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Film Evaporation from a Micro-Grooved Surface—An
Approximate Heat Transfer Model and Its Comparison with

Experimental Data

X. Xu* and V. P. Careyt
University of California, Berkeley, Berkeley, California 94720

An analytical model is presented that can be used to predict the heat-transfer characteristics of film evapora-
tion on a microgroove surface. The model assumes that the liquid flow along a "V"-shaped groove channel is
driven primarily by the capillary pressure difference due to the receding of the meniscus toward the apex of the
groove, and the flow up the groove side wall is driven by the disjoining pressure difference. It also assumes that
conduction across the thin liquid film is the dominant mechanism of heat transfer. A correlation between the
Nusselt number and a nondimensional parameter ¥ is developed from this model which relates the heat transfer
for the microgroove surface to the fluid properties, groove geometry, and the constants for the disjoining
pressure relation. The results of a limited experimental study of the heat transfer during vaporization of a liquid
coolant on a microgroove surface are also reported. Film-evaporation transfer coefficients inferred from these
experiments are found to correlate fairly well in terms of Nusselt number and ¥ parameter format developed in
the model. The results of this study suggest that disjoining pressure differences may play a central role in
evaporation processes in microgroove channels.

Nomenclature
A = constant in the disjoining pressure equation
A A = cross-sectional area of meniscus triangular channel,

Eq. (4)
B = constant in the disjoining pressure equation
dh = hydraulic diameter of the meniscus channel, Eq. (4)
/ = Fanning friction factor
Fv = viscous term defined in Eq. (1)
G = mass flux in x direction
g = gravitational acceleration
h = heat transfer coefficient
hfg = latent heat
K = parameter in Eq. (3)
kf = thermal conductivity of liquid
L - length of the groove channel
m = mass flow rate in z direction
mc = mass flow rate in x direction
N - number of grooves per unit length of surface
PI = pressure in liquid region
Pv = pressure in vapor region
q " - heat flux normal to the prime surface
qi = heat flux normal to the groove side walls
Re = Reynolds number
Rm = thermal resistance at the interface
Rd ~ thermal resistance of the thin film
r(x) = radius of meniscus at x
w = half of groove width
x = coordinate along groove channel
*max = dryout location
y = coordinate normal to groove side wall
z = coordinate along groove side wall
zm - maximum length of liquid film on groove side wall
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j8 = slope of the groove surface with regard to gravity
6 = film thickness
r; = nondimensional form of x coordinate, x/L
6 = half the vertex angle of a groove
Hf - absolute viscosity of liquid
Vf = kinematic viscosity of liquid
¥ = nondimensional parameter, w/r(x)
pf = density of liquid
a = surface tension
d = condensation coefficient

Introduction

E VAPORATION of thin liquid films has long been recog-
nized as a means of achieving high heat transfer coeffi-

cients and/or high heat flux densities. As a result, techniques
which employ this mechanism have considerable potential for
use in a number of technical applications, including heat pipes
for aerospace thermal control, electronics cooling, desalina-
tion systems, and process heat exchangers (see, for example,
Ref. 1). One means of creating such a thin film is to promote
the formation of an extended meniscus at the location where a
liquid free surface contacts a solid wall. Experimental studies
on the evaporation of the two-dimensional extended meniscus
have been conducted by Renk and Wayner,2 Cook et al.,3
Wayner et al.,4 and Mirzamoghadam and Catton.5 These re-
searchers used optical techniques to explore the film-thickness
variation and transport in the liquid film during the evapora-
tion process.

Analytical models of evaporation from the meniscus and/or
extended thin film have also been presented in several studies.
Potash and Wayner6 have studied the evaporation from an
extended two-dimensional meniscus. They applied the concept
of disjoining pressure to the extended thin-film region above
the intrinsic meniscus. Wehrle and Voulelikas7 have presented
a model for a similar scenario. However, in their model, a
norievaporating thin film was assumed to exist at the location
where the intrinsic meniscus terminates, and the effect of dis-
joining pressure variations was ignored in this model.
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Schrieider et al^8 have analyzed heat transfer in a "V"-
groove channel and its walls using a finite element method.
Edwards et al.9 have presented a power-law solution for evap-
oration from a finned surface. They accounted for the varia-
tion in the curvature of the meniscus when computing the
pressure gradient in the liquid. In 1979, Holm and Goplen10

developed an analytical model for heat transfer in capillary
grooves. An aim of this study was to assess the effects of
interline heat transfer by varying several parameters such as
groove spacing and heat input. In these calculations, the
grooves were assumed to be rectangular, 0.508 mm wide and
1.27 mm deep. It was concluded that most of the heat was
transferred in the intrinsic meniscus region while very little
occurred in the evaporating film region.

In another study, Vasiliev et al.11 performed experiments in
which liquid flowed along "V '-shaped grooves placed hori-
zontally. The maximum heat fluxes were obtained for differ-
ent vertex angles and channel lengths.

The preceding studies provide valuable information on the
mechanisms of evaporation from meniscus and/or thin films.
However, the studies of evaporation in grooved channels just
noted did not consider the interaction between a capillary-
driven flow along a channel in a grooved surface and evapora-
tion in the extended meniscus region at a given location. Such
a circumstance is commonly encountered in heat-pipe evapora-
tors such as those tested by Holmes and Feild.1 In the investi-
gation summarized here, the heat transfer mechanisms associ-
ated with microgroove evaporation processes of this type are
considered in detail.

Moreover, several of the studies7'9 did not consider the ef-
fect of disjoining pressure. The nature of the disjoining pres-
sure effect described by Potash and Wayner6 suggests that the
rapid change in the film thickness at the interline near the end
of the intrinsic meniscus would induce a large pressure gradi-
ent in the liquid (which can be calculated from the disjoining
pressure equation given in Ref. 6). The pressure gradient in-
duced by this mechanism may have a strong effect on the flow
of liquid in this region.

The present investigation specifically focused on a surface
with V-shaped microgrdoves, similar to that considered by
Holmes and Feild.1 The grooves on these surfaces are of much
smaller scale than those considered in the studies of Holm and
Goplen10 and Vasiliev et al.11 An approximate analytical model
of the flow and evaporative heat transfer in the microgrooves
is presented. Our model differs from those developed in the
preceding previous studies in that disjoining pressure effects
are postulated to play a major role in the flow of liquid in the
extended meniscus.

The disjoining difference across the film is known to vary
directly with liquid film thickness.6 In the interline region, the
liquid film thickness is expected to vary strongly with distance
along the wall of the V groove. This suggests that strong dis-
joining pressure gradients in the liquid may exist in this region,
which may have a significant effect on the liquid motion there.
The main objective of this study was to test this hypothesis
against experimental evidence. The results of new heat trans-
fer experiments for evaporation of methanol and acetone on a
microgroove surface are also presented and used to evaluate
the analytical model. Predictions of the model are also com-
pared to data presented by Holmes and Feild1 for evaporation
of ammonia in a heat-pipe evaporator.

normal of f thin film

Fig. 1 Intrinsic meniscus and thin-film profiles along the groove
channel.

onto the groove wall, forming an extended thin film above the
intrinsic meniscus (see Fig. 1).

The analysis is carried out based on the following idealiza-
tions: 1) The axial flow along the groove channel (in the x
direction) occurs mainly in the intrinsic meniscus region i be-
cause the resistance to flow in the thin film is higher; 2) the
intrinsic meniscus has a constant radius of curvature at a cer-
tain x, and the capillary pressure gradient due to the decreas-
ing radius drives the liquid flow in the x direction; 3) the
curvature effect is neglected in the extended thin-film region,
and the disjoining pressure gradient due to the variation of
film thickness drives the film flow up the V-groove wall (in the
z direction); 4) evaporation occurs primarily in the thin-film
region, and the heat transfer across the thin film is by conduc-
tion along; 5) the vapor pressure is constant.

We first consider the axial flow (in the x direction), as indi-
cated in Fig. 1. The force balance equation for flow in the x
direction is given by

/
— + Pfg sin/3 + Fv = 0 (1)

where ft is the angle between the gravity direction and the
normal of the prime surface. Here, Fv, the viscous term, is
related to the Fanning friction factor / as

2/G2

Pfdh
(2)

where / for an open channel flow of this type has been deter-
mined by Ayyaswamy et al.12 to be given by

Gdh
(3)

In the above relation for/, K depends on the groove half-angle
6 and the contact angle. Note that K in Eq. (3) is one-fourth of
the value given in Ref. 12 due to the differences in the defini-
tion of/. By neglecting the axial liquid flow in the thin-film
region and assuming that the contact angle of the meniscus is
zero, as depicted in Fig. 2, A± and dh are given by

Analytical Model
This analysis considers the microgroove geometry shown in

Fig. 1. One end of the V-shaped microgroove is immersed in a
pool of the testing liquid. The liquid is assumed to "wick" up;
the groove against gravity and/or a frictional pressure gradient
by establishing a varying radius of curvature at the interface of
the intrinsic meniscus. The intrinsic meniscus recedes closer to
the apex of the groove to achieve this reduction in the radius
of curvature. In addition, it is assumed that liquid is adsorbed

dh = c2r(x) (4)

where

c2 = 2ci tan0

Since Pv is constant, we can, in light of the capillary equa-
tion, relate the liquid pressure gradient to the radius of curva-
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Fig. 2 Geometry of the assumed meniscus triangular channel.

ture as

dPi_ _d d ( o ^
dx~ ~d* (Py~P/ )~ ~dx\r(x). (5)

Combining Eqs. (1-5), and noting that by definition G = mc/
A&, we convert Eq. (1) to

d / a \ . , 2Km(T- ( -7-7 ) = Pfg sin/3 + —-dx \r(x)/ c3r\. (6)

where c3 = Cicf. For a specified q"(x), if the liquid is satu-
rated, mc is given by

i q"(x) dx

where mc is zero at xmav
Substituting Eq. (7) into Eq. (6), and introducing the follow-

ing nondimensional variables

w
(8)

where

2KvfL2

a differential equation for ̂  can be obtained

d¥
— = - *4 | Q"(r?) drt + cs sin/3 (9)

where

C5 =
pfgLw

Assuming that r(x) is equal to w/cos0 at x = 0, (i.e., the
meniscus fills the entire V groove), we obtain

= cos d, at rj = (10)

Solving Eqs. (9) and (10) for ¥(TJ), we may obtain the radius of
curvature of the meniscus as a function of x for a given q " (x).

We subsequently consider the flow up the groove wall (along
the z axis), intending to determine the film-thickness profile on
the groove side wall. In general, both capillary and disjoining
pressure effects may play a role in determining the film thick-
ness on the side walls of the V groove. However, this situation
is idealized here by assuming that the capillary pressure only
affects the intrinsic meniscus region, whereas disjoining pres-
sure only affects the extended thin-film region. The pressure
variation due to these effects must match at the junction of the
intrinsic meniscus and the thin film.

As shown in Fig. 3, assuming the flow iri the extended thin-
film region is laminar, we can obtain the pressure gradient by
making the z -direction force-momentum balance for an ele-
ment of unit width

dPi IthVf
-

,
- PfS cos/3 cos0 (ID

As just postulated, the driving force in the thin liquid film is
due to the gradient in the disjoining pressure. Following
Potash and Wayner,6 the relation between the disjoining pres-
sure and the film thickness can be represented by

(12)

where A and B are empirical parameters. As shown in Fig. 4,
the relations for mass and energy conservation require that

d(-mhfg)= -qidz (13)
The z variation of the heat flux qi is not known a priori. As
a first approximation, we therefore idealize it as being uniform
along the portion of the groove wall covered by the expended
thin film. From Fig. 4, it can be seen that qi and qi must be
related as

(14)

The heat transfer to the intrinsic meniscus is expected to be
small compared to that across the thin film and is thus ne-
glected. Figure 4 also shows the relation between the maximum
length of the film region zm and radius of the meniscus, given
by

(15)

Assuming m = 0 at the top of the side wall (z = 0), we obtain

f* <7" /*\rti= 1 dm = r^r- ( — ) 06)

interface

vapor

gcos/3

Fig. 3 Force balance schematic for the thin film on a groove side
wall.

Fig. 4 Definition of two heat fluxes qi and q" with reference to the
profiles of the intrinsic meniscus and the extended thin film.
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Substituting Eqs. (16) and (12) into Eq. (11), the following
differential equation for the film thickness is obtained

A boundary condition for this equation is obtained by
matching the liquid pressure in the intrinsic meniscus region to
that in the extended thin-film region at the junction of these
two regions

CPc)meniscus =

This matching thus yields

at Z = 0 (18)

\/B

V atz =0 (19)

The film-thickness variation in the z direction can be deter-
mined by numerically solving Eq. (17) using Eq. (19).

Since it is assumed that heat conduction across the thin film
is dominant, and that the thermal resistance at the liquid-vapor
interface is neglected, it follows that the heat transfer coeffi-
cient distribution along the groove can be determined from

(20)

The measured heat transfer coefficient is based on the base
(projected) area of the groove surface; hence, we have

h (x) = (21)

By defining the following nondimensional parameters

(22)

Eqs. (19) and (21) can be transformed to

-z' +c7 cos/3 \d'B+l (23)— - _ ( * cotfl^
dzr \sin0

(24)

where

Q =
_ l /3w^-
~ c4\2NABhfg;

pfg
AB

and

(25)

For a specified coolant, groove geometry, heat flux varia-
tion q"(x), and system vapor pressure, the preceding model
can thus be used to predict the variation of the average heat
transfer coefficient along the microgroove, provided that the
disjoining pressure constants A and B are known.

At each x location along the groove, the nondimensional
parameter V is computed using Eq. (9). At the same time, the
Nusselt number can be obtained from

(26)

1000

100

Nu 10

0.1
0.1 0.2 0.5

[/•1

Fig. 5 Nusselt number \s*~l for methanol, obtained from the ana-
lytical model with the constants in the disjoining pressure relation
A = 1 x 10-11 Pa(m)* and B = 3.0.

TANK

CONDENSER

COOLANT

COOLANT OUTLET
INLET

GROOVED
SURFACE

Fig. 6 Schemtaic of the test rig.

The relation between Nu and ̂  can then be determined for a
specified groove geometry and test liquid. For the groove ge-
ometry considered in this study, the computed relation is
shown in Fig. 5. The test liquid was methanol, and the con-
stants A and B were chosen to be A = 1.0 x 10 ~ 1 1 Pa (m )B and
B = 3.0, respectively, where B is recommended in Ref. 6.

To examine the accuracy of this model, experiments were
conducted in which the evaporative heat transfer performance
of a microgroove geometry was determined for conditions
such as those specified in the model calculations described
above. The apparatus, procedure, and results of these experi-
ments are described in the next two sections.

Experimental Apparatus
A schematic of the test rig used in the grooved-surface ex-

periments is shown in Fig. 6. Parallel microgrooves were ma-
chined on one end of an oxygen-free copper slab, forming the
testing surface. The copper slab was mounted at the bottom of
a cylindrical, stainless steel tank with the grooved end inside
the tank. At the opposite end of the copper slab, two electrical
resistant heaters were clamped to either side to provide heat
input. The heat input was virtually uniform at the same x
location for different grooves (see Fig. 4).

As shown in Fig. 6, small portions of the side surfaces of the
copper slab extended slightly into the tank. These areas were
covered by a layer of plastic rubber to insulate the side wall
against lateral heat loss. This ensured that virtually all of the
heat would be directed to the grooved end surface. Flanges at
both the top and the bottom of the tank were sealed using
O-rings.
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copper slab and calculating the energy balance for each ele-
ment. Heat conduction from one element to another can be
determined from the obtained temperatures and the distances
between the thermocouples. From the energy balance calcula-
tions, the surface heat flux and superheat were obtained at
those thermocouple bank locations. The mean heat flux and
heat transfer coefficients for the first two surface elements
determined in this manner are indicated by the " + " symbols
in Figs. 8 and 9 for a typical run for methanol and acetone,
respectively. The heat fluxes for the remaining three surfaces
elements were close to zero, hence, they are not shown here.

There were several unexpected complexities in our experi-
ment. In designing the experimental apparatus, we anticipated

jB

nucleate boiling
/ , film evaporation

40

20

dry surface

Fig. 7 Micrograph of the microgroove surface.

Inside the tank a condenser was connected to its coolant
supply by fittings which passed through the cover plate. At the
bottom of the condenser, a baffle was welded so that the
condensed liquid would be directed to the liquid pool away
from the grooved surface. City water was used as the con-
denser coolant. A flowmeter was used to control the water
flow rate to the condenser to keep the system stabilized at a
specified saturation condition. To monitor the saturation con-
dition in the tank, a pressure gauge was installed on the cover
plate. A thermocouple was also installed in the vapor region to
monitor the vapor temperature in the tank.

The dimensions of the copper slab was 127 x 25.4 x 101.6
mm, whereas the length of the groove was 25.4 mm. At each
of five locations along the groove channel, an array of three
thermocouples was embedded in the copper slab to measure
the temperature distribution. These thermocouples were lo-
cated at 2.5, 7.6, and 15.2 mm below the grooved surface,
respectively. Temperature readings were taken using a Fluke
digital readout connected through an Omega thermocouple
switch. The V grooves were 64 jum wide and 190 /mi deep. Half
the apex angle of a groove was 9.35 deg. The density of the
grooves was 110/cm. Figure 7 shows a micrograph of the
grooved surface.

The tank was mounted on a wood box attached to a support-
ing frame which made it possible to orient the grooved surface
at different angles relative to horizontal. Acetone and
methanol were used as the test liquids. Experiments were car-
ried out at or near atmospheric pressure.

Experimental Procedure and Results
The experimental procedure was as follows. With the axis of

the groove inclined at a predetermined angle with respect to
gravity, the tank was filled with a test liquid until it touched the
lower edge of the grooved surface. When heat was supplied,
liquid was pumped up along the grooves by the capillary pres-
sure gradient and evaporated. The vapor generated in this
manner was then condensed and fell back into the liquid pool.
For a preset power rate, the flow rate through the condenser
was adjusted such that the vapor temperature was stabilized at
the saturation temperature of the test liquid at or near atmo-
spheric pressure. It generally required about 30 min to stabilize
the system.

When the system was stabilized at a desired condition, tem-
perature readings were taken. The data were first reduced by
defining a finite element around each thermocouple in the

_ 400

°i 300

^ 200
r

°" 100

10 12
X (mm)

A .
'

firpt element
' second
i efement

Fig. 8 Typical data for methanol with the normal of the surface at 30
deg angle relative to gravity; treatment of the nucleate boiling at the
first element and the dry out at the second element.

nucleate boiling
/ film evaporation

i 20
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- dry surface
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lAwbt .Adry 1
'seiond '

Element

Fig. 9 Typical data for acetone with the normal of the surface at 20
deg angle relative to gravity; treatment of the nucleate boiling at the
first element and the dryout at the second element.
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that most of the copper surface would be wetted by liquid and
that film evaporation would therefore occur over most of the
grooved surface. We found, however, that the nature of our
apparatus was such that accurate data could be obtained only
at higher heat flux levels, which resulted in some nucleate
boiling at the immersed end of the surface and a dryout of the
liquid film only a short distance along the surface. Despite
this, detailed analysis of the data allowed us to deduce the
film-evaporation contribution to the overall heat transfer from
the surface (see Appendix).

Based on the method described in the Appendix, heat trans-
fer coefficient data for the film-evaporation region were ob-
tained. These are shown in Figs. 8 and 9 as the square symbols.
The theoretically predicted heat transfer coefficient variation
in the film-evaporation region is also shown respectively in
Figs. 8 and 9 as a solid curve. This result of h is based on the
groove geometry, fluid properties, the assumed q" profile (the
straight dash lines in q"-x plot in Figs. 8 and 9), and the
constants A = 1 x 10 ~ n Pa(m)B and B = 3.0. The reason for
choosing these values for A and B will be discussed shortly.
Note that the theoretical prediction is valid only in the film-
evaporation region. A sudden dropoff of h occurs when dry-
out occurs. This trend is indicated by the dashed curve in the
h-x plot.

It can be seen from Figs. 8 and 9 that the experimentally
determined film evaporation heat transfer coefficients for
methanol and acetone reached as high as 30 kW/m2°C.
The superheat obtained during the experiments ranged from
5-10° C, which was relatively high for film evaporation.

Figure 10 shows the Nu and ̂  "l data from the experiments.
The corresponding values of Nu were determined from h.
Meanwhile, using the assumed sectionally linear q" profile for
film-evaporation region, ¥ was computed from Eq. (9) for
each data point. Note that the parameter K in Eq. (3) is ap-
proximated here by K = 10.94 for 0=10 deg, given in Ref. 12
(since in our tests 0 = 9.35 deg). The best fit to the data, which
are based on the analytical model, are also shown in Fig. 10 for
methanol and acetone. The values of A and B obtained from
the best fit of the data are A = 1 x IQ'11 Pa(m)Ba.ndB = 3.0.
These values were used when determining the theoretical h
variations as shown in Figs. 8 and 9. It can be seen that the
theoretical prediction shows the right trend and agrees fairly
well with the experimental results. In their study, Potash and
Wayner6 have presented two sets of values for A and B for
carbon tetrachloride on glass:A = 1.702 Pa(m)B and B =0.61
for the extremely thin films (6 < 7.28 x 10~3/mi) and
A = 0.61 x 10x 19 Pa(m)B and B = 3.0 for the relatively thick
ones (5> 7.28 x 10 ~ Vm)- Our experimental data indicate that
the film thickness ranges from 2-20 jim. Hence, the value of
B = 3.0 was chosen in this study. However, the value of A
obtained from the best fit of our data is considerably different
than the value of A = 0.61 x 10"19 Pa(m)B recommended in
Ref. 6.

1000
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Nu 10

1

0.1

D Methanol
A Acetone

0.1 0.2 0.5

Fig. 10 Comparison of the experimentally determined relation be-
tween Nu and * ~ l vs that predicted by the analytical model. The solid
line is the best fit to the experimental data, with the constants in the
disjoining pressure equation to A = 1 x 10" n Pa(m)B and B = 3.0.
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Fig. 11 Comparison of the data of Holmes and Feild1 with predic-
tions of the model.

In Fig. 11, some experimental data for evaporation of am-
monia on a microgroove surface presented in Ref. 1 are shown
along with our theoretical prediction. From personal corre-
spondence with the authors of Ref. 1, the heat flux profile and
the geometric dimensions were obtained for their surface. The
data were then transformed to Nu and ^ ~ l according to the
procedures in the model, with K = 10.15 for 6 = 20 deg pre-
sented in Ref. 12. Very good agreement between these experi-
mental data and the analytical prediction can be observed with
A = 0.61 x 10-13 Pa(m)B and B = 3.0.

It should be noted that very different values of the parame-
ter A were used in our theoretical prediction for our experi-
mental system in Ref. 1. This is not completely surprising since
the working fluids, as well as the materials used for the
grooved surface, are different in these two systems. In the
experiments conducted in Ref. 1, the combination of ammonia
and aluminum were selected. Ammonia, which is a polar
molecule, has different properties than methanol and acetone
which are nonpolar. Hence, in general, it is expected that the
parameters A and B in the disjoining pressure relation will
depend on the combinations of working fluid and surface
material.

Discussion
In our analysis, we assumed that the thin film extends to the

top of the groove side wall and that q'i is uniform. Values of
A and B obtained by fitting our experimental data and the data
in Ref. 1 indicate that d varies very little along V-groove walls.
This is consistent with the uniform q [ idealization adopted in
the analysis. It should also be mentioned that Rm, the inter fa-
cial thermal resistance, as derived by Sukhatme and
Rohsenow,13 is neglected in our analysis. We have calculated
Rm for several conditions, using the equation given in Ref. 15,
and found that it would be comparable to Rb when the film is
thinner than 0.5 ^m (with a = 0.04). If a = 1.0, the film should
be even thinner in order for Rm to be comparable to R8. How-
ever, for most of the cases of interest here, the film thickness
was computed to be in the range of 2-20 /mi. Since these
estimates indicate that Rm is generally small compared to Rd,
this suggests that it is appropriate to neglect the interfacial
resistance in this analysis. As in additional check, the equi-
librium film thickness was also calculated for several condi-
tions. The results indicate that the film thickness obtained in
our experiments is larger than the equilibrium film thickness,
indicating that the thin film was evaporating.

It is worth noting that the heat conduction in the copper slab
in the immediate vicinity of the V groove is not considered in
the analysis, nor is the effect of the variation of the surface
tension with temperature. Typical results from the experiment
show that the temperature variation in the copper, from the
apex of the V groove to its top edge, is no more than about
0.05 °C. Hence, it appears reasonable to neglect the variation
of the temperature along the V-groove wall in the copper. As
for the influence of the surface-tension variation with temper-
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ature, a 10°C variation of temperature results in about an 8%
variation of a for acetone. This implies that variations of a in
this system are sufficiently small that it is reasonable to idealize
it as being constant.

It is also interesting to note that, when the gravity effect on
the film and intrinsic meniscus is neglected along the groove
channel (in the x direction), the following closed integral form
for ¥ can be obtained:

'=U<r3-3j T
-1/3

(27)

Moreover, for very small grooves such as those used in the
present study, the film thickness varies very little on the groove
side walls (in the z direction) so that the mean film thickness is
almost equal to the maximum film thickness. For these circum-
stances, the relation between Nu and ¥ ~ l can be simplified to

/Aw\~l/B

Nu * (2zmN)w( —— ) (
\ <* /

>) (28)

This simpler but more approximate version of the model may
be more useful for the design of microgroove evaporator sur-
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Fig. 12 An assumed heat flux distribution used in the parametric
study.
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Fig. 13 Effect of varying the geometric parameters of the triangular
microgroove surface on the relation of Nu vs ¥ - l . The results shown
are for ammonia with a) varying N and fixed 0, and b) varying 0 and
fixed N.
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Fig. 14 Effect of varying the geometric parameters of the triangu-
lar microgroove surface on the heat transfer coefficient. The results
shown are for ammonia with a) varying TV and fixed 0, and b) vary-
ing 0 and fixed N.

faces since the effects of fluid properties and surface geometry
variables are more explicit in the resulting correlation. Calcu-
lations using this form of the model and the full model indicate
that there is little loss in accuracy associated with neglecting
gravity effects.

A parametric study was also conducted in order to predict
the effect of the geometric parameters on the heat transfer
performance of a microgroove surface. In the parametric
study, we assume that there is no space between the grooves
(i.e., I/TV = 2w in Fig. 4). We also assume that the following
remain fixed: the fluid properties q"(x) and the length of the
groove channel L. Among the fixed parameters, q"(x) was
chosen to be one that is typically encountered in the grooved
surface heat-pipe applications (shown in Fig. 12), the working
fluid to be ammonia at a pressure of 880 kPa, and L to be
19.2 mm.

Since the groove density N is related directly to the groove
width 2w, only two variables can be changed, which we chose
to be N and half-groove angle 0. We specifically examined the
following two cases: 1) fixed 6 with varying TV, and 2) fixed TV
with varying 0. The resulting variations in the relation between
TVw and ^ are shown in Figs. 13a and 13b. In addition, varia-
tions in h(x) are shown in Figs. 14a and 14b.

It should be noted that the preceding results were based on
the assumption that q"(x) would not change when varying the
geometric parameters. In many heat-pipe applications, q"(x)
would, in fact, vary with changes in the surface geometry.

Concluding Remarks
In this study, we presented an approximate model to investi-

gate the mechanism of film evaporation in a V-groove channel.
In this model, the heat transfer in the intrinsic meniscus is
neglected, implying that film evaporation in the extended
meniscus is the dominant mechanism. A relation between the
Nusselt number and a parameter ̂  developed in the model can
be determined numerically from the resulting set of nondimen-
sional equations.
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The experiments conducted as part of this study to evaluate
the theoretical model were not as definitive as we had initially
hoped. Because of the assumptions invoked in the data reduc-
tion to account for the effects of nucleate boiling and surface
dryout, the uncertainty in the film evaporation heat transfer
coefficients deterrnined from the data is relatively high. Never-
theless, the trends for both fluids tested agree well with those
predicted by the model. Although these data do not completely
validate the model, they do support the contention that it
provides a realistic treatment of the flow and heat transfer.

It is perhaps more significant that the model predictions
agree well with heat transfer data for film evaporation of am-
monia on a different microgroove surface obtained indepen-
dently by Holmes and Feild.1 The good agreement with these
data appears to be the most convincing evidence supporting
the hypothesis, stated in our model, that disjoining pressure
effects are important. The good agreement between predic-
tions of this approximate model and the data for different
fluids suggests that it may be a useful tool for evaluating the
performance of microgroove evaporators for heat-pipe appli-
cations. It is clear, however, that more information about the
disjoining pressure effects in thin films is needed to apply this
model widely to real systems.

A parametric study was also conducted to explore the effect
of geometric parameters on the heat transfer performance. It
can be seen from the results (Figs. 14a and 14b) that, when the
groove density is fixed, the heat transfer performance is en-
hanced by decreasing the apex angle of the grooves (making
the grooves deeper), and when the apex angle of the grooves is
fixed, the heat transfer coefficient increases with increasing
groove density.

Appendix
In the section on Experimental Procedure and Results, it

was mentioned that our experiment had some unexpected
complexities, such as the nucleate boiling at the leading edge
and the early dryout of the grooved surface. In this section, we
describe a method to deduce the heat transfer data due to
film-evaporation mechanism alone, by properly accounting
for the effects of nucleate boiling and dryout.

During the experiment, we found that there is a minimum
surface heat flux level for our system below which the temper-
ature differences in the copper slab are so low that uncertainty
in the thermocouple readings results in unacceptably high
uncertainty in the experimentally determined values of the
heat transfer coefficient. We therefore had to limit our tests to
relatively higher heat flux levels. For applied heat fluxes above
this minimum value, the capillary-driven flow in the grooves
could sustain the film-evaporation cooling over about the first
1 cm of the surface. The measured heat flux at the thermocou-
ple banks further along the grooved surface was virtually zero.
Consequently, we could obtain heat transfer coefficient data
only for the first two thermocouple bank locations along the
grooved surface.

Another complicating factor became apparent when, for
some of the runs, we visually observed the vaporization pro-
cess in the tank using a clear plastic top cover plate. During
these experiments, we saw some nucleate boiling along the
immersed edge of the copper slab. The sizes of the bubbles
formed were visually observed to be about 2 mm in diameter.
Beyond the lower edge, no nucleate boiling was visible, which
suggested that heat transfer in this region was solely due to
film evaporation.

It was not surprising that nucleate boiling existed at the
lower edge, because the grooves could provide nucleation
sites. When these sites are fully immersed in liquid, film evap-
oration cannot occur. In many models of nucleate boiling heat
transfer at isolated nucleation sites (see Refs. 14 and 15, for
example), it is often argued that the influence of nucleate
boiling is confined to a radius of no more than one bubble
diameter. Therefore, in our experiments, it is plausible to
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Fig. Al Pool boiling data for the grooved surface with methanol and
acetone.

assume that the region of nucleate boiling influence on the
copper surface equals about the radius of a bubble, i.e., within
1 mm of the lower edge.

Because of the presence of nucleate boiling and dryout, the
mean heat transfer coefficient values indicated in Figs. 8 and
9 by the " + " symbols represent the effects of more than one
mechanism. To reduce the data in a way that accounts for
these additional features, the following procedure was used.

Based on our observations regarding the region of nucleate
boiling influence, we assume that the first 1 mm of the first
surface element (see Figs. 8 and 9) transferred heat by nucleate
boiling alone and that the portion of this element beyond 1
mm transferred heat by film evaporation alone. This transi-
tion between these two mechanisms is, in fact, similar to that
observed in saturated convective boiling in round tubes at low
heat flux, where a transition from saturated nucleate boiling
to annular film-flow evaporation is often observed.

Based on the preceding idealizations, an energy balance for
the first surface element in Figs. 8 and 9 is given by

(Al)

where q " is the mean heat flux for this element. To obtain the
pool boiling data for the grooved surface with each test liquid,
thereby determining the q^b in Eq. (Al), several runs were
conducted with the entire surface immersed in the liquid. The
limited-pool boiling data obtained were used to estimate the
nuclear boiling curve based on Rohsenow's correlation for
each fluid, as shown in Fig. Al. When calculating values of q^b
and hnb for the film-evaporation runs, the superheat at the
immersed edge was extrapolated from the subsurface tempera-
tures measured at the other thermocouple bank locations.
Equation (Al) was then used to determine q}\ the mean heat
flux associated with film evaporation over the portion of this
first element beyond 1 mm from the edge. From q}\ and the
measured superheat in the film-evaporation region, the heat
transfer coefficient in the film-evaporation region hf\ was
determined. These inferred values of heat transfer coefficient
and heat flux are shown as the square symbols over the first
element in Figs. 8 and 9. From the results, it is estimated that
nucleate boiling typically contributes 20-30% of the total heat
transfer and film evaporation contributes 70-80%.

In the experiments conducted with this grooved surface, the
results generally indicated that no evaporative cooling oc-
curred beyond a distance of about 9 mm from the immersed
end of the grooved surface. This suggested that the capillary-
wicking mechanism was unable to supply a steady flow of
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liquid to the surface beyond this location when evaporation
occurred over the first 9 mm. Apparently, the intrinsic menis-
cus and extended meniscus were completely evaporated away
over the interval 0<x < 9 mm, implying that the grooves were
essentially dried out beyond this location. Visually, however,
reflection of light from the surface beyond this location made
the surface appear shiny, suggesting that the surface was cov-
ered with an absorbed equilibrium liquid film which was not
evaporating. For practical heat transfer purposes, this portion
of the surface was dry, and hence we refer to it as such.

Because of the partial dryout in the second element, a two-
component energy balance was also made for this element, as
can be seen in Fig. 8. The equation for the energy balance can
be written as

t + Q "dry^dry = (A2)

Assuming that the superheat is constant for the entire sec-
ond element, and that hdry is negligible compared to /z/2, it
follows directly from the preceding relation that the film-evap-
oration heat transfer coefficient in the wetted portion hf2 can
be obtained from the following equation

/. A — ~f^*A~ (&v\A*yyiwet — ri2S±2 v*-5/

where H2 = q '{/(Twi - ^sat)- The area^4wet is easily determined
if the dryout location is known.

The dryout location was not determined directly in our ex-
periments. Rather, it was inferred from our results in the fol-
lowing manner. The heat flux variation in the first element (see
Fig. 8) was extended into the second by assuming a linear
profile which fit the value of q}\ determined for the first ele-
ment and q'{, the mean heat flux for the second element. This
heat flux variation, which is expected to be a reasonable ap-
proximation of the actual variation of the heat flux along the
surface, was used to determine the dryout location of the
analytical model described in the preceding section.
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