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Heat Transfer and Two-Phase
Flow during Shell-side

Condensation

P.J. MARTO

Department of Mechanical Engineering, Naval Postgraduate School, Monterey,

California 93943

This paper surveys the evolution of power condenser tube bundle arrangements and
examines present-day designs. Condensation heat transfer during shell-side flow is
reviewed, including the effects of vapor shear, condensate inundation, noncondensable
gases, and enhancement techniques. The difficulties experienced in calculating vapor
pressure drop through tube bundles are described, as well as recent attempts to obtain
more reliable correlations. The modeling of these phenomena to predict shell-side
condenser performance is reviewed, as well as the use of one- and two-dimensional
computer codes. Appropriate topics for future research are identified.

INTRODUCTION

Shell-side condensation plays an important role
in a variety of engineering applications including
electric power, shipboard propulsion, refrigeration,
and chemical processing plants. Since 1765, when
James Watt conceived the idea of using a separate
surface condenser in a steam engine [1], the con-
denser has undergone numerous changes in size,
shape, and construction [2]. Until recently, how-
ever, these changes have taken place with little
interaction between condenser designers and their
counterparts in engineering research. This was
caused in part by a lack of comprehension of the
complex processes that occur when vapor, contain-
ing some noncondensable gases, flows at high
velocities into a bundle of tubes th.-ugh which
cold water is flowing.

Today, significant insight has been gained into
the two-phase flow and heat transfer phenomena

This work was funded in part by the David W. Taylor Naval Ship
Rescarch and Development Center. The author wishes to extend his
sincere thanks to the Heat Transfer Fluid Flow Service, Harwell,
U.K., for providing a valuable literature search on this subject.
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that occur on the shell side of surface condensers.
As a consequence, we now have the ability to more
clearly picture all the physical processes that occur
within a condenser and model them mathemati-
cally. In addition, the advent of digital computers
with large storage capacity has made it feasible to
incorporate these models into comprehensive
computer codes that can predict performance
under various operating conditions. When these
advances are coupled with the latest research de-
velopments in two-phase heat transfer enhance-
ment, it is clear that we are on the threshold of
an era where more compact, more efficient, and
less costly condensers can be reliably built for
modern applications.

This paper describes the evolution of condenser
bundle designs and heat transfer technology and
presents a critical review of heat transfer and two-
phase flow during shell-side condensation. Current
developments in computer modeling of condensers
are also reviewed, as well as the potential benefits
of enhancing heat transfer. New directions for
promising research in these areas are provided
throughout the paper. While an attempt has been
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made to make the paper as comprehensive as
possible, most of the information pertains to steam
surface condensers such as exist in the electric
power industry and in marine propulsion plants.
Topics such as binary condensation, plate fin heat
exchangers, and vertical tube condensers are not
treated.

DEVELOPMENTS IN CONDENSER
TECHNOLOGY

It is well known that in any vapor power cycle,
heat rejection in the condenser is a vital part of the
cycle, and the purpose of the condenser is to reject
the heat at the lowest possible vapor temperature
(and therefore pressure) so that a high thermo-
dynamic efficiency is achieved [3]. A secondary
purpose of the condenser is to recover the feed-
water for return to the boiler [1,4]. It is also well
known that the lowest pressure in a vapor power
cycle occurs within the condenser so that all the
noncondensable gases that either leak into the
plant or are generated due to feedwater treatment
collect there and must be removed. Silver [S],ina
comprehensive review of the theory of surface
condensers, points out that, in addition to the
above, a condenser should produce condensate
with a small amount of subcooling to minimize
the need to reheat it to the saturation temperature
in the boiler and to minimize absorption of air and
other noncondensables. These gases must be re-
moved from the condenser, and care should also
be taken to ensure that the amount of steam with-
drawn with them is as small as possible, minimizing
the need for feedwater makeup into the boiler.
These last two conditions require that the con-
densate be reheated close to saturation conditions
by integral contact with fresh steam and that the
gases be cooled just prior to their removal. All of
the above, of course, should be accomplished with
a minimum vapor pressure drop. In surveying the
history of surface condenser designs, it is clear
that much of the evolution of bundle geometries
has occurred in order to accomplish these last
conditions.

Evolution of Bundle Designs
An excellent review of the early history of sur-

face condensers was provided by Silver [1] and
Sebald [2]. Although Watt introduced the concept

of the surface condenser in 1765, it is apparent
that practical problems with soldered joints pre-
cluded its real use until the middle of the 19th
century, when the requirement for surface conden-
sers was established with the advent of high-
pressure boilers in marine power plants. Through-
out the latter part of the 19th century, these
devices were designed and built with considerable
practical experience but with little theoretical
knowledge. Figure | shows an early bundle layout
from a patent by George Weir and James Weir in
1879 [1]. Their design required that the steam be
forced to pass upward through a tightly spaced
bundle of tubes so that it was in integral contact
with the condensate falling to the bottom. In this
way, condensate subcooling was minimized. Their
design also stated that' the air extraction point
should be as far away as possible from the steam
inlet, and for this reason baffles were placed in the
top of the condenser to elongate the steam flow
path.

The advent of the steam turbine at the turn of
the century required that steam entry be from the
top of the condenser rather than the bottom. This
change in steam direction required several modifi-
cations to condenser bundle designs. The condenser
shell was made circular and the steam entered from
the top into a full, tightly packed bundle of tubes
with an air cooler section at the bottom. This
design, however, led to a large vapor pressure drop
and a sizable condensate subcooling. Designs during
the next 20-30 yr attempted to eliminate these
deficiencies [2]. Figure 2 shows four variations in
circular condenser bundle geometry. In Fig. 2a, the

| Exhaust enters

Figure 1 Patent drawing of the Weir condenser [1].
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Figure 2 Various circular tube bundle geometries. (a) Eccentric radial bundle (6], (b)
left-hand steam access lane [6] ; (¢) venturi-shaped central steam lane [6]; and (d) baffled,

fan-type bundle [7].

tube bundle is located eccentrically to the shell
so that steam may be distributed from the top
around the sides with minimal flow resistance [6].
The steam flows radially inward in the tube bundle,
which contains a central air cooler and air extrac-
tion point. Figure 2b shows a variation where a
steam access lane is provided on the left-hand side
of the bundle and the air cooler is located on the
lower right [6]. Figure 2¢ shows a venturi-shaped
central steam lane in a symmetric, folded-bundle
arrangement with two separate air coolers [6].
Figure 2d shows a schematic arrangement of a fan
type of bundle layout [7]). Each subbundle con-
tains about 30 tubes with a gradual narrowing
down of the steam flow passage along the steam

heat transfer engineering

flow direction. The subbundles are separated by
baffle plates to remove condensate from above.

In each of these designs, numerous steam lanes
are used to ensure that the steam is in close contact
with the condensate at the bottom of the bundle.
Also, the steam flow passages become narrower
as the steam flows toward the air extraction point,
in order to keep the vapor velocity large enough to
ensure removal of noncondensable gases. A com-
-prehensive review of the performance of several
condensers in the United States was made by
Chatel in 1927 (8] ; it described the use of baffles
near the air cooler, radial flow of steam, the use of
steam lanes with eccentric shells, and condensate
baffles. Emerson [9] postulated that an ‘“ideal”
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bundle arrangement might be as shown in Fig. 3.
It would have inlet steam guide vanes into the tube
bundle to minimize the flow losses, radial flow of
steam, generous access lanes, penetration of steam
across a small number of tubes to minimize the
bundle pressure drop, and a convergent air cooler
passage to promote high velocities. Such a design
would also put a large number of tubes in contact
with fresh steam, making the condenser very
effective. According to Emerson [9], high vapor
velocities at the inlet to the condenser bundle may
cause a large bundle pressure drop, which can
affect subsequent thermal performance throughout
the rest of the condenser. On the other hand, high
velocities at the inlet to the air cooler help to
promote large mass transfer coefficients, and the
resulting pressure drop only influences the design
of the air ejector equipment.

During the past 40 years, the construction of
power plants with ever-increasing electrical capaci-
ties has required larger and larger condensers. In
these large condensers, the cylindrical shell has
been replaced with a rectangular one, and multiple-
tube bundles with wider steam lanes have been
developed. In the United States, it is commonplace
to have radial-flow tube bundles with a central air
cooler section [2], as shown in Fig. 4a. Elsewhere,
a multifolded tube bundle arrangement, as shown
schematically in Fig. 4b, is common [10-12]. The
exact shape of the tube bundle varies with manu-
facturer, type of application, capacity, and so.on,
so that today condensers are built in many dif-
ferent sizes and shapes and with a variety of tube
bundle configurations.

Steam inlet

.
,,,,,,,,,,

Air coolor
extraction

vent

Hot well

B Seoled space
EZ3 Spece occupied by tubes

Figure 3 Section of ideal condenser bundle [9].

Current Thermal Design Practice

Most condensers today are thermally rated by
standards similar to those proposed by the Heat
Exchange Institute (HEI) in the United States [13)
or the British Electrical and Allied Manufacturers’
Association (BEAMA) [14). These standards have
been prepared with the supposition that the overall
heat transfer coefficient in an operating condenser
is proportional to the square root of the cooling
water velocity and independent of steam-side
conditions. This dependence on cooling water
velocity has been the subject of various investiga-
tions for over 100 years and was addressed in the
United States in 1910 by Orrok [15]. He con-
ducted a series of tests for steam condensing on a
single, horizontal tube having an outside diameter
of 25.4 mm and a length of 1.16 m. He varied tube
wall material and condenser operating vacuum, as
well as cooling water velocity and inlet tempera-
ture. He also made a limited examination of the
influence of corrosion, steam velocity, and air on
single-tube performance.

Based on his early experimental results and a
series of extensive tests subsequently conducted
by HEI, the overall coefficient of heat transfer is
postulated to be of the form:

U= CF,F,F3\Jv (N

where the coefficient C depends on tube outside
diameter, and the other coefficients F,, F,, and
F5 are correction factors for fouling, tube material
and wall thickness, and cooling water inlet tem-
perature, respectively [13].

As might be expected, Eq. (1) is valid only over
a limited velocity range where the cooling water
thermal resistance controls the heat transfer pro-
cess. If other thermal resistances (e.g., due to con-
densate, fouling, wall material or thickness, or non-
condensable gases) are controlling, Eq. (1) may be
in substantial error. For example, Wenzel [16]
reported wide discrepancies between the predicted
value of the overall coefficient from Eq. (1) (UHEI)
and measured values from commercial condensers
(UEXP) (Fig. 5). The comparison shows that in
many cases HEI predictions may be too optimistic
and errors of almost 100% are possible. Other data,
however, show that some condensers perform
better than predicted by HEI. These discrepancies
are, of course, due to many factors, including air
blanketing, maldistribution of flow on either the
steam side or the cooling water side, condensate

heat transfer engineering vol.5 nos.1-2 1984



Expansion joint <

Q Q Q

_\

3 o- A

|
¢ Central steam lane
venturi shaped  Eoided
Tube tube
support layer
plates 2

Steam™ Folded tube

infet  jayer
lanes

Air
collection

(2 \ :
g~ R 1 S\header

0|

Air offtake

Drains condensate
returns and make-up
system

Air exit_I-
lane

Hot
drains

| Side steam
lane, venturi

shaped ‘ "

Condensate pump

~*" Condensate 'z
storage

=) pmml ¢

suction \G

A Exhaust steam
1
| Air exit Gl @
lane =
1
A
1
I
1K
_AE
Support plate A
cutouts for AS
longitudinal _®_
et flow -
1
—

1l

(a)
Figure 4 Noncircular bundle designs. (a) Multiple tube bundle

splashing on the tubes, high vapor velocity effects,
dropwise condensation, poor experimental mea-
surements, and others. It is clear that there is much
room for improvement in present rating techniques.

The basic HEI procedure as described above has
been criticized [17, 18] for failing to include all
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Figure 5 Comparison of predicted and measured values of

overall heat transfer coefficient [16].
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b)
design, Worthington [2]. () Multifolded tube bundle [10].

the thermal resistances between the vapor and the
cooling water as given below:
1 A |

0
— — + am—
Uo Ai ho

=hl{ + Rpe + Ry, + Ry (2)
Only when Eq. (2) is utilized locally will it be pos-
sible to perform more accurate analyses of con-
densers and improve their performance. In con-
sidering the use of Eq. (2), it is true that in most
steamn condensers today, with cooling water veloci-
ties of 1-3 m/s, the thermal resistance on the tube
side is usually controlling. This is certainly true
in regions of the condenser where vapor velocities
are very large, leading to high steam-side coeffi-
cients. However, there may be other regions in a
condenser where shell-side conditions are con-
trolling (e.g., near the air cooler, where there are
sizable noncondensable gas concentrations). In
addition, there can be other important design
situations where shell-side conditions control per-
formance, such as the use of titanium tubes with
higher cooling water velocities [19], the use of
heat transfer tubing with high internal enhance-
ments, or applications where an organic vapor,
with its low condensing coefficient, is being con-
densed. Under these circumstances, it will be
essential to more thoroughly understand and
model shell-side phenomena.

Consideration of vapor pressure drop reveals
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another reason why shell-side conditions are im-
portant. As pointed out earlier, if an improvement
can be made in condenser vacuum, the thermo-
dynamic efficiency of the power cycle will in-
crease, leading to savings in fuel costs. Unfor-
tunately, a current problem with operating steam
power condensers is their ability to achieve a high
vacuum, and a vacuum shortfall of only about
0.5 kPa (0.15 in Hg) could produce an additional
annual fuel cost of over $]1 million for a 2000-MW
plant [20]. As bundle geometries change, vapor
velocities may become very large, causing un-
desirable pressure losses that can have a dramatic
effect on performance, especially at low operating
pressures. Table | compares the effects of vapor
pressure drop for three different condenser ope-
rating pressures, 8.58, 6.76, and 5.10 kPa (2.5,
2.0, and 1.5 in Hg). The values were calculated for
steam flowing radially inward in a 30° segment
of a circular bundle containing 228 tubes in 22
rows. For a steam mass velocity of 0.618 kg/m?s,
pressure drops of 0.39, 0.67, and 1.12 kPa occur.
This threefold increase in pressure drop at the
lower operating pressure causes a larger decrease
in saturation temperature, which lowers the log
mean temperature difference (LMTD) by almost
one-half. The amount of steam condensed, m,, is
therefore lowered proportionately. It is also
interesting to see that at lower condenser pressures,
vapor velocities can become very large. At a pres-
sure of 2.5 inHg, the steam velocity decreases
from 43.1 to 20.5 m/s from inlet to outlet. This
reduction in steam velocity provides some pressure
recovery, helping to keep the pressure drop small.
At 2.0 inHg the steam velocity stays essentially

Table 1 Effect of Operating Pressure on Condenser
Performance?®

Inlet steam pressure (in Hg)

Performance
variables 2.5 20 1.5

P, ; (kPa) 8.48 6.76 5.10
Ty,1(°C) 425 383 33.1
U; (m/s) 43.) 53.3 68.0
U, (m/s) 20.5 53.2 125.2
AP, (kPa) 0.39 0.67 1.12
AT, (°C) 0.76 1.68 4.08
LMTD (°C) 12.54 9.95 6.70
m, (kg/s) 2.07 1.65 1.06

“Bundle geometry: 30° segment of circular bundle; Steam
flow direction: radially inward; Number of tubes: 228;
Number of tube rows: 22; Tube diameter: 15.9 mm; S/d:
1.35; Steam mass velocity, G: 0.618 kg/m?s.

36 heat transfer engineering

constant (actually, the velocity first decreases
with penetration into the bundle, then increases
toward the last rows). At 1.5 in Hg, because only
half of the steam is condensed in comparison to
the 2.5-in case, as the pressure of the steam drops
its density becomes very small, requiring that the
steam velocity increase by a factor of 2 from inlet
to outlet. Such large velocities are undesirable
and can lead to excessive tube vibration and pre-
mature failure [21, 22]. Uncertainties in pressure
drop prediction may therefore have a serious
effect on design performance, especially at lower
operating pressures, and it becomes imperative
to understand shell-side two-phase flow to avoid
significant pressure losses.

SHELL-SIDE HEAT TRANSFER

In 1916 Nusselt conducted his pioneering analy-
sis of laminar film condensation on a single hori-
zontal tube [23]. He idealized the problem by
assuming, among other things, a pure quiescent
vapor and a uniform tube wall temperature. His
analysis yielded the well-known relationship for
the heat transfer coefficient:

klhf‘p}_g "
hy =0.725 3)
Y [domr, —7o)
which can be expressed in dimensionless form:
hwd, GaPr\”*
= = 4
Nuy k. 0.725 ( H > (4)

Numerous investigators have compared Eq. (3)
with single-tube experimental data, using a variety
of test fluids, and agreement within 30% has
generally been obtained. During shell-side conden-
sation in an actual condenser, however, the condi-
tions are widely different from those used by
Nusselt. Added complexities exist due to the
presence of neighboring tubes in a large tube
bundle [24-28). If the situation is idealized as
depicted in Fig. 6a, all the condensate from a given
tube is assumed to drain by gravity to the lower
tubes in a continuous, laminar sheet. In reality,
depending on the spacing-to-diameter ratio of the
tubes and depending on whether they are arranged
in a staggered or in-line configuration, the conden-
sate from one tube may not fall on the tube
directly below it but instead may flow sideways
(Fig. 6b). Also, it is well known experimentally
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{a) (d)

Figure 6 Schematic representations of condensate flow,
(a) Nusselt idealized model; (b) side-drainage model; (c)
ripples, splashing, and turbulence; and (d) high vapor cross
flow.

lc)

that condensate does not drain from a horizontal
tube in a continuous sheet but in discrete droplets
along the tube axis. When these droplets strike
the lower tube, considerable splashing can occur
(Fig. 6c¢), causing ripples and turbulence in the
condensate film. Perhaps most important of all,
large vapor velocities can create significant shear
forces on the condensate, stripping it away, inde-
pendent of gravity (Fig. 6d).

The effects of vapor velocity and condensate
inundation can therefore cause a significant change
in shell-side condensation heat transfer and must:
be accurately accounted for in any valid condensa-
tion analysis. However, to proceed from the single-
tube theory to a tube bank condensation model is

a difficult process. Figure 7, which has been
adapted from [25], outlines the important re-
search work that is necessary to accomplish this
goal, and provides a list of pertinent references
[29-67, 71, 72] which have contributed signifi-
cantly to the understanding of this subject.

Effect of Vapor Velocity

When the vapor surrounding a horizental tube
is moving at a high velocity, the analysis for film
condensation is affected in two important ways:
(1) the surface shear between the vapor and the
condensate 7; must be included (i.e., the local
vapor flow field must be known), and (2) the
effect of vapor separation—its onset and its subse-
quent influence on condensate flow—must be accu-
rately treated. A further complicating feature
occurs when it is realized that the vapor flow
direction in an operating condenser may be
oriented in a variety of ways with respect to
gravity. This last characteristic introduces an
asymmetry into the problem which further compli-
cates the analysis. As a result, most of the analyses
performed to date have been for vertical downflow

NUSSELT SINGLE TUBE THEORY
SINGLE TUBE M. ' i TUBE BANK
- LA | >
L e P >—
by * 0723 ""g"-"-’]
A
EXPERIMENT EXPERIMENT Y
WAPOR VELOCITY xinar CI:&M VAPOR VELOCITY
EFFECTS Tiie i AND INUNDATION
OUMMY BAK €FFECTS
Y 4 4 ~
THEORY THEORY
SHEAR STRESS, i 7 ol OEVELOPMENT OF
SEPARATION, TANT P WTERACTIVE
WALL CONOUCTION, PMPORTANT PARAMETERS o CATIDNS
ETC.
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Figure 7 Outline of research on vapor condensation without noncondensables [25).
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of vapor. An excellent overview of the effect of
vapor velocity was recently made by Lee and
Rose [51].

Experimental results [30, 35, 41] have shown
that by increasing the vapor velocity, the con-
densing heat transfer coefficient can be signifi-
cantly "increased. Berman and Tumanov [35]
conducted a series of experiments on a single
horizontal tube placed in a bank of uncooled
neighboring tubes. They recommended that for
vertical downflow, the increase in heat transfer
coefficient may be expressed in terms of the vapor
Reynolds number Re, and the heat flux (i.e.,
Nuy ):

;’:7 =1+ 9.5 X 1073(Re,)!!#/VNuy (5)

provided

(Reu)u.sl\/NuN < 50

The early analytical investigations with vapor
velocity effects were extensions of Nusselt’s
analysis to include the interfacial shear boundary
condition at the edge of the condensate film:

(6)

Initially, the friction coefficient C; was assumed
constant, but later this restriction was relaxed to
allow Cr to be a function of vapor Reynolds num-
ber [29-31, 35]. These authors also assumed that
the interfacial shear during condensation was the
same as that which occurs when a noncondensing
gas flows over a dry surface. This erroneous ap-
proach was correctly identified by Shekriladze and
Gomelauri [36), who realized that the mass flow
across the condensing interface is very important.
They therefore assumed that the primary contri-
bution to the surface shear was due to the change
in momentum across the interface: ’

71 = j(Up —uy) (7

They also simplified the problem by assuming
u; KU, with Uy provided from potential flow
theory. Their approximate solution for an iso-
thermal cylinder without separation and with no
body forces is:

h
Nu = —% = 0.9 Re}? (8)

38 heat transfer engineering

where Re;, is a two-phase Reynolds number,
defined by U.pyd,/uz. When both gravity and
velocity are included, they recommended the
relationship:

Nu

RelZ =0.64[1 + (1 + 1.69F)V2 ]2 ©)
where

doprh
F Pr = 8o ML Nfg 0

TFrH Uik (T, —Ty)

It is interesting to note that in the limiting case of
zero vapor velocity (i.e., F—> o), Eq. (9) reduces
to the Nusselt expression given by Eq. (4). Equa-
tion (9) neglects vapor separation, and at high
vapor velocities it is well known that for flow over
a cylinder, separation will occur somewhere be-
tween 82° and 180° from the stagnation point of
the tube. When separation occurs, the condensate
film rapidly thickens downstream of the separation
point and, as a result, heat transfer is deteriorated.
A conservative approach suggested by Shekriladze
and Gomelauri [36] is to assume that there is no
heat transferred beyond the separation point. If
the minimum separation angle of 82° is then
chosen, the most conservative equation results.
With these assumptions, the heat transfer will
decrease by approximately 35%. An interpolation
formula based on this conservative approach,
which satisfies the extremes of gravity- and
velocity-dominated condensate flow, was recently
proposed by Lee and Rose [5]:

Nu
172
Re“

(1n

=0416[1 + (1 +9.47F)V2 )12

They pointed out that Eq. (11) is conservative in
three ways: the assumed shear stress is less than
the actual shear stress, so the condensate film near
the top of the tube should be thinner; the separa-
tion angle of 82° is less than the actual separation
angle; and, beyond the separation point, the heat
transfer rate is finite and nonzero.

More recent complete analyses by Fujii and co-
workers [38, 44, 48, 49] have considered details
of the vapor boundary layer, variations in the
separation point, circumferential conduction
effects in the tube wall, and vapor velocities
oriented away from the vertical. Their earliest
work for downflow of vapor over an isothermal
cylinder resulted in an approximate formula that

vol. 5 nos.1-2 1984



satisfies both limiting cases of large and small
vapor velocities [38]:

Rr:;,’ =X (1 + %{#’)l” (12)
where
X=09(1 + G™*)V3 (13a,
and
I (puu. )"’ o
Hphygg PuHy

Lee and Rose [51] conservatively modified the ex-
pressions above by neglecting heat transfer down-
stream of the calculated separation point. They
recommended the following expression:

Nu 0.281F\"*
- b
Rel ‘(' T ) (14)
where
173
=0ss (1+22¢) as)

Equation (14) approaches the Nusselt solution,
Eq. (4), when U.. = 0 (i.e., F = ). Both Egs. (11)
and (14) are plotted, together with experimental
data, in Fig. 8 [S51]. Except for the data at very
" high vapor velocities (i.e., very low F), all the data

data fairly well for various values of G. It is ap-
parent, however, that more experimental data are
needed for low values of F (i.e., large U.) and
small values of G (i.e., low heat flux) in order to
verify the dependence on G.

Effect of Condensate Inundation

In the absence of vapor velocity, as condensate
flows by gravity onto lower tubes in a bundle, the
condensate thickness around a tube should in-
crease, and the condensate heat transfer coefficient
should therefore decrease.

Jakob [52] extended the Nusselt analysis for
film condensation heat transfer on a vertical in-line
row of horizontal tubes. In this idealized case
(Fig. 6a) it is assumed that all the condensate
from a given tube drains as a continuous sheet
directly onto the top of the tube below it in a
smooth laminar film. With this assumption, to-
gether with the assumption that the saturation
temperature difference (7 — 7, ) remains the
same for all the tubes, Jakob showed that the
average coefficient for a vertical row of n tubes,
compared to the coefficient for the first tube
(i.e., the top tube in the row), is:

-4

(16)

or, in terms of the coefficient for the nth tube,

lie above the prediction of Eq. (11), verifyingits | 27 _ 36 . .3
. 5 =n (n—1) (17
conservative nature. Equation (14) correlates the h,
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Figure 8 Effect of vapor velocity: a comparison of theory and experiment
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Kern [55] realized that the condensate does not
drop off in a continuous sheet, but drops off
instead by discrete droplets or jets of liquid de-
pending on the surface tension of the condensate.
These droplets cause ripples in the condensate
film (Fig. 6¢), and this disturbance of the film
lessens the inundation effect. He therefore pro-
posed a less conservative relationship:

n -

i n (18)
or

h

h—"=n5’°—(n—l)5’° (19)
1

Chen [34] derived a modified Nusselt expression,
which considered the additional effects of the
momentum gain of the falling condensate and the
condensation of vapor on the subcooled conden-
sate sheet between tubes. As a result, he arrived at
an approximate expression that is valid for most
ordinary applications:

=n=Y4[] + 0.2H(n — 1)] Q0

g P

provided H(n — 1) < 2.0. Eissenberg [61) experi-
mentally investigated the effects of condensate
inundation by using a test bundle containing 163
tubes in a tightly spaced (s/d = 1.33), staggered
arrangement. Based on his observations, he postu-
lated that condensate does not always drain onto

tubes aligned vertically but instead can be diverted

sideways (due to local vapor flow conditions) to
follow a staggered path similar to that shown in
Fig. 6b. Assuming a gravity-dominated situation,
he theorized that in this side drainage mode the
condensate strikes the lower tubes on their sides
rather than their tops, and the inundation influ-
ences the condensate flow only on the bottom
portions of the tubes, which carry away less heat
than the tops. For this situation, he subsequently
derived an expression that predicts a minimum
effect of inundation:

hn -4
',: =0.60+0.42n 21)

Numerous experimental measurements have
been made in studying the effect of condensate
inundation [41, 53, 54, 56-61]. In general, how-
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ever, the data are very scattered, giving the result
depicted in Fig. 9. Recall that the Nusselt expres-
sion as derived by Jakob, Eq. (16), predicts the
most conservative effect, whereas the side drainage
model of Eissenberg, Eq. (21), is least conservative.
The data show considerable scatter around each of
these theoretical expressions. Recently, Berman
[67] conducted a comprehensive compilation of
film condensation data on bundles of horizontal
tubes. Figure 10 shows some of the data he con-
sidered. In Fig. 10, a—c, the data of Ferguson and
Oakden [68] and Gudemchuk [69] for experi-
ments with multirow, staggered tube bundles are
plotted. The top curves depict the falloff of the
local coefficient A, in relation to the coefficient
for the first tube in the row, A;. The bottom
curves depict the falloff in relation to the Nusselt
expression Ay, Eq. (3). The data of [69] show that
as steam flow rate (i.e., steam velocity) through the
bundle decreases, a significant erroneous dropoff
occurs in h, /h, (Fig. 10, b and ¢, curves 4 and 5)
as the amount of steam is used up in going through
the earlier tubes in the bundle. Furthermore, it is
evident that near the top of the bundle h,/hy is
greater than unity, signifying that, due to high
steam velocities, the heat transfer coefficient in-
creases above the Nusselt value. With penetra-
tion into the bundle, the local heat transfer coeffi-
cient falls off not only due to inundation but,
more important, due to a decreasing local steam
velocity. Hence, all bundle data will have a mixture
of inundation and vapor velocity effects, which are
difficult to separate from one another. Figure 10d
shows the results of Nobbs [41], who used one
active tube in a dummy tube bundle. He simulated
additional condensate from above by using three
porous tubes supplied with water. In this figure,
the top curves depict hy /h, and the lower curves

hn/h,

o
-

Figure 9 Schematic representation of the uncertainty be-
tween theory and experiment during condensate inundation
studies.
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Figure 10 (a) Data from [68): T, = 48.9°C, (1) U= 50.7 m/s, (1} U= 24.3 m/s, (3) U=0 (i.e.,
Nusselt); (b) and (c) Data from [69]: T, = 97-112°C, (b) Row A, (¢) Row B, (1) U = 26.3 m/s, (2)
U=194 m/s, (3) U= 13.6 m/s, (4) U=6.4 m/s, (5) U=4.5 m/s; and (d) Data from [41): T, =
101.5°C, Solid curve: cooling water inlet = 68.5°C. Dashed curve: cooling water inlet = 36.5°C. (1)

U=48.6 m/s,(2) U=27m/s,(3) U= 54 m/s,

depict hy /hy, where hy is the heat transfer coef-
ficient corresponding to the local value of inunda-
tion Y, where Y equals (£ G), /G, [(Z G), equals
the total flow of condensate per unit area running
off the nth tube and G, equals the flow of con-
densate per unit area forming on the nth tube].
Again, the wide scatter in the data is evident, as
noted earlier, and depends on heat flux (in this
case, steam-tocooling water temperature dif-
ference) and steam velocity. At low steam veloci-
ties, the data appear to go through a minimum,
perhaps signifying that for very large amounts of
condensate, considerable splashing occurs, leading
to turbulence in the condensate film. Based on this
information, Berman {67] concluded that the wide
variation in experimental data for tube bundle
inundation is due to many variables, such as bundle
geometry (in-line or staggered), tube spacings,
type of condensing fluid, operating pressure, heat
flux, local vapor velocity, and, of course, the
difficulties in attempting to measure directly, or
indirectly, the local condensing coefficient.

The comparison above was made for vertical
downflow of vapor. If one allows the vapor flow
direction to vary, additional complexities are
introduced. Figure 11 compares the data of Fujii
[48] for both in-line and staggered tube bundles
with steam flowing downward, horizontally, or
upward. There is little difference between the
downward and horizontal flow data, whereas the
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upward flow data are as much as 50% lower in the
range 0.1 < F<0.5, and are even less than the
single-tube, zero-velocity, Nusselt expression, Eq.
(4). The solid curve in Fig. 11 is an approximate
expression given by Fujii [48]:

Nu

= (0.96F°2 22
Rel 0.96 (22)
for 0.03 < F < 600.

Hawes [70] obtained some data for horizontal
cross flow which showed that as vapor velocity
increases, the heat transfer coefficient first in-
creases and then decreases. This maximum is pre-
sumably due to a critical vapor velocity being
reached where condensate holdup occurs locally
around a tube due to hydrodynamic conditions.
This trapping of condensate leads to thicker
condensate films on the tubes and a deterioration
in performance. Butterworth [26] suggested that
since the Hawes data were obtained at high vapor
velocities and low heat fluxes (i.e., low temperature
differences between the vapor and the cold wall),
the observed results could be interpreted dif-
ferently. Butterworth postulated that at very high
vapor velocities, the local drop in vapor pressure
around a tube can cause a reduction in local satura-
tion temperature, which reduces the heat transfer
driving force. He therefore suggested that to
avoid a decrease in heat transfer with an increase
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Figure 11 Correlation of theory and experiment for horizontal, downward, and upward

flow in tube bundles [48].

in vapor velocity, the ratio of the local vapor tem-
perature drop to the local film temperature dif-
ference should be kept small, that is, (U7 [hy,)/
(T; —T,)<0.05. Brickell [71] further discussed
this issue of condensate holdup and pointed out
that if a general inundation expression is desired
of the form:

Jin [(z G)..] -
—

hy Ga

then the exponent s will not be constant but will
vary with vapor velocity, flow direction, and pitch-
to-diameter ratio, as shown in Fig. 12. He further
postulated that the condensate should be treated
as having two components, a film flow and a drop
flow, with droplet entrainment occurring due to
local vapor velocity conditions. From this informa-
tion, it is evident that there is a substantial inter-
active effect between vapor shear and condensate

inundation, and these effects cannot be treated
independently.

(23)

4 3
Rl

Increasing vapor velocity
Figure 12 Effects of vapor velocity, flow direction, and
tube spacing on inundation exponent [71].
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Combined Vapor Shear and Inundation

Until recently, the effects of vapor shear and .
inundation were treated separately, based on the
assumption that there is little interaction between
these physical phenomena. The combined average
heat transfer coefficient for shellside condensation
with 7 tubes in a vertical row was written as
ha = hyC,C, (24)
where C, is a correction to the single-tube Nusselt
expression to take into account condensate inunda-
tion, and C, is a correction for vapor velocity
effects.

Grant and Osment [58] proposed the following
expression:

-0.223
hn = hy [(EGG)"] (1 + 0.0095 Re}!#/VNun)
(25)

which is a combination of Egs. (5) and (23).
Equation (25) correlated their experimental data
with a root-mean-square deviation of 13%. Butter-
worth [26] recommended the relationship:
hin =00 [Lh3 + (A + HY) 1V (26)
where hg, is the coefficient predicted by Shekri-
ladze and Gomelauri [36] at high velocity [Eq.
(8)] multiplied by 0.66 to conservatively account
for the effect of separation. Butterworth [26)
further suggested that in the expression above,
the vapor velocity within the tube bundle should
be calculated by dividing the velocity with no
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tubes present by the void fraction of the bundle.
Based on the earlier information described in this
paper, another expression that should be valid
would be a combination of Eqs. (14) and (23):

P (019 I 0.281F \"*
" Gn do

&

where the exponent s is an empirical constant ob-
tained from Fig. 12 and ¢ is given by Eq. (15).

Recently, McNaught [72] pointed out that the
relationships above all neglect the interactive
effects of vapor shear and inundation, and sug-
gested that shell-side condensation at high vapor
velocities might be treated as two-phase forced
convection. He therefore assumed that high vapor
velocity data may be correlated by an expression
of the form:

hao _ (L)b
hL Xu

where h; is the liquid-phase forced-convection
coefficient across a bank of tubes, and X, is the
Lockart-Martinelli parameter given by:

1.8 02 |12

x| (52) () ()]
X PL Hy

He then correlated the data of Nobbs [41] for
steam with both staggered and in-line tube bundles
and found that reasonable agreement was obtained
for a=1.26 and b=0.78, so that for shear-
controlled condensation Eq. (28) may be assumed

to be valid. For gravity-controiled condensation
he used

6 |~

where s equals 0.22 for an in-line bundle and 0.13
for a staggered bundle. He added each contribution
to get:

Reigs (14
(27)

(28)

(29)

(30)

hn = (hdy + W3 )2 31
where hg, is given by Eq. (28) and hg: by Eq. (30),
and found that about 90% of the data could be
predicted to within *25% by this two-phase
multiplier method. Clearly, there is a need to ob-
tain additional data in tube bundles under care-
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fully controlled and observed conditions, and to
further study two-phase forced-convection data
for different fluids in various tube bundles to as-
certain whether such a method has more general
potential,

Accurate measurements of steam-side coeffi-
cients in large, operating power condensers are very
difficult to obtain, and only limited data have been
reported in the literature [7, 73-76]. Neverthe-
less, with new measurement techniques [77] and
the proper selection of instrumented tubes in large
tube bundles, very valuable information can be
gathered on condensate inundation and vapor
velocity effects. Accurate, large-scale bundle tests,
though costly, will continue to be needed for
some time.

Effect of Noncondensable Gases

It is well known that in the presence of a small
amount of noncondensable gas, condensation heat
transfer rates may be significantly reduced. In this
situation, an added thermal resistance exists, since
the vapor molecules must diffuse through a gas
layer in order to reach the cold surface. Excellent
summaries of this phenomenon, including reviews
of the pertinent heat and mass transfer relation-
ships, were recently made by Chisholm [78] and
Webb and Wanniarachchi [79].

The procedure most widely used to calculate
shell-side heat transfer in this situation is due to
Colburn and Hougen [80]. They proposed a
point-by-point, trial and error method that requires
equating the heat transferred locally through the
condensate, tube wall, and cooling water film to
the sum of the sensible heat transferred by cooling
the noncondensable gas and the latent heat de-
posited on the condensate film due to the amount
of vapor transferred by diffusion. Variations of
this method have been proposed and verified by
experiment [61, 81, 82]. An important part of this
method is the requirement of knowing the mass
transfer coefficient for the diffusion of the vapor
through the vapor-gas mixture. This term is evalu-
ated by using the heat and mass transfer analogy

“together with empirical data for forced-convection

gas-side heat transfer. Berman and Fuks [83],
however, obtained an empirical expression for the
mass transfer coefficient in a tube bundle during
downward flow of a steam-gas mixture. This corre-
lation has also been shown to be valid for hori-
zontal flow [84]. Their expression can be used to
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generate an equivalent, noncondensable gas heat
transfer coefficient [25, 78] :

aD Pm b puhfg 2/3
h = ——— [ B PR LA 13| _~_45
"e o Rey (Pm _Pv) Fr ( T,

1
X T =Ty 2)

where for Re, > 350,

b=06 a=0.52 (first tube row
a= 0,67 second tube row
a=0.82 third and later tube rows

and for Re, <350 [78],

b=0.7 a=0.52 all tube rows

Numerical solutions to the complete boundary-
layer equations for condensation heat transfer in
the presence of noncondensable gases also exist
[85, 86], but the results are for flat plates and
single tubes and are not generally useful. Recently,
Rose [87, 88] proposed an approximate, but
theoretically oriented, equation for forced-
convection condensation on a single horizontal
tube in the presence of a noncondensable gas. An
analogy was made between condensation and flow
normal to a cylinder with suction, and an approxi-
mate solution yielded the following result for the
condensation mass flux in terms of the vapor
Reynolds number, Schmidt number, and weight
fraction of noncondensable gas:

I\ o
(pU-> Ao
{1 +2.28Sc"3 [(wi —wa )/wa 1V2) — 1
2Sc

(33)

The equation above was shown to be in good agree-
ment with experimental data for steam-air, steam-
hydrogen, Freon 113-air, and Freon 113-hydrogen
[88].

Recently, Standiford [89] studied the effect of
noncondensable gas on condenser heat transfer. He
utilized the earlier data of Meisenburg et al. [90]
for steam-air, which he claimed came closest to
duplicating conditions in a normal condenser, and
arrived at a very simple, though very approximate,
correlation for the noncondensable gas resistance
as a linear function of the weight fraction of air:
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Rpe =0.004w m?K/W. This relationship will
give conservative results since the Meisenburg data
were obtained at low steam velocities (< 2 m/s),
and Egs. (32) and (33) show a square-root de-
pendence on velocity. Since in most steam power
condensers, the air-to-steam ratio is approximately

0.0001 at the turbine exhaust and 0.01 at the air

cooler section [10], it is easy to see that the non-
condensable gas resistance is of most importance
where gas pockets are allowed to accumulate.

Proper condenser design should therefore allow
for a well-defined vapor-gas flow path to avoid
stagnation regions where the gas concentration
can build up and retard heat transfer. It is also
very important to design for the correct location of
vents as well as for suitable steam access lanes
[78, 89]). Coit [91] points out that improper
design affects not only heat transfer but also cor-
rosion due to excess O, absorption in the conden-
sate when large gas pockets exist and temperatures
fall off. Figure 13 shows schematically how design
of the tube bundle can influence condenser per-
formance [92]. Figure 13a shows an improperly
designed four-pass condenser bundle having an air
cooler section between each of the top and bottom
tube bundles and a central steam access lane. The
left portion of the figure shows an air-blanketed
region (hatched circle) near the entrance to the air
cooler. The right portion shows isotherms of the
cooling water temperature rise. Notice that the
heat transfer rate is fairly uniform in the top tube
bundle as steam flows downward across the tubes.
In the bottom bundle, however, performance
rapidly drops off in the region of the gas pocket.
Figure 13b shows an improved version of this
condenser where the vertical partition plates were
largely removed and the air cooling sections were
partially opened to allow more steam to flow hori-
zontally into the bundles. Care must therefore be
exercised in designing the tube sheet layout, in
locating the air vents, and in selecting properly
matched air removal equipment [91].

Enhanced Heat Transfer

In recent years, numerous studies have been
conducted on ways to enhance heat transfer [93-
96). Webb [97] provided an excellent review of
enhancement methods for particular use in con-
densers, and several very recent studies have
focused on the particular case of shell-side en-
hancement [98-100]. During shellside condensa-
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tion a large thermal resistance occurs due to con-
duction of heat across the condensate film, and
whatever can be done to thin or disturb this film
is generally beneficial to heat transfer. For hori-
zontal condenser tubes, this thinning may occur
by promoting dropwise conditions (Fig. 14a); by
using finned, grooved, or fluted surfaces (Fig.
14b-d); or by improving condensate drainage.

A review of dropwise condensation was made
by Tanasawa [101], who discussed methods of
promoting dropwise conditions. He stated that
finding how to promote dropwise conditions for
long periods of time was one of the most im-
portant problems to be solved before this mechan-
ism can be practically applied. He further con-
cluded that, of all the promoting techniques, the
use of a thin coating of organic polymer (such as
Teflon) was the most promising with respect to
economic feasibility. With this technique, however,
two major problems must be addressed: (1) organic
coatings have poor thermal conductivities and must
therefore be applied in the form of an ultrathin
film in order to reduce their conduction resistance,
and (2) techniques must be developed to apply
these ultrathin films so that they strongly adhere
to the condenser tube and have the toughness to
withstand industrial conditions during assembly
and use. Various investigations have been con-
ducted with organic coatings on horizontal tubes,
and enhancements as large as 180% have been
measured [102]. In addition, in recent years
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significant advances have been made in the coatings
industry, including the development of techniques
for producing strongly adherent ultrathin films of
organic materials for wear and lubrication [103].
With several of these new types of coatings, it may
be possible to apply an ultrathin continuous film
that has strongly adherent qualities. In so doing,
long-lasting heat transfer improvements of several
hundred percent may become a reality. D

Since the early work of Beatty and Katz [104],
the use of externally finned horizontal tubes in
surface condensers has received much attention,
although most of the efforts have been devoted to
condensing refrigerants [105-109]. As originally
described by Gregorig [110], the fins generate
surface tension forces, which tend to thin the con-
densate film on the convex tips of the fins and to
thicken the film in the concave channels, or
troughs, between fins. In so doing, the condensing
heat transfer coefficient has been enhanced by as
much as 200% for steam [105], and by as much as
400% for refrigerants [107]. The use of a porous
metal coating on a finned surface with Freon 113
enhanced the condensing heat transfer conductance
(per unit length of tube) by more than 10 times
[108]. Arai et al. [109] have shown that there is
an optimum number of fins per meter, based on
their data taken with Freon 12. Several theoretical
investigations [111-113] show that, in addition
to groove spacing, variables such as wall material,
fin shape, and groove or trough dimensions are all
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Figure 14 Photographs of some shell-side enhancement
methods. (a) Dropwise condensation; (b) finned tubing;
(¢) grooved tubing; and (d) fluted tubing

significant during film condensation with these
finned surfaces. A detailed theoretical analysis of
film condensation on finned horizontal tubing
has yet to be performed, however, without making
significant simplifications.

All of the results above are based on the Gregorig
premise that surface forces act to thin the conden-
sate film on the convex portions of the fins (where
heat transfer is high) and to thicken the film in the
troughs (where heat transfer is low). In marked
contrast to this model is the scheme proposed by
Thomas [114] for a vertical tube that has circular
or rectangular fins to draw condensate away from
the tube surface into the fillets, thereby thinning
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the film between the fins. This technique does not
rely on conduction through the fins, and is effec-
tive even when loosely fitting wires are used. Even
though this work was done for vertical surfaces,
the same principle may be applied to horizontal
tubes. For example, some recent data for ammonia
condensing on the outside of horizontal, wire-
wrapped tubes (about four wraps per inch) gave
external heat transfer coefficients about three
times the Nusselt value for smooth tubes [115].
Film condensation data with horizontal commer-
cially available corrugated tubes have shown en-
hancements as large as 70% [116~-120].

Heat transfer enhancement has also occurred
when condensate film drainage from a horizontal
tube is modified. Glicksmanetal. [121] interrupted
the condensate film on copper tubing by using
Teflon tape, 3.2 mm wide and 0.15 mm thick,
placed at certain positions along the tube. They
found, however, that the best position for the tape
was along the bottom of the tube, and this location
gave an average heat transfer coefficient 1.6 times
the smooth-tube value with no tape. Desmond and
Karlekar [122] tested a stainless steel tube that
had a 9.1-mm-wide by 0.025-mm-thick film of
Emralon, a nonwetting fluoroplastic, attached at
the bottom. They pointed out that this location of
the tape gave the greatest incremental increase in
heat transfer, which amounted to a 20% increase in
the overall heat transfer coefficient. Condensate re-
tention of horizontal integral-fin tubing was re-
cently reported on by Rudy and Webb [123].
They performed a series of experiments to measure
static liquid retention in integral-fin tubing having
variable fin densities, and showed that surface
tension forces have a significant effect on film
drainage.

Most of the enhanced heat transfer results ob-
tained to date are for single horizontal tubes, and
few data are available for tube bundles where both
condensate inundation and vapor shear are im-
portant. With dropwise conditions, there are data
which show that condensate falling on a horizontal
tube may not deteriorate the heat transfer coeffi-
cient as shown earlier for film condensation, and
in certain circumstances condensate inundation
may actually increase the heat transfer coefficient
[56, 59, 64]. Data obtained during filmwise con-
densation on a horizontal, helically wire-wrapped,
smooth tube show a similar trend [124]. There is
also evidence that during film condensation on
corrugated tubing, the effect of condensate inun-
dation is not as pronounced as for smooth tubes
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[116, 119]. The inundation trends mentioned
above were obtained with low-velocity steam in a
gravity-dominated regime. The exact behavior of
these surfaces with high-velocity steam moving in
various directions within a tube bundle remains to
be determined, and will require careful research
methods to elucidate the complex mechanisms that
are occurring.

SHELL-SIDE PRESSURE DROP

Despite the importance of knowing the shell-side
pressure loss in condenser design, little research has
been performed on shell-side, two-phase flow with
condensation. Most of the aforementioned shell-
side heat transfer research does not include pres-
sure drop measurements, in part because of the
great difficulty in obtaining accurate pressure data
during condensation. As a result, the pressure drop
information available in the literature pertains al-
most entirely to adiabatic flow.

For simplicity, shell-side losses in general may be
calculated by using single-phase (i.e., dry-tube)
correlations of the form [10]:

U
AP =4fn Nip -

(34)
where N, = number of tube rows
U,, = average maximum velocity in the bun-
dle (i.e., based on minimum flow area)
fm = friction factor, which depends on U,
Single-phase friction factors in tube bundles may
be obtained from a variety of sources [125], and
for a limited Reynolds number range may be ex-
pressed simply as [126]:

a
Re”

= (35)

where n is the Blasius exponent, which in general is
near 0.2, and the coefficient a depends on the tube
bank geometry (i.e., staggered or in-line, and s/d).
Davidson and Rowe [10] have shown that the
above technique successfully predicts pressure
losses during horizontal two-phase flow in a con-
densing bank. Brickell {71], however, points out
that significant differences occur with either up-
flow or downflow, and suggests that the differences
are due to an additional two-phase gravitational
term that exists when a significant amount of
condensate holdup occurs within the bundle.
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Figure 15 shows some unpublished air-water fric-
tion factor data from Oak Ridge National Labora-
tory [127], which exhibit the above-mentioned
difference with upflow or downflow. With little or
no water flow, the data are close together, as indi-
cated by curves 1, 2, 3, and 5. At high water rates,
however, the data for both downflow (curve 4) and
upflow (curve 6) are substantially higher than in the
dry-tube case (e.g., at Re == 10?, f increases by
=60%), and the deviation appears to get worse at
lower Reynolds numbers. The influence of large
amounts of condensate, in the form of thick, wavy
films attached to the tubes and large droplets en-
trained within the flow, may therefore be signifi-
cant and should be properly accounted for in
modeling shell-side losses.

In addition to the usual losses experienced by
the vapor due to contractions and expansions at
the inlet and exit of the condenser tube bundle, a
sizable pressure drop can occur due to friction and
momentum effects encountered in flowing through
the tube bundle itself [128]. Unfortunately, it
is difficult to calculate this tube bundle pressure
drop due to the complexities that occur with phase
change. Lee et al. [129] suggested that the oc-
currence of condensation influences the vapor
pressure drop in two ways. First, the suction effect
caused by the mass transfer of the condensing
vapor reduces the momentum flow in the flow
direction, increases the shear stress on the tube,
and delays the separation point. Second, there are
two-phase effects due to the formation of the
liquid film on the tube and entrainment of this
liquid into the vapor space. The influence of suc-
tion on the shear stress and the separation point
was measured by Aly and Cunningham [130] with
air flowing over a specially instrumented, porous
cylinder that could be located in any position

Pt L1 I () S o L I o,
ol 2 3 4 ¢ 9 ol 2 3 4 46 0 Q‘
Re (air)

Figure 15 Effect of two-phase flow on friction factor
[127).
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within a staggered tube bundle seven rows deep.
Figure 16 shows their data for the first row of
tubes at a Reynolds number of 60,000. It is evi-
dent that as the suction velocity V, increases, the
shear stress increases significantly in magnitude and
the separation point is delayed to about 110°.
They point out, however, that while this dramatic
increase in shear stress occurs, the contribution of
the pressure drag to the total drag does not change
appreciably with suction.

Another complicating feature of vapor flow with
condensation is that the mass extraction (simulated
by suction in the investigations mentioned above)
causes the vapor velocity to change throughout the
bundle, making it difficult to use an expression
similar to Eq. (34). As pointed out earlier in Table
1, depending on the operating pressure level of the
condenser, the vapor velocity may increase or
decrease as the vapor traverses the tube rows. If
the velocity decreases, a pressure recovery may
actually occur, leading to smaller losses. Lee et al.
[129) measured the pressure losses in both an
in-line and a staggered bundle, with a tight spacing
of tubes (s/d = 1.25), during simulation of con-
densation by using porous tubes with suction.
Their suction range was substantially larger than
that of Aly and Cunningham [130] with 0<
(Vo/Us)v/Re < 5. They pointed out that their
pressure readings fluctuated substantially, leading
to considerable scatter, and were very sensitive to
the precise location of their pressure taps. Their
results confirmed the effect that suction produces
a substantial reduction in the pressure drop, with
most of the reduction occurring in the first few
rows of tubes. Their data showed that the pressure
drop for tube banks with suction can be predicted
reasonably well from nonsuction pressure coeffi-
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Figure 16 Effect of suction on shear stress distribution
(130]).

cients provided a mean dynamic pressure is used as
defined below:

%Pm Ugl — %Pm [’}(U;ll * Ugl,t)] (36)
Nicol et al. [131] obtained some recent experi-
mental data for condensation rates and pressure
drops during cross flow of steam in a small tube
bundle with widely spaced tubes (s/d near 1.7).
Data were taken with both an in-ine and a stag-
gered geometry, and their value for the drag
coefficient is plotted against steam Reynolds
number in Fig. 17. For both the in-line and stag-
gered geometries, the drag coefficient with con-
densation is substantially less than the dry-tube
value. This decrease is attributed to the delay in
the onset of separation caused by the condensation
process. The authors pointed out that their data
were lower than those of Fujii et al. [62]), pre-
sumably due to the fact that the pressure levels
were an order of magnitude different. They con-
densed at pressures from 0.2 to 0.8 bar, while
Fujii et al, [62] condensed at pressures from 0.01
to 0.07 bar.

Various methods have been proposed to predict
the two-phase frictional pressure drop. Diehl [132]
obtained adiabatic two-phase flow data for down-
flow in both staggered and in-line tube banks. He
showed that the data for AP,,/APgp were corre-
lated empirically with the following type of func-
tional relationship:

APy, "y LVF
APgo (pc lpL )(Rego )"
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Figure 17 Variation of drag coefficient with steam Rey-
nolds number [131].
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where LVF = superficial liquid volume fraction
based on a homogeneous flow model
n = 0.5 for staggered tubes and 0.2 foran
in-line arrangement
No attempt was made, however, to provide an
analytical expression for the function f. Collier
[133] compared the experimental data of Diehl
and Unruh [134] for gas-liquid mixtures in hori-
zontal cross flow ‘with the homogeneous flow
model of Wallis [135]. This comparison is shown
in Fig. 18, where ¢%o = (dPr/dz)/(dPr|dz)Go is
plotted against ¢ [equal to (1 —B),/vs]. It is
readily apparent that the data are in satisfactory
agreement with the very simple homogeneous flow
relationship:

o]k
¢éo‘(1+e)

Grant and Chisholm [136, 137] conducted tests
with air-water mixtures in cross flow in two tube
banks having 39 and 165 tubes, respectively. They
observed various flow patterns depending on the
liquid and gas flow rates, and developed an im-
proved calculational procedure to predict the two-
phase pressure drop that depends on the type of
flow occurring within the tube bundle [138].
The mapping of two-phase flow regimes during
condensation has received considerable attention in
recent years [139-143], and Fig. 19 shows one
type of flow regime map giving the pertinent
parameters and flow patterns during shell-side
conditions, and compares them to the Baker map
for tube-side conditions [140]. Notice that the
gravity-dominated regimes (stratified, stratified-
spray, and slug) and the shear-dominated regimes
(spray and annular) appear to fall in the same
regions when the data are plotted with the modi-
fied Baker parameters B, and B;. These parameters,
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Figure 18 Comparison of Diehl and Unruh [134) two-
fhasc pressure drop data with homogeneous flow model
133].
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however, are empirically derived, and there is
recent evidence that more general parameters may
be found [142, 143].

Grant and Chisholm [136] recommended the
following expression, which correlated their data:

o w dprldz
L0 (dprldz)io

= ) (= 1)[Bx B WA} ~x) 3= U2 4 x2=N
(39)

where n = Blasius exponent in the friction factor
expression, Eq. (35)
x = mass flow quality
I'* = APgo [APLo = feopLIfLoPc

With n equal to 0.46, the coefficient B, which
varies with flow regime, was determined to be 0.75
for spray and bubbly flow, and 0.25 for stratified
and stratified-spray flow [136]. An improved,
more general procedure was more recently pro-
posed [138].

Ishihara et al. [144] recently provided a com-
prehensive critical review of the existing two-phase
frictional pressure drop correlations for flow across
tube banks. They examined the available published
data, compared them with existing correlations,
and found that no published correlation is general
enough to be used reliably to predict all the data.
They then reexamined the Martinelli separated
flow approach, which assumes that both the liquid
and vapor phases experience the same pressure
drop but do not have the same velocity. They tried
various forms of pressure drop correlations as a
function of the Martinelli parameter X,,, given by
Eq. (29), and proposed the following general
forms:

AP,y C |
2
- =]+ —+ — 40

$Lo APLo X X2 (40)
for Re; > 2000, and

AP
%0 = o = 1 + CXy + X3 41)

APgo

for Re; < 2000. They pointed out that C is an
empirical adjustment factor, which in general is
a function of the pertinent two-phase flow vari-
ables:

l_—
C=f(Xn,"7, X)

X

(42)
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[144).

The variable n is proportional to the ratio of the
vapor shear force to the gravity force, and (1 —x)/x
is the ratio of liquid to vapor present, so it would
be reasonable that the factor C would depend on
the particular flow regime in question. Ishihara
et al. [144] did not present a final functional
form for C, but they showed that, by using a con-
stant value of C= 8.0 in Eq. (40), good results
could be obtained in correlating the data, as shown
in Fig. 20, especially for small values of X, (i.e.,
high vapor fraction). They also recommended that,
since most of the data have been obtained with
small bundles, it is most important to obtain data
for large tube bundles, which are more representa-
tive of operating condensers.

COMPUTER MODELING

As pointed out earlier, the standards in use to-
day to design condensers fail to take into account
shell-side conditions [13, 14]. They neglect the
problems associated with noncondensable gases,
and do not consider the size and shape of the shell
or the details of the tube bundle layout. As a
consequence, all of the benefits to be derived from
the abovementioned developments in shell-side
heat transfer and two-phase flow (such as the de-
sign of new tube bundle arrangements, or the
diagnostic analyses of poorly operating condensers)
must depend on numerical modeling techniques
with large digital computers. The need for such
techniques in heat exchanger design has long been
known, but because of the complexities and costs
involved, their development and use in industry
have been slow [10, 145-147].

Early efforts to model the thermal performance
of condensers were limited essentially to one-
dimensional routines in the plane perpendicular to
the tubes [148-151]). Barsness [148] divided the
longitudinal length of the condenser into a number
of short bays. For each bay, he considered radial
flow. through a condenser tube bank that was
bounded on the outside by the steam distribution
lane and on the inside by the air vent. He assumed
that a zone, containing a large number of con-
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Figure 20 Correlation of shell-side pressure drop data
using the Martinelli parameter [144].
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denser tubes of short length, can be represented
by a smaller number of tubes having average pro-
perties and average heat transfer expressions. A
number of these zones were joined together to
make up the entire flow field. For a given zone,
once the steam entered from the outside, it was
restricted from flowing across the side boundaries
to another zone. Also, the steam was assumed to
flow with no axial component. Two-phase pressure
drop calculations were made by the method of
Diehl and Unruh [134]. For a given zone, the
average overall heat transfer coefficient was calcu-
lated by summing up the individual resistances.
Overall condenser performance was obtained by
integrating over all the zones within a given bay
and then from bay to bay along the entire length
of the condenser. A large number of calculations
were made, requiring the use of a digital computer.
Both laboratory tests and field test data were
utilized to verify the predictions of the code, and
good agreement was obtained. A similar type of
radial flow code, called ORCON 1, was developed
at Oak Ridge National Laboratory to model the
flow in circular bundles [ 149].

Emerson [150] developed a one-dimensional
code to model the downflow of steam through a
horizontal bundle of tubes. He assumed that the
velocity distribution is uniform at any horizontal
section. He computed an overall coefficient at
each row of tubes, using separate resistances due
to the waterside coefficient, fouling, tube wall,
noncondensable gases, and condensate film. He
found that when he compared his predictions
with data obtained from a small experimental
condenser, as shown in Fig. 21, the one-dimen-
sional model was not able to accurately predict
the steam flow along the bypass lane on the left
side of the bundle. He therefore proposed a two-

Steam inlet

190(=%) |
286 (= 1%)

) Air ejector

Condensate
extract pump

Figure 21 Cross section of NEL test condenser [154] .
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dimensional model to allow the steam to flow in
any direction in the plane perpendicular to the
tubes, and derived the equations to calculate the
distribution of steam velocity, pressure, and air
concentration within the tube bundle. Concern was
expressed regarding convergence of the code,
however, due to the nonlinear character of the
equations. Wilson [151] developed an iterative
technique to solve a large number of nonlinear
equations. He postulated an imaginary mesh over
the tube bank such that each mesh line represented
the steam path between two tubes and each node
point represented a branching point for the steam.
The resulting mesh for a tube bundle having an
equilateral pitch would be hexagonal, and each
tube would have six separate heat flux terms
calculated by summing the various thermal re-
sistances in series. He utilized an expression for
noncondensing gas flow over tube banks [126] in
order to calculate the pressure drop between each
pair of nodes. To solve his nodal equations, he
assumed a pressure distribution and examined the
mass balance at each node. The pressure distribu-
tion was iterated by Newton’s method until the
residuals from the nodal mass balances reduced to
zero. Using this technique with a Univac 1108
computer, it required about 10 min of computa-
tion time to obtain a solution for a condenser with
1000 tubes. He compared his predicted results
with data from an experimental condenser having
218 tubes and found excellent agreement. He was
also able to use his computer code to analyze the
flow within the lower bundle of a two-pass large
power station condenser to suggest modifications
for improved performance.

The model of Wilson [151], however, does not
include steam inertia effects, and since the mesh is
uniform and very fine, all parts of the condenser
are treated equally and the solution for large con-
densers may take a significant amount of computer
time. Furthermore, the code calls for specification
of the local conditions for each tube within the
bundle, and in light of the current understanding
of the complex nature of shellside conditions, the
specification of such fine detail is perhaps un-
warranted.

As an alternative, a continuum approach was
taken by Davidson [10, 152], where the steam
was considered to be flowing in an anisotropic
porous medium that allows for nonuniform block-
age effects of the tubes and the removal of steam
due to condensation. Again, the flow was assumed
to be two-dimensional in a plane perpendicular to
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the cooling water flow direction. As shown in
Fig. 22, two distinct but interrelated regions
were treated: the untubed areas, where viscous
effects were small, and the tube bundle areas,
where the flow was influenced by the resistance
of the tubes and by the condensation of steam
and the resulting production of condensate.
Assuming a rectangular coordinate system, the
equations of motion were expressed as [10] :

=9 3 .0

Fy = Y + x (pu*) + 3y (puv) (43)
=9 9 e I

F, 3 + A (puv) + 3y (pv*) (44)

The distributed forces per unit volume included
a flow resistance term and a condensation rate
term:

(45)
(46)

Fy = —Kpuq —uQ
Fy = —Kpvg —vQ
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Figure 22 Condenser flow regions in two-dimensional
computer model [10].
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where K is a friction factor, p is the density of
the steam-gas mixture, Q is the local condensation
rate per unit volume (calculated from a local
overall heat transfer coefficient), and ¢ is the local
velocity, /a2 +v?. The equation of continuity
for the mixture was:

2 d _
E (pu) + 3y (pv) =—Q (47)

The conservation equation for noncondensable
gases was also provided as [10] :

V-(ppu) + (s —j,) = V+(Dp VIT)

+ V-[Dp(I1—¢)VIn P) (48)

where D is a diffusion coefficient, j; and j, are
mass removal rates per unit area for steam and
noncondensables, respectively, and

Ps — Pa
P
Py=1%
P

¢=

M=

The differential equations above are coupled and
must therefore be solved simultaneously. Butter-
worth [153] examined the combined form of"
Eqgs. (43)-(47) and discussed the details of tube
resistance, anisotropy in tube bundles, the addi-
tion of viscous terms due to velocity gradients

- across the tube bundle, axial flow effects, and

corrections to the inertial terms. He concluded
that modeling the flow in tube bundles as flow in
an anisotropic porous media is an extremely
powerful technique in relatively early stages of
development, and there is a vital need for both
theoretical and experimental research to extend
the technique.

Davidson and Rowe [(10] used the equations
above to model the conditions in operating con-
densers in the United Kingdom. They discretized
the flow field, using a finite-difference technique,
and solved the resulting algebraic equations with
a modified implicit iterative procedure found to
be very stable. Figure 23 shows the resulting pres-
sure contours for the multifolded condenser tube
bundle shown earlier in Fig. 4b. A moderate
pressure drop of only 2 mbar exists between the
top of the bundle and the air removal section in
the lower left-hand portion of the bundle. Notice
that the radial steam lanes allow the steam to
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Figure 23 Calculated pressure contours from two-dimen-
sional computer code [10].

penetrate into the tube bundle with little pressure
loss. In some designs, however, the steam lanes
may be narrow, leading to high vapor velocities
and significant pressure losses. In these cases, it is
very important to be able to model the flow in
the lanes accurately by using two-dimensional
considerations.

More recently, Shida et al. [154] pointed out
that the technique of Davidson and Rowe [10]
was restricted to condensers with simple shapes
because of their assumed rectangular mesh pattern
and finite-difference technique. Shida et al. there-
fore proposed a modified FLIC (fluid in cell)
method [155], which uses a triangular mesh pat-
tern conventionally used in the finite-element
method. They performed calculations by an up-
wind, two-step Lagrangian and Eulerian time-

Steam inlet

Aircooler
section
Baffle plate
(a)

Main tube nest

heat transfer engineering

o Steam
outlet

marching technique and compared their results
against experimental data for two types of test
condensers. Figure 24a shows their triangular mesh
pattern for the NEL test condenser shown earlier
in Fig. 21. The hatched lines designate the bound-
aries of the tube bundle and the air cooler section.
Figure 245 shows their calculated flow pattern
for this condenser where the velocity vectors (the
arrows) in the tube bundle correspond to the
mean velocity of maximum flow area. Notice that
part of the steam on the left side of the bundle
flows down the access lane directly to the air
cooler section without ever penetrating the bundle.
They showed that by putting a horizontal baffle
plate in this access lane about two-thirds of the
way up the bundle, steam can be diverted into
the bundle, increasing the condensation rate by 7%.

Marto and Nunn [156] used a modified version
of the one-dimensional code ORCON 1 [149] to
study the use of heat transfer enhancement to
improve steam condenser performance. Figure 25
shows a schematic drawing of the circular geometry
they analyzed. They assumed that the steam flow
was symmetrical about the vertical centerline. It
was distributed around the circumference in such
a way that there was no circumferential pressure
gradient at the condenser outlet (the concentric
air cooler section in the center of the bundle). The
tube field was divided into six pieshaped sectors
of 30° each. For a given sector, at any radial
position or tube row, an average overall heat
transfer coefficient was calculated for the tubes
in that particular row of the sector, using the
thermal resistances in series. The code ORCON 1
has the simple capability of inserting heat transfer

b)

Figure 24 Mesh pattern and calculated velocity field using two-dimensional com-
puter code [154). (a) Triangular mesh pattern; (b) calculated flow pattern.,
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Figure 25 Schematic representation of ORCON 1 tube
bundle layout [156].

enhancement factors E; and E, as multipliers of
the calculated heat transfer coefficients on the
tube-side and shell-side, respectively. The effect
of this enhancement on a baseline condenser
having 1646 smooth copper-nickel tubes in half of
the bundle was examined. Figure 26 illustrates the
effect of internal and external enhancement in
terms of the length of tubes necessary to maintain
the baseline heat duty for the same cooling water
velocity (a pumping power increase was allowed).
The results show, for example, that a tubeside
enhancement of 2.0 and a shellside enhancement
of 1.5 (as available with some commercial con-
denser tubing) could lead to a condenser length
reduction of 25%. They pointed out that in uti-
lizing enhanced heat transfer techniques in large
condenser tube bundles, care must be exercised in
balancing the thermal resistances. Apparently,
different regions of the condenser may be limited

1.0

0.9

o
]

Length ratio, L/ (of
o
N

1.0 2.0 3.0
Internal enhancement factor, £;

Figure 26 Effect of internal and external enhancement
on condenser tube length [156].

by the tube-side or shell-side resistance. If this is
the case, a hybrid enhanced heat transfer design
may be contemplated, using numerical optimiza-
tion techniques [157].

CONCLUSIONS

In recent years, considerable research has been
conducted to aid in understanding the fluid flow
and heat transfer processes that occur during shell-
side condensation. In addition, the advent of
large-capacity, efficient digital computers has made
it feasible to model these phenomena with reason-
able success.

It appears, however, that there is still a critical
shortage of thermal/hydraulic data for large tube
bundles, making it difficult to verify analysis
routines. In the future, therefore, large-bundle
tests must be carried out under carefully controlled
experimental conditions and with sufficient instru-
mentation to measure the pressure drop and heat
transfer for various vapor flow velocities and
directions, and over a range of heat fluxes. Particu-
lar attention should be given to obtaining data at
very high vapor velocities and small heat fluxes,
for which no data exist at present. In this way,
additional insight may be gained into combined
vapor shear and condensate inundation, and the
important influence of condensate holdup and/or
entrainment on thermal/hydraulic performance
may be ascertained. Such tests should, of course,
be repeated with various heat transfer enhance-
ment techniques and with varying amounts of
noncondensable gases.

Additional efforts should be made to interpret
and analyze data in terms of flow regimes and two-
phase forced convection. The modeling of shell-
side condensation as flow in anisotropic, porous
media deserves more attention in the years ahead,
as well as the development of improved numerical
techniques to enable large tube bundles to be
analyzed in a small amount of computer time.
Numerical optimization techniques may be espe-
cially useful in such preliminary design studies.

It is important to realize, however, that the
research progress referred to above must eventually
find its way into the hands of condenser designers
and manufacturers. As Mayhew [158] has put it:
“Theory, if it cannot provide an accurate design
tool, can at least show how to progress from one
design to a better one.” Of course, the degree of
sophistication of new computer codes and im-
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proved designs will depend ultimately on the
economics behind the need for advanced conden-
sers of the future.

NOMENCLATURE

A0 ™

209

o
]

LEERES

;o

I

surface area

Baker parameter (Fig. 19)

coefficient [Eq. (39)]

coefficient [Eq. (1))

empirical adjustment factor [Eqs. (40) and
(41)]

drag coefficient

friction coefficient

correction factor for inundation due to n
tubes

specific heat

correction factor for vapor shear

diffusion coefficient

tube diameter

dimensionless quantity [Eq. (10)]

body force per unit volume in x direction

- body force per unit volume in y direction

Heat Exchange Institute (HEI) cormrection
factor for fouling

HEI correction factor for tube wall resist-
ance

HEI correction factor for cooling water
inlet temperature

friction factor

Froude number (= U2 /gd, )

mass flow rate per unit area

dimensionless quantity [Eq. (135)]
acceleration due to gravity

flow rate of condensate per unit area
forming on nth tube

total flow rate of condensate per unit area
running off nth tube

Galileo number (= d2g/v])

phase change number [= ¢, (Ts — T\, )/hzg ]
heat transfer coefficient

average heat transfer coefficient

average heat transfer coefficient for a
vertical row of n tubes

latent heat of vaporization

flow resistance factor

thermal conductivity

mass flow rate per unit area

log mean temperature difference

mass flow rate

number of tube rows

number of tubes in a vertical row
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Nu Nusselt number (= hd, [k, )
P pressure

AP pressure drop

Pr Prandtl number (= pcp /k)

Q local condensation rate per unit volume
q local steam velocity (=v/u? + v?)

R thermal resistance

Re Reynolds number

Re,s  two-phase Reynolds number (= Und, /v )
inundation exponent [Eq. (23)]
Schmidt number (= v/D)

temperature

drop in saturation temperature

overall heat transfer coefficient

vapor velocity

average vapor velocity

condensate velocity

fluid velocity

vapor velocity in x direction

cooling water velocity

vapor velocity in y direction

suction velocity at the tube wall surface
weight fraction of noncondensable gas
dimensionless quantity [Eq. (13a)]
vapor quality

Lockhart-Martinelli parameter [Eq. (29)]
local inundation value [= (Z G), /G, )
distance along flow direction

vapor volumetric quality

dimensionless quantity [= (1 — B)u, /vr]
dynamic viscosity

kinematic viscosity

(Ps — Pp)/P

(ps = pa)lp

density

shear stress

dimensionless quantity [Eq. (15)]
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Subscripts

air

condensate

exit

fouling; liquid
friction

gas

gas only
gravity-controlled
inlet; inside; interface
liquid

liquid only
mixture; maximum
nth row
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N Nusselt

nc noncondensable
0 outside

s saturation; steam
sh shear-controlled
v vapor

w wall; water

x x direction

y y direction

) £ local inundation value
[} potential flow
2¢ two-phase

| first row

oo free-stream
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