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Abstract

Following Nusselt [1] there were few developments in the theory of laminar film condensation until the advent of
digital computers in the 1950s. Approximations used by Nusselt, namely neglect of inertia, convection and surface
shear stress (for the free convection case) were then found to give very accurate results for the normal practical range of
vapour-to-surface temperature difference. Subsequent developments treated the gas phase and dealt with superheated
vapour, condensation in the presence of a non-condensing gas and condensation of mixtures. The temperature
discontinuity at the vapour-liquid interface has been studied experimentally and theoretically since the 19® century and
more recently in the 1960s by experiments using liquid metals.

In the present paper the focus is on the condensate film and, in particular, the role played by surface tension which is
important for condensation on finned surfaces and in microchannels, owing to abrupt changes in curvature of the
condensing surface. The way in which surface tension affects condensation heat transfer and difficulties which arise are
first illustrated by reference to condensation on a smooth horizontal tube, where the effect of surface tension on heat
transfer is minimal. Practically more relevant cases of condensation in microchannels and on finned surfaces and are
then discussed and recent results presented.
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1. Introduction

In the Nusselt [1] theory the condensate film is
treated as a boundary layer for which inertia and
convection terms in the momentum and energy
balances, as well as the surface shear stress for the
free convection case, are neglected. When the pro-
perties are taken to be uniform this leads, for natural
convection on isothermal surfaces, to
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and, with the additional assumption that /R << |, to

Nu=0.728 (Grg/r)"* @)
for the horizontal tube
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The Nusselt number is seen to vary as the % power
of the Grashof number for both plate and tube as in
single-phase natural convection.

In later developments, following the advent of
digital computers, the condensate film was treated by
various investigators on the basis of the boundary-
layer equations and effect of vapour shear stress at the



H.S. Wang and J. W. Rose / Journal of Mechanical Science and Technology 21(2007) 1760~1774 1761

condensate surface included (see Rose [2]). These
analyses led to solutions in the form

Nu -0 cpAT kAT pu
NuNu hfg ’#hfg,pv/'lv

) (6

However, for the range of values of *AT/uhg,
and cpAT/hg, normally occurring in practice ie. <
0.01 and < 0.1 respectively, these solutions showed
the Nusselt theory to be very satisfactory. Further
investigations (see [3], chapter 19 and [4]) treated the
case of forced convection, rippling and turbulence in
the condensate film as well as the effect of presence
of non-condensing gases and condensation of
mixtures.

Experimental and theoretical studies of the inter-
face temperature discontinuity have been conducted
over more than 100 years and are discussed by Rose
[5]. It is now established that this is negligible except
for very high condensation rates which may occur
when the condensate resistance is small as in the
cases of condensation of liquid metals, for the
smallest drops in dropwise condensation and in other
cases where condensate films are very thin. In these
circumstances the temperature drop at the condensate
surface may be estimated by
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and £ =0.665 +0.003.

2. Surface tension effects in condensation on a
horizontal smooth tube

The varying condensate surface curvature, as the
film thickness increases around a tube, in the presence
of surface tension gives rise to a tangential pressure
gradient in the film
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and F=R+6.

When this pressure gradient is included in an
otherwise Nusselt treatment, the differential equation
for the condensate film thickness becomes
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It is readily seen that when gravity dominates over
surface tension, i.e. A — 0, the Nusselt first order
equation is recovered. Eq. (11) is fourth order re-
quiring four boundary conditions. Symmetry re-
quires that the first and third derivatives be zero at the
top of the tube but otherwise it is not clear how to
proceed. It may be noted that the derivation of Eq.
(11) requires that &R << [, which does not hold near
the bottom of the tube where significant change in
condensate surface curvature occurs. The authors are
not aware of a wholly satisfactory solution of this
problem. This is, however, somewhat academic since
near the bottom of the tube where the film become
thick, the heat transfer is correspondingly small and
has marginal effect on mean heat transfer for the tube
as a whole and the surface tension effect is un-
important.

3. Condensation in micro channels

Multi microchannel tubes such as those illustrated
in Fig. 1 are becoming increasingly used in air con-
ditioning/refrigeration applications. The typical di-
mension of a channel is around 1 mm. A wholly
theoretical model for the annular or annular-stratified
flow regime, which should persist along the channel
for some distance from the onset of condensation, has



1762 H. S. Wang and J. W. Rose / Journal of Mechanical Science and Technology 21(2007) 1760~1774

P
zl

JO- SR

— T

A=A Cross sechion

B ==l
fix,

A-A cross section

—A

Fig. 2. Model of Wang and Rose [7].

been developed by Wang et al. [6] and described in
detail by Wang and Rose [7] (see also [8-15]). The

model and coordinate systems for rectangular,
triangular and circular section channels are illustrated
in Fig. 2. Using the Nusselt approach the momentum
conservation equations for flow in the transverse
direction, which includes the surface tension term,
and in the streamwise direction, which includes the
surface shear stress and streamwise pressure gradient,
give the velocity profiles in the two directions.
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Conservation of mass, that is, equating increase in
mass flow in both streamwise and transverse di-
rections across an element (control region) of the film
to the condensation rate on its surface gives the
differential equation for the condensate film thickness
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using Cartesian coordinates which rotate at corners,
with x measured along the channel wall from the top
point of symmetry, when considering channe] sides,
and
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using polar coordinates when considering corners and
for a circular section channel. The functions f,, £, f;
are defined in Wang and Rose [7].

For completeness, and because it was thought that
this may be significant at the high condensation
fluxes where the condensate film is very thin, the
interface temperature drop [see Eq. (7)] has been
included in the term on the right-hand side of Egs.
(18) and (20). It may be noted that Egs. (18) and (20)
are valid to the same extent as the Nusselt theory but
uncertainty will arise in the micro channel case when
solving since this requires estimates for surface shear
stress and streamwise pressure gradient.

It is seen that Eqgs. (18) and (20) are fourth order in
x and ¢ and we might anticipate problems in spe-
cifying sufficient boundary conditions as in the hori-
zontal tube problem. However, for rectangular and
equilateral triangular channels with a horizontal side
and for a circular channel, there is a central vertical
plane about which the condensate film profile is
symmetrical, so that the first and third derivatives are
zero at the centre of the top and bottom of the channel
giving the required four boundary conditions. It is not
clear, however, how the problem should be treated in
general, say for a filted rectangular or triangular
channel. In the flow direction the required boundary
condition is given by the fact that the film thickness is
zero for the whole perimeter at the location where
condensation commences.

Eqgs. (18) and (20) have been solved numerically
for various cases using preliminary estimates of the
local shear stress at the condensate surface estimated
as for single-phase flow, based on the method of
Churchill [18], modified to account for “suction” due
to condensation (see [7]).

Specimen results shown in Figs. 3-9 are for
saturated R134a vapour for a given inlet condition
and flow rate and specified uniform channel surface
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Fig. 3. Development of condensate film profiles along a
horizontal 1 mm square channel [7].
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Fig. 4. Specimen calculations of variation along a channel of
the mean heat-transfer coefficient for horizontal | mm square
channel (upper figure) and triangular channel with side | mm
(lower figure) [7].

temperature which is less than that of the vapour so
that condensation commences at the inlet. Fig. 3
shows calculated condensate film profiles at different
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Fig. 3. Specimen calculations of variation along a channel of
the mean heat-transfer coefficient for a horizontal 1 mm
sguare channel for different vapour mass fluxes (mass
valocities) {7].

distances along a horizontal 1 mm square section
charmel. Extremely thin films are seen in the vicinity
of change in condensate surface curvature. This is
most evident near the inlet. It is interesting to note
that, for the square channel, the film remains thin
along a significant part of the upper surface at
appreciable distances along the channel where the
lower part becomes filled with condensate due to
gravity.

For the same conditions Fig. 4 shows the de-
pendence of circumferential mean heat-transfer co-
efficient a, on distance along the triangular and square
channels. The effects on the results of omitting sur-
face tension and gravity terms are also illustrated.
As in the case of the simple Nusselt theory the high
heat-transfer coefficient at the inlet results from
mposing a temperature difference between wall and
vapour at the onset of condensation. After the initial
high values the coefficient remains almost constant
until, when condensate in the corners occupies a
substantial part of the channel (see Fig. 3), it falls
more steeply, particularly for the triangular channel.
The enhancing effect of surface tension over the first
230 to 350 mm in this case is clearly seen, appro-
ximately doubling the heat-transfer coefficient over
that part of the channel for both square and triangular
channels. The effect of gravity is essentially negli-
gible in this region. The importance of gravity at
further distances along the channel is much more sig-
nificant for the square section channel, approximately
doubling the heat-transfer coefficient, due to the thin-
ning of the film on the upper surface mentioned earlier
carlier and seen in Fig. 3. For the triangular channel
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Fig. 6. Specimen calculations of variation along a channel of
the mean heat-transfer coefficient for a horizontal 1 mm
square channel for different vapour-to-surface temperature
differences [7].
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Fig. 7. Specimen calculations of variation along a channel of
the mean heat-transfer coefficient for a horizontal square
channel for different channel sizes [7}].

gravity continues to have small effect at further
distances along the channel.

Fig. 5 shows the variation of circumferential mean
heat-transfer coefficient with distance along the cha-
nnel for different mass fluxes. It is seen that the
enhancing effect of surface tension takes place over a
longer distance of the channel for higher mass flux. It
is interesting to note that the values over the ho-
rizontal portions of the curves are almost the same for
all mass fluxes, suggesting perhaps that the effect of
surface tension is the dominating mechanism for that
part of the channel.

Fig. 6 shows the effect of vapor-to-surface tem-
perature difference. It is seen that the heat-transfer
coefficient is higher and for a longer distance along
the channel for lower vapour-to-surface temperature
difference reflecting lower condensation rates and
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correspondingly thinner condensate films. At higher
values of AT the coefficient is lower and falls off
more stceply as the channel becomes more rapidly
filled with condensate at the correspondingly higher
condensation rates.

Fig. 7 shows the effect of channel size for a square
section horizontal microchannel. Heat-transfer co-
efficients are shown for square channels having side
of 0.5, 1.0, 2.0, 3.0 and 5.0 mm. The enhancing effect
of surface tension near the entry part of the channel is
higher for the smaller channels but falls off more
rapidly along the channel. The smaller channels be-
come more rapidly “flooded” with condensate so that
the heat-transfer coefficient further along the channel
is significantly lower than for the larger channels. For
the larger channels with side 3 and 5 mm there is little,
if any, discernable effect of surface tension enhan-
cement. ’

Fig. 8 shows results for different channel shapes. It
is seen that all shapes outperform the circular section
towards the channel inlet but, as expected, the heat-
transfer coefficient for non-circular channels, which
condense more vapour in the initial part of the
channel, subsequently fall below that of the circular
channel.

Fig. 9 shows results for a square-section channel
for different channel inclinations. It is seen that for
the sections of channel where surface tension do-
minates the heat-transfer coefficient is essentially
independent of inclination.

Fig. 10 shows results for condensation of R152a,
R134a, R22, R410A, propane, ammonia and carbon
dioxide in a Imm square section microchannel (see
[19]). For the given conditions ammonia is the best
performing fluid and carbon dioxide the worst. The
results reflect the respective values of thermal
conductivity, latent heat and surface tension.

Preliminary calculations have also been made (see
{17]) for comparison with the experimental data
reported by Koyama et al. {16, 17] for the upper tube
in Fig. 1 (channel width 1.36 mm, height 1.03 mm)
with vapour inlet pressure 1.70 MPa and three vapour
mass fluxes (mass velocities). Differences between
theory and measurement may in part be attributable to
uncertainty in the interpretation of the experimental
results as described by Wang and Rose [15]). As may
be seen from Fig. 11 agreement is encouraging but
further comparisons are needed before firm conclu-
sions can be drawn.
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Fig. 8. Specimen calculations of variation along a horizontal
channel of the mean heat-transfer coefficient for various
channel shapes - square side 1 mm, rectangle | mm x 1.5 mm,
triangle side 1 mm, circle diameter | mm [15].
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Fig. 9. Variation of mean (over perimeter of channel) heat-
transfer coefficient with distance for various channel
inclinations for square section channel [13].
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Fig. 10. Variation of mean (over perimeter of channel) heat-
transfer coefficient with distance for various fluids for a
horizontal 1 mm square channel {19].
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Fig. 11. Measured and calculated heat flux distributions along
the channel for R134a [14].

4. Condensation on low-finned tubes

Fig. 12 shows a typical low-finned tube. The ear-
liest model for this problem is that of Beatty and Katz
[20] who treated the fin flanks and interfin tube sur-
face on the basis of the Nusselt theory for plane
surfaces and horizontal tubes respectively. Nor-
malization of the mean heat flux or heat-transfer
coefficient by the smooth-tube Nusselt result gave an
enhancement ratio dependant only on the geometry
i.e. same for all fluids. This appeared to give satis-

0<p<pr

9= or
Section in radial piane

Fig. 13. Condensation on low-finned tube.
and coordinates.

Physical model

factory results for some low surface tension fluids and
available geometries at that time.

More recently attempts have been made to solve
this problem which include surface tension effects.
Here surface tension plays a crucial role and, not
surprisingly in view of what has been said above
regarding smooth tubes, significant difficulties are
encountered. Honda and Nozu {21] and Honda et al.
[22] have given approximate and partial solutions. A
theoretically-based correlation has been given by
Rose [23]. The most recent theoretical investigation
of Wang and Rose [24] is outlined below.

Fig. 13 illustrates film condensation on a low-
finned tube with arbitrary fin profile. The orthogonal
coordinates X, Y have origin at the centre of the fin tip,
x is measured along the fin surface from the centre of
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the fin tip, y is measured normally outward from the
fin surface. ¢ is measured circumferentially from the
top of the tube. d, and d, are the tube diameters at fin
tip and root respectively. 4 is the fin height. # and s are
fin thickness and spacing at the fin root, respectively.

As observed in practice, and illustrated in Fig. 13,
the condensate film between fins thickens abruptly at
some position around the tube, referred to as the
flooding or retention angle g. The condensate profile
where the film is relatively thick (i.e. at the fin root
and in the lower so-called flooded region) is close to
that found under non-condensing or static conditions
where the surface is wetted and liquid is retained by
the balance between surface tension and gravity (see
[25]). A correct solution of the condensation problem
should approach the static retained liquid profile as
the condensation rate approaches zero. Earlier partial
solutions do not predict “flooding”.

When the surface tension-induced pressure gradient
is included in an otherwise Nusselt treatment, con-
servation of mass, momentum and energy yields
(see [19]) the differential equation for local film
thickness ¢

(pn—pv)gcos(pi(&zsiw)_gi o1, 1}s3
3v Ix vdx|dx\n 1y

LA —pv)gwsvf_i_(gsm)_ 4o 0)811, 113
3vd, dp 3vd? Op | 0o\ 1 1
- 1 k (Ts 'Tw)
(+¢ KI8)  heo

(22)

where y is the angle of the normal to the fin surface
to the Y coordinate (see Fig. 13), and 7, and r,, are the
local radii of the curvature of the condensate surface
in the fin cross-section and tube cross-section, res-
pectively, given by
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where r,, is the radius of the curvature of the fin
surface and Y., is the Y-coordinate of the fin surface.

Eq. (22) is the fourth order in both x and ¢. From
symmetry boundary conditions are

26/6x=05°5/8x* =0 atx=0 and x, (centre of
interfin space) (25)

25/3p =519 =0 at ¢ =0 (top of tube) (26)

As in the case of the smooth tube when surface
tension is included, two further p-direction boundary
conditions are needed. Honda and Nozu [21] omitted
all ¢ derivatives in Eq. (22) as well as the curvature in
the circumferential direction in the second term and
used a somewhat arbitrary boundary condition for the
slope of the condensate film near the fin root. Honda
et al. [22] later included the third term in Eq. (22)
with a first derivative with respect to ¢. These
solutions do not show the abrupt thickening of the
film.

The most recent approach by Wang and Rose [19],
based on the original approach of Honda and Nozu
[21] and Honda et al. [22] also neglects the ¢ -
direction curvature in the second term of Eq. (22) as
well as the whole of the fourth term involving ¢ -
direction derivates. When the fourth term in Eq. (22)
is omitted, the solution as noted above, does not
predict the abrupt thickening of the condensate film at
the retention angle. The effect of omitting the fourth
term in Eq. (22) is effectively accounted for by Wang
and Rose [24] by ensuring that solutions of the di-
fferential equation for the unflooded parts of the

Fig. 14. Nomenclature used in static configuration equations.
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surfaces blend smoothly with the statically-retained
configuration for the part of the tube below the
retention angle, the latter determined on the basis of
the approach of Masuda and Rose [25]. This should
not cause appreciable error since condensation and
heat transfer below the retention angle are very small
except at the fin tip. The interfin space for the region
below the retention angle is treated on the basis of
static retention and provides the required end condition
to solve for & along the fin tip in the flooded part of
the tube.

The static configuration of retained liquid on a
wetted tube is obtained by equating the pressure drop
across the meniscus to that for a vertical column of
liquid with height equal to the vertical distance from
the location in question to the bottom of the tube. For
low fins (A/R << 1) and when r, << r,,, this gives

cosp=0/(rRpg)—1 @7

Above the retention position and referring to Fig.
14, the meniscus touches the fin flank and the interfin
tube surface and has radius

=08 (28)
[-sinf
For the usual geometry where L > 5/2, “flooding”
commences when the menisci on adjacent fins meet
at the centre of the interfin space and a = s/2. Since
the meniscus is tangential to both flank and tube
surface geometry gives

scos

Y >

and the retention angle ¢r may be found from Eq. (27).

For ¢ > ¢ the meniscus rises rapidly up the fin
flanks, where the meniscus touches the fin flank and
is symmetrical about the centre of the interfin space
so that

= +at 30
T rc0sf atanf (30)

with the corresponding angle ¢ obtained from Eq.
(27). Eq. (30) holds while s/2 <a < L.

For larger values of ¢ when the meniscus touches
the curved part of the meniscus, the radius of cur-
vature is given by

5/2 +Lsinf +r,cos f
= —h
cos (8 +8)

Gh

and the corresponding angle ¢ is again obtained from
Eq. 27).

Fig. 15 shows specimen dimensionless static
retention profiles for water on a finned tube with
dimensions given in the figure. It is seen that for this
case flooding commences at an angle of 73.3° from
the top of the tube and the meniscus reaches the tip of
the fin at an angle of 79.2°. The meniscus in the
interfin space rises with angle becoming almost
horizontal at an angle of 170.2°. Fig. 16 shows the
film thickness at the centre of the interfin space for
three fin spacings and otherwise the same geometry
as in Fig. 15. For spacing between fins of 1.0 mm and
1.5 mm there is no statically retained liquid on the
surface at the centre of the interfin surface up to
angles of around 73 °® and 102 ° respectively. For
larger angles the retained liquid thickness at the centre
of the interfin space increases rapidly where the
meniscus touches the straight side of the fin (green in
Fig. 16) and more slowly thereafter when the men-
iscus touches the curved edge of the fin tip (blue in
Fig. 16). When the spacing between fins is 0.5 mm
the meniscus already touches the curved edges of the
fin tip at the top of the tube.

Fig. 17 shows calculated film surface profiles over
the whole of the fin surface during condensation.
Solutions above the flooding angle were obtained by
solving Eq. (22) neglecting terms as described above.
When the solution is continued towards the bottom of
the tube flooding is not predicted owing to omission
of ¢-derivates. For the lower part of the tube results
were obtained along the fin tip by forcing the solution
of Eq. (22) to blend with the static profile below the
flooding angle. It is seen that the film is relatively
thick towards the centre of the fin tip. This is due to
the relatively high pressure near the edge of the tip
where the surface curvature is largest and the fact that
the pressure gradient due to surface tension directs
condensate towards the centre of the fin tip as well as
radially inward along the fin flank. The film is very
thin near the fin tip and along the fin flank above the
retention angle. Fig. 18 shows, for the same case, the
variation of film thickness with distance along the
fin surface from the centre of the fin tip. It is again
seen that the film becomes relatively thick at the
centre of the fin tip. Very thin film regions are seen
where x/p lies approximately between 0.17 and 0.5
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Fig. 15. Specimen dimensionless static liquid (water) film
profiles along the fin surface at different angles (symbols are
defined in Fig. 1 and text; red: 0 < ¢ < 73.3°, green: 73.3°< ¢
<79.2° blue: 79.2° <@ < 170.2°).
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Fig. 16. Static retention: Specimen film thicknesses for water
at the centre of interfin space, (green: 73.3° < < 79.2°, blue:
79.2° <p<170.2°%).

(Note that x/p = 0.9 corresponds to the centre of the
interfin space for this geometry). Fig. 19 shows the
corresponding heat flux distribution over the fin
surface. The regions of high heat flux correspond to
those of small fin thickness in Fig. 18.

S. Theoretically-based correlation

Pending complete solution of this problem a
correlation by Rose [23] provides a practical and
simple method of evaluating heat-transfer coefficients
for condensation on low finned tubes. In this approach,
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o 04
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X/p

Fig. 17. Specimen dimensionless condensate distributions
along the fin surface at different angles (red: 0 <@ < 73.3°,
green: 73.3° <¢ < 79.2°, blue: 79.2° <¢ < 170.2°).

Fig. 18. Specimen results for condensate film profiles on the
fin surface at different angles (red: 0 <@< 73.3° green:
73.3° < <79.2° blue: 79.2° <9< 170.2°%).

10 T v T T T T T T

f steam

Fig. 19. Specimen results for heat flux profiles on the fin
surface at different angles (red: 0 <@ < 73.3° green: 73.3°
<@ <79.2°% blue: 79.2° << 170.2°).

outlined below, static retention is used to determine
those parts of the fin and tube surfaces which are not
effectively blanked by retained liquid. For the
unblanked parts of the fin flanks and interfin tube
surface and for the fin tip over the whole of the tube
surface, a combination of the appropriate Nusselt
equation with an expression based on dimensional
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analysis for the surface tension effect was used to
determine the heat-transfer rate. The form of ex-
pression used was such that the heat flux (based on
the smooth tube area) varied as the % power of the
temperature difference, as in the Nusselt theory and
found by experiment for low-finned tubes. Two
disposable constants were found by fitting accurate
data for fluids with widely different properties. The
final result is in the form of an algebraic expression
for the enhancement ratio (ratio of heat flux or heat-
transfer coefficient for finned tube based on smooth
tube area divided by that for a smooth tube with the
same diameter and for the same vapour-to-surface
temperature difference) which is independent of tem-
perature difference or heat flux:

dy ¢ T+£(1_ff)( d} -d} JTf
V4

Epp =—
A7 d (b+r)! cosf | 2d (b+1)
@ s -
+2.96—(1- T, 2
7l fs)(/m) s G2
where
_1-tan@B2) 20 cosf tan(p/2) 33)
P lvangr) " pgdh T 9
I —tan{3’2 Yoy tan{ /2
f,=intenb2)  fan(er2) (34)
1+ tan{3/2) pgd.s @
p L
T, =150 +0.509- 7%, (35)
d, Ap gt
J PRI
T; ={2.815 —f+o.5o9L>} (36)
hy Apgh
PRt
T, =13.56{£(¢)}’ +0.509— "%, G7)
Apgs
h, =hp/sing for ¢ <2
hy =hp!(2-sing) for p = 22 (3%
-ya 3
, f (sing)" > o
5(9):21/394/3 f (sin9)4/3 do
(39
which may be approximated by
=0.874+0.1991x10729—0.2642x 1071 6°
£6) +0.1991x10720 02642510717

+0.553x10726% - 0.1363x1072 0"

12 7
/
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Fig. 20. Experimental versus calculated values of enhance-
ment ratio [23].

As may be seen from Eqs. 32 - 40 g7 depends only
on the property ratio o/p, gravity and geometry. To
determine the mean heat-transfer coefficient (based
on the smooth tube area) one simply calculates the
Nusselt value for the given AT and multiplies by &7
given by Eq. (32). Comparisons with data are shown
in Figs. 20-24. Fig. 20 compares calculated and
measured enhancement ratios. Comparisons of this
type can hide incorrect dependence on individual
parameters. Figs. 21-24 show that the expression
gives the correct dependence on fluid properties and
the geometric parameters.

The above results all apply to quiescent vapour.
Cavallini et al. [29] fitted data for high velocity
vapour to their data for refrigerants using a correlation
which satisfied the above result in the low velocity
limit. The correlation fits most of the heat-transfer
coefficient data for several fluids (excluding steam) to
within about 25% as shown in Fig. 25. However, the
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Fig. 21. Dependence of enhancement ratio on spacing bet-

ween fins [23].
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Fig. 22. Dependence of enhancement ratio on spacing bet-
ween fins [23].
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Fig. 23. Comparisons of correlation with data for larger
diameter tube [23].

correlation does not agree well with data for steam as
shown in Fig. 26.

6. Concluding remarks

When account is taken of the pressure drop across
the vapour-condensate interface, in an otherwise
Nusselt approach to condensation heat transfer, it is
not always possible to supply sufficient boundary
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Fig. 25. Forced convection condensation on low-finned tubes:
comparison of correlation of Cavallini et al. [4] with data for
several fluids [35].

Nuce

Fig. 26. Forced convection condensation on low-finned tubes:
comparison of correlation of Cavallini et al. [4] with data for
steam [35].

conditions. For the case of the horizontal tube the rate
of change of curvature of the surface of the con-
densate film is only significant very close to the
lowermost part of the tube where the assumption that
the film is thin also becomes invalid. However, since
the heat transfer through the relatively thick film is
small the Nusselt solution for the tube as a whole is
satisfactory.

For condensation in channels where there exist two
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positions of symmetry in the cross section at the top
and bottom (triangular and rectangular sections with a
horizontal side and a circular channel) the required
four boundary conditions can be specified and
solutions obtained. While the differential equation
and boundary conditions in this case have the same
validity as the simple Nusselt theory, solutions re-
quire estimates of the streamwise surface shear stress
and pressure gradient. Furthermore solutions are only
valid so long as the Nusselt conditions prevail, in
particular while the condensate surface is smooth and
the flow regime is annular or annular/stratified.

Condensation on finned surfaces presents greater
difficulty. No wholly satisfactory or complete theo-
retical solution has yet been obtained. The problem is
still under investigation and improved solutions are
awaited. An earlier theoretically-based correlation has
the advantage of simplicity and agrees well with
experimental data for quiescent vapour but so far no
satisfactory extension of this to cover higher vapour
velocities and having validity over a wide range of
fluid properties is available.

Nomenclature

A :Defined in Eq. (14)

B :Defined in Eq. (15)

b :Spacing between fin flanks at fin tip

cp  :Isobaric specific heat capacity of vapour

¢, :Isochoric specific heat capacity of vapour

b : Width of plate, side of channel

d  :Diameter of tube

d, :Diameter at fin tip

d;  :Diameter at fin tip

d.  : Diameter at fin root

S/ :Defined in Eq. (12)

St :Defined in Eq. (33)

fs :Defined in Eq. (34)

G :Mass flux (mass velocity)

Gr, @ Grashof number based on plate height
{see Eq. (3)}

Gry : Grashof number based on tube diameter
{see Eq. (5))

h : Fin height

h, :Defined in Egs. (38)

hg,  : Specific latent heat of evaporation

J  :Defined in Eq.(2)

k  : Thermal conductivity of condensate

L :Height of plate, distance along fin flank

(see Fig. 14)

m,

Vi

‘Q@QIQNVN{;

[N

Ap

AT

: Local condensation mass flux
: Condensation mass flow per length normal

to flow direction

: Condensation mass flow per length normal

to flow direction

: Mean Nusselt number for a plate of height L
: Mean Nusselt number for horizontal tube
: Pressure in condensate film

: Pressure in vapour

: Fin pitch

: Local heat fhux

: Mean heat flux

: Specific ideal gas constant, radius of tube
: Radius of curvature of condensate surface
R+ 0

: Radius of curvature in fin cross section

: See Fig. 2

: Radius at fin root (see Figs. 13, 14)
:Radius of curvature in tube cross section

: Space between fins at root, see Figs. 13, 14
: Saturation temperature

: Surface temperature

: Defined in Eq. (36)

: Defined in Eq. (37)

: D efined in Eq. (35)

: Fin thickness at tip

: Velocity in condensate film in x-direction
: Velocity in condensate film in z-direction
: Specific volume of saturated liquid

: Specific volume of saturated vapour

TV Vg

: Distance along surface (see Figs. 12, 13)

: Distance normal to surface (see Fig. 2)

: Distance along channel (see Fig. 2)

: Heat-transfer coefficient

: Mean heat-transfer coefficient

: Local circumferential mean heat-transfer

coefficient at distance z along channel

: Angle between fin flank and radial plane

(see Fig. 14), inclination of channel to
horizontal

tepley

R

P

: Condensate film thickness measured

normally to condensing surface

: Enhancement ratio (vapour-side heat-trans-

fer coefficient for finned tube based on
smooth tube area divided by value for
smooth tube for the same temperature
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difference)

: Defined in Eq. (8)

: Viscosity of condensate

: Kinematic viscosity of condensate

: Density of condensate

: Density of vapour

: Streamwise shear stress on condensate
surface in channel

@ 1 Angle from top of tube, angle defined in Fig. 2

POV RN

Kal
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