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NOMENCLATURE
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© ABSTRACT

The problem of vapor/liquid interaction and entrainment in shell-and-
tube evaporators is analyzed Attention 1s focused primarily on the
horizontal tube falling f£1lm evaporators, which have been. proposed for use
in Ocean Thermal Energy Conversion (OTEC) power plants. In the horizontal
tube design, liquid falls from one tube to tﬁe next in either a droplet or
column mode. A criterion is derived for predicting the transition from the
droplet mode to the column mode. Models are developed for predlcting the
deflection of droplets and columns due to vapor crossflow. Based on an
experimental'study of drop detachment and Breakup, a correlation is es-
tablished for determining the resulting droplet sizes. For high vapor
" crossflow velocities, a criterion is presented for predicting the inception
of liquid entrainment by a process known as stripping. Based on the fore-
going models, conditions are defined under which vapor/liquid interaction

and entrainment are important for OTEC evaporators.



1.0 INTRODUCTION
An evaporator concept widely used In degalination systems and re-

cently proposed for use in Ocean Thermal Energy Conversfon (OTEC) power
pladts 1g the shell-and-tube design, where a thin film of working fluid

is evaporated on éither horfzontal or vertICai tubes., With these types of
designs, vapor crossflow may cause serious problems, such as redistriﬁution
of the working fluid and incomplete wetting of tubes. Reliable evaporator
design requires a clear understanding of tﬁe'effect of vapof crossflow. The
purpose of this paper is to study the basic mechanisms of vapor/liquid inter-
action and éntrainment and to develop models applicable to the design and .

performance evaluation of shell-and-tube evaporators for OTEC.

~ Compared to the vertical configuration, the horizontal design is con-
siderably more vulnerable to vapor/liquid interaction. Thus attention is
focused primarily on the latter design. In a typical horizontal tube falling
film evaporator, working fluid is fed at the top of vertical banks of hori-
zontal tubes. In the absence of vapor crossflow the unevaporated fluid from
any given tube will fall onto the next lower tube, and the qualitative
structure of the falling liquid is depéndent'pfimarily on the feed flowrate.
At relatively low feed flowrates the fluid falls from one tube to the next
in the form of droplets, which are created by Taylor instabilities along
the bottom portion of. the tubes, see Fig. lé; At higher feed flowrates
a transition region is encountered where intermittent drOpléts and columns
are formed. Upon increasing the flowrate still further a critical flow-
rate is reached beyoﬁd which the liquid falls as stable columns, Fig. 1b.
At extemely high feed flowrates the liquid falls as unstable sheets and
columns, but these high flowrates are generally outside'thg range of

interest for OTEC.

As a result of vapor crossflow the.drdﬁlets‘and columns falling from a
given tube may be partialiy or totally deflected away from the next lower
tube, thereby céusing liquid redistribution and incomplete wetting of lower
tubes in the bank. In addition to these deflection mechaniéms,‘a number of
entrainment mechanisms can also occur. For example if nucleate boiling
is present in the film, a mist of sﬁall droplets is generated as bubbles
burst through the film, and the small droplets are readily entrained by

the flowing vapor. An entrainmenﬁ méchanism common to both horizontal and



vertical designs is that of shearing or "étripping" of the thin liquid.
film from the tube surfaée. In this paper models of the fbregoing
mechanisms, aﬁong others, are developed. Based on thg~model§, conditions
are defined under which vapor/liquid interaction and entrainﬁent are _
important for OTEC. . Whenever an exampie.is given for OTEC, ammonia s
assumed'to.bé the working fluid. . ‘ '

Simple experiments have also been conducted to study the dynamigs of
drop formation and breakup. Results from such experiments provide some of

the necessary information for the development of the present models.



2.0 MODELLING
The following models generally apply to horizontal tube falling film

evaporators which are the most vulnerable to vapor/liquid interactionﬂ It

will be clearly stated when the models apply to other evaporator designs.

2.1 Droplet Mode. In a horizontal tube evaporator, the phyéical form of the
liquid flowing from one tube to the next depends on the liquid flovrate

and the distance between the tubes, When the flowrate is emall and the tube
spacing 1s large, the liquid is usually in the form of droplets. - If the
flowrate 1s large or the tube spacing is small, the liquid may flow in the
form of columns. The criterion for the transition from the droplet mode

te the column mode will be discussed in’ the next. section.

In the droplet mode, droplets are produced from discrete points’ along
the underside of the horizontal tube. The present problem of a thin film
on the underside of a horizontal tube relates to a classic hydrodynamlcs
problem known as Taylor instability [1], see Fig. 2. Taylor instability
states that when a heavier fluid is on top of a lighter fluid,.such as
liquid over vapor in the present case, the system is not stable. Taylor
1nstability also states that the instability wave that will most 1ikely

appear at the interface has a wave length:

A= Zn 30 , ‘ ' ‘ (1)'
Vzg A

where o and Py are the surface tension.and density of the fluid, re-
spectively, and g is the gravitational acceleration. Since the formation
of droplets in the present4case is a result of the growth of an instability
wave at the interface, it is reasonable to expect that the spacing between
the droplet generation sites is equel to the wavelength A ngEn by Eq. (1).
(It should be pointed out that Eq. (i) has successfully been used to pre-
dict the spacing between vapor bubble columns in stable fiim boiling [2, 3].)
For ammonia at 22°C (72°F), Eq. (1) predicts a wavelength of 2.0 cm (0.8 in.)
which is in good agreement with the experimentally measured spacing of
1.9 cm (0.75 in.) by Sabin and Poppendiek [4]. Furthermore Eq;‘(l) was found -
to agree reasonably well with our experiments with ethyl alcohol, which will
be discussed shortly. '

The mechanism of detachment of a drop"frqm aAliquid film is ex-
tremely diffiéult to treat analytically. To study the detachment mechanism,



a simple experiment was performed with ethyl alcohol, which was chosen
because of its similarity to ammonia in wettability, surface tension, and
density. Ethyl alcohol at room temperature (20°C) was fed from a buret on-
to an unheated 3.8 cm (1.5 in.) diameter horiéontal aluminum tube. The
1iquid droplets from the underside of the tube were photographed by a high
speed camera at 200 frames/sec. Figure 3 shows a sequence of photographs
of a detaching drop. As a drop detaches from the film, it carries with it

a long narrow tail, which, by the well known Rayleigh instabilify, eventually
'brgaks up into 4 or 5 smaller droplets. A élight increase in drop:size with
the flowrate was observed (the variation in sizé is usually within * 5% of
its nominal value). Also the length of the tail increased with flowrate.
The large drop in Fig. 3 will be referred to as the primary drop, and the

4 or 5 smaller drops as secondary drops. The mechanism by which the liquid
breaks off from the film is essentially an interaction of gravityAand-sur—
face tension forces. It is reasénable to expect that the diameter, dp, of

a primary drop can be correlated by an expression such as:
a; = ¢ J-% o ()
P 1Nps8 - - .
where C1 is a constant. The value of the'constant'c1 was determined from
our experiments with alcohol toibe 2.7. The secondary .drops could also be
correlated by a similar expression but with different constants. However,

it was decided to express the diameter, ds’ of the secondary drops in terms

of the ratio ds/dp. From tge experimgntal data it was found that:

0.23 < 12 < 0.38 | o ®

p .

It was estimated that the volume of the secondary droplets compared to the
total -volume of -droplets is about 10%Z.. It is expected that Eq. (2)-and
expression (3) can be applied to ény good wetting fluid: For ammenia at 22°C
(72°F) the féregoing expressions predict dP = 5.1 mm (0.20 in.) and 1.2 mm
(0.05-4n.) <d_ < 1.9 um (0.08 in.). These predicted drop sizes are con-

sistent with experimentally measured drop sizes for ammonia [4].

Knowing the drop sizes, it is possible to calculate the droplet deflec- -
tions due te vapor cressflow. In Fig. 4 ‘the angle a is the actual drop
deflection angle and 6 is the -eritical angle beyond which the drop will not

hit thé'loﬁéf;ﬁﬁbé.A Deflection angles for whic¢h'a < 9 are considered safe in



the sense that the drop will hit the lower tube,although it is recognized:
that non-uniform wetting of the lower tube may still result. The angle
8 has a simple relationship to the pitch-to-diameter ratio P/D as

-l
]

Further remarks concerning 6 and P/D will be given in a later section

on tube arrangement

'Based on the coordinates shown in Fig. 4, the equations of motion of

a single droplet, in the preéence of vapor crossflow velocity ug? are:

2 2 :
x-direction m Q_ﬁ_ = d ("d _ (5
' dt2
. 42 ' :
y-direction ndd = mg » _ (6)
: de?-

where m and d are the mass and diameter of the droplet, respectively, pg

is the vapor density and C, is the drag coefficient. Certain assumptions

are implied in the formulagioh of the above equations. These assumptions
~are: (1) the motion of the droplet in the y direction is mainly governed

by gravity (i.e., vapor drag force in that direction is small); and (2) the
motion of the droplet in the x direction is mainly due to the vapor. drag force
at a steady vapor crossflow velocity qg (f:e., the reduction in drag

force due to the motion of the droplet in the x direction is small). With-
" out these assumptions, the formulation given by Eqs. (5) and (6) would be
much more complex because the vapor flow around the droplet is basically
non-steady. With these assumptions, the prdblem is reduced to a steady
state fldw'problem with known values for the drag coefficient Cd' It is
realized that these agssumpitons are valid only if the error introduced

is small, This, however, is found to be true as will be discussed later

when the solution is applied to a typical ammonia droplet case.

The drag coefficient Cd in Eq. (5) depends generally on the Reynolds
number of the vapor flow. Equation (5) can be further simplified by re-
stricting our solution to Reynolds number greater than 1000, which is
usually the case. At Reynolds number between 103 and 105, thé drag

coefficient has a simple value:of 0:44. [51.



The boundary conditions for Eqs. (3) and (6) are x = dx/dt = y =
dy/dt = 0 at t = 0. In setting dy/dt = 0 at t = 0, i;‘: is somewhat con-
servatively assumed that the droplet has no initial velocity as it departs
from the tube. Equations (5) and (6) indicate that the trajectory of a deflect- '
ed droplet is a sﬁraight line. The angle of deflectioﬁ o, defined as
a = tan—1 (x/y), can be easily obtained from Eqs. (5) and (6) as

2
P u
a=tan1 1 s = . ' : (7)
3 Py dg

The critical vapor crossflow velocity u for which the droplet de-

flection angle a is equal to the maximum allowable angle 6, can be obtained

by combining Eqs. (4) and (7) into:

1
P, P )
u { ( 2/ g) dg ‘ ]2 (8)
& |ZJ@/m[e/m) - 1] |

Equation (8) is plotted in Fig. 5 for the case of ammonia droplets at a
temperature of 22°C (72°F). 1In Fig. 5, the critical ammonia vapor crossflow
velocity ug is plotted as a function of typical ammonia droplet diameters.d, ‘
and for various typical pitch-to-diameter ratios P/D. The dash region for small
drop diameters indicates a range where Eq. (8) is not strictly applicable
because the Reynolds number is less than 1000} thus the curves are only
projected values. The atomization region in Fig. 5 indicates an area’where
droplets would not be able to exist because of disintegration due to high

vapor velocity. The atomizatibﬁ Boundary 1s based on a Weber number of

12 [6], where the Weber number is defined as:

p 4.u2 d .
We = ._g_og._ ’ . (9)

The diameter d in this equation defines the maximum drop size that can exist
for a given crossflow velocity. A.drop which is larger than the maximum
drop size corresponding to a given vapor velocity can disintegrate into:
many smaller droplets. Although the curves in Fig. 5 are obtained from

a simplified set of equations, the results are quite accurate. From.a
slightly more involved analysis, it was found that the calculated vapor
.velocity may be slightly higher than the true value, . If the tube spacing

is less than 2.5 cm (1 in.), the overestimate is at most 20%.

The safe region in Fig. 5 is the area for which a < 6 (to ensure that
the droplet hits the lower tube) and lying below the atomization boundary



(to avoid potential disintegration into much smaller droplets that can
easily be deflected). For a given P/D, the intersection of Egs. (8) and
(9) defines the maximum allowable crossflow velocity. For P/D = 1.25 this
maximum velocity is 2.9 m/s and occurs at d = 3.8 mm. Recall that the pre-
dicted drop sizes for ammonia are dp = 5.1mm and 1.2 mm < dS < 1.9 mm.
From Fig. 5 for P/D = 1,25 the corresponding maximum velocities are 2.6 m/s
for the primary drop and 1.6 m/s to 2.1 m/s for the secondary drops. If
the crossflow velocities are kept below 1.6 m/s no droplets will be de-
flected away from lower tubes although non-uniform tube wetting may occur.
For crossflow velocitiesin the range 1.6 m/s to 2.1 m/s, some of the
secondary droplets will be deflected from the lower tube and will strike a
tube in the next column. At 2.1 m/s all the secondary drops are deflected,
representing 10% of the liquid falling from the tube. Velocities beyohd
2.6 m/s may cause disintegration of primary droplets into much smaller drop-
lets, thus potentially causing 100% defléction of liqﬁid from the lower

tubes.

Based on the preceeding example, it was seen that vapor crossflow can
produce partial or totél deflection of droplets from the lower tubes. This
can lead to non-uniform and incomplete wetting of tubes, and redistribution
of working fluid from one column to the next. The net effect is a loss in
heat transfer performance. To completely avoid deprivation of liquid to the
lower tubes and redistribution of working fluid, the crossflow velocity
should not exceed 1.6 m/s. However even under these conditions it should
be recognized that non-uniform tube wetting can still occur. It should
also be pointed out the largest crossflow velocities occur in the outer-
most regions of an evaporator unit. For large bundle evaporators; therefore,
vapor lanes should be considered to reduce vapor velocity so as to avoid the

aforementioned liquid deflection and entrainment problems.

2.2 Column Mode. An expression for the critical flowrate above which stable
columns are formed was obtained by seﬁting.the droplet production frequehCy
equal to the capillary wave oscillation frequency'at the film interface,
yielding: . Mt ' : 10
¢ A : :

where X is the Taylor wave length given by Eq. (1), M is the mass of all
the droplets in each drop breakup, and f:is';he<critical breakﬁp frequency.



The total droplet mass, M, ié.simply:
: ‘ 5
md_ ‘
M=1.1p, —% . . (10a) -

: ’ N * , . ‘
where dp‘is the primary droplet diameter given by Eq. (2) and the factor of
1.1 accounts for the mass of all the secondary droplets. The critical break-
up frequency is simply that of the capillary wave oscillation frequency at

the film surface, which is [7]

f£f= |20 | | (10b)

p A3 '
. This assﬁmes that after each dropibreakup, the film surface bounces once, at
the characteristic speed of a capillary wave, before another drop can be
formed, and that the maximum breakup frequency isllimited by the capillary
wave oscillation frequency given by Eq. (10b). Note that for flowrates
smaller than To» the drop breakup frequency can be smaller than the eapillary
wave oscillation frequency. For flowrates greater than T o droplet mode is
not possible and the flow changes to the column: mode. Equatioﬁ (10) 1s in good
agreement with the experimentally observed critical flowrates for ethyl
alcohol.’ Applying Eq. (10) to ammonia at 22°C (72°F), the critical flowrate
above which columns will form ig about 0.013 kg/s.m (32‘1b/hr~ft5.

_ Figure re 1b & shows a sketch of the fully developed column mode. As in ‘
the case of droplets, the column spacing will be prescribed by the most un-
stable wavelength A, from Eq. (1). A liquid column has a tapered shape
but for analytical purposes it 1s convenient to model the column as a rlght
circular’ cylinder having the same length and an effective diameter, d*,
such that the volumes are equivalent. The effective diameter is determined _
as follows Referring to Fig 6a, the velocity at ‘any position y below the
tube is given by the "free-fall" expression: ' ,

w = VZay - : an
Here it is conservatively assumed that the liquid velocity at y = 0 is

negligibly small. The mass flowrate for a single column is AT, .where A is

For the calculation of d_ we recommend using C. 2.83 instead of 2.7 because
‘the drop sizes at: flowrages approaching tran51%ion were 57 larger than
nominal. .



column spacing and I' is the liquid flowrate per unit length. Emplbying
- the foregding in conjunction with the cdntinuity equation, the following

expression for the column cross-sectional area is obtained:

A= AT | o an
. PVZey ‘ ~
from which the column volume V can be determined bj integration.  Sub-

stituting y = z cos o and integreting from z = 0 to L yields:

. . | ' :
vef ne- 2ATVE D cE)

0 ol\/Z g cos a . o
Then the effective diameter is determined from:

(ﬂdsL;v‘ ; A o (14)

4
Upon substituting V from Eq. (13) and letting L = S/cos a, the effective
diameter can be expressed as: ’

. 1 . .
aF o 8AT )2 - | - (15)
A" o, 2gsS ' .

Referring to Fig. 6b, the column deflection angle, a, due to vapor cross-

flow can be determined from a balance of forces normal to the cylinder:

Fd =W sin o (16)

'where Fd is the drag force based on the component of velocity normal to
the cylinder: ‘
Fy = Cy L d (u cos a) _ : (16a)
and w ig the weight of the column:

W= p2 g Vv ' (16b)
- After making the appropriate substitutions into Eq. (16) and with some re-
arrangement the following expression is obtained: .

L % .

c,d ’\2 &8 s : . ;

d pg ug g;? _ tan o ' o o a7

4xTg cos «
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*
where d 1s defined by Eq. (15) and A by Eq. (1).

The critical angle § beyond which the column will no longer hit the
next lower tube is given the same expression as for drops, i.e., Eq. (4).
Substituting ® for o in Eq. (17) leads to an equation defining the criti-
cal conditien_for_colﬁmns.v For this condition, Eq. (17) is plotted in
Fig. 7 as ué vs I for various P/D ratios.- The calculations are for ammonia
at 22°C (72°F). The between-tube distance S was determined by assuming
5.1 cm (2 1in.) diameter tubes. It is easy to show that ug v Sl/aand_eon—
sequently the results are not sensitive to S. The drag coefficient over

the Reynolds numbers of interest is Cd = 1.

In Fig. 7 the "safe' region is the area for which a < 6 (to ensure that
the column hits the lower tube). Only the region for which T ;»PC is‘eon—
sidered since the droplet mode dominates for T < PC. For T' = Pc and P/D
= 1.25,the maximum allowable crossflow velocity 1s ~ 1.5 m/s (5 ft/sec).
This veiocity is roughly the same as the maximum allowable crossflow
velocity for the smallest secondary drops found in the droplet mode, see
previous section. As T increeses,the column thickens and a higher cross-
flow velocity is required to deflect the column. At T = 0.21 kg/s-m (500
1b/hr.ft), the allowable velocity is about 3 m/s (10 ft/sec). For a > 6 the
column will be deflected away from the lower tube and impinge on a tube in
the adjacent column of tubes. This leads to deprivation of liquid to the
lower tubes and redistribution of the working fluid. To avoid these pro-
blems the maximum allowable velocity for a given flowrate I' should not be
exceeded. However even under these conditions it should be recognized that

non-uniform tube wetting can still occur.

Before closing this section a simple model will be given for pre-
dicting the fraction of the vapor crossflow area which 1s blocked by liquid
columns. Referring to Fig. 1b, the fraction, Z, of blocked area based on

the projected area of the column is

a*s  d" -
“TAs T - a®

*
where d is given by Eq. (15) and X by Eq. (1). For ammonia, Eq. (18) pre-
dicts that v 8% of the flow area is blocked at the criticdl flowrate for
column formation. At T = 0.21 kg/s*m (500 1b/hr.ft), nearly 30% of the
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area is blocked. The percent blocked area will influence the shell-side
velocities and pressure drops; and consequently must be~carefu11y con-

sidered in the thermal design.

2.3 Stripping. The previous two sections déalt with the deflection of liquid
as it falls from one tube to the next. This section considers entrainment
‘phenoméﬁa associated with the thin liquid £1lm on the tube surface. The
modéls'devéloped herein apply to both hbrizontal and verticai tube designs.

In a shell-and-tube evaporator, liquid flows over the tﬁbes in the
form of a thin film. .If the vapor velocity is sufficiently high, the liquid
film becomes unstable as a result of thé well known Helmholtz instability
[8] phenomenon. The growth of instability waves eventually leads to droplet
formation and entrainment. The inception criteria for droplet entrainment
in thin films has been considered by numerous 1nveétigators.v A review
paper on this sﬁbject was published by Ishii and Grolﬁes [9]. 1Ishii ahd
Grolmes proposed new criteria for droplet entrainment in two-phase co-
current film flow, which were shown to agree well with all available ex-
perimental data. Their inception criteria relate the critical gas velbcity
(4n dimensionless fofm) to the liquid Reynolds number and the flow direction
(whether horizontal, upward, or downward flow). From their inception
criteria, the lowest gas velocity to cause entrainment, irrespective of the

liquid Reynolds number and flow direction, is given by:

1 .
—3-/ 5=1 (19)
(09 -p )g ) . .

where H is the liquid viscosity. Alth&ugh‘Eq. (19) is.strictly applicable
only to co-current gas-liquid flow it should also apply to counter-current
flow when the liquid velocity is small compared to the critical vapor
velocity. In both horizontal and vertical evaporators for OTEC,the con-
dition of small liquid velocity is satisfied and hence Eq. (19) is generally
applicable. ‘

When the gas density is much smaller than. the liquid densif&, pg << Py
the left hand side of Eq. (19) can be rearranged into a ratio of two important
similarity parameters: the Kutateladze number [10] and the Kapitza number [11],
The Kutateladze number represents the ratio of the disturbance force (gas
velocity) ‘to the restoring force (surface tension) at the interface,
and is anh important parameter in the .study.of two-phase interfacial
stability problems [10]. The Kapitza number relates to the
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internal stability of the liquid film and is an important'parameter in the
study of thin liquid film flows [11]. Based on the foregoing remarks,
the. inception criterion expressed by Eq. (19) is seen to have a straight

forward physical interpretation.

For ammonia at 22°C (72°F), Eq. (19) indicates a vapor velocity of
4.7 m/s (15 ft/sec). If an evaporator is designed'to satisfy the droplet
and column deflection constraints discussed in the previous sections, then

entrainment by stripping will not be a problem.

2.4 Other Entrainment Mechanisms. In this section two other entrainment

-mechanisms will be considered, namely those due to nucleate boiling and

splashing.

When nucleate: boiling is present in the film, a mist of small droplets
can be generated as bubbles burst through the film, and the small droplets
can readily be entrained by vapor crossflow. Our literature survey revealed
only one paper dealing with droplet formation resulting from boiling in thin
films {12). Petrovichev et al. [12] used water as the test fluid, and found
that the droplet generation rate depends on both the heat flux and film
thickness., What determines the degree of entrainment, of course, is not the
total droplet generation rate but rather the ratio of droplet generation
rate to the vapor generation rate, a parameter which will be referred to as the
droplet entrainment rate. If the Petrovichev correlation is also valid for
ammonia, the droplet entrainment rate can be calculated for a typical OTEC
ammonia saturation temperature of 22°C (72°F). If we assume a high heat
flux of 0.032 MW/m? (10% Btu/hr-ft2) and a relatively large film thickness
of 0.33 mm (corresponding to a flowrate of 0.2 kg/s.m, or 500 1b/hr-ft),
the Petrovichev correlation gives a droplet entrainment rate of only 0.23 x
1072 (0.23%). However, the Petrovichev correlation may not be valid for
ammonia because it is not dimensionless and is therefore not strictly ap-
plicable to any fluid except water. For example, it was shown by Newitt
et -al. [13] that bubble size affects the droplet entrainment rate. Given
the fact that ammonia liquid has snaller vapor bubbles than water, the
actual droplet entrainment rate may be different from that predicted by the
Petrovichev correlation. Consequently further study in this area is needed

before any definite conclusions can be reached,
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~ Another possible entrainment mechanism is that due to splaéhing.
Sﬁlashing can occur when a liquid impinges onto a solid surface. This
process can generate drops of various sizes which are 11kely to be en-
trained by the vapor. ‘The extent of splashing depenas #rima:ily,On
wettability-end fluid velocity. Experiments with vertical banks of hori-
zontal tubes (simulating an-OTEC evappretor).indicated that splashing is
not signifieaﬁt when the working fluid adequeteiy'wets'the‘tubes [14].
Based on these test results and our own experimental observations with
ethyl alcohol, it is expected that splashing is not important for good
wetting fluids which fall from one tube to the next under ‘the acfion of -
gravity'. Splashing of good wetting fluids can be expected only when the
liquid is sprayed at high velocity onto the tubes.
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. 3.0 REMARKS ON TUBE ARRANGEMENT |
Heat exchanger tube fields are generally laid out with equilateral

pitches in either square or triangular arrays. The arrangements are of
- four basic types: 90°-square; 45°-square; 30°-triangular; and 60°-tri-
angular. With the 30° and,90?larfangements, the transverse pitch (i.e.,
vertical tube pitch trahsvérsé to vapor crossflow) is equivalent to the
equilateral pitch, P. This is the case depicted in Fig. 4. Wi;h the 60°
and 45° arrangements the transverse pifches are PJS.and P2 féspectively.

Equation (4) for the critical angle and thé sketch in Fig. 4 apply
only to the 30° and 90° arrangements. Different expressions are needed
to calculate the critical aﬁgles for the 45° aﬁd 60° cases. For the 45°
arrangement the critical angle is determined by replacing P with PJ2 in
Eq. (4). For the 60° case the line defining the critical angle is not
tangent to the next lower tube, but instead is tangent to' a tube in the
adjacent column. Thius the critical angle is less than that which would
be obtained by replacing P with PJy3 in Eq. (4). For a given P/D the
critical'angies for the 45° and 60° arrangements are relatively small com-
pared to the critical'angle for the 30° or 90° case. These smaller angles
do not necessarily imply a greatér potential. for deflection because the

crossflow velocity is also smaller (in view of the larger transverse gaps).

It is not at all obvious which of the four configuratidns is superior
from a vapor/liquid interaction étandpoint. 'Althoggh a rigorous comparison
is dependent on many aspects of each design, a'ﬁery simple approach can
provide some insight into the problem. To establish a basis of comﬁarison,
consider four horizontal tube evaporator units, each having a different tube
arrangement (i.e., 45°, 90°, 60°, and 30°). Assume that éach unit is de-
signed with the same équilateral pitch-to-diameter ratio, P/D, and the
overall envelope of each tube bundle is séuére._ Moreover, each unit has an
equal number of tubeé and hence the same heat duty and total vapor generation.
In each unit the vapor is assumed to flow hdrizontally outward from the
vertical centerline. The relative merit of each unit was examined usihg the
droplet and column deflection models. Based on this approach, the 45° arrange-
ment was found to be the best (i.e., least vulnerable to entrainment), followed
closelyvby tﬁe 60°, 90°, and 30° arrangements. The relatively high ranking
of the 60° configuration is a bit misleading because unifo;m transverse gap

velocity was assumed in the calculations. For the other tube arrangements
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tﬁis assumotion is reasonably good. However for the 60° arrangement the
velocity will be aoﬁ—uﬁifora in view of the'large transverse gap aod-the"
proxihity of tubes in adjacent columns. The crossflow velocity will be A
negligibly small at a gap location midway between the tubes and relatively
large in the neighborhood of the upper and lower tubes. Consequeatly the
deflection of drops and- columns is probably underestimated for the 60° con-
figuration. It is quite possible that a more exact analysis would reveal
that the 60° arrangement is actually the least des1rab1e insofar as vapor/

liquid interaction is concerned.

Although the~30° eonfiguration was found to.be somewhat more vulnerable
to.liquid deflection thaa the other arrangements,.it must be emphasized that
the approach used for the comparison is very crude. = Furthermore, gapor/liquid
interdaction ie only one of a number of factors that must be considered in the
thermal design of eVaporatots. Thus, on the basis’ of the foregoing comparison -

alone, no arrangement should be precluded as a viable candidate."
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4.0 SUMMARY AND CONCLUSIONS
A study of vapor/liquid interaction and entrainment in shell-and-tube

eQaporators-was conducted. Attention was focused on horizontal tube falling
_film evaporators for OTEC, In the horizontal tube design, liquid falls -

from one tube to the next in either a droplet or column mode. The spacing ‘

between droplet generation sites and columns can be‘predicted by the most

unstable waveiength for the Taylor instability.

Based on an ekperimental study (using ethyl alcohol) of droplet de-
tachment and breakup, a correlation wés established for detérmining the
resulting drop sizes. Applying the correlations to ammdnia'at 22°C (72°F)
it was found that 90% of the liquid exists as large droplets of diameter "
5.1 mm (0.20 in.) and 10% is in the form of smaller droplets in the range
1.2 mm (0.05 in.) to 1.9 mm (0.08 in.). The equations of motion were solved
to determine the droplet trajectoriés' With ammonia as the working fluid
and P/D = 1.25 (in a 3o°-triangular or 90°—square arrangement), it was
predicted that vapor crossflow can produce partial or total deflection of
droplets away from the lower tubes. To c0mp1ete1y avoid deprivation'of
1iquid to the lower tubes and redistribution of the working fluid, the '

maximum allowable crossflow velocity was calculated to be 1.6 m/s (5.3 ft/sec).

A criterion was derived for predicting the transition from the droplet
mode'to.the column mode. For ammonia transition was predicted to occur at
[ = 0.013 kg/s.m (32 1b/hr-ft). A model was developed for determining the
deflection of a column due to vapor crossflow. The maximum allowable
velocity was found to depend on the flowrate per unit length, and for P/D =
1.25 increases from 1.5 m/s (5 ft/sec) at the transition flow to 3 m/s
(10 ft/sec) at 0.21 kg/s.m (500 1b/hr.ft). In the column mode it. was
predicted that the percent of the available crossflow atea-blocked by liquid
columns increases from about 8% at the transition flowrate t0‘near1yA30% at

0.21 kg/s*m.

At high vapor velocity liquid can be stripped from the tubes and en-
trained by the vépor. An inception criterion was presenfed_which predicts
a critical vapor velocity of 4.7 m/s (15 ft/sec). (This applies to both
hofizontal and vertical falling film evaporafors;) if an evéporator is,dé—

signed to satisfy the'dropiet and column deflection constraints, then;
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entrainment by stripping will not be a problem.

Other vapor/liquid interaction mechanisms were considered: droplets
_generated as bubbles burst through the film in the case of boiling and
splashing as liquid fallé from one tube to the next. Splaehing was judged
to be insignificant for good wetting fluids such as ammonita. Using
Petrovichev's dimensional entrainment correlation which is based on boiling
. of thin water films, entrainment for ammonia was found to be small. How-
ever since the correlation is strictly valid only for water, further work

is needed before any conclusive assessment can be made regarding ammonia.

A crude comparison was made of four tube arrangements (30°-tri-
angular, 60° -triangular, 45°-square, and 90°—square) to determine which is
superior from a vapor/liquid interaction standpoint. The 45° arrangement.
was found~to be the best and the 60° configuration probably the wdtst '
However in view of the simplicity of this comparison no arrangement should

be precluded as a viable candidate.

The vapor/liquid interaction and‘entrainment‘models developed in this
paper are generai, and should prove to be useful tools for the thermal de-

sign and performance,evaluation of shell-and-tube evanorators for OTEC.
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- ‘TYPICAL HORIZONTAL TUBE IN
; A VERTICAL BANK- ’
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(a) .

N

(b)

" Fig. 1 Liquid falling in (a) dropiet mode;

‘and (b) stable column mode.

N
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"UNDER SIDE OF HORIZONTAL TUBE _ |

////// //////////////////

VAPOR L A ;J-'LIQUID'FILM‘ L

Fig. 2 Taylor instability at liquidIQapor interface.



TIME = 0 145 ms 180 ms 190 ms 200 ms

205 ms 210 ms 220 ms 225 ms 235 ms

Fig. 3 Movie sequence of a drop detaching from a thin film.
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Fig. 4 . Deflection of droplet due to
vapor crossflow.
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Fig. 5 - Maximum allowable crossflow velocity
for droplet.deflection.
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HORIZONTAL
TUBES '

‘Fig. 6 Deflection of liquid column due to
vapor crossflow.
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Fig. 7 Maximum allowable crossflow: velocity
for c¢olumn deflection.
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