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Temperature Variation and Heat Transfer in Triangular
Grooves with an Evaporating Film

H. B. Ma* and G. P. Peterson†
Texas A&M University, College Station, Texas 77843-3123

A mathematical model for the evaporating heat transfer coef� cient and temperature variation along
the axial direction of a grooved plate has been developed. The model includes the effects of the capillary-
induced � ow in the grooves caused by the surface tension, the two-dimensional heat conduction occurring
in the wall and liquid � lm, and the � ow and evaporation of the thin � lm caused by the disjoining pressure
and surface tension in the thin � lm region. The results obtained from this model indicate that if a constant
heat � ux boundary condition is applied, the heat transfer coef� cient will decrease and the wall temper-
ature will increase along the axial direction. In addition, the apparent contact angle increases with in-
creasing superheat, and hence, the heat transfer rate through the micro region also increases along the
axial direction. Finally, it has been demonstrated that the contribution of the surface tension variation
caused by temperature increases in the micro region can be neglected. This work will lead to a better
understanding of the axial heat transfer coef� cient and temperature distribution on grooved surfaces,
and how these parameters affect the � lm thickness.

Nomenclature
A = cross-sectional area, m2, Hamaker constant, J
a = constant
b = constant
C1 = coef� cient de� ned by Eq. (29)
D = diameter, m
d = top width of the groove wall, m
f = friction factor
g = gravitational acceleration, m/s2

H = thickness of the groove wall, m
he = heat transfer coef� cient, W/m2 K
hfg = latent heat of vaporization, kJ/kg
K = curvature, m 1

k = conductivity, W/m K
L = length, m
mÇ = mass � ow rate, kg/s
p = pressure, N/m2

pd = disjoining pressure, N/m2

Q = heat transfer, W
q = heat � ux, W/m2

R = gas constant, J/kg K
Re = Reynolds number
r = radius, coordinate, m
r1 = radius de� ned by Eq. (21), m
r2 = radius de� ned by Eq. (22), m
s = coordinate, m
T = temperature, K
U = average velocity along the axial direction, m/s
u = velocity, m/s
ū = average velocity, m/s
V = volume � ow rate, m3/s
w = groove width, m
x = coordinate, m
y = coordinate, m
z = coordinate, m

= apparent contact angle, deg
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= � lm thickness, m
0 = no evaporating � lm thickness, m

= coordinate, m
= coordinate, degree
= coordinate de� ned by Eq. (19)
= viscosity, Ns/m2

= density, kg/m3

= surface tension, N/m
= shear stress, N/m2

= half channel angle, deg
= tilt angle, deg

Subscripts
c = capillary
e = evaporating
f = outside of the groove wall
h = hydraulic
in = input
j = grid number
l = liquid
lv = liquid– vapor interface
mic = micro
s = solid
sat = saturated
tot = total
v = vapor
w = wall

Introduction

A PPLICATIONS involving micro heat pipes, mini-heat ex-
changers, chemical processing equipment, nuclear reac-

tors, and thermal control systems for spacecraft, all rely upon
the extremely high heat transfer rates associated with a
liquid– vapor change of phase. In many of these applications,
a series of small grooves is utilized to control the � lm thick-
ness and provide the desired heat transfer rates. While the
gravitational � eld and frictional � ow characteristics both play
an important role in the determination of the heat transfer co-
ef� cient, at very small length scales the effects of intermolec-
ular forces such as the van der Waals force become increas-
ingly important. A number of previous investigations1– 4 have
been conducted in which the heat transfer coef� cients have
been determined for various geometries. For applications in-
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Fig. 2 Groove and liquid � lm.

Fig. 1 Schematic of a grooved plate.

volving grooves, the temperature and heat transfer coef� cient
along the axial direction has typically been assumed to be con-
stant. Recent experimental data,5,6 however, indicate that for
both � at and curved surfaces, signi� cant temperature variations
may exist along the direction of the groove, and that assuming
the value of the minimum meniscus radius at the dryout point
to be zero,7 may lead to signi� cant errors in the estimation of
the heat transfer characteristics. For these reasons, a detailed
analytical investigation was conducted to determine the sig-
ni� cance of the axial temperature variations along � at or
curved, triangular micro grooves and the impact these varia-
tions could have on the heat transfer coef� cient in thin � lm
evaporation from these grooves.

The interrelationships between the evaporating heat transfer
coef� cient and the groove temperature, and the overall heat
� ux are determined by the evaporating thin � lm, the wall con-
ductivity, and the capillary � ow in the triangular grooves. In
the current investigation, a detailed mathematical model for
the evaporating heat transfer coef� cient and temperature var-
iation along the axial direction is developed that includes the
effects of the capillary-induced � ow in the grooves, the two-
dimensional heat conduction occurring in the wall and liquid
� lm, and the � ow and evaporation of the thin � lm caused by
the disjoining pressure and surface tension in the thin � lm
region.

Analysis
As shown in Fig. 1, if one end of a grooved plate is im-

mersed in a pool of liquid and held stationary at a predeter-
mined tilt angle, the liquid will wick up the grooves against
the gravitational force and the frictional force caused by con-
tinuous � ow. In the current con� guration, the evaporating sec-
tion extends from the origin point where the grooved plate
emerges from the liquid pool to the dryout point. Figure 2
shows the cross section of one triangular groove in the plate.
The current analysis was performed in support of previous
experimental observations6– 8 and builds upon previous theo-
retical analyses.1– 4,9,10 As such, it utilizes the following sim-
plifying assumptions: 1) steady-state laminar � ow in both the
macro and micro regions; 2) no-slip conditions at the wall; 3)
the � uid � ow in the micro region is the result of gradients in
the disjoining pressure, surface curvature, and surface tension;
4) the � uid � ow in the macro region is the result of meniscus
radius variations along the axial direction (z direction); 5) the
convective terms are neglected when solving the energy equa-
tions; 6) the vapor pressure and vapor temperature are constant
and saturation conditions exist in the liquid and at the inter-
face; and 7) the radius of the liquid meniscus in the triangular
grooves at a given z location is assumed constant in the macro
region.

If the thermal conductivity of the plate is much larger than
that of the liquid, it is reasonable to assume that there is uni-
form heat � ux at the bottom of the grooved plate at a given z
location. For convenience, it is assumed here that the heat � ux
through the bottom of the grooved plate is also uniform along
the axial direction of the grooved plate. Again, if the conduc-

tivity of the plate is relatively high, nearly all of the heat trans-
ferred from the wall region between the grooves, to the saturated
vapor region, must pass through a thin liquid � lm. Usually, this
thin liquid � lm region is referred to as the micro region, and
consists of the evaporating thin � lm region and a part of the
meniscus region. Stephan and Busse3 established a mathematical
model based on the theoretical analysis presented by Wayner11

and Wagner,12 to calculate the heat transfer coef� cient occurring
in the triangular grooves, and found that the interfacial temper-
ature variation is very important. More recently, Khrustalev and
Faghri4 developed a model based on the assumption of a con-
stant meniscus radius, including the evaporating thin � lm region,
in an attempt to overcome the mathematical dif� culties occur-
ring in solving the governing equation presented by Stephan and
Busse.3 However, as shown in the analysis presented by Way-
ner,5 this procedure does not permit inclusion of the heat � ux
effects. Because the evaporating thin � lm pro� le is very impor-
tant to the evaporating heat transfer and nearly all of the heat
is transferred through this thin � lm region,3,4 the current inves-
tigation develops a detailed dynamic mathematical model to pre-
dict the thin � lm pro� le, the heat transfer rate, the heat transfer
coef� cient, and the temperature variation along the axial direc-
tion of the triangular groove.
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Fluid Flow and Heat Transfer in the Evaporating Thin Film

As illustrated in Fig. 2, the liquid– vapor– solid interface
consists of three regions; 1) the nonevaporating � lm region,
where the disjoining pressure is dominant and very little evap-
oration takes place; 2) the evaporating thin � lm region, where
a majority of the evaporation occurs; and 3) the meniscus re-
gion, where the meniscus radius of curvature is constant.

In the nonevaporating thin � lm region, the liquid– vapor in-
terfacial temperature approaches and becomes equal to the wall
temperature. Expanding the Clausius– Clapeyron equation

hdp fg
= (1)

dT T [(1/ ) (1/ )]sat v lsat

and integrating from the saturated temperature Tsat to the in-
terface temperature Tlv results in a relationship between the
interface temperature and the saturated vapor temperature13

T = T [1 ( p/ h )] (2)lv v l fg

where p can be found from

p = K p (3)d

The � rst term on the right side of Eq. (3) describes the
in� uence of the meniscus curvature K, which can be deter-
mined by

2d
2ds

K = (4)
2 3/2

d
1

ds

In the second term, pd is found by pd = A/ 3 for nonpolar
liquids and pd = A/ 3 n ( / 0) for polar liquids.14 Because¯

the Hamaker constant A and the reference length both de-¯
0

pend on the solid– liquid properties, it is dif� cult to accurately
determine these values for polar liquids such as water. To over-
come this dif� culty, the relationship developed by Holm et al.2

was utilized

bp = RT n(a ) (5)d l lv

where a = 1.5787 and b = 0.0243.
In the nonevaporating � lm region, the in� uence of K can be

neglected because of the absence of vaporization, and the in-
terface temperature can be assumed to be equal to the wall
temperature. Substituting Eqs. (3) and (5) into Eq. (2), the � lm
thickness in this region can be found as

= exp[[( T /T 1)(h /RT ) n a]/b] (6)0 w v fg w

In the evaporating thin � lm region, the Reynolds number of
the liquid � ow is very small, i.e., Re << 1. Hence, the inertial
terms can be neglected and the velocity based on the Na-
vier– Stokes equation for a laminar liquid � ow can be found
as

1 dp 1l 2u = (7)
ds 2l

Integrating Eq. (7) from 0 to , yields

3dpl
V = u d = (8)

ds 3 l0

and the average liquid � ow velocity in the evaporating thin
� lm can be found as

2V dpl
ū = = (9)

A 3 dsl

The friction factor and Reynolds number product for the thin
� lm � ow in this region, can be determined by

ū=0 lf Re = (10)1 2– ū2 l l

where =0 is the shear stress at the wall found by

u
= (11)=0 l =0

Substituting Eqs. (8), (9), and (11) into Eq. (10), the value of
the friction factor and Reynolds number product f Re can be
determined. The corresponding pressure drop caused by the
viscous � ow can be determined as

dp f Re mÇ (s)l l
= (12)3ds 2 (s) l

where the mass � ow rate is directly related to the evaporating
heat � ux, i.e.,

s
q(s)

mÇ (s) = ds (13)
hfg0

The driving force for the � ow in the evaporating thin � lm
is composed of the capillary pressure and the disjoining pres-
sure, or

dp d(K p ) dK d dpc d d
= = K (14)

ds ds ds ds ds

and for steady-state evaporation of a thin � lm, the pumping
pressure head must be equal to the summation of the pressure
drops, i.e.,

dK d dp f Re mÇ (s)d lK = (15)3ds ds ds 2 (s) l

Because of the property characteristics of the liquid, as the
temperature increases in the direction of � ow, the surface ten-
sion decreases and the temperature-induced surface shear
stress, shown as the second term in Eq. (15), will hinder � uid
� ow toward the contact line.15 However, for the current inves-
tigation, the contribution of this term is very small compared
to the other terms, and here was found to be less than 0.4%.

The boundary conditions corresponding to Eq. (15) can be
expressed as

d
= , K = 0, = 0, at s = 0 (16)0

d

Heat Transfer in the Macro Region

The heat transfer passing through the wall of the groove and
the liquid � lm shown in Fig. 2, can be described by the two-
dimensional heat conduction equation

[k (T )] = 0 (17)

While the temperature distribution resulting from conduction
in the wall can be easily determined using a � nite difference
method, the irregularity of the surface of the liquid � lm makes
use of the � nite element method more attractive for this re-
gion,3 particularly when a one-dimensional model is used to
approximate it, as was the case in the model developed by
Khrustalev and Faghri.4 In the current investigation, a coor-
dinate transformation is introduced and the irregular geometric
shape can be changed into a regular one, allowing the use of
the � nite difference method for both regions.



MAAND PETERSON 93

Fig. 3 Control volume.

The heat conduction equation shown in Eq. (17), when ap-
plied to the liquid � lm shown in Fig. 2, can be rewritten as

2 2T 1 T 1 T
= 0 (18)2 2 2r r r r

Applying a coordinate transformation

= n (r/r )/ n(r /r ) (19)1 2 1

Eq. (18) becomes

2
2 2T T r2

n = 0 (20)2 2 r1

where r1 and r2 can be determined from the following expres-
sions:

cos
r = r (21)1 w1

cos( )

2 2 0.5cos cos( ) [sin cos sin( )]
r = r2 w2

cos( )
(22)

respectively. The radius r1 in Eq. (21) is an assumption as
shown in Fig. 2. When r1 ® 0, the solution corresponds to
that obtained for a triangular groove. Numerically, it was taken
as 10 10 m in the current investigation. The boundary condi-
tions corresponding to Eqs. (17) and (20) (see Fig. 2) can be
expressed as

T
k = q at y = 0 (23)s in

y

T
= 0 (24)

n

at the dry part of the groove

T = T (25)lv

at the liquid– vapor interface and

T W
= 0 at x = 0, x = d (26)

x 2

Capillary Flow Along the Groove

Evaporation in the thin � lm region requires continuous axial
liquid transport in the groove where the liquid � lm thickness
is large enough that the disjoining pressure effect can be ne-
glected. In addition, even at the dryout point where the me-
niscus radius is at a minimum,9 the disjoining pressure is small
compared to the axial mass transport resulting from the cap-
illary pressure, and only the capillary pressure need be con-
sidered. Thus, conservation of momentum for the liquid � ow
in the groove can be expressed as

2d 2f Ul l l
= g sin( ) (27)l

dz r Dc h

where the inertial effects are neglected compared with those
caused by viscous losses.16 The values of fl can be found from
the numerical solution of the two-dimensional momentum
equation.17

Utilizing the control volume shown in Fig. 3, Eq. (27) takes
the form9

1 1
= g(z z )sinl j 1 j

r rc, j 1 c, j

2 2(Re f ) mÇ cos ( )(r r )l c, j 1 c, j (z z ) (28)j 1 j3 2 2 2 3C sin (r r )1 l c, j 1 c, j

where

2 22 2 2 0.51 cos cos( ) [sin cos sin ( )]
C = d1 22 sin0

(29)

Equation (28) represents one control volume within the total
axial liquid � ow region of the groove. Because the groove is
divided into N control volumes, there are N equations, one
governing each control volume. To solve the system of equa-
tions de� ned in Eq. (28), it is necessary to determine the
boundary conditions. For the � rst control volume, i.e., the or-
igin point where the grooved plate emerges from the liquid
pool, as shown in Fig. 1, the meniscus radius can be found
from the geometric shape by assuming a constant meniscus
radius. For the last control volume, i.e., the dryout point, the
capillary radius will depend on the heat � ux and the balance
between the shear stress and the capillary forces.

Numerical Treatment
In the current investigation, the � lm thickness variation and

heat transfer through the thin � lm can be modeled using the
third-order ordinary differential equation (ODE), described
previously, and can be solved using a fourth-order Runge–

Kutta method, which will result in a unique numerical solution.
Since the heat � ux, � lm thickness, and interface temperature
are all interrelated and mutually dependent, an iterative solu-
tion technique must be used to � nd the heat � ux distribution
and � lm thickness variation in the micro region, where the
disjoining pressure plays an important role.

The value of Tlv can be determined from Eq. (2). When the
� lm thickness increases, the interface temperature decreases
and approaches a constant value, i.e.,

T = T [1 ( K/ h )] (30)lv v l fg

where the disjoining pressure has a very small effect and can
be neglected. The micro region model presented in this article
is not suitable for those regions where the disjoining pressure
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Fig. 4 Heat � ux distribution and � lm thickness variation in the
micro region (Tw Tv = 1.0 K).

Fig. 6 Superheat effect on the apparent contact angle.

Fig. 5 Superheat effect on the � lm thickness variation in the
micro region.

has no effect and the meniscus radius of curvature approaches
a constant.

Because the curvature of the liquid � lm in the micro region
varies as a function of the angle , shown in Fig. 4, and is
de� ned as

d
= arctan (31)

ds

as the � lm thickness increases, increases. With this increase
in the � lm thickness, the disjoining pressure effect decreases
and becomes so small that it can be neglected, and ap-
proaches the apparent contact angle. Based on this contact an-
gle, the meniscus radius of curvature and the � lm thickness
variation in the macro region can be determined. The detailed
procedure for the heat transfer coef� cient and temperature dis-
tribution along the z direction is based on the following steps:

1) Solve Eq. (28) using an assumed contact angle to obtain
the meniscus radius distribution along the grooves.

2) Solve Eq. (15) with an assumed wall temperature to � nd
the heat � ux rate through the thin � lm region, the thin � lm
thickness pro� le, and the interfacial temperature variation in
the thin � lm region using a Runge– Kutta technique.

3) Solve Eqs. (17) and (20) with the wall temperature as-
sumed in step 2 to � nd the temperature distribution in the wall
and macro region of the liquid � lm using the � nite difference
method with a line-by-line procedure and a combination of the
tri-diagonal matrix algorithm and the Gauss– Seidel technique.

4) Calculate the heat � ux through the micro and macro
regions of the liquid � lm. If the total heat transport calculated
is different from the heat � ux added to the wall qin, as shown
in Fig. 2, go back to step 2 and repeat the procedure with a
new assumed wall temperature.

5) Compare the resulting apparent contact angle with the
assumed contact angle. If they are different, go back to step 1
and repeat the procedure using the new contact angle.

The effect of the step size and grid number have been in-
vestigated to ensure grid independence. Nonuniform grids
were employed to capture the features induced by the coor-
dinate transformation de� ned by Eq. (19). For the micro re-
gion, a step size, 5 10 10 m was used to solve Eq. (15) using
the Runge– Kutta method. For the macro region in the solid
wall, an 86 60 control volume grid was used to solve Eq.
(17) using � nite difference methods. For the macro region of
the liquid � lm, a 120 100 grid was employed to � nd the
temperature distribution.

Results and Discussion
To better illustrate the temperature variation and heat trans-

fer in triangular grooves with an evaporating � lm, a triangular
groove, similar to that shown in Fig. 2, with dimensions of d
= 0 m, W = 0.0006 m, H = 0.0015 m, = 30 deg, L = 0.06

m, and = 20 deg was analyzed using the current model and
the thermophysical properties of copper and pure saturated
water at 20 C. The model presented in this article can be used
to predict the meniscus pro� le and the heat transfer rate in
the micro region. As shown in Fig. 4, comparison of the � lm
thickness (right-hand ordinate) and the heat � ux (left-hand or-
dinate) indicates that the disjoining pressure has a signi� cant
effect on the thickness of the thin � lm, particularly in the evap-
orating thin � lm region. As illustrated, the heat � ux is initially
zero in the region where the � lm thickness is constant, and
then increases dramatically as the � lm thickness enters the thin
� lm evaporating region. As the angle de� ned by Eq. (31) in-
creases along the s direction, the � lm meniscus approaches a
nearly constant slope. And as the disjoining pressure ap-
proaches zero, the angle de� ned by Eq. (31) assumes an almost
constant value. In the current model, the angle de� ned by Eq.
(31), i.e., the point where the disjoining pressure becomes zero,
was used to represent the apparent contact angle, and the me-
niscus radius of curvature was assumed to be constant with
the same radius of curvature as that occurring in the macro
region.

It is apparent here that the � lm pro� le and the angle de� ned
by Eq. (31) depend on the superheat, i.e., Tw Tv. As the
superheat increases, the � lm thickness and apparent contact
angle increase, as shown in Figs. 5 and 6, and the evaporating
heat � ux changes dramatically along the s direction, as shown
in Fig. 4. As the interface temperature varies from Tlv = Tw at
s = 0, to Tlv = Tv at the end of the region, the effect of the
disjoining pressure diminishes to zero. Because the heat � ux
and � lm pro� le in the micro region are both dependent upon
the capillary liquid � ow in the macro region, i.e., along the
axial direction, it is necessary to know the liquid � lm distri-
bution in the axial direction. The results indicate that for a
given heat � ux, tilt angle, channel angle, contact angle, and
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Fig. 9 Apparent contact angle and heat transport ratio along the
axial direction of the groove.

Fig. 8 Isotherms in the solid wall and liquid � lm (temperature
difference between two isotherms: T = 0.0042 K) at the a) origin
point, b) midpoint between the origin and the dryout point; and
c) dryout point.

Fig. 7 Meniscus radius and cross-sectional area of liquid � ow
along the axial direction of a groove.

working � uid, the interaction between the evaporation and the
force balance that exists between the capillary force and the
pressure drop, will result in a liquid � ow distributed as shown
in Fig. 7. As shown in Fig. 1, the liquid has the largest cap-
illary pressure and the largest meniscus radius at the origin
point. As the liquid climbs up to the groove, the meniscus
radius and the cross-sectional area of the liquid � ow decrease
because of the opposing force caused by friction and gravity.
From Fig. 7, it can be found that the meniscus radius of cur-
vature varies from the largest value at z/L = 0 to a minimum
value at z/L = 1, and also that the cross-sectional area of liquid
� ow along the grooves changes dramatically from z/L = 0 to
z/L = 1. Since the pro� le of the liquid � lm along the axial
direction of the grooved plate varies, the temperature distri-

bution in the liquid � lm and solid wall will also change. This
implies that the heat transfer coef� cient, de� ned as

h = q /(T T ) (32)e in f v

and the heat transport ratio Qmic/Qtot must also vary. Here, Qmic

is the heat transport through the micro region, i.e., 0 < s <
10 6 m, and Q tot is the heat transport through both the micro
region and the macro region, and is equal to

Q = q A (33)tot in s

where As is equal to (2d w) unit length, as shown in Fig.
2. The different � lm pro� les will directly affect the tempera-
ture distribution in the � lm and solid wall, the heat transfer
coef� cient, and the heat transport ratio. Because of the menis-
cus radius variation in the macro region along the axial direc-
tion, the superheat in the macro region will increase (although
it has a very small effect on the heat transfer coef� cient com-
pared with other effects), and the interface heat resistance will
increase along the axial direction. Figures 8a– 8c illustrate the
liquid � lm pro� le and the temperature distribution in the liquid
� lm and solid wall for three given locations: 1) the origin
point, 2) the midpoint between the origin and the dryout point,
and 3) the dryout point as shown in Fig. 1.

As the liquid climbs up the groove, the cross-sectional area,
i.e., the wetted area, decreases, and the heat transport through
the macro region will also decrease. Since the boundary con-
dition is one of constant heat � ux, the total heat transport is
constant. As a result, the heat transport through the micro re-
gion will increase. Figure 9 illustrates quantitatively the heat
transport ratio variation along the axial direction. As shown,
Qmix/Qtot increases from 21.7% at z/L = 0 to 44.9% at z/L = 1
for the example examined here. The increase in heat transport
in the micro region requires an increase of the wall temperature
in the micro region, i.e., Tw, or Tw Tv, and will result in an
increase in the apparent contact angle as shown in Fig. 6. The
detailed variation of the apparent contact angle along the axial
direction can be found in Fig. 9. Because of the increases in
both the heat transport through the micro region and the wall
temperature, the outer wall temperature Tf , will increase, as
shown in Fig. 10. Since the heat � ux and vapor temperature
are assumed to be constant, the heat transfer coef� cient de� ned
by Eq. (32) will decrease along the axial direction of the
grooved plate. From Fig. 10, it can be found that the heat
transfer coef� cient will change from 6.7 W/cm2 K at z/L = 0
to 3.7 W/cm2 K at z/L = 1 for the current example.

To verify the model presented herein, results obtained using
the current model were compared with the numerical data re-
ported by Stephan and Busse,3 and Khrustalev and Faghri,4

and the model developed by Schneider et al.18 and Shekriladze
and Rusishvili19 using the following properties and geometry:
Tv = 300 K, Ks = 221 W/(m2 K), W = 0.001 m, H = 0.0015 m,
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Table 1 Comparison of the calculated results with the previous models

Parameters

Present
article

Tlv > Tv

Ref. 4

Tlv > Tv

Ref. 3

Tlv > Tv Tlv = Tv

Ref. 9

Tlv = Tv

Ref. 18

Tlv = Tv

Tf Tv, K 1.31a
1.31

a,b
1.31

a
—— ——

he, W/cm2 K 1.34– 1.78
a

1.74,b 2.39
a

2.3
a

7.9
a

3.9
a

6.9
a

qin, W/cm2 1.75– 2.34
a

2.56,b 3.69
a

3.0
a

10.4
a

—— ——
Qmic/Qtot, % 19.4– 42.0

a
3.7b, 38

a
45

a
94

a
—— ——

a
Smooth surface. bRough surface.

Fig. 10 Heat transfer coef� cient and outer wall temperature
along the axial direction of the groove.

= 45 deg, d = 0 m, and Tw Tv = 1.31 K. The detailed
results of this comparison are listed in Table 1 and demonstrate
the validity of the current investigation. Schneider et al.18 and
Shekriladze and Rusishvili19 both assumed that the interfacial
temperature was equal to the vapor temperature and obtained
the heat transfer coef� cient. Stephan and Busse3 noticed that
the interfacial temperature variation is very important and
should not be assumed to be equal to the vapor temperature
because of the surface curvature and disjoining pressure effect.
More recently, Khrustalev and Faghri4 found that the govern-
ing equation developed by Stephan and Busse3 was dif� cult to
solve, and developed a model based on the assumption of a
constant meniscus radius.

While helpful in understanding the physical effects, none of
these models can predict the heat transfer coef� cient variation
or the temperature distribution along the axial direction of the
grooved plate. It is clear, however, that the liquid � lm pro� le
and the ratio Qmic/Q tot vary along the axial direction as shown
previously, and hence, will result in the variations of both the
heat transfer coef� cient and temperature along the axial direc-
tion, as shown in the experimental investigations.6,8,20 How-
ever, because these experimental investigations did not ex-
amine the detailed temperature distribution and the heat
transfer coef� cient variation along the axial direction, they
cannot be explicitly compared with the results obtained here.
The trend, however, is similar. For example, the average heat
transfer coef� cient obtained by Ivanovskii et al.20 was equal
to 0.95 W/cm2 K, which is close to the value predicted here.
To accurately verify the model presented in this article, it is
necessary to establish a new experimental system to verify
the detailed heat transfer coef� cient variation and tempera-
ture distribution along the axial direction in the triangular
groove.

Conclusions
A detailed mathematical model for predicting the heat trans-

fer coef� cient and temperature variation along the axial direc-
tion of a grooved plate has been developed that includes the
effects of the capillary-induced � ow in the grooves caused by
the surface tension; the two-dimension heat conduction occur-
ring in the wall and liquid � lm; and the � ow and evaporation

of the thin � lm caused by the disjoining pressure and surface
tension in the thin � lm region. In this model, the governing
equation for the liquid � ow in the micro region has been re-
duced to a third-order ODE that was solved using a fourth-
order Runge– Kutta method to yield a unique solution. Apply-
ing the coordinate transformation, the irregular shape of the
liquid � lm was transformed into a regular shape, which can
be easily solved using a � nite difference method. In this way,
the governing equations for the heat transfer and liquid � ow
in both the micro region and macro region were solved to
obtain a solution for this three-dimensional problem that in-
cludes the effects of the capillary pressure, disjoining pressure,
surface tension, gravity, frictional force, and irregular-shape
boundary conditions.

The results obtained from this model indicate that if a con-
stant heat � ux boundary condition exists, the heat transfer co-
ef� cient will decrease and the wall temperature will increase
along the axial direction. In addition, the apparent contact an-
gle increases with increasing superheat, and hence, the heat
transfer through the micro region also increases along the axial
direction. Finally, it has been demonstrated that the contribu-
tion of the surface tension variation as a result of the temper-
ature increases in the micro region can be neglected. This work
will lead to a better understanding of the heat transfer coef� -
cient and temperature distribution along the axial direction of
these types of grooved plates, and how these parameters affect
the � lm thickness and the resulting heat transfer coef� cient.
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