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Analysis of Capillary-Induced Rewetting in Circular Channels
with Internal Grooves

X. F. Peng,* G. P. Peterson,i and X. J. Lui
Texas A&M University, College Station, Texas 77843

A combined theoretical and experimental investigation was conducted to determine the rewetting charac-
teristics of capillary-induced liquid flow in circular channels with microgrooves on the inside surface. This
investigation provides a theoretical description of the mechanisms that govern the rewetting of these surfaces,
and presents an experimentally verified method by which the location of the rewetting front in the evaporator
section of high capacity heat pipes can be determined as a function of the applied heat flux. The rewetting
velocity was found to be a function of the thermal properties of the liquid and the channel, the input heat flux,
the radii of the groove and the channel, and the location of the liquid front. The maximum heat flux under
which rewetting would occur was found to be a function of all these factors plus the input heat flux distribution.

Nomenclature

= specific heat of the channel
experimental constant

wall friction force

gravitational force

surface tension force

= gravitational acceleration

= liquid rise height

= latent heat of vaporization

= thermal conductivity of the plate
mass

= vaporization rate of the liquid
Prandtl number

= total heat transferred

heat flux

= vapor channel] radius

Reynolds number

= circumferential groove radius
temperature

= liquid saturation temperature

= surface temperature at the rewetting front
= time

= average velocity of the liquid

= rewetting velocity

= width of groove

= thermal diffusivity

contact angle

= cone angle

= thickness of the channel wall

= angle

= local angle of the rewetting front
angle in moving coordinate frame
absolute viscosity

= surface tension
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Subscripts
e = effective
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/ = liquid
max = maximum
w = wetting

Introduction

EVERAL heat pipe configurations have been, or cur-

rently are under consideration for use as radiator ele-
ments in low Earth orbit, manned space platforms. Two of
these, the Grumman monogroove heat pipe,! and the Lock-
heed graded-groove heat pipe,” shown in Figs. 1a and 1b, are
comprised of two parallel circular channels, one for vapor
flow and one for liquid flow. The liquid and vapor channels
in these heat pipes are connected by a small longitudinal slot
to provide axial pumping, while the small circumferential
grooves on the inside of the vapor channel distribute the
working fluid over the inner surface.

Under normal operating conditions, heat supplied to the
horizontal fin of the evaporator is conducted around the cir-
cumference of the vapor channel and through the heat pipe
walls to these circumferential grooves where the working fluid
is vaporized. Because of the high pressure associated with the
increased temperature at the evaporator, the vapor moves
towards the cooler condenser where it condenses and gives
up the latent heat. The liquid is then “pumped” back to the
evaporator by the capillary forces in the longitudinal slot.

Under high thermal loads or adverse gravitational condi-
tions, the longitudinal slot may not be capable of returning
sufficient liquid to the circumferential wall grooves, resulting
in dryout. When this occurs, it will be necessary to reduce
the evaporator heat flux to allow the circumferential wall
grooves to rewet. This rewetting process results from the high
capillary pressure induced by the small characteristic radius
of the wall grooves, and is extremely complex. The fluid flow
in the grooves is further complicated by the physical geometry
of the two heat pipes of interest here.

Several researchers, including Elliott and Rose,® Simo-
poules et al.,* Stroes et al.,”> Ueda et al.,>” Elias and Yadi-
garoglu,® and Raj and Pate,? have investigated the rewetting
characteristics of liquid films on heated or hot rods, tubes, or
flat surfaces. Saeed and Peterson!® have reviewed the work
of these and others and found that although these investi-
gations have provided substantial experimental data and con-
siderable insight into the behavior of these films on both
circular tubes and flat plates, no general physical model exists
which is capable of describing the governing phenomena or
the behavior of the liquid on grooved surfaces.

More recently, Peng and Peterson!’~'* have proposed sev-
eral models for investigating the rewetting behavior of specific
cases, including the wetting and rewetting of heated and un-
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Fig. 1a Monogroove heat pipe.*
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Fig. 1b Graded groove heat pipe.”

heated flat surfaces, and the rewetting of porous cover layers.
In all of these models, the vaporization of the liquid at the
rewetting front was assumed to be an important aspect of
rewetting. Consequently, the rewetting velocity was first re-
lated to the liquid flow velocity, then exact analytical solutions
were obtained to determine the rewetting velocity for a thin
liquid film as a function of the bulk liquid flow velocity, the
applied heat flux, the thermophysical properties of the liquid,
and the surface over which the liquid was flowing. These
theoretical analyses were then compared with several differ-
ent sets of experimental data.'> As a result of this work, a
generalized model which described the rewetting of flat heated
plates was presented and discussed. '

All of these investigations have focused on the rewetting
behavior of thin liquid films on flat heated surfaces with either
a porous cover layer or a series of relatively large parallel
grooves, and are significantly different from the case of a
circular surface with circamferential grooves.

Development of the Physical Model and
Theoretical Solution

In the evaporator section of the high-capacity heat pipes
(shown in Figs. 1a and 1b) the liquid flow is driven by surface
tension and, therefore, for a wetting fluid, the liquid film will
never be higher than the upper surface of the top-most groove.
This simplifies the problem considerably in that it allows each
parallel groove to be evaluated independently. To further
simplify the problem, assume initially that the solid surface
is at ambient conditions (i.e., not heated) and that the liquid
wets the surface (i.e., the wetting angle is zero) forming a
continuous film. For this case, the liquid layer is subjected to
a wall shear stress, a gravitational force, which may either
assist or hinder the rewetting depending upon the orientation
of the channel with respect to gravity, and a capillary driving
force. If an integral analytical method is utilized with the
entire liquid layer taken as the control volume, and the liquid
mass is assumed to increase as the length of the liquid layer
increases, the length of the liquid layer for a given time (?) is
fixed and the liquid velocity is the same for any point in the
contro!l volume (by continuity). As a result, the liquid film
advances at an average tangential velocity (U) which will vary
with respect to the length of the liquid film. The physical
model for this case is shown in Fig. 2. As illustrated, the flow
is assumed to be one-dimensional curvilinear flow, and the

q" UNIFORM
HEAT FLUX

WETTING
FRONT

Fig. 2 Physical model.

liquid film thickness is assumed to be constant along the groove,
as are the thermophysical properties of both the liquid and
the channel. In addition R is assumed to be very large com-
pared with r and 8.

Based on the considerations above, Newton’s law for the
liquid film in the groove can be written as

Fsurf—F _F

g fric

= £ mu) (1)

For a wetting fluid, the capillary driving force can be ex-
pressed as

Foi = Qolr)(mr?2) = aro @

The gravitational force is much more complex since the ori-
entation of the groove with respect to the gravitational vector
changes for different positions. However, an expression for
the gravitational force as a function of the angular position
can be expressed as

‘o, . 1 e .
F, = OErplgsmﬂRdG—Eﬂer,g Osmf)dﬂ

- %'n'rszlg(l ~ cos ) 3)

For Newtonian fluids in laminar flow, the shear stress at the
wall can be expressed as

ou

Tw = Ml—é;

.U _2uU
TR T @

at wall

Using this value, an expression for the wall friction can be
derived as

Feio = 7.,0R7r = Qu,U/Ir)0R7r = 27, RUB (5)
The differential time, dt, in Eq. (1) can be replaced by
dt = (R d6/U) (6)
= 37r2R6p, (7)
)

d 1
a(mU) = §7Tr2Rp, <U% + 9(—1—(‘{>

dt dr ®)
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Substituting Egs. (2), (3), (5), and (8) into Eq. (1) yields
1
TrG — ETrrZRp,g(l — cos 8) — 27w, RUB

1 R 5 dU
= z TP, <U‘ + 0Ud_0> (9)

or

dU 20 — rRpg(1 — cos 8) — (4/NwRU6 — rp, U?
de rp, 0U

(10)

with boundary conditions
8 =0, U=0 (11)

Equation (10) represents an expression for U as a function of
the angular position of the wetting front 6, and assumes that
the surface is at ambient conditions, i.e., uniform tempera-
ture, with no heat addition. Because of the functional de-
pendence of the velocity on position, a direct analytical so-
lution is not possible, and therefore, a numerical technique
must be employed.

Of greater interest in heat pipe applications is the case of
rewetting of a surface after dryout, i.e., with heat addition.
For this case, the liquid front is assumed to be driven by
capillary pressure and to advance along the grooves in the
channel wall to which a uniform circumferential g” has been
applied, as shown in Fig. 2. Because the surface is at an
elevated temperature (at or near the Leidenfrost temperature,
that temperature where the liquid will not remain in contact
with the surface due to rapid vaporization), some of the liquid
at the leading edge of the advancing liquid front is vaporized.
Assuming that vaporization occurs only at the leading edge
of the wetting front, the remaining liquid advances with a
velocity U,,, referred to as the wetting front velocity. The heat
required to vaporize this liquid is supplied by conduction from
the dry hot zone of the channel surface. When dryout occurs,
the heat supplied to the wetting front exceeds that required
to vaporize all of the liquid. For the case of no heat addition
previously described, no vaporization occurs and the wetting
front velocity and liquid velocity are equal. However, for a
heated plate, the liquid velocity is higher than the wetting
front velocity, since some of the liquid is vaporized, thereby
reducing the liquid mass flow rate.

To determine the amount of heat absorbed by the vapor-
ization process, the conduction equation for the channel wall
can be transformed to a coordinate system moving with a
velocity equal to that of the wetting front, U,,. In this analysis,
a curvilinear coordinate ‘system was employed and the con-
duction through the walls was assumed to be one-dimensional.
Several other fundamental assumptions were made and can
be summarized as follows:

1) The grooves on the surface were assumed to be located
immediately adjacent to one another, and the radius of the
grooves were assumed to be much smaller than the thickness
of the wall (i.e., r << 8).

2) The liquid temperature at the rewetting front 7, was
assumed to be different from the rewetting or Leidenfrost
temperature T, which was assumed to be constant and equal
to 7,.

3) The convective heat transfer between the plate and vapor
along with radiation from the heated surface and vapor was
neglected.

Utilizing these assumptions, the conduction equation for
the wall can be written as

\]
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or

2T ¢'R? dT
— pcRU, —
qe T s~ PRUCGS

(13)

The general solution of Eq. (12) is
T =C, + C,exp(pcU,.RO'k) + (¢"RO'/pcU,.6) (14)

For individual grooves of finite length, the condition at the
end of the grooves are very difficult to predict. However, the
issue of interest here is the determination of the conditions
at the wetting front. Therefore, it is reasonable to assume
grooves of infinite length, to obtain an approximate solution.
Differentiating Eq. (14) with 8’ yields

ar pcU.R pcU, RO’ < q'R
=, | P2+ 15
a - © < k > xp < k wevs) 1)

When 6’ — o, dT/d6’ — < this is physically impossible which
implies that C, = 0. At the rewetting front, however, the
plate temperature can be assumed to be equal to the Leiden-
frost or rewetting temperature, i.e., 8’ = 0, T = T, and using
this condition a solution for Eq. (15) can be derived as

T(8') = T, + (¢'RlpcU,.8)0" (16)

From this expression, the total heat conduction at 8" = 0 can
be found as

1 aT dr
=26 — 2 ) k= = 2k
Q <2r 2 7Tr > k R de, a8 -0 ’ R de, a0
(17)
or
O = (2rdkqlpcU,8) = (2rg"alU,) (18)

Since the total heat conduction in the region of the wetting
front is equal to the energy absorbed by the liquid vapori-
zation

Q = :7ri(U — U)phy (19)
Combining Egs. (16) and (18) yields
U - UU, + (49"almrph,) = 0 (20)

Solving for the rewetting velocity yields

U, = U = VU = (164" almrp;h,)] (21)

As noted in Ref. 11, the correct solution occurs when the
second term of Eq. (21) is positive. Hence, the rewetting
velocity is

U, = U + VU> — (16q"a/7rp,h,)] (22)

where, the velocity of liquid flowing in the groove is given by
Eq. (10).

Analysis and Discussion

Clearly, the liquid velocity U, as determined from Eq. (10),
is dependent upon the thermophysical properties of the liquid,
the radii of the vapor channel and the grooves, and the lo-
cation of the liquid front. The rewetting velocity as deter-
mined by Eq. (22) is also a function of these parameters,
along with the applied heat flux and the thermophysical prop-
erties of the channel. As was the case for the liquid velocity,
the rewetting velocity can only be obtained numerically.
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In order to solve for the real root which describes the re-

wetting velocity given in Eq. (20), the following relation must
hold true:

U — (16q"a/mrphy) = 0 (23)
Upon rearranging, this yields
qgwx = (er,h//16a)U2 (24)

This expression implies that for a specified liquid and channel,
(i.e., given the channel and groove radii, and the liquid and
solid properties) the applied heat flux cannot exceed the value
predicted by Eq. (24). This heat flux is the maximum heat
flux under which rewetting can occur. In addition, since the
liquid velocity U is a function of the angular position 6, the
maximum steady-state location to which the liquid front will
advance can be determined.

As noted in several previous investigations'! '* liquid sput-
tering and variations in the liquid/solid contact angle may have
significant effects on the rewetting of hot surfaces. Although
completely incorporating these factors into the equations de-
veloped here is difficult, some simplifying assumptions may
provide insight into how these factors affect the rewetting
mechanisms.

If the liquid does not fully wet the wall, the effect of the
wetting angle must be included in the driving force term given
in Eq. (1) or

Fouwe = (20 cos Bir)(mr3/2) (25)
With this modification, Eq. (10) can be modified such that

dU 20 cos B — rRpig(l — cos 8) — (41w RUO — rp U?

) rp,6

(26)

From this expression, the liquid layer velocity U can be ob-
tained, and therefore, U,, as a function of the contact angle
can also be predicted.

Evaporation of the liquid will occur only after the liquid
has been heated to a level somewhat higher than the liquid
saturation temperature. At the wetting front, only a thin layer
of the liquid immediately adjacent to the plate will reach a
sufficiently high temperature to be vaporized. Because of the
rapid boiling that occurs in this thin layer, the liquid above
it may be carried off by sputtering. To compensate for the
liquid carried off by sputtering, an expression for the thermal
boundary layer thickness for laminar flow is presented by Kays
and Crawford"’

8,/x = 4.64Re-V2Pr-\» 27)

can be modified to obtain
6,/r = ¢'Re '?Pr 1» (28)
where for the case of interest here, Re, = Urp,/u,, ¢’ is a
constant determined experimentally, and §, is the thickness

of the evaporated liquid layer. With these modifications, Eq.
(19) becomes

Q = 7r6(U ~ U,)ph; (29)
Combining Eqs. (29) and (18) yields

7rs(U — U)ph, = (2rqg"a/U,) (30)

or

U2 - UU, + 2q"almph8) = 0 (31)
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Solving for the rewetting velocity yields

U, = 3[U + VU — (8¢"a/mp,h,8))] (32)

Substituting the expression in Eq. (28) yields a rewetting ve-
locity of

U, = $[U + VTU® = (8UTPri"q olc mpl i hr ™))

and a maximum heat flux for which complete rewetting will
occur of

G'nas = i) Py PUPISPEG] (34)

Although the solution presented here is for the simplest
case of a circular channel with uniform heat flux on the outer
surface, solutions for other more complex geometries can be
obtained for different types of heat flux distributions. These
solutions require only that the geometry be well-defined and
that the heat flux distribution at the outer surfaces be known.
For example, in the case illustrated in Figs. 1a and b where
heat is transferred through the top surface, a two-dimensional
computational technique must be developed to determine the
circumferential heat flux distribution in the vapor channel.
Once this has been done, Egs. (10) and (33) can be used to
determine the liquid velocity and rewetting velocity as a func-
tion on # and/or the applied heat flux, and Eq. (34) can be
used to predict the maximum sustainable heat flux which would
allow complete rewetting.

Experimental Investigation

To further investigate the rewetting characteristics of this
particular problem, verify the preceding theoretical analyses,
and determine experimentally the constant ¢’ included in Egs.
(33) and (34), an experimental investigation was conducted.
A schematic of the experimental apparatus utilized in this
investigation is shown in Fig. 3. The test section was made of
stainless steel plate with sharp pointed V-shaped grooves ma-
chined into the surface with a horizontal milling machine. The
radius of the circular test section was 12.7 mm and the width
and apex angle of the circumferential grooves was 0.635 mm
and 60 deg, respectively. The test sections were insulated on
the backside and heated by directly applying a dc current
through it.

In this experiment, the liquid height or liquid front location
was measured using an angular scale attached directly to the
test section. This scale provided a method by which the liquid
height or front location could be measured with an experi-
mental uncertainty of =0.5 deg. The heating current and
voltage were measured to determine the heat flux supplied

—fw
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TRANSFORMER
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SCISSORS
JACK

Fig. 3 Experimental test facility.
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to the test section. Three different liquids, R11, methanol,
and acetone, were used as the working fluid for the experi-
mental investigation.

The experiment was conducted for three different liquids
over a wide range of applied heat fluxes. When the wall tem-
perature of the test section was higher than the saturation
temperature corresponding to the ambient pressure (approx-
imately 60—100°C), the test section was lowered into the liquid
until the liquid level reached the location where 6 = 0, as
shown in Fig. 3. After the liquid rise height had reached a
maximum steady-state value, the angular position of the wet-
ting front and heat flux were measured. No attempt was made
to measure the rewetting velocity in the experiment due to
the difficulty associated with this measurement.

Asmentioned above, the rewetting is induced by the surface
tension forces occurring in the circumferential wall grooves.
Therefore, the effective capillary radius of the grooves is an
extremely important factor in this problem. Here, the effec-
tive capillary radius for the three different test plates was
experimentally determined from

(Qolr) = pgh (35)

where the effective capillary radius is the groove width.

For different liquids, the liquid rise height without heating
could be measured. The effective capillary radius was there-
fore calculated by Eq. (35), and the average capillary radius
from the data obtained for all three liquids, was 0.26 mm with
a variation of less than +1%.

Results and Discussion

To analyze the theoretical and experimental results, a nu-
merical technique was used to find the average tangential
liquid velocity as a function of 8, assuming the test section
was at ambient temperature (i.e., not heated). Although the
analytical expression Eq. (10) derived previously was for semi-
circular grooves, not the V-shaped grooves used in this in-
vestigation, V-shaped cross-sectional area and hydraulic di-
ameter were approximately equivalent to semicircular grooves
with a radius equal to the experimentally determined radius.
The resulting tangential velocities are illustrated in Fig. 4 as
a function of angular position 8 for Liquid R11, methanol,
and acetone. The numerically determined maximum angular
position, corresponding to that point where the velocities are
equal to zero, are in good agreement with the measured values
of 1.52, 2.21, and 2.36 rad for R11, methanol, and acetone,
respectively.

The experimental data for the test conducted on the three
heated plates are shown in Fig. 5, where the applied heat flux
is plotted as a function of the liquid rise angle. Based on the
experimental data in Fig. 5, ¢’ was estimated to be 0.0021 for
all three liquids. In addition to the experimental data, the
theoretical results of maximum liquid rise angle for specified
heat flux, predicted by Eq. (34) with ¢’ = 0.0021, are also
presented in Fig. 5. Asillustrated, the theoretical results agree
quite well with the experimental data. This, at least, implies
that the physical model, mathematical description, and the
solution methods are effective and useful in the analyses of
this type of problem.

It is worthy to note that the modification developed to
account for the effect of sputtering is very important. The
experimental observation clearly indicates that the sputtering
phenomena existed in all test cases. As previously described
in Ref. 12, the computed results from Eq. (24), in which the
modification for sputtering is not included, are significantly
higher than those obtained from Eq. (34).

The heat pipes described earlier and depicted in Figs. 1a
and 1b have R = 7.6 mm and r = 0.067 mm. Using these
dimensions, the resulting liquid velocity can be expressed as
a function of location of the wetting front using Eq. (10) and
can be determined numerically. Once this has been done, the
variation of maximum sustainable heat flux with respect to
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Fig. 6 Predicted maximum radial position as a function of applied
heat flux for heat pipes with R = 7.6 mm and r = 0.067 mm.

the angular position can be found from Eq. (34) using ¢' =
0.0021. Figure 6 illustrates the results of this process for sev-
eral different liquid/solid material combinations. These results
indicate that as the heat flux increases, 6 which describes the
location of wetting front, decreases. Clearly, when the liquid
rewets the entire channel surface, the applied heat flux is less
than or equal to the value at that point where 6 = #. For
different liquid/material combinations, the applied heat flux
under which liquid can rewet the entire channel surface is
different, ammonia/copper, ¢” = 3150w/m?, R11/copper, ¢"
= 73.4w/m?, ammonia/aluminum, ¢” = 3925w/m?, and R11/
aluminum, g” = 73.4w/m’.
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Conclusions

A theoretical investigation has been conducted and a phys-
ical model has been developed to determine the rewetting
characteristics of capillary-induced liquid flow in circular channel
with microgrooves on the inside surface. This investigation
provides a theoretical description of the mechanisms that gov-
ern the rewetting of these surfaces. The rewetting velocity
was found to be a function of thermal properties of liquid and
the channel, the input heat flux, the radii of the groove and
the channel, and the location of the liquid front. The maxi-
mum heat flux under which rewetting would occur was found
to be a function of all these factors plus the input heat flux
distribution.

An experimental investigation was conducted in parallel to
verify the modeling technique and to determine the maximum
rewetting position as a function of the applied heat flux. Com-
parison of the analytical and experimental results indicated
good agreement and demonstrated that the rewetting front
position as a function of the applied heat flux could be de-
termined for the two proposed heat pipe configurations with
a reasonably high degree of accuracy.
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Introduction to Satellite Thermal Control
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T his course is designed to give thermal engineers without exten-
sive spacecraft experience, as well as spacecraft systems
engineers, managers, and government representatives without a back-
ground in thermal design, a basic understanding of spacecraft thermal
design. A complete overview of spacecraft design and thermal control
will be presented in this intensive two day short course. It will cover the
factors that influence thermal control subsystem cost and complexity, as
well as the impact of the thermal design on other spacecraft subsystems

Call David Owens, Phone 202/646-7447, FAX 202/646-7508, for more




