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NOMENCLATURE
dimensionless friction drag number (= pt,h 1*/
pk8);
diameter of the porous tube:
equivalent diameter of rectangular condensa-
tion duct (=4 x cross sectional area/
perimeter);
shear force at liquid—vapour interface;
friction factor under suction conditions:
friction factor in the absence of suction:
gravitational acceleration:
average condensation heat transfer coefficient
between x = 0 and x = !: terminal condensa-
tion heat transfer coefficient at x = I
liquid-vapour enthalpy change modified for
liquid film undercooling (= h,, + 3¢,8,):
thermal conductivity of liquid:
length of the porous tube:
total length of the condensation test section:
condensate mass flow rate per unit width at
section x:
average Nusselt number (= hl/k); terminal
Nusselt number (= h,l/k):
Reynolds number of air in suction experiments
(= paDju);
‘two-phase’ Reynolds number (pii, [/ p):
the condensation group p?g sin ¢h;, /4 k0,
saturation temperature, wall temperature:
local weighted mean air velocity along tube
in suction experiments;
weighted mean vapour velocity in condensation
duct;
velocity at liquid—vapour interface:
suction velocity of air normal to, and at, the
porous wall;
axial distance from beginning of condensation
section, or from entry of porous tube:
suction coefficient (= v, /i)
liquid film thickness at x. at x = I

* Now at Engineering Science Department, Universtty of

Oxford.

experiments, or of air in suction experiments :

., the temperature difference (¢, — ¢,):

1, dynamic viscosity of liquid in condensation

IR density of liquid in condensation experiments,
or of air in suction experiments:

P density of vapour in condensation duct:

Ty shear stress with suction at porous tube wall

=3fpi®);

Toe wall shear stress without suction (=3 f, pii);

Ty ‘Blasius’ shear stress at liquid—vapour interface:

P. inclination of the condensation surface to the
horizontal:

v, momentum loss coefficient defined by equation
(2).

1. INTRODUCTION

FroM condensation experiments carried out in a short
vertical tube (25 mm dia x 200 mm long) it was found that
the observed rates of condensation were much larger than
those predicted by Nusselt’s theory when using a value for
the vapour drag calculated from a Blasius-type law. To
resolve the discrepancy, a theory was developed by Mayhew
et al. [1] which accounted satisfactorily for the observed
results, and this theory was discussed further in [2].

To extend the range of the parameters of the original
investigation, a new apparatus incorporating a flat con-
densation surface, forming one side of a rectangular duct,
has been built. The advantages of this design were several:
(1) Being able to place the cooled surface horizontally, the
gravity force on the film could be eliminated and the results
be made more sensitive to the effect of vapour drag: (2) It
was possible to carry out experiments with counterflow.
with the surface vertical and the vapour flow upwards;
(3) Observations through a window placed in the working
duct wall opposite the condensation surface made it possible
to check for absence of drop-wise, rippled and turbulent-
film condensation.

The theory outlined in [1] assumed that the value of the
shear force F at the liquid—vapour interface of length dx and
of unit width (or unit periphery for a tube) could be expressed
as a sum of two terms, viz.
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F = 1,dx + (@, — ugydm =~ 1,dx + @i, dm (1)

where the stress 7, was a value calculated from a Blasius-
type law, and dm was the condensation rate over the same
area. The second term represented a momentum transfer
to the interface equivalent to a reduction of momentum of
the condensing vapour from its value &, dm to the usually
negligible interface value u, dm. Clearly, there exists only
a single total shear force F at the interface, and the super-
position of two hypothetical forces is merely a device to
predict its total value.

There is, however, no reason to believe that the momentum
transfer to the interface should be exactly equal to @, dm, and
it will be influenced by the conditions of flow prevailing
locally in the region of the interface. It is therefore proposed
that equation (1) should be modified to read

F = 1,dx + i, dm (3]

where ¥ will be called the momentum loss coefficient. It is
difficult to see how ¥ could be predicted theoretically
although one would expect i to have a value less than unity.
[Beckett and Poots have shown in [3], that when both
vapour and film flows are laminar and condensation rates
are high, equation (2) can be written as F = i, dm, where
094 < ¢ < 1, see their equation (4.11).] It is possible,
however, to compare values of shear force deduced from
condensation experiments with those from suction experi-
ments in which air flows past a porous surface. Such a
flow model represents a simple hydrodynamic -analogue
of a condensing vapour flowing past its own condensate film.
Agreement would provide firm support for this simple
modification of the theory.

2. MODIFIED VERSION OF PREVIOUS THEORY

With the assumptions about the shear stress outlined in
the Introduction, it was shown in [1], implicitly assuming
¥ = 1, that the film thickness J; at the end of the cooled
surface of length ] is given by

4 3 2
(Sh)(isll) +§(Dr)(§t~') +iRe,) (%) —1=0. @)

The local Nusselt number Ny, at that point was shown to be
Nuy=— )

and the average Nusselt number Nuuptox = [ to be

3 2
Nu = %(Sh) (%) + D) (isl—') + }(Re,) (%) (5)

For the horizontal plate the term including Sh becomes zero
because g sin ¢ = 0. Dr is a dimensionless parameter arising
from the 1, term in equation (1), while the Re, parameter
arises from the &, dm term.
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Ifit is assumed as a first approximation that = constant,
ie. y is independent of x, the derivation outlined in [1] can
be retraced to yield equations identical with equations (3),
(4)and (5), except that the terms containing Re, are multiplied
by the assumed value of .

To assess the importance of the ‘friction’ (Dr) term com-
pared with that of the ‘momentum’ (Re,) term, each term in
turn can be ignored in the evaluation of the Nusselt number
(Nu). Theoretical curves involving various combinations
of terms included in the evaluation of Nu are superimposed
on some of the graphs of experimental results presented here.
1t will be seen later that the effect of the Dr term on the pre-
diction of Nu is much less than that of the Re, term for the
conditions encountered in the experiments.

3. CONDENSATION EXPERIMENTS AND
DISCUSSION OF RESULTS

The test section consisted of a rectangular duct about
100 mm x 25mm in cross section and 150 mm long. A
600 mm long entry duct ensured that the vapour arrived in
fully-developed turbulent flow. The cooled condensation
surface, forming one side of the test section, was divided into
a central strip of 50 mm width, with a guard strip on each side,

The range of Re, covered with the surface vertical,
inclined and horizontal corresponded to vapour velocities
from about 6 m/s to 60 m/s, all with co-current flow. Experi-
ments with counterflow up to 7m/s were also conducted
with the surface vertical.

Figures 1 and 2 show the results obtained at extreme values
of ¢. Generally speaking, the theory can predict condensa-
tion rates satisfactorily, and a good approximation is
provided even when the Dr term is neglected. The following
reservations must, however, be made.

Firstly, with the surface horizontal (Fig. 1), the results
at low vapour velocity are much higher than those predicted.
Indeed this must be so because the theory for a horizontal
surface, in the limiting case of Re, — 0, predicts § —» o and
Nu - 0, and it does not allow for the drainage of the film
away from the edges of the finite surface used in the experi-
ments.

Secondly, in counterflow with the surface vertical (Fig. 2,
Re, negative), the results are appreciably higher than those
predicted, and indeed always higher than the corresponding
no-drag (Re, = 0) value. An obvious explanation was pro-
vided by dye-injection tests which showed that, with counter-
flow, no laminar film flow could be achieved. The film was
torn off the plate (i.e. flooding occurred) at quite moderate
values of vapour velocity.

Similar observations with parallel flow confirmed that
the film was always both laminar and smooth. From work
with non-condensing films it was expected that rippled flow
would be encountered over part of the surface at the higher
velocitiesused. Infactremarkablysmoothfilmswereobserved,
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FiG. 1. Condensation on a horizontal plate with horizontal steam

flow. (N.B. The scatter of experimental results in Figs. 1 and 2 is in

part due to the fact that these results were obtained with various wall

temperatures t,, lying mainly between 70°C and 78°C. The theoretical

curves were computed for a nominal value of ¢, = 73-33°C. It was

estimated that the variation of ¢t,, in the range 70-78 'C would account
for a scatter band in Nu of about 200.)

suggesting that mass transfer, and possibly also surface
tension effccts on the non-isothermal film, must have had a
stabilizing effect.

4. COMPLEMENTARY EXPERIMENTAL WORK
WITH WALL SUCTION

The interfacial shear stress in the analogous situation of
gas flow with wall suction has been measured using a sin-
tered-bronze tube (Porosint, L/D = 9-3). The scope of the
work reported in [4] and [5] was considerably wider than
indicated here, and only a few immediately relevant results
have been extracted and reanalysed for this communication.
Basically, the experimental apparatus consisted of a porous
tube fed with air in fully-developed turbulent flow and
subjected to uniform surface suction. The proportion of
entry air extracted through the wall was varied from 0 to
100 per cent, and the axial gradients of static pressure and
radial distributions of axial velocity were measured.

The determination of wall shear stress from these experi-

ments, as opposed to that from condensation experiments,
has its own difficulties. The stress was deduced from measure-
ments of axial pressure changes, and these changes are
affected not merely by the wall shear stress, but also by the
‘diffusion’ effect resulting from suction, the net effect usually
being a pressure rise in the flow direction. Thus the calcula-
tion of wall shear stress depends upon the difference of two
quantities of often similar order of magnitude, and careful
experimental work and a sophisticated evaluation of the
data is necessary to achieve the required accuracy (see [4]).

By contrast, in the condensation experiments the value
of the shear stress was deduced from the value of the heat
transfer; that the latter was known accurately was proved
by good energy balances between the condensate and cooling
water. The pressure variation along the duct only affected the
saturation temperature ¢, and the enthalpy change h , and
uncertainty arising from this was very small because of the
short test section and high by-pass flow used. The greatest
likely source of error, as in all such experiments, lies in the
measurement of the wall temperature t,,, and hence in the
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FiGg. 2 Condensation on a vertical plate with counter-current and co-current
steam flow.
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F1G. 3. Local non-dimensionless shear stress for Porosint tube at Re,, = 40000.
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value of 6, needed to calculate the heat transfer coefficient
h from the value of the heat transfer.

The local wall shear stress r,, deduced from the suction
experiments has been normalized by the term ¢, + piiv,,
where 1, = jf,pii® is the shear stress in the absence of
suction, pv,, is the mass extraction rate per unit area of the
wall, and pitv,, is its associated ‘free-stream’ momentum.
The resulting normalized friction factor, viz. f/(f, + 28).
has been plotted against the local suction parameter S,
defined as the ratio ¢, /i. Figure 3 shows a typical set of
results, relating to a fixed value of Re,, = 40000 at the sections
at which 7, was evaluated.

It is readily seen that, in terms of the nomenclature used
for the suction results, equation (2) can be expressed as

T, = 1o + Ypiit, (©)

so that the momentum loss coefficient ¥ is given by

S =4

W= T

N

Values of 7, corresponding to the results of Fig. 3, are depicted
in Fig 4.

Examination of all the results obtained so far (at other
values of Re;, and with another type of porous tube) indicate
that at high values of §, values of ¢ lie in the range 0-6-09,
averaging at about 0-75. Values in the range of 0-5-1-0 have
previously been suggested explicitly or implicitly by several
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authors, e.g. see [6]. Y appears to depend not only on f, but
also on x/D and Rey,; preliminary results with a woven steel
tube also suggests that it depends on the surface structure
of the wall. Tt is at present impossible to suggest closer
rules about how to estimate ¥, and considerable further
work is necessary before such rules can be formulated.

At high suction rates 7, becomes small in comparison with
pitv,, and it is therefore to be expected that the normalised
shear stress and ¥ should become approximately equal.
This is indeed indicated by a comparison of Figs. 3 and 4.
This range is of interest for comparison with the condensa-
tion experiments, because these were conducted with con-
densation rates corresponding to values of # > 10 x 1073,
and the liquid~vapour interfacial shear stress was dominated
by the mass transfer to the interface.

In Figs. 1 and 2. condensation rates predicted from the
modified versions of equations (3) and (5) are shown for
different values of . Evidently, condensation experiments
with the vertical plate support a value of ¥ = 0-75, while
those with the horizontal plate agree better with a value of
Y = 1-0. Close agreement with the suction experiments is
not to be expected for the following two reasons: (a) the
suction experiments used uniform suction and hence in-
creasing values of § along the duct, while with condensation,
‘suction’ was infinite at the beginning of the cooled section
and decreased as the liquid film thickened: {b) the suction
experiments were carried out in a circular duct, whereas
condensation took place only on one wall of a rectangular
duct.
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F1G. 4. Local momentum loss coefficient for Porosint tube at Re;, = 40000.
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Thereasonable agreement between the values of i obtained
from the condensation and suction experiments indicates that
the simple division of the shear force into two components—
friction drag and momentum—is a valid approach.

5. CONCLUSIONS

The use of a Blasius-type expression for the shear stress at
the interface of a turbulently flowing vapour and a laminar
condensate film, applied in Nusselt’s theory of laminar
film condensation, cannot account for measured condensa-
tion rates with high vapour velocities.

There is considerable experimental evidence, both from
condensation experiments and from experiments with flow
in porous tubes, to suggest that condensation rates can be
adequately predicted if the shear stress is taken to be equal
to the product of the momentum loss coefficient i, the mean
vapour velocity and the condensation rate per unit area.
Although  varies with Reynolds number, condensation rate
and x/D, a value of 0-75 is probably sufficiently accurate for
most design calculations.

It has often been suggested that in counterflow, condensa-
tion rates would be lower than those occurring with zero
vapour velocity because of the resulting thickening of the
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condensate film. This is not so, because the film becomes
turbulent.
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NOMENCLATURE
a,, a,, a;, dimensionless constants;
g, gravitational acceleration;
m,n, dimensionless constants;
T, temperature;

X, distance along plate surface.

Greek symbols

B, coefficient of thermal expansion :
v, kinematic viscosity.
Subscripts
w, wall value;
0, ambient value.



