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Abstract

A three-dimensional heat-transfer analysis procedure for the coupled condensing/evaporating films flowing down
along the outer/inner walls of a vertical grooved tube has been developed. It is quite complex as many important
solution elements such as the free-surface tracking, the conjugate heat transfer, and the phase change, need to be
carefully incorporated. To effectively treat the condensing flow along the grooved outer wall, where the free-surface
location is yet to be determined, a general nonorthogonal moving grid technique is employed. Given the vapor
properties on both sides, the fully elliptic Navier—Stokes and energy equations are solved for the temperature and
velocity fields by using a SIMPLE-type finite volume method. The analysis is successful in capturing the free-surface
location along with the amount of condensate and other major three-dimensional characteristics. Most of the con-
densation is seen to take place on the bare portion of the groove surface and that clearly demonstrates how the heat
transfer is enhanced by the grooved surface. The results are presented for various groove densities and operating
conditions. The optimum groove number appears to vary with the temperature difference of the two sides. The effect of

the surface tension is also discussed. © 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

Grooved or fluted tubes are widely used in modern
heat exchangers, as they are easy to fabricate and very
effective in heat-transfer enhancement. Applications
may be found in evaporators/condensers for saline water
distillation, geothermal or steam-turbine power genera-
tion, and in heat pipes for thermal control.

Despite its importance and broad industrial use, the
present state of the heat-transfer analysis for the
grooved tube leaves much to be desired. Most of
the prior work centered on the heat-transfer aspect of
the analysis and left the fluid dynamics part largely
untreated as these were based on assumed or simplified
free-surface shape and velocity profiles[1,2]. Ayyaswamy
et al. [1] investigated the flow characteristics — mean
velocity and cross-sectional area, etc., under the as-
sumption that the radius of curvature of the free surface
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remains unchanged. Stephan et al. [2] calculated the
radial heat transfer coefficient in heat pipes with open
grooves. The free-surface shape was again given. A re-
lationship between the film thickness, the mass-flow rate
and the flute geometry was proposed experimentally by
Somer and Ozgen [3]: an estimation was made for the
liquid carrying capacity of different flutes by dimen-
sional analysis using the experimental data. Ma et al. [4]
obtained the pressure drop due to the liquid—vapor
frictional interaction with the assumption that the free-
surface curvature was constant. All these are two-
dimensional analyses performed on a cross-section for a
fixed mass flow rate, in which the flow field is not given
proper attention. In an actual condensation process,
however, the axial variation of the film thickness or the
mass-flow rate is not negligible and is often the quantity
of interest to be determined. Frequently, the flooding of
the condensate over the groove may occur at a very
short distance and could degrade the heat-transfer per-
formance of the tube.

The objective of the present study is to develop an
accurate and robust analysis procedure for heat and
mass transfer about the vertical grooved tube, in which
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the condensing/evaporating film flows down along the
outside/inside wall. The vapor is condensed outside and
forms a thin film flow while the heat given up by the
vapor is used to make the inside liquid to evaporate. The
system can be found in a typical multieffect distillation
plant.

The condensate increases as it flows downward: the
initially bare surface becomes wet, the film thickens, and
the heat transfer coefficient varies accordingly. For any
procedure to be successful, the temperature field and the
velocity field including the free-surface location must be
solved simultaneously. This is a very complex three-
dimensional free-surface flow which accompanies phase
change. The system is in delicate thermal balance and
the boundary conditions must be applied carefully. The
wide variation in the film thickness, i.e., zero to some
finite value, makes this a very formidable problem that
requires an accurate free-surface tracking technique. The
details of the solution procedure and the numerical re-
sults will be presented in the following sections.

2. Governing equations
A typical evaporator-condenser tube, which is used

in a multieffect distillation system, is given in Fig. 1(a).
The hot vapor is condensed on the grooved outside wall

Outer film

Inner film

gravity

(a

Solid tube—™

while the inside liquid evaporates using the heat taken
from the outside vapor. The flow is periodic in the cir-
cumferential direction and it suffices to consider only
half the period of a single groove; the schematic of the
computational domain in which the shaded area repre-
sents the liquid film region is shown in Fig. 1(b). In the
figure, ¢ denotes the half groove angle, and r;, r, the
inner and outer radii, respectively. The outer radius r, is
defined as the mean of the distances measured from the
tube center to the trough and the crest of the groove.
For a three-dimensional laminar flow in the domain
composed of liquid and solid regions, the governing
equations of space conservation, continuity, momentum
and energy, with dimensionless variables X = X*/2r,,
i =" /uws, and T = (T* — T}) /(T}; — T}), may be writ-
ten as:

d I
a/Vde/Sug.ols_o, (1)
d . -
—/dV+/(u—ug)~dS:O, (2)
dr J, s
d [, L S
—/udV+/[(u7ug)u +pI—(2/Re)D] - dS
dr J, s

=/1/FrdV, (3)
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Fig. 1. Schematic of a vertical triangular grooved tube.
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%/TdV+/[(ﬁfiig)Tf1/(Re~Pr)VT}vdS‘:O,
(4)

where i is the velocity vector, u,r the reference velocity,
i, the grid velocity, p the pressure, T the temperature,
and I and D the unit and rate of strain tensors, re-
spectively. The superscript * denotes the dimensional
quantity while the subscripts H and L represent the
values at the outer and inner liquid—vapor interfaces,
respectively. Since there is no obvious characteristic
velocity in this flow, u, is conveniently given a value of
unity.

The nondimensional parameters Re, Pr and Fr, i.e.,
the Reynolds, Prandtl and Froude numbers, are defined
as uer2ro/v, v/o and . /(2rog), in which v, o« and g
denote the kinematic viscosity, the thermal diffusivity,
and the gravity, respectively. The material derivative
terms in the left-hand side of the equations include the
effects of the volume change due to the grid movement.
The space conservation equation, Eq. (1), signifies that
the volume change in any cell is equal to the volume
swept by the cell boundaries [5]. Note that the governing
equations reduce to a simple conduction equation in a
solid wall region.

The outer film, which is formed by the condensed
vapor, thickens gradually as it flows downward along,
otherwise, the bare surface. To avoid the computational
singularity at the inlet, where all grid lines might co-
alesce, the film is given a small nonzero value there. The
calculation begins with an arbitrary initial free-surface
shape. The final stationary location of the free surface is
determined by reflecting the effects of condensation,
evaporation, and the force balance between the pressure
difference and the surface tension. The following
boundary conditions for # and T are prescribed along
the respective boundaries:

Inlet (x =0):

u, = ujp(uniform), w, =u, =0, T =1 (5)
Outlet (x=L):
Ou, Ou, % or

R ©
Tube walls in contact with liquid:

Uy =u, = u, =0, (7a)

T,q : continuous. (7b)

Tube walls in contact with vapor (BC in Fig. 1):
T=1. (8)

Symmetry planes:

Ou, Ouw, Ou. OT _
6;1_&_6}1_6;1_0' ®)

Free surface:

T =1 (outer film), (10a)
T =0 (inner film), (10b)
P — Pvapor = *K/VVQ- (100)

The dimensionless parameter We = (pu’2r,/0) is the
Weber number, where p is the density and ¢ the surface-
tension coefficient. The curvature k of the liquid—film

free surface is defined as,
%y /ox?

o 0%y 0z
[+ /)T

1+ (@y/ez)’]*

(11)

It seems proper to mention here that how the
boundary in contact with the vapor is treated: As the
vapor condenses on the bare groove surface (BC in Fig.
1), it forms an extremely thin liquid layer which is in
equilibrium with the saturated steam in the vapor phase.
Condition (8) states exactly that. The rate of condensate
on the bare surface, and also on the film surface, is de-
duced from the computed normal heat flux at each time
step: the heat flux equals the total latent heat given up by
the condensed vapor.

The condensate on the bare groove, however, is not
traced directly in the calculation since the layer it forms
is too thin to be resolved by the present finite volume
technique. Instead, the amount of condensate at each
time step is distributed linearly across the main film
surface (AB in Fig. 1), i.e., zero at the symmetry plane to
an appropriate value at the wet front, in addition to the
local contribution. The approximation may sound
crude, but the final result after convergence should be
reasonably accurate as the guessed shape is continuously
modified with iteration to satisfy the free-surface
boundary conditions Egs. (10c) and (12).

Fitting the liquid—film and the tube-wall regions by a
colocated general nonorthogonal grid, the SIMPLE-
based finite volume method [6] is extended to obtain the
steady-state solution of Egs. (1)-(4). Since the flow is
unidirectional in the streamwise direction, the upwind
scheme is adopted to discretize the convective terms for
simplicity. The process is iterative and the solution is
considered to have converged when the sum of the re-
sidual over the entire domain in each equation becomes
less than 1075,

3. Free-surface tracking

Three different approaches are currently in use for
tracking the free-surface location: these are MAC, VOF
and the moving grid technique. The merits and draw-
backs of each method are discussed, for example, in [7].
To capture the free surface of a very thin film, whose
variation is minute, the moving-grid scheme in which the
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Fig. 2. The movement of surface cell node.

grid surface moves with the free surface appears most
appropriate and is adopted. The typical conditions im-
posed on the free surface are the dynamic and the ki-
nematic conditions. The former is the force balance
between the pressure and the surface tension as is given
in Eq. (10c). The latter, which says that a particle on the
free surface remains to constitute the free surface, may
be written as,

M/p:/(ﬁ—ﬁg)~ﬁd5‘:/ﬁ-ﬁdS—Qfs (12)

s K

Here m represents the mass-transfer rate, i.e.,
condensation (1) or evaporation (i), at the
freesurface boundary, and Qg is the rate of volume
swept by the free-surface cell face (volume of
A°B°C°D°A™B™C"'D" in Fig. 2) due to the grid
movement. Since 7z and Qg are not known a priori, Eq.
(12) normally is not satisfied in the early stage of the
iterative cycle of each time step. To make the iteration
converge, the difference in 7i/p before and after each
iteration (volume of A™B"'C"' D™ A™B™C"™D" in Fig.
2) is added to Q, and the corresponding grid is regen-
erated. The velocity and temperature fields are then
calculated again in the new flow domain. The process is
repeated until the free-surface cell point P (Fig. 2) stays
within the specified limit. Marching in the time direc-
tion, calculation continues until the steady state is
reached. It is proper to mention here that, as our pri-
mary interest lies in the condensing flow outside, the
liquid film flow on the inner wall is assumed to be in the
wave-free regime.

4. Results and discussions

Before getting into the complete heat-transfer anal-
ysis, the free-surface tracking aspect of the flow solver is
verified against the fully developed flow data [3] taken
from a vertical fluted tube. Starting with a rather arbi-

trary inlet condition, the calculation is performed for a
sufficiently long streamwise computational domain
(20r,) so that the unique fully-developed state is reached
within the domain. The maximum film thickness (H, see
Fig. 1) over the groove for various flow rates is com-
pared in Fig. 3. The agreement is excellent and confirms
that the code is sufficiently accurate in locating the free-
surface shape.

The next step is to check the performance of the
procedure for the case with heat and mass transfer. The
average condensation heat-transfer coefficient for R113
on a grooved surface is compared with the experimental
data in Fig. 4. The heat-transfer coefficient / vs. the
temperature difference between the trough and the free
surface is plotted. The tube of 50 mm long has the
groove of half period 2° and the depth 0.87 mm. It is
seen from the figure that, by using a grooved tube, the
heat transfer can be enhanced by 5-10 times over the
Nusselt solution for a flat plate. The present result
shown in the figure is in excellent agreement with the
data. Also compared in the figure is the semi-analytic
solution of Mori et al. [§] who approximated the free
surface as an arc of uniform radius with an assumed
contact angle. Although their results appear to follow
the general trend, the agreement deteriorates as the
temperature difference becomes small.

A series of calculations is then carried out for various
cases. The total number of grooves (N) around the tube
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Fig. 3. Maximum film thickness with respect to the volumetric
flow rate.
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Fig. 4. The condensation heat transfer coefficient vs. AT for a
vertical grooved surface [8].

is varied to be 30, 40, and 60. The corresponding half
period of a groove ¢ becomes 6°, 4.5°, and 3°, re-
spectively. The groove depth, the inner and outer tube
diameters are kept constant for all calculations: 1.5, 45,
and 50 mm. The tube is made of brass (70% Cu, 30% Zn)
and the liquid is pure water. With the saturated vapor
condition, three different temperature settings, i.e., the
temperature difference (AT) between the inner and outer
vapors of 5°C, 10°C, and 20°C, are examined.

The calculation for the outer film begins with a crude
initial guess: a very thin film with flat surface. The
thickness of the inner film at the inlet and the associated
nondimensional mass flow rate, (2r0)2 - [ u"dA /g, are
fixed at 0.5 mm and 0.18. Fig. 5 shows a typical grid at
the end of the calculation, and hence describes the final
converged free-surface shape. Here, the regions of outer
film, tube wall, and inner film are fitted by grids of
(150 x 30 x 30), (150 x 10 x 45), and (150 x 10 x 30),
respectively. The grid is stretched to place more grids
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Evaporating film —pm

Fig. 5. A typical grid system for computation.

near the wall and the free surface; the streamwise grid
distribution is uniform, however.

The free-surface level rises with accumulating con-
densate. The level and the shape of the free surface at
various streamwise sections for N = 40 and AT = 10 are
presented in Fig. 6. As the flow develops, the film
thickness increases due to condensation, and the effects
of surface tension drive the free surface to take a con-
cave shape. The results obtained with two other grid
distributions, i.e., (100 x 15 x 15) and (100 x 20 x 20),
are also compared in the figure to see the grid depen-
dency of the solution. The surface profiles at x = 4/5L
for the two denser grids show little difference and
therefore substantiates that the (150 x 30 x 30) grid is
sufficient in capturing the details of the flow field.

The concave shape of the free surface is due to the
combined effects of the boundary-layer development and
the surface tension. As the fluid in the central region
travels faster than that near the wall, the film gets

X = 4/5L
(without surface tension)

x = 4/5L (100*15:45)

x = 4/5L (150*30*30)
x =4/5L (100*20*20Q)
x=2/5L
x=1/5L

Fig. 6. Free-surface shapes at various axial stations for N = 40.

—= particle trajectory
— - velocity vector
iso-vel

Fig. 7. Particle trajectory, axial velocity contour, and vector
plot on the outer film free surface for N = 40.
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Fig. 8. Cross-sectional flow field at x = 4/5L for N = 40: (a) isobars; (b) vector plot; (c) isotherms; (d) axial velocity contour.

thinner in the middle and also drags the fluid from the
side. This is well illustrated in the next two figures, Figs.
7 and 8(b). Fig. 7 shows the trajectory of fluid particles
and the axial isovels on the surface. The surface fluid
particle moves inward and the axial velocity increases as
the flow proceeds downstream. The accelerating axial
velocity signifies the increasing flow rate due to con-
densation. As the direction of the gravity is perpen-
dicular to the free-surface normal, it is not obvious what
the surface tension would do. To see how this affects the
flow field, we repeated the calculation with the surface
tension effects out. The resulting surface profile at the
cross-section x = 4/5L is compared in Fig. 6. The film
without the surface-tension effects seems to be slightly
thicker and more concave than the other. The total
condensate is correspondingly larger as tabulated in
Table 1. A notable difference between the two may be
the strong secondary motion driven by the pressure
gradient seen in the case with the surface-tension effects

(Fig. 8(b)).

The flow and temperature pattern in a typical
streamwise cross-section is depicted in Fig. 8. The
pressure field (Fig. 8(a)) indicates that the pressure is
highest at the wet front and decreases gradually towards
the middle. The small inward pressure gradient drives
the fluid to move from the crest to the valley of the
groove as is seen in the vector plot of the secondary flow
in Fig. 8(b). Although it is not shown in the paper, such
inward pressure gradient is absent in the case without
the surface tension effects and the secondary flow is
almost nonexistent as mentioned above. It is interesting
to note that the secondary motion, which is generally
weak compared to the axial velocity, is most active near
the film surface closer to the wet front. This inward
motion makes the fluid in the middle move faster axially
as is shown in Fig. 8(d). The temperature field presented
in Fig. 8(c) suggests that most of the heat transfer is
through the thin part of the film and we will come back
to this point later. Fig. 9 shows the temperature fields at
various axial stations for the same case. The isotherms

Table 1
Nondimensional flow rate per unit azimuthal angle for various groove numbers
N 30 40 60
AT =10 0.500 x 10~* 0.515 x 10~* 0.493 x 10°*
AT = 10 (without surface tension) 0.520 x 107*
AT =20 0.765 x 10~ 0.108 x 1073 Flood
AT =5 0.294 x 1074 0.277 x 10~* 0.222 x 10~*
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Fig. 9. The isotherms on various cross-sections for N = 40: (a) x = 1/5L; (b) x = 2/5L; (¢) x = 3/5L; (d) x = 4/5L.

for the inner film region indicate that both the flow and
temperature distributions are nearly axisymmetric. The
three-dimensionality is confined mostly in the outer part
of the groove. Because of high conductivity of the solid,
the temperature of the tube wall quickly becomes fairly

2.32E-01F-
2
-
5
~ 2.30E-01
e
@
N x=1/5L
[ -~ — - x=25L
g 228E-01F | -———- x=3/5L
o ———- x=4/5L
P4
- | |
2.26E 010 5 y)
(@) 0 [degree]

uniform. The temperature variation is largest in the vi-
cinity of the wet front and incurs the highest heat
transfer there.

The phenomenon is better illustrated in Fig. 10,
which shows the local heat flux along the surface in

1.2E+00
N=40
(<}
§ 90E01 R
= IN x=3/5L
ke o x=4/5L
X
< 6.0E-01
(0]
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g
S 3.0E-01
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Fig. 10. The local heat flux distribution normalized by the cross-sectional total heat flux at various stations: (a) inner film; (b) outer

film.
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contact with the vapor, i.e., the film free surface and
the bare groove surface. The local heat flux at various
cross-sections, which is normalized by the total sum of
each cross section, is presented in the figure. Evidently
the flux in the bare groove region accounts for most of
the heat transfer of the cross section. The heat transfer
through the film surface, on the other hand, is fairly
insignificant and demonstrates why the grooved tube is
effective in heat-transfer enhancement. As the film flow
develops, the bare portion of the groove decreases with
the rising film level; the maximum heat flux is seen to
increase to compensate for the reduction in effective
heat-transfer area. The trend in the crest neighborhood
is unaffected, however. It is interesting to note that the
highest heat flux is observed at the wet front where the
shortest heat path is realized. These characteristics
remain unchanged as the number of grooves around
the tube is varied. The heat flux through the free
surface of the inner-film flow is also plotted at the
respective cross sections. The distribution is much
more uniform than that on the outer surface. The
three-dimensionality is still observed as the heat flux is
larger in the portion opposite to the bare groove re-
gion outside.

Finally, the cumulative condensate at the end of the
calculation domain is compared in Table 1. The nondi-
mensional condensate per unit azimuthal angle is shown
for the groove numbers of 30, 40, and 60, and the
temperature difference between the inside and outside
vapors of 5°C, 10°C, and 20°C. The nondimensional
condensate is defined as

k/h.) - (dT*/dn)d
o i @ fanes "

where k is the thermal conductivity and /. the latent
heat. It is seen from the table that the amount of con-
densate increases with the groove number when AT is 20
while the opposite is true when AT is 5. Interestingly, for
AT = 10, the maximum occurs when the groove number
is 40. For N = 60 and AT = 20, the film flow covers the
groove completely to the crest at some location and the
calculation is aborted. Although the code can be modi-
fied readily to handle the case, no attempt was made to
do so.

The results suggest that the optimum groove number,
which delivers the maximum condensate, is not uniquely
determined but dependent upon the temperature differ-
ence. As the temperature difference becomes small, so
does the amount of condensate and N,y decreases. In-
creasing the groove number beyond this optimum value
actually has the adverse affects on the heat-transfer en-
hancement. This maybe elaborated as follows: when the
amount of condensate is small, the film occupies very
small area near the valley where the frictional resistance
is high. The friction retards the flow and the thickening

film gets to cover more of the groove surface. This re-
duces the effective heat transfer area and hinders the
condensation. On the other hand, when the film becomes
thick as in the case of large AT, the flow is less affected
by the presence of the wall and therefore the condensate
tends to increase with N. The result is intriguing and can
be usefully incorporated in the design process of the
grooved tube for a given operating condition. The op-
timum groove number, shape, and where to put runoff
disks along the tube to prevent flooding may be a few of
many design parameters that may be determined by the
present analysis.

5. Conclusions

The evaporation and condensation processes for the
films flowing down along the inner and outer walls of a
vertical triangular grooved tube have been investigated.
Given the vapor properties on both sides, the liquid
regions and the tube wall are solved in a fully coupled
manner. The Navier-Stokes procedure that incorporates
the moving-grid technique is successful in predicting the
free-surface profile, and the comprehensive flow and
temperature fields. The surface tension induces strong
secondary flow and therefore tends to make the film
temperature more uniform. Calculations for various
groove densities and thermal operating conditions reveal
that the optimal groove number that delivers the maxi-
mum condensate varies with the temperature differential
of the two sides. The procedure can be quite useful in
fixing the design parameters such as the groove number,
the groove shape, and also the spacing of the runoff disk
that breaks up the film flow.
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