squares analysis provided the
error associated with the measurement.

This test was performed for several differentheater power settings
(correspondingto differentethanol temperatures), and the results are
seen in Fig. 5. The squares depict the experimentally determined
mass flow, the vertical lines are the associated uncertainty, and the
dashed line is the curve fit through the data. Uncertainty in the
temperature measurement was £0.5 K. This curve fit was input to
the code as the required evaporation model.

Evaporationrate was assumedto only be a function of temperature
and was found from the experiment just described. This method for
estimating evaporation was selected over an evaporationcorrelation
to eliminate one possible source of error. An evaporationcorrelation
could have been used in the model; however, it may not have been
as accurate as the correlation found for the specific experiment in
question.

Groove Test

The groove substructure was made of stainless steel with dimen-
sions shown in Fig. 6. Eight identical square grooves were milled
into the top of the plate along its entire length. An endplate was
welded onto each end to prevent liquid outflow. Seven equally
spaced thermocouples were cemented into the peak between the
two center grooves with a high conductivity cement. A strip heater
was epoxied to the bottom of the groove.
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Fig. 7 Groove superstructure.
The substructurewas placed into a cavity milled into a plexiglass oosol
superstructure with dimensions shown in Fig. 7. The groove was
held in place with silicone cement, which helped to thermally in- 5
sulate the groove. The superstructure was placed in a fork mount, £ 0040}
which allowed it to rotate via a tilt adjustment control. A depth 2
gauge was mounted and positioned on the superstructure so that < 0030k
the gauge could traverse into and out of the center of a groove as E
shown in the insert. The axial position of this gauge could be moved o
between test runs but was fixed for any particular run. A magnifier g 0020}
was also installed to monitor the depth gauge movement into the O
groove. ootol
A typical data run for this test began by leveling the groove with
an inclinometer and positioning the depth gauge 19.05 mm from the
center of rotation. Nondimensionalizing by the groove length L, 0.000 [~ | |
. . . * _ | ]
th}s was an axial position qfx =0.125. The grooves were flooded Interval 1 Interval 2 Interval 3
with ethanol, and evaporation was allowed to occur until the depth -0.010 ) ) ) ) , ) )
gauge could be lowered into the groove a distance of 0.79 mm and 0 50 100 150 200 250 300 350
be in close proximity to the liquid meniscus. This depth was termed Time (s)

h,. The magnifier was used to ensure that the gauge did not touch
the liquid surface, and the uncertainty in this measurement was
£0.08 mm. Nondimensionalizing by the total cross-sectional flow
area, this gauge measurement resulted in a distribution of A* =
0.607. This established a baseline condition from which all further
tests were begun.

From this condition the groove was rotated through the angular
schedule shown in Fig. 8. Interval 1 tilted the groove at a rate of
+0.0175 rad/min for the first 3 min. Between 3 and 4 min (interval
2), the groove was maintained at 0.0524 rad. Between 4 and 6 min
(interval 3), the groove was lowered at a rate of —0.0262 rad/min
so that it was at the initial level conditions by the end of the test.

This schedule was chosen to provide a test of two different on-
set rates of the transient body force. Noting that the body force is
approximately g sin ¥, then interval 1 resulted in a maximum body
force of 0.51 m/s at a frequency of 2.8 mHz, whereas interval 3
resulted in the same magnitude body force but at a frequency of
4.2 mHz. The reason that the maximum body force was so low was
because of the flooding restriction discussed earlier. Because the
grooves could not be flooded, the maximum angle of the groove
structure was approximately 0.05 rad or 8.0 mm.

Fig. 8 Groove tilt schedule.

Throughoutthe groove rotation depth-gauge measurements were
made at approximate 1-min intervals, and when a front appeared,
its location was noted and recorded. For this test a front was defined
to exist when the level of liquid in the groove was sufficient so
that the tangent to the meniscus was coincident with the bottom of
the groove, as shown in Fig. 9. With this definition the liquid that
remained in the groove was concentrated in the corners, and the
nondimensional cross-sectional flow area was A* =0.107.

The groovetest was performed with the power to the heater turned
off to establish the baseline and then with the power on to simulate
the heated capillary structure. The thermocouple readings for the
power on tests are seen in Fig. 10 and are accurate to £0.5 K. Time
measurements are accurate to £0.01 s.

A choice needed to be made between using the heater power into
the plate or using the plate temperature as a boundary condition.
If heater power had been used, the temperature of the plate would
need to be estimated numerically. To reduce error, the temperature
boundary condition was measured directly and used as the boundary
condition.
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Fig. 11 Power-off test results (x* = 0.125).

Results and Discussion

The results of the power-off test are shown in Fig. 11. Four sets
of data are on this figure: the lines corresponding to the numerical
results and the symbols corresponding to the experimental results.
The horizontal axis is nondimensionaltime *, where t* =t /t.,. The
1, for this experiment was 360 s. The left vertical axis is nondimen-
sional liquid height, defined as h; = 1 — h, /5, and the right vertical
axis is nondimensional front location.

The solid line in Fig. 11 representsthe liquid heightin the groove
predicted by the numerics. At the beginning of the experiment, the
liquid height is #; = 0.50, correspondingto the initial condition just
described. As the groove is rotated up (interval 1), liquid flows

toward the gauge positionand the distance the gauge can be lowered
into the groove before touching the liquid surface is reduced. This
corresponds to a rise in the liquid height.

During interval 2, the liquid height decreases. Whereas liquid
momentum and gravity are still causing bulk liquid motion toward
x*=0, evaporation appears to offset these effects and causes an
overall decrease in the liquid height. During interval 3 as the groove
is leveled, the liquid height decreases more rapidly than the rate
observed during interval 1 because of the increased frequency of
the body force during this interval; i.e., 50% higher than during
interval 1.

At the end of the data run, the liquid height is approximately
h; = 0.34. This is noticeably lower than the initial height of 7, =
0.50, indicative of evaporation occurring.

The squares in Fig. 11 represent the average of the measured
liquid heights from two experimental runs. The vertical lines on
the liquid height curve representthe uncertainty associated with the
depth-gauge measurement. The numerics capture the correct trends
and properly model the liquid motion.

The bias in the experimental data could be caused by the method
used to measure the liquid height. Because the depth gauge is always
lowered from above the liquid to a position just above the liquid
surface, and because the gauge never comes in contact with the
surface, there is most likely a tendency to prematurely stop the
gauge motion. This would lead to experimental values greater than
those predicted by theory, as seen in Fig. 11.

The dashed line in Fig. 11 represents the dryout front position as
predictedfrom the numerics. From the figure the beginningof dryout
is predicted toward the end of interval 1 and continuesthroughinter-
val 2 and into interval 3. The numerics show that as the rotation back
tolevelis begunat r* = 0.67 the liquid responds almostimmediately
and the rewet is completed at #* = 0.96. The maximum distance the
front travels axially into the groove structure, defined as the extent
of dryout, is approximately x* = 0.88 and occurs at t* =0.76.

The circles in the figure represent the average of the measured
front locations from the same two experimental runs. The vertical
lines on the front location curve represent the uncertainty in this
measurement, £5 mm. The numerics capture the correct trends and
properlymodel the behaviorof the liquid front within the uncertainty
of the measurements.

Figure 12 shows the results of the power-on test. The axes and
their definitions are identical to those discussed for the power-off
case. From Fig. 12 one can see that the initial time of dryout occurs
earlier, full rewet occurs later, and the extent of dryoutis more pro-
nounced than for the power-off test. Definitions of the experimental
quantitiesand their associateduncertaintiesare identical to those for
Fig. 11. Again, the numerics capture the correct trends and properly
model the behavior of the liquid front within the uncertainty of the
measurements.

To get a full appreciation for the differences between the power-
off and power-on cases, the numerical results for each case are plot-
ted againstone anotherand are seenin Fig. 13. Comparing the liquid
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Fig. 12 Power-on test results (x* = 0.125).
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Fig. 13 Comparisonbetween power-off and power-on test (x* =0.125).

height curves, the power-off data lie a maximum of 3% above the
power-on data with the predominant deviations occurring in inter-
vals2 and 3. The reasonis caused by the increasedevaporationin the
power-on test as aresult of the increased liquid temperatures caused
by the external heating. The curves do not deviate until interval 2
because of the finite time required to heat the liquid in the groove.

Comparing the front location curves shows the primary effects
of external heating. The first difference is the time at which initial
dryoutoccurs: earlierin interval 1 for the power-on test. The second
difference is the rate at which dryout progresses, greater for the
power-ontest as evidenced by the steeper slope of the front location
curve. The third difference is the extent of dryout, which is 11%
greater for the power-on test.

The most interesting difference between the two front location
curvesis the behavior of the front during interval 3. In the power-off
test the front begins to recover and rewet the groove almost imme-
diately (#* =0.67), whereas the front in the power-on test continues
its dryout behavior until approximately #* = 0.90. At this point the
front reverses direction and begins to rewet the groove.

This behavior is caused by the dryout that occurs in the power-on
test because of external heating. External heating causes the groove
to heat up faster in the dried-out area than in the area that is still wet
with ethanol. When the groove is lowered and the ethanol begins to
rewet the hot groove surface, the amount of liquid that evaporatesis
greater than that being supplied by the bulk liquid motion because
of the transientbody force generated by the lowering of the groove.
However, once sufficient momentum is generatedby the body force,
the front reverses direction, and rewet begins. Full rewet occurs at
approximately #* = 0.99.

Conclusions

Transient body forces can influence the liquid motion in a heated
capillary structure. The influence of these body forces can cause a
dryout of the groove structure and by proper application can also
effect a rewet of dried-outregions. The motion of the liquid subject
to transientbody forces, along with the capability to predict dryout
and rewet, can be accurately modeled numerically.
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