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ABSTKRACT

A study is made to explore promising mechanisms of heat transfer which may

be used to develop more efficient sea=-water distillation units. As a basis of investi-

gation, an extensive research survey of lew=temperature-difference boiling heat
transfer is briefly summarized, with the conclusion that with the present understand-
ing of ebullition there is little prospect of achieving the desired heat transfer with
active boiling. The metal-to-fluid superheat necessary to form a steam bubble with
known types and sizes of nucleohon sites prevents ebullition except with minimum
temperature differences of 8 to 10°F between the temperature of the metal wall and
the saturation temperature of the fluid.

The concept of evaporation from a very thin film without boiling is considered
in detail, and two small experiments are reported. It is sliown, both theoretically
and experimentally, that very high evaporation rates can be obtained with the very
thin film technique; methods of maintaining a thin film continuously in a practical
vapor=compression still are considered. A single=tube experiment, in which methods
of introducing feed water and checking probable scaling problems will be studied,
is described as the next phase of this task.

Qualified requesters moy obtain copies of this report from DDC.
Release to the Clearinghouse is authorized,
The Laboratory invites comment on this report, paiticularly on the
results obiolned by those who have applivd the information,
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NOMENCLATURE

Area

Specific heat at constant pressure

Constant

Significant physical dimension;
dicmeter of tube

Mass flow per unit area
Static water leg height
Film coefficient of hent transfer

Enthalpy of a liquid at saturation
Enthalpy of a vapor
Enthalpy of evaporation

Thermal conductivity

Mussult's Number (hD/K)
Prandtl's Number (cpu,/K)
Reynold's Number (DG/w)

Heat flow per unit Hme
Tumporature

Bulk temperature

Couffictont of overall hoat transfor

Velocity

Spacific volume

Lt

sat

wo

rad

suf

Weight (of steam or fluid)
Quality of steam

Linear dimension in direction of
heat flow

Effective boundary layer thickness;
thin=film thickness

Temperature difference

Tempercture difference, tube wall
to saturation temperature of fluid

by = o O incipience boiling

Viscosity

Subscﬁgt&

Boiling

Coridensation

Evaporating

Fluld

Vapor

Radlal

Saturailon at local pressure

Tube wall



OBJECTIVE

The purpose of this task was to investigate new aspects of heat transfer which
may lead to the development of simpler and more cfficient apparatus for distilling
potable water from sea water. This report presents a research study and a theorstical
and experimental investigation, advances the requirements for an improved distillation

process, and outlines an experimental effort which will constitute the next phase of
this task.

THE PROBLEM

The removal of solutes from true solutions is at best a costly process. The .
expenditure of heat energy in the form of fuel is usually high, and in the absence
of known fuel, labor, capital, and equipment costs, no single determination of opti=
mum design can be formulated. [t is, however, possible to consider those aspects of
the process which will directly affect costs and, from this, perhaps eventually develop
the guideline for the design of a superior machine. '

Boiling as such is not necessarily the most satisfactory embodiment of the -
evaporation process. Two other evaporation processes, each with at least one poten=~
tial advantage, will be explored.

Demineralized water is, in general, not competitive when other water, even
of poor, but acceptable, quality can be obtained. According to knowledgeable
enginecering economists, the total costs of demineralizing water must be reduced by
a factor of 2 before a market for demineralized water can be developed in most of
the poor water areas.

The United States Navy has a considerable requirement for potable water in
areas where only sea water is avallable. The most common desalting device on
board ships is the sea~water evaporator, usually using low-pressure steam bled from
the propulsion system. The convenience and relative simplicity of such a system
where steam is ovallable has made its use desirable in spite of its relatively poor
production rate when compared, for instance, with that of the vapor=compression
still. A four-effect evaporator would be hard pressed to produce 50 pounds of
distilled water per pound of fuel oil, while a vapor-compression still, a smaller and
lighter machine, can produce 180 pounds of product per pound of fuel. The produc-
tion rate of the evaporator can be increased by increasing the number of effects,
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while improvement of the heat-transfer rate can reduce the size of the machine.
Improving the evaporating and condensing heat-transfer coefficients of the vapor-
compression still by reducing or eliminating the relatively thick boundary layer in
favor of a thinner fluid film could materially increase the heat-transfer rates and
could decrease the size of the still.

It is the possibility of substantially reducing the overall cost of demineralized
water by increasing heat-transfer rates alone that dictates extensive consideration
of the vapor-compressicn principle and the feasibility of establishing and maintain-
ing a very thin film.

LIMITATION OF VAPOR-COMPRESSION CYCLE

=
ty

To establish a basis for further discussion, the cycle of the typical vapor-
compression distillation machine will be described in some detail. Referring to
Figure 1, the basic components are the evapnrator, the compressor, and the prime
mover. In the latter, fuel is bumed in an intermal-combustion engine to produce
shaft power. Thic power is used in a iow=pressure compressor, usually of the
positive~displacement type because of the pressure ratios necessary with currently
used heat~=transfer processes. In the compressor, the vapor (low-pressure steam) is
raised in pressure, and hence in saturation temperature, and readmitted to the
evaporator section outside the tubes, where it condenses. This increase in saturation
temperature provides the driving force for the cycle, and the enthalpy necessary to
obtain this temperature increase determines the efficiency of the cycle.

The heat required by the cycle for brine preheating, heat loss, etc., is readily
available in the engine's exhaust and cooling jacket, The heat from the exhaust
gas s usually recovered in a simple, relatively inefficient boiler, and that from the
engine tsalf by boiling water in the engine-cooling jackets. The steam thus produced
is conderisud at the point of use, and the condensate is returned to the engine and
to the exhaust boiler in a closed cycle.

' Figure 2 shows a temperature=-entropy diagram of the vapor-compression cycle.
Point values of enthalpy are those for distilled water; possible small effects of salt
content on heat capacity and vapor pressures in the actual machine are neglected.

The condensing (saturation) temperature and pressure are represented on the upper
horizontal line; the lower horizontal line represents the boiling at low pressure
conditions. The vapor Is compressed along some line A=B to the higher, or condensing,
temperature and pressure, and change in enthalpy in the compressor along A-B
represents the heat input necessary to produce ¢ pound of water,

ey

N R v



i Ly bk e

\ steamin ————a=

lobe compresio

-

N e e s

<+ downcomaer

Q/A = 5,000

———
condensing
o e e el —
P
vent =" H, static
R —.| woter keg
| —
-——— J: et s
product poelimierommns ——— == === ] =
{condensaie) e N — P

——— -

tow water feed

* . s s e ot Wt o
e tan A B

—

blowdown

Figure 1. Schematic of a simple vapor-compression still,

e s -

e s o

[Rr—

e A R



—~ i

o e

a ¢

- :

[ ] *

5 . B  h =1173
a a tg

¢ 6

o -

. heo = 1,165
20} 208 o

18 - 222.4}

1 atm ~e = 212t~

A hyo=,150.4

—— L —

Entropy

Figure 2. Schematic temperature-aentropy diagram for a
vapor-compression still (no scale).



e AR e e

e e -

et S ke | e g it

The values shown would be typical for a vepor-compression machine operating
with a 16°F temperature differential, boiling to condensing side, and with the low
side at atmospheric pressure. On such a cycle, with isentropic compression, the
water=fuel production ratio on a weight basis might be

lb product _ _energy aveilakle as shaft work
Ib fuel enthalpy chunge in compression

(thermal efficiency) (Btu/lb fuel)

hz-h]

(0.3) (18,500)
173 - 11504 © 245 lbwater/lb fuel (1)

Similar production rates are routinely achieved in I-.ss than perfect machines
of small size, so it is obvious that the cycle stake points illustrated are not difficult
to achieve in a simple vapor-compression cycle,

If the temperature on the high side could be effechvely reduced to, say,
222.4°F corresponding to a saturation pressure of 18 psia as indicated at 2, Figure 2,
then the production rate on a similar cycle basis would rise to about 380 pounds of
water per pound of fuel in an ideal machine. Such large potential gains are the
basis for the heat-transfer research and theoretical and experimental studies discussed
in this report. Clearly, the efficiency of the vapor-compression cycle is limited

only by the temperature difference necessary to accomplish the heat transfer from
the condensing steam to the boiling brine.

NEED FOR THIN=-FILM EVAPORATION

In the usual process device in which heat is transferred to a fluid through a
solid partition such as a thin metal wall, the rate of heat transfer can be related to
the thickness of a finite laminar boundary layer or quiescent film,

If flow is induced by forced convection, the rate of heat transfer can be
described by the well-known Diltus~Boelter dimensionless equeition (McAdums, 1954):

£ = 00z (DG) ( @
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for which a particular tube, fluid, and a small temperature range reduces approximately
to the dimensional equation, h = CVY-8, C is a constant involving the combined
variables in the rest of the equation; V, the velocity, is found from G.

Such an equation applied to the vapor-compression still would only apply if
the high-pressure steam, state 2, Figure 2, were slightly above the saturation tem-
perature at state 1, but not high enough to induce boiling within the tube. The
liquid would be heated on traveling upward through the tube and, upon pressure
release at the top of the tube, a small amount of steam would be formed by flashing,
depending upon the amount of superheat of the water above the saturation tempera-
ture at state 1. The still would be functional but inefficient in that very large tube
areas or high velocities induced by forced pumping would be required. The first
arrangement would be bulky and unduely expensive. The second, with forced con-
vection, would be inefficient in that excessive pumping power would be required.
The usual simple vapor=compression still operates on such a cycle only while being
brought into production. During continuous operation, steam is usually formed over
a considerable length of tubing, taking advantage of the high heat-transfer rates
possible with nucleate boiling. The flash still described above vould have the
single potential advantage that scaling would be minimized, since boiling would
not occur on the metal surface. Some scaling, or so-called "temporary hardness,"
could be axpected from compounds precipitating at elevated soiution temperatures.

If the steam pressure and temperature at state 2, Figure 2, were raised so that
the surface temperature of the metal at the lower portion of the tube were signifi-
cantly, say 7 to 10°F, above the local saturation temperature, the rate of heat
transfer would be materially enhanced by local disturbance of the laminar film,
Figure 3, from within. Equation 1 would no longer hold, but the rate of heat transfer
would still be responsive to the rate of fluid flow; the situation is intermediate
between forced convection and active aucleate boiling. With further increase in
steam pressure and subsequent higher metal temperatures, active nucleate boiling,
eventually without recondensation of the bubbles, would occur, Figure 4 reports
University of California (1951) expariments of subcooled nucleate boliing at varying
flow rates, and common boiling characteristics, independent of flow rate, at large
tomperature differences. This plot clearly shows the importance of metal temperatures
relative to saturation temperatures and the need for small differences. Economical
operation of vapor-comprassion still+ does not allow operation at high flow rates or
large values of Gyyy. If It did, prodigious quantities of distilled water ¢ sauld be
produced In a very small evapotator, Hoat=transfor rates of 3 to 4 x 10 Btu/Ft2, hi
can be accomplished with large values of gy (Figure 5). Figure 51s a typlcal
log=log plot of heat=transfer rates veisus the loca! point temperature difference
between the metal wall and the saturation temperature of the boiling liquid. Very
high pumping rates, which would yield good heat transfer as described by Equation |,
are not consonant with good thermal economy, as they may be obtained only with
excessive pumping power,
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There is, however, an area of forced convection plus nucleate boiling where
pumping at reasonabla rates produces an overall economy. This mode of operation
has recently been used in practical vapor=compression stills. Schematically, the
eventual effect of attempting to obtain very high heat-transfor rates by pumping
can be seen in Figure 6, a plot of calculatud total pump power added to comprassor
power., Values of h for various velocities were extracted from curves by McAdams
(1954). The simplifying assumption is made that the efficiencies of the circulating
pump and vapor compressor are the same, If one were significantly better than the
other in machanical efficiency, the curve would be the same shape, but displaced
to the left or right, The more efficient the pump, the higher the flow rate for a
minimum power expenditure per unit of distillate. A similor trade~off arlses in
connection with enhancing heat=transfer processes of mixed water=steam, currently
reforrod to as fog=flow. Heare, the laminar film across which heat must transfer Is
apparantly reduced in thickness by using a system in which 1t Is inherently physically
thin. The avaporating film is continually replonished along the langth of the tube
by deposition of watar droplets from wet steam. Circulation of the steam, however,
would cause an unfavorable powar balance at vary high rates.

The above discussion reflects the long=time preoccupation of investigators of
bolling haat transfer with the mechanism of destruction of the laminar film, Figure 7,
by forcad convection and promotion of active nucleation. Heare, nucloation was
promoted by clreulating a slurry of sollds, The data are from McAdams (1954) and
Thomas and assoclates (1959),

CONSIDERATION OF BOILING HEAT TRANSFER

The provulonce of tha use of bolling heat transfer to obtain high transfer rates
In a wide varlaty of procass vquipmont led to a protiuctad conslderation of possible
ways to achlove high coofficlonts ut low values of U, Bolling 1s such an attractive
approuch to sacuring high equipmant capacity with small volume and small heet=
tronsfor surfaces that Tty abandonment must bu with reluctonca,

Litarally thousands of Investigations of bolling huve beun reported since
Nukiyame (1934) flist discussed varlations In bolling types with Increases in surfaca
tamperatura, McAdums (1954) summarized the knowledge and expariments avallable
at that writing, Up to thut Hime little Interest hod been shown In the low flux,
low G4 urea, of such vital Interest In vapor=compression distillution. The nature of
bubble origination, uffucts of solutes, surfuce roughnem, adsorbed alr, aging, ete,,
on bolling ¢t Intermadiute nucleate bolling rutes was dlscussed by McAdamg In
raporting on many references, a fow of the more Interesting of which are lsted In
tha Biblogruphy of this report, The data reported ware nmpicl(,al and the ptobobla
lowast Uygp at which bolling was obsorved was ubout 3, 8%F, A minimum of about 9°F
would bu more typlcal of most devices, At lower temperature differences, hoat I
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transfarred by convection without the benefit of agltation by bubble formation, and,
as has been remarked, process equipmont designed to operate at lower temperature
differences requires large and exponsive heat-transfer surtaces tor a given production,
or requires onhancoment of heat transfer by forced convection,

In an important and seldom cited theoretical analysis of heat transfer in both
natural convection and boiling, Chang (1957) related boundary film thickness,
wave longth, and wave amplitude to the difference betweon the temperature of the
transmitting surface and the saturation temperature of the water or the temperature
of the air. Transition betwoen the various heat-transfer regimes at increasing valuas
of ggt was explained, and the theoretical results ware correlated with experimental
values from the open literature. Figure 8 is reproduced from that source. This
clearly shows that the vigor of the disturbance which tends to remove the boundary
layor In bolling diminishes prograssively at lower temperature differences, and that,
unlass @ mathod can be found for encouraging the formation of steam bubbles at
low temparature differences, heat transfor encouraged by bolling will not be useful
In the range of a faw degreas of byt The nature of the conelusive arguments
against ebullition at very low values of by ware shown by Y. Y, Hsu (1962) Ina
papar which correlated experimental evidence with an analytical expression for the
conditions at which bolling woeuld occur, Figure 9 from that paper shows that for
pool bolling from o steip, bolling will not oceur below a comparatively high heat
flux and, in Figure 10, a high tgyy.

Thare 13, however, recant evidance (e.g., Bonllla, 1963) to Indicate that surface f
roughening of particular kinds may allow bolling with @ b4 as low as 4°F if the
spacing of the rulad grooves, for Instance, Is optinum = ubouf 2 diameters of the
steam bubblas at the time of reloasa, It Is antirely within the realm of possibility
that @ comblnation of surfuce=tansion mod!flars, specialized surfaces, and possibly
other methods might allow vigorous bolling with a very small surface superheat; and
bolling would again be o prime mathod for achieving economical dasigns of vapor~
comprossion stills,

Many aspocts of bolling, such as affects of roughened surfaces, soluble and
Insolublu additives, and changes In pressure, were raviewad In the praliminary
phase of this Investigation; a few of thuse are llsted In the Bibliography. A etill :
larger digust of bolling literature Is found in a paper by Schmlidt (1962),

In review, vigorous distuibance of o quiescent boundary layer adjacent to o :
heating surfuce reduces the effective thickness, 8, of the layer and Increoses the
rate of heat transfer. Ebullition Is known 1o be an effective muans of disturbing,
ko u chigger, from within, but present knowledge of the bubble=forming process
Hmits the minimum temparature difference for boiling to perhups BOF ot more, which
Is undesirably high for the vapor=comprassion cycle in saline water conversion.
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Figure 6. Calculated compressor, pump, and total horsepower per 1,000 pounds
of product for 5/8 Inch tube, assuming isuntrople comprossion and
100% officiuncy in compressor and pump. [lustiative only,
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An altemate scheme to ebullition for promoting rapld evaporation from a
fluld surface s to reduce the actual fluld layer to a thicknes so small that Its
nulsance value as an fnsulating layer Is lurgaly removad and, hopefully, high heat
transfor per unit area can bu accomplishad with o low Ggp. The remalndar of this
study | dadicated to diseussing or demonstrating methods whereby a sathifuctory
thin film might be sustained In the presence of vigorous evaporation, and te ¢lting
other reswarch which hus proposed to do thiy or the vonsequances of which cun be
detarmined 1o hava a slmilar banafit,

DEVELOPMUNTAL PREMISES FOR IMPROVED VAPOR=-COMPRESSION STILL

Having ubundoned, at leust for the time belng, the bolling process, as such,
for swauring high heatstransfar ratas In an [mproved vapor=compression stili, Tt Iy
constructive 1o considaer possible gouls, Stated In outline, the following minfmum
raquiramants for the heat=tiansfar process sought are proposad ay guldes:

a, High voluus of the film coufficlent on the bolling side should be possibla,
thus reducing the heat=trangfer ureu necassury for a glven production and
keuping costs for equipmunt low,
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b. The high film coefficients, (a) above, should be possible at low values of

Bat: 50 the compressor power to raise the saturation temperature will be low.

c. The film should be stable, and the method of replacing evaporated fluid
continuously should be such that the film will be of uniform thickness
insofar as possible,

d. The fead mechanism, (c), should be such that dry areas will be avoided, or
if they oceur, that the surface will be immediately rewetted.

¢. Evaporation should oceur at essentially constant pressure over the entire
evaporating area, inasmuch as the condensing high=pressure side is at a
constant pressure, and optimization at a low overall temperuture would
require little or no varlation In evaporating temperature.

f. The system selected should be adaptable to construction using common
matarlals, shapet, and fabrication methods, and be mochanically simple.

g, Tho process should lead to no scallng, or at worst, readily removed scale
us g simple techniques,

h, The process should be usable over u span of temperature and prassure ranges
to that o favorable area of nparation can be selocted as dictated by amblent
temporature, scaling problems, venting problems, etc.

I, Total powar requiraments, pumping plus compressor power, should be as
imall as ponsible,

Thin=fllm evaporation appuars, from prasent avidence, to have many, If not
all, of the dusired charactaristics, provided It can be maintained In a practical
machineg,

The efflcacy of a simpla steam=water (wat steam) mixture 1o provide a sultable
thin flm full longth of the tube has not been demonstratad under conditions which
might leud to scale deposition from o brine; the work of Dengler and Addoms (1956)
clearly Indlcated that, at lecst under controlled luboratory testing, deposition with
u selected adloactive solute did not oceur to long as the steam quallty was les
than about 70 percant, Mumm (1954) ulio reported Increasing bolling=side flim
coufflelents with Increusing steum quality up to 50 percent, and Indicated the
probuble cause as belng botling In a thin fllm,

The developmontal work appurently necessary to daevise rallubly vepor=
comprassion stilly Is that which will perfect maethods of water injection Into the
racyclad steam, thus reducing Its guality and Insuring even distiibution, It must
also provide for continuous watting to prevent daposition of scale; this may linit
tha length of tubes or thu maximum steam quallty,



ESTABLISHMENT OF A THIN FIIM WITH EVAPORATION

The experiniental and theoretical demonstrations, as reported by other
investigators, of the capability of a thin fiim of evaporating liquid to coel a surface
do not describe in detail a practical method of distributing the necessary feed water
(biine, in the case of sea=-water distillation) at the tube entrance and maintaining a
suitable thickness as the steam=water mixture traverses thy tube and part of the
water evaporates. Some schames which might be tried are listad below, together
with the reasons why thei: particular features are of interest,

In the simplest case, recirculuted steam at a superprassure cuitable to provide
the necessary pressure drop in the tubes would be bled off the prime steam compressor
at an oppropriate state, Figure 11. With sufficiently finu dispersion in the nozzle,
a uniform mixture of wet steam and brine droplets would divide among the various
tubes, and some of the droplets woyld immediately plate out on the tube walls as
a thin film, where they would evaporate und Increase the quality of the wet steam
streani, A sketch of this is shown in Figure 12, The quality of the entering steam
might be something like 5 to 15 percent, und the flow quantities such that the exit
steam quality would be well below 70 porcant, a critical value for at least certain
flow rates. Stein and associates (1962) describe such a system Investigated to
detarmine the ufficacy of o wet steam fluid in reactor cooling; they called thiy

"fog flow." They describe some simple nozzles and axparimental results of thelr ;
use, which may be of assittance in developing u systom suitakle for entraining the
necessary brine. In the actual case, the thin film would undoubtedly not be of i
constant thickness along the length of the tube, but would reduce us the steam !
quality increased and the velocity increased as a result of the volume Increase. |

Also, fewor drops would be ovailable for maintaining u given fllm, and the Inereased :
tuthulence at higher velocitias would tend to deplate the film by eroslan, Some \
indication of the relative velocities and their offects on film thickness s shown ;
pictorlally In Figure 13 : \
Presumably the very high rates obtuined at moderate valses of by by Sani i
(1260) may not have buen with tully devaloped nucleate boiling, but from o surfoce :
avaporation of a vary thin water film, In one case (point 5, Run 12) o value of
hiy of 4,510 Btu/ft2, hr, °F way taportad at a 8,54 of only 3, 1%k, This polni Is
plotted us point A, Figure 5, at 0 O/A of 3.1 x 4,510 = 14,000 The steom quality
at this point was 6.6 pereont, rather nominal, Howaover, this st might be an
uneconomical point of opuration for a vapor-comprassion still, dapanding upon the
pressure drop and resulting power loss in pumping the steam=water mixture, Other
runs by Sanl at simflar conditions did not produce such favorable resuits, although
all were good when compaied with usual Loiling results, |
Lustenader and associates (1959) describe a muchanical system for maintaining i
a thin film of evaporating fluid on the interlor of u large~diameter (several inchas)
tube by spraying and immediately wiping with moving, pressu.e-seated brushes




or wiping blades. Several wiper materials were tried, with carbon selected as the
best of those used. The overall heat-transfer coefficients achieved — as high as
8,000 Btu/ft<, hr, F — included the effects of very effective film condensation on
i1in outside of the tube on small-radius longitudinal grooves milled into the surface.
Surface tension removed the cendensate from the convex to the concave, or valley,
portions, where it drained away by gravity The high overall coefficients were
achieved at just over 1°F total temperature difference; and referring to Figure 2
and Equation 1, it is obvious that low temperature differences of this order will
allow very high water~fuei rates, wken considering the energy required from com=-
pression. These tests indicated little or no scaling, essentially in agreement with
the work of Dengler and Addoms (1956).

A considerable portion of Stein's (1962) work is devoted to the formulation
of o mathematical model of the plating out of water droplets from wet steam. This
model will, if practicable, be used in analyzing future expurimental work on this
effort. It was not applicable to the data taken in the experimental work reported
for CAN=2 program to date, so was not tested in that program. It is doubtful if
even such a detailed model as that formulated can Jescribe the entire phenomena
by first=principle methods. Certain simplifications and assumptions may not be
justified. First, the size of the droplets must be a continuum over a finite, but a
considerable range; two sizes were assumed for simplification. Second, there was
in the development o repeated reference to the diffusion of droplets by Fick's law,
which seems unlikely since some elastic properties must pertain to have this so.
Coalescence probubly usually occurs upon impact, Occasional successive splitting
of the coulesced droplet may immediately occur, but no experiment demonstrating
this has been cited.

In the absence of a tractable mathematical model of the type Stein (1962)
attempted, it is proposed that the heat transfer be described as a function of
velociiy and quality alone by a dimensionless equation. An intermediate consideration
would be the effective thickness of the deposited, evaporating film, Figure 12, The
following system of nonspecific equations should establish an adequate framework
for the development of suitable design equations for full=scale equipment, even
though they describe the effect. better than the causes. They are, therefore, only
a start,

First, the well=known Fourier's law of conduction for steady flow of heat in
one dimension,

. ZKALY

Q A X (3)
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describes the rate of heat flow azross a thin film of water in nonturbulent flow, if it
is assumed that the surface of the film in contact with the steam is essentially at the
saturation pressure of the steam. A further requivement, and one proved in the two
simplo experiments roported later in this study, is thai the metal-to-fluid tamperature
differenca be below that necessary to produce ebullition; molecules of water escape
as steam at the steam=water interface as a consequence of their having suffictant
energy and being heuded in the correct direction. The flim simply evaporates, and
internal agitation does not sensibly expedite the heat transfer across the fluid film.,
Defining Q/AAt = hy and assuming

0 = constant iny [nof F(y)J ;

0

I

n
f(V', xo)

h o= f(K, 0)

o
therefore
h, = FK V%) = € RV x ) (4)
and possibly {
ha N f(V’ xo'%) (5)

all over a limited temperature and pressure range, for which physical properties
would be approximataly constant,

As a proliminary attempt at the design of a one=-tube experiment for developing
sultable design constants and exponunts In equations such as those above, approximate
oxtreme valuos were assumed for both the condensing and evaporating surfaces of
he and hy of 30,000 Btu/ft2, hr, °F. With the tube assumad, Figure 14, the ovarall
coefficient would be about 12,700 Btu/H2, hr, °F, and the overall temperature ‘
difference between the saturated condensing steom and the evaporating steam :
stream would be 2.36°F, If such a cycle, shown In Figure 14, Iy indeed possible
In a practical mazhine, then the product/fuel ratio on u welght basis would be

wtproduct  (angine efficlency) (heat values of fual)
wt fuel increase in enthalpy In compression

_(0.30) (18,000)
(1,153.7 -1,150.4)

1,640 (1)
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The calcu.uted thickness of the evaporating water film is about 1.31 x 107 feet,
or 0.000157 inch. From a review of the pertinent references cited earlier, mainte-
nance of such a thin evaporating film appears to be entirely feasible and, for a tube
perhaps 2 or 3 feet long, loss of evaporating film unlikely. Dengler and Addoms
(1956) used a rodioactive tracer technique to detect dry wall conditions and found
that for a given steam quality and flow rate the conditions could be predicted with
a high degree of certainty. At the higher steam qualities of vapor, dry wall conditions
occurred at lower flow rates than those for low stecm qualities. They attributed this
to an unspecified change in flow conditions, but if the filrn model shown in Figure 12
is correct, it can probably be explained more simply in terms of the maintenance of
an adequate water film. At high steam fractions and high steam flow rates, the
evaporating film would tend to be wiped away by turbulence at the steam-water
interface. If so, this will be a fortuitous circumstance in the development of practi-
cal stills using fog flow, as high flow rates would require excessive turbine power
for steam circulation. They would also result in a relatively high pressure drop,
which would in turn be undesirable in maintaining a constant and low temperature
difference, steam to steam.

Because the enhancement of heat transfer to a fluid always involves decreasing
the thickness of the boundary layer through which heat is transferred essentially by
conduction, it is instructive to calculate the effective thickness of the boundary
layer for any case, using the simplifying assumption that the entire temperature
drop occurs through the boundary layer, and in proportion to its thickness. This can
obviously not be precisely so since the physical properties of the fluids change with
terperature. A closer than necessary approximation can be obtained by assuming
properties at the me in temperature, wall to bulk fluid. For a typical value of
Q/A, h = 315 for fnrced convection at low velocities of water being heated, near
the boiling point ot 212°F and with a Reynolds number of 10,000 in a 1=inch=1D tube.
A hypothetical boundory layer of O 003 inch would at that temperature give the
same resistance assuming At = 10°F and x = KAAL/Q. In the above sample calry=-
lation, h was calculated according to the fcmiliar Dittus and Boelter (1930) equation:

hD 0.8

- = 0.023 (N

0.4
> (2

(N

Re) Pr)

Using expernmental data from McAdams (1954) for bonlmg at 212° F, Figure 14~1
of that reference gives a Q/A of about 9 x 103 for Bsat = 10° F: an equnvalent thick=
ness by Equation 3 would be some 0. 00045 inch. For the case cited by Putnam et al
(1961), with U = 4,500 Btu/ft2, hr, °F, an equivalent evaporating liquid film thickness
calculated by the same fechnlque would have to be less than 0.00009 inch. The latter
were able to maintain such a film by rapidly spinning the heat~transfer surface while
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spraying on the liquid. With a fully wetted surface, the fluid would stay only a
short time and the maintained film would be approximately a function of the
centrifugal force.

DEPOSITION OF SOLIDS

The prime question to be answered in the perfection of a still based on thin-
film evaporation relates to whether or not a scale will be deposited and if deposited,
whether it can be continuously or intermittently removed. Two cases for scale
deposition are apparent. First, and most obvious, is that related to temporary hardness.
Sea water contains, among other compounds, some that are less soluble at elevated
temperatures than at low. Heating produces a supersaturated tendency which fre-
quently leads to spontaneous deposition on heat=-transfer surfaces, introducing an
insulating scale barrier ruinous to economical operation of the equipment. In vapor-
compression stills, because of the need for low overall temperature differences in
accomplishing good water/fuel rates, such scale cannot be tolerated. Presumably,
the problem with this form of scale, usually called "temporary hardness," would not
be different for a thin-film device than for a tube nominully full of water at the
entry. large evaporation rates in terms of fractions of brines introduced would,
however, lead to conditions in which supersaturation would he more likely. The ,-
usual solution would be to reduce the temperature of evaporation to that of maximum, 1
or near maximum, solubility. For calcium sulphate, about 130°F or lower would be 1
desirable.

The second form of scale would normally occur only with evaporation of the
metal surface to a dry condition. However, with a very thin film it is entireiy
possible that occasiona! temporary dryness, or something so close to it as to be
practically indistinguishable, would occur. In fact, it is conceivable that very high
evaporation rates and extremely high evaporation=side coefficients will prove to be
uniquely related to evaporation of intermittent droplets which only partially cover
the surface. In the simple "hot plate" experiment described later on in this report,
the high transient rates observed from the disappearing film appeared to usually be
associated with intermittent patches of dry surface.

BUBBLY EVAPORATION

An unobvious situation was observed in the small copper hot plate experiments
described later. The observed metal surface temperatures were lower than would be
required for ebullition, and the resulting apparent heat transfer coefficients were
quite high. Whether or not such bubbly evaporation can be obtained in o useful :
distillation apparatus is uncertain, but it presents some interesting possibilities as a

sz
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method of production of wet steam for feed to the tubes of a thin-film evaporator,
using low=velocity feed water at the source. Some excess temperature would be
needed to induce local bolling at the very entry, as bubbly evaporation appears to
be an unstable condition which can be initiated only by boiling. Some excess
temperature above that of the condensing steam is available in the incoming super-
heated steam. Bubbling could also perhaps be initiated electrically.

In most of these discussions, it is assumed that the water=steam mixture would
be advantageously introduced at the top of vertical tubes and the flow would be
downward. For the case of bubbly flow feed mentioned here, introduction of pre-
heated feed at the bottom of closed=end tubes would be un obvious approach. The
small experiment shown schematically in Figure 18 later on in this report illustrates
this concept; a full-length tube might be continuously fed by a small tube or orifice,
Such an arrangement, 1f workable, would negate the use of a steam bypass, as shown
in Figure 12,

The initial decrease in wall temperature would result from a decrease in liguld
head, resulting in a decrease in saturation temperature In the liquid at the upper
surface of the boundary layer (Chang, 1957, and Bergles and Rohsenow, 1964). The
former of these references describes a boundary layer of thickness 6; the latter
describes a method of determining the point of commencement of nucleate bolling
on a typical plot of the logs of Q/A and by,

SMALL EXPERIMENTS
Hot Plate Experiment

To allow close inspection of an evaporating film and the phenomena belleved
to be responsible for the high coefficlients observed by Stein (1962), Sant (1960), and
by Dengler and Addoms (1956), a mintature copper hot plate was constructed which
would allow evaporation from a thin film without the effects of significant transverse
velocities. In its major features, it is similar to experimental equipmont used by
Hsu and Schmidt (1961). Shown schematically in Figure 15, the simple apparatus
consisted of a right=citcular cylinder of pure copper fitted with two internal electri-
cal heating elements In its lower section, These could be wired in series or parallel
and were fed by variable voltage from an autotransformer; any heat input up to about
420 watts could be obtained. Heat transfer could be calculated using the temperature
drop from a couple placed above the heaters in a milled slot and from one In the
exposed face. In addition, the surfuce temperature could be measured at any point
on the surface by means of a constantan probe affixed to a simple beam. For both
the traversing couple and the one buried in the surface, the copper block formed
one of the couple elements, the sharpened constantan wire the other. Estimates
based on observed power input, calculated and measured heat loss, and calculations
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based on temperature drop through the copper block agreed consistently within about
6=1/2 parcent. It is estimated that the usual error was on the order of 4 percent,
with a probable maximum of about 7<1/2 percent. The limiting readings were the
temperature drops, and no attempt to refine them to produce greater accuracy was
made, as the expaeriment was intended to demonstrate, in an open-face apparatus,
the changing heat=transfer modes In o disappearing thick film of water.

Since the cat-whisker thermocouple technique Is not generally used, it is
probably worth noting that the surface temperature measured by the bedded couple, A,
Figure 15, consistontly agreed within 0.2°F,

The bolling surfuce was on occasion polishad with fine (200 grit) carborundum
paper, after which It was aged by botling for at least 30 minutes, so that results 3
could be reproducible, For a glven heat Input, the boiling surface temperature was
invariably lower with the surface newly polished than it was after aging., All surface
temperatures reported for disappearing films are with agad surfaces,

A run consisted of boiling away u layer of distilled water about 1/4 lnch thick,
during the first fow minutes of which the surface temperatures were characteristic
of nucloate posl bolling. When the fllm was reduced to about 1,16 Inch and was
still far too thick to produse thin-fiim evaporation, local bolling at selected sites
stopped. The surface was elther intermittently or continuously covered with large,
active bubblas, and the surface temperature droppad, Because the surface temperature
duting this bubbly evaporation was below that normally required for nucleate bolling
at atmospheric prassure (as little as 1.5°F above the saturation temperatura of dis= !
tlled water), 1t can only be concluded that a true thin film was left by the lifting
of a conslderubla portion of the water cover as large bubble materlals, and that
ovaporation occurred without nuclaate bolling, Such a condition would, of course,
requitre nicleation to form the flist large bubbles. In later stages the bubbly evapo=
ration was not continuous ovor the sutface of tha hot plate, rather, an apparently
thick film of water, parhaps 1/32 Inch over a glven area, would lle quietly, then
suddenly froth up for a while, cool the surface, and the bubbles would then die
down. Sometimes bubbly evaporation would start near the edge of a patch of liquid J
oh a dry area uncooled recently by the liquid, and hence with the superheat above !
tho saturation temperature necessary to Induce ebullition, Once u spot started to ‘
boll, the entire adjacent area would rapidly be covered for a time = perhaps 3 to
6 saconds — by the large, clear bubbles characteristic of bubbly evaporation.
Depending upon the rate of heat transferred through the copper block, the bubbles
might die down. This occurred when the remaining film of water became so thin by
ovaporation that the heat could be transferred from a more or less uniform film. For
lower rates of heat input, periodic bubbly evaporation would apparently overcool
the surface temperature to the point that temporarily no boiling in any form would
occur, bubbling or nucleate,
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When the water cover on the small evaporation surface was being reduced by
bubbly evaporation, the surface temperature would consistently decrease to the
point where the bubbly evaporation ceased. Only a trace film of liquid remained,
and thin=film evaporation commenced. When this gradual decrease in surface tem-
perature was observed with a hand-balanced null potentioieter, the minor fluctuations,
Figure 15, area A, were scarcely discernible; usually a continuous belance of the
null instrument could be maintained. During the sharp decline upon disappearance
by evaporation of the trace water film, the rate of temperature change was ioo
rapid to follow with a manually adjusted nuil balance, so the transient surface tem«
perature meusurements of Figure 16 were made with an oscilloscope. The main
features of the trace are shown in the schematic drawing, Figure 17, with various
types of evaporation and heating identified. The very steep decline in surface
temperature typically occurred during a period of 1 second or less, during which the
surface could be observed to dry up. After a short dwell, during which heat diffused
to the surface following rapid cooling by the evaporating film, the surface temperature
would rise until power was shut off or the surface coolant was renewed.

Smali Tube Experiment

The unexpected small metal=to=saturation=temperature differences in the bubbly
evapcration with the copper hot plate regime suggested the possibility that the rela~
tively thin film desired might “e achieved in a tube, with bubbly evaporation. A
second simple bench experiment was prepared, this time using a short vertical copper
tube sealed at the iower end with a cork, Figure 18. Distilled water was introduced
to a depth of about 1=1/2 inches bafore the unit was heated. The temperature ot
the bottom of the coolant was measured with a thermocouple projecting through the
cork. The temperature at the outside of the tube was measured at regular intervals
by a couple made by seldering ¢ 30-guge constantan wire to the tube. Elactrical
heating tape covered with fiberglass cloth was wound tightly about the tube in a
close spiral, and the unit wus insulated. The inside surface temperature of the
copper tube could be measured with a traveling cat=whisker probe similar to that
described for the copper hot plate experirment.

Results were similar to those for the small copper hot plate, in that the metal
temperature would initially rise to the point at whick nucleate boiling could be
expected. After a portion of the coolant sharge had boiled off (there was no
provision for replenishment during a run), large bursting bubbles would appear at
the top of the tube, and the metal temperature would fall below that at which
boiling had been initioted.

Once bubbly evaporation had been established, it remained until practically
all the water from the tube had been evaporated or ejected as droplets from the
large bursting bubbles. For the short tube and particular configuration used, the
heat input had to be restricted to avoid forcible ejection of the main body of the
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coolant. Nevertheless, active evaporation at significant heat-transfer rates could
be achieved with smaller values of 8.y than are usually possible with nucleate
boiling.

A time versus temperature graph of o typical run for thermocouple number 8
of the schematic diagram, Figure 18, is shown in Figure 19. This clearly shows that
at a constant heat input of approximately 4,100 Btu/ft2, hr, ebullition was necessary
when the water was in contact with the wall in quantity. Later, similar heat transfer
was accomplished with a very much reduced temperature difference, in the portion
indicated as "bubbly evaporation."

Discussion of Experiments

The potential impac! of these simple experiments is clear, when censidered in
light of their possible effect on the efficiency of the vapor-compression still.

Irrespective of the cycle efficiercy, a quantity of heat equivalent to the
latent heat of evaporation must be transferred for each pound of distillate. In terms
of the driving potential, which determines the relative efficiency (weight of product
to pound of tuel) of the still, the high heat-transfer rates and low temperature
differences would, if they co~ be reproduced in a practical still, increase the
product-fuel rate by several times.

While no similar exp riments were foind to have been discussed in the
literature, a reinspection of the work of certain investigators showed effects which
could be explained in terms of the relationships exper ientally studied here. For
instance, Kutateladze (1952) discussed work by Jakob or1 Linke (1935) regarding
the depth of cover of water over a boiling surface. Figure 20 is reproduced from
that source, and clearly shows that at o depth of cover less than approximately
1/4 inch, the boiling-side film coefficient in~reases abruptly with decreasing depth.
Presumably, it would increase asymptotically to infinity at zero depth, although
there is no indication that the experiment was continued to a truly thin film. This
portion of the curve of Figure 20 would correspond to the gradually decreasing
surface temperature indicated schematically in Figure 17 at A. Measurements below
water cover of about 1 mm would have required transient measurements, which may
not have been avaiiable to Jakob and Linke in 1935.

Some of the data of Sani (1960) are replotted in Figures 21 and 22, to show an
increase in evaporating side heat=transfer coefficient with increasing quality and
decreasing difference in saturation temperature to tube wall temperature. While
Sani presumed that there was active boiling involved here, there is eviderce from
the high values of h and the small temperature ditferences that the phase change
may hove been from evaporation of a thin film. Figure 23 shows cata from Dengler
and Addoms (1956) similar to that in Figure 21. Bromley (1963) reported experimental
results with downflow boiling which would indicate, in light of the experiments
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reported here, that flow was annular over most of the length of a tube, and that the

evaporation (or boiling) cosfficient was constantly increasing along the length of
the tube as steam wos produced.

Rounthwaite and Clouston (1961) reported experiments using very high=quality

steam, and included the area of investigation in which the steam dried up, and was
from there superheated. The evaporating film coefficiants were fairly constant with
increasing steam quality up to about 88 percent at 200 psig, and higher at higher
pressures. Extrapolating to lower pressures, the 70=parcent maximum quality for

wet-wall conditions reported by Dengler and Addoms (1956) appears to be reasonable.

CONCLUSIONS

1. Evaporation from a thin film provides the best potential approach to increasing
the efficiency of vapor-compression stills, based on presently known approaches,

2. Of the various approaches to sustaining thin=iilm evaporation, deposition of
water droplets from wet steam inside a small=diumater tube Is apparently the most
simple of the known approaches to producing a thin film on extended surfaces,

3. Of the apparently uncertaii. aspects of evaporation from a thin film produced by
fog cooling from a wet steam stream, droplet dispersion and potential sealing
problems represent the critical areas for future Investigation.

FUTURE PLANS

The experimental work which will constitute the next and, hopefully, the
final phase of this study Is outlined In the Appendix,
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Figure 23. Heat transfer to wet steam plotted against quality of steam
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flowing. (After data by Dengler and Addoms, 1956.)
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Appendix
PLANNED EXPERIMENT

The continuing experimental investigation will consist of testing and modifying
a single-tube bench model of the evaporuting portion of a vapor-compression still,
using thin-film evaporation instead of boiling, and various methods of liquid deposition
to sustain the evaporating thin film. Aspects of the study will include spray tech-
niques for dispersing the brine in the dry saturated steam to produce a suitable
mixture; an investigation of possible scaling problems; and experiments to determine
the limits of steam quality, brine concentrations, and temperatures which may be
useful ir full=scale equipment. Attempts will be made to obtain or develop a suitable
mathematical model to describe the heat transfer in teims of flow, steam quality, etc.
Failing this, the best possible empirical correlation of the data will be made.

The equipment is largely constructed. Figure A=1 shows a schematic cross
section of the experimental model. The brine spray nozzle is noi shown, but would
be in the circuit ahead of the wet steam inlet. The double copper wall is designed
to provide a radiation environment for the test tubing approximately like that which
would be found in a multitube process exchanger. Thermocouples installed in the
tube walls are imbedded as shown in Figure A-2,



sf‘*‘"‘"!:'*if‘»“_;_.;'\"”iw'\:\,' P

b TC's in wall of tube
(see Figure A-2)

- TC in steam

portially dried

e )=

Figure A-1. Schematic drawing of single-tube experiment for
demonstrating thin=film fluid evaporation.

40



I
|

“juswitiadxa aqny-3buis jo jjom aqny ui sajdnosouusyy Buijjpjsul jo poyjayy Z-vy @inbig

¥ uoidag

P O¥) 0 oM
‘GO -8,/§ ‘@qn; saadod

|

‘pI|IWOUI ‘Baim

q P13r03-U0;40>
ouon.om UNILDISUCD

e ]

-]

- e e e wew
- en mmmm mam*”

r— - e e e ?
/,—-——‘ PR

\'ll -t — ——
r | — /
! v 114 EommuEun\
.\ — juiod uotjzuni ajdnosounay;
Paysuy
@ac01b v pus payyy

pauryoow

4]



REFERENCES

Beigles, A, E., and W. M, Rohsenow (1964). '"The determination of forced--convection
surface~boiling heat transfer," American Society of Mechanical Ergineers, Trans-
actions, Series C, Journal of Heat Transfer, vol. 86, no. 3, Aug. 1964, pp. 365-372.
(ASME Paper 63-HT-22.)

Ganilla, C. F., J. J. Grady, and G. W. Avery (1963). "Pool boiling heat transfer
from seorad surfaces," presented at the é6th National Heat Transfer Conference
sponsored by the American Institute of Chemical Engineers and American Sociely
of Mechanical Engineers, held in Boston, 11-14 Aug. 1963. New York, American
Institute of Chemical Engineers, 1963, (AICHE Preprint 32.)

tromlay, Lo A, . al (1963). "Downflow boiling of water and N-butanol in uniformly
Laated tubes," preserited at the 6th National Heat Transfer Conference (see

Bonilla et al, above). New York, Americain Institute ot Chemical Engineers, 1943,
(AICHE Preprint 24,)

Chang, *¢. P (1957). "A theoratical cnalysis of heat transfer in natural convection
and In bolling, " American Society of Mechanical Engineers, Ttansactions, vol 79,
Oct. 1907, pp. 15011513, (ASME Paper 56~A=42,)

Denglar, C. E.; ond ). N. Addoms (1956), "Heat transfer mechanism for vapaerization
of watar In & vartical tube," In Heat transfer~Loulsville; Chamical Enginvering
Progress Sympostum Series, vol, 52, no. 18, New York, American Institute of
Chemleal Engineert, 1956, pp, 95-103,

DIk, Fo W, and LM, K Boalter (1930). "Hea! trunsfor In automobife radiators
o' tha tubular ryps," University of Callfonla, Publicutions In Enginsaring, veol. 2,
r, 13, 1930, pu, 4434w,

Meu, 5. 1., and F. W, Schealdt (1961), "Macsured variations tn locul surfoce tem=
poraturas in pool baillng of water," Americen Soclaty of Mechanical Englneers,
Transaethons, Sarles €, Jounal of Heat Transfer, vel, B3, no, 3, Auy, 1961,

pp. 254=260, (ASML Vaper 60HT=32,)

Myo, Y, (1942), "On the slze ranpe of uctive nucleation cavitles on a huating
ptace," Amertuan Sociery of Machunlgal Englnears, Tiorsactions, Sevies 2,

Joumol of Heot Trionwler, vol, B4, wu, 3, Auy, 19462, pp, 207-216, (ASME Papar
6]"'\\1 \'\77.)

42

. i'ﬁlw"‘““ 2 e



PP PR et

A o

Jakob, M., and W. Linke (1935). "Der Warmeubergang bein Verdampten von
Flossigkeiten an senkrechten und waagerechten Flachen (Heat transfer with
evaporation of liquids on vertical and horizontal surfaces)," Physikalische Zeitschrift,

vol. 36, no. 8, Apr. 15, 1935, pp. 267-280. (Cited by Kutateladze, 1952.)

Kutateladze, S. S. (1952). "Heat transfer in condensation and boiling," treelation
of "Teploperedacha pri Kondensatsii i Kepenii," 2nd ed., rev. and enl.,
Moscow=-Lleningrad, State Scientific and Technical Publishers of Literatire on
Machinery. 1952, Washington, D. C., U. S. Atomic Energy Commission, 1959,
(AEC-tr=3/70.)

Lustenader, E. L., R. Richter, and F. J, Neugebauer (1959). "Use of thin films for
increasing evaporation and condensation rates in process equipment," American
Society of Mechanicol Engineers, Transactions, Serles C, Journal of Heat Transfer,
vol. 81, no. 4, Nov. 1959, pp. 297-307. (ASME Paper 59-SA~=30,)

McAdams, W. H, (1954), Heat transmission, 3rd ed. New York, McGraw=Hill,
1954,

Mumm, J. F. (1954), Argonne National Laboratory Report ANL 5276: Heat transfer
to boiling water forced through a uniformly heated tube. Lemont, (1., Nov. 1954,

Nukiyama, S, (1934), "Maximum and minimum values of heat transmitted from metal
to belling water under atmospheric prassure," Soclety of Mechanical Englneers (Japan),
vol, 37, no. 206, June 1934, pp. 367+374,

Putnam, A, A, J. A, Elbling, and W. L. Buckel (1961), "An analysis of heat transfur
In the Hickman totary evaporator,” In Intemational developments In heat transfer,
Papars prosented at the 1961 Intermational Heat Transfor Conference, 28 Aug, =

1 Sapt, 1961, Unlverstty of Coloradoe, Boulder, Colorudo, and 8-12 Jan, 1962,
Cantral Hall Levture Theatre, Wostminstor, Landon, England. New York, American
Soclety of Mochanieal Englueors, ¢196), pt. §, pp. 886894,

Rounthwalty, C., and M. Clouaten (1941), "MHeat hansfer durlng evaporation of
highwquality watar-steam mixtures fiowing in horlzontal tubes,” In Intermutional ‘
devalopmunts In heat tansfer (sea Prtmom ot al, above)., New York, American

Socloty of Mechanlcal Enginemry, ¢1981, pt, 1, pp, 200211,

Sant, R, L. (1960), Unlvarsity of Californle, awrence Radiation Laboratory Report
UCRL=9023: Dewntlow voliing and nonbaliling haat tranefer Tn a uniformly heatod ‘
'Ubec Bﬁ"kt)'d)’, ¢ "'Ft' Jan, 196")- ‘ ;

43 'i

Wiingdy Whdsadeibuiintt vy



e

Schmidt, F. W, (1962). General Electric, General Engineering Laboratory Report
62GL69: Volume boiling and related literature. Schenectady, N. Y., May 1962,

Stefn, R. P, et al (1962), United Nucleor Corporation Report UNC=5008+:
Investigation of wet steam as a reactor coolant (CAN=2); vol. 1, Behavior of a
fog flow as a coolant, White Plains, N, Y., Aug. 1962,

Thomas, D. G., L. D, Felten, and R, M. Summars (1959). Oak Ridge National
Laboratory Report ORNL-2722: Nucloate=boiling studies with aqueous ThO9 slurries.
Ouak Ridge, Tenn., Juna 1959,

University of California, Department of Engineering (1951), Unnumbered report
Studies in boiling heat tansfer, H. Buchberg, projact leadar, Los Angeles, Callf,,
Mar, 1951, Contract AT=11«1=Gan=9,

44

< gl ARRAIND W B W i vaprveamg £ 003



BIBLIO GRAPHY

Benjamin, J. F., and J. W, Westwater, "Bubble growth in nucleate holling of a
hinary mixtare," in Intemational developmants in heat transfer. Papers presented
ut the 1961 Interational Heat Trunster Conference, 28 Aug. « 1 Sept. 1961,
University of Colorado, Boulder, Colorado, and 8«12 Jan, 1962, Central Hal!
Lecture Theatre, Wastminster, London, England, New York, American Soclety of
Mechanical Fngineers, ¢ 1961, pt. 2, pp. 212-218,

Chen, J. C, "A correlation for bolling heat transfer to saturated fluids in convective
flow," prasented at the 6th Natlonal Heat Transfar Confarence sponsored by the
Amertcan Saclaty of Mechanical Englneery and Amarican Institute of Chemical
Englneers, held In Boston, 11=14 Aug, 1963, New York, American Soclaty of
Machanical Enginears, 1963, (ASMLE Paper 63=H1=34,)

Corty, €., and A, S, Foust. "Surface varlables In nuecleate bolling," In Heat
hansfar==S8t, Louly; Chamical Englneering Prograss Sympostum Serles vol, 31, no, 17,
Now York, Amerlcan Instiiute of Chemleal Enginears, 1985, pp. 1+12,

Costello, €. P\, und J. M. Adums,  "Buinout heat fluxes In pool bolling at high
vueularations,” I International developments In heat trunsfer (vee Benjamin and
Wastwuter, above). New York, Amarican Soclaty of Mechanleal Englneers,
¢1961, pti 2, pp. 255261,

Dunskus, 1., und J. W, Waslwatar, "The effast of trace udditives on the heot
rrunsfur 10 botling Isopropunel,” prasented at the 4th Nattona! Heat Tiunsfer
Conferance spontored by the Amariaun hwthute of Chamleal Englnaws und

Amerlaan Socluty of Muchanlval Unglnaais, hald In Bultulo, N, Y., 14=17 Aug, 1960,
Nuw York, Amerlvan hsthiute of Chemlcul Lnghnears, 1960, (AICHL Praprint 30,)

Duiant, Wo Sy, and S0 Mihak, Ly 1 duPont de Namous and Company, Savunnah
Rivar Luboratory Rapoert DP=3001 Reughaning of heut hanslar wifues us o mathod
of Inuraaslng haut flux al buineut, pregrass 1eport no, 1, Alkan, 5. C,, July 194y,

Guuirtngr, Ry "Distelbution of actve shies In the nuclaute bolling of liquids,”
In Haat trunster=>ouston; Chamicul Liminaering Progrew Symposlum Serles vol, 89,
noy 41, Nuw York, Ameirlcan athtute of Chemlgul Lnglnaers, 1963, pp, 52=61,

Guuttngr, R 1y "Photographic study of nucleats pool botling un o horleontel
surfoce," prasented ot the Winter Annual Maeting of the Amaricun Swclety of
Machanlcal Enginaay, Philudelphla, 17-22 Nov, 1963, Naw Yok, Amaricun Soclaty
ol Mechunicul Engimears, 1963, (ASMI Paper 63=WA=76,) (Accapted tor publivation
In Joumal of Heat Ywunsfar,)

45



Gambill, W. R,, and R. D. Bundy. "An evaluation of the present status of swirl=flow
heat transfer," presonted at the Ameorican Soclety of Mechanical Engineers=Ameri can
Institute of Chemical Engineers Heat Transfer Confarence und Exhiblt, Houston, Texas,
58 Aug. 1962, New York, Amerlcan Soclety of Maechanical Engineers, 1962,

(ASML Paper 62-HT-42.)

Harrison, W. B, and Z. Levine. "Watting effects on bolling heat transfer: The
copper-stearic acld system," presented ut the Amarican Soclety of Mechanical
Enginears~Amarican Institute of Chemicul Englneers Joint Heat Transfar Confernnca,
State College, Pu., 11-14 Aug, 1957, New Yoik, Amerfcan Insthute of Chemical
Englneers, 1957, (ASME Paper 87<HT=29; AIChE Paper 2165+57.)

Haywood, R, W. "Rasearch into fundamentals of bollar clrculation theory," In
Proceadings of Institution of Mechanical Englnearn=Amearican Soclety of Mechanlcal
Engineers Gunaeral Discussion on Haeut Transfer, 1113 Sept, 1951, London,
Institution of Mechanleal Englnears, 1951, p. 63,

Hosler, L. R. "Visual study of bolllng at high pressure," pravented at the 6th National
Haeat Transler Conference sponsored Ly the Ameriean Institute of Chemleal Lnglnears
and Amerleun Socluty of Machunteal Unglnaers, held In Boston, 11=14 Aug, 1943,
Now York, Amerlean Institute of Chamloul Englnaears, 1963, (AIChL Preprint 10.)

Lamlich, R,y and J. €. Amour, "l'orced eonveative heat transfar to o pulved
liquid," prasanted ab the 6th Natlonul Haut Tiansfer Conferende (see Hosler, above),
Nuaw York, American Insthiute of Chamlcal Englnagrs, 1983, (AICHL Praprint 2.)

Loppatt, Gy G 1L Contatly, and B, M, Hogland, "Bolling heut hunsfer to water
uontaining ¢ volatilo additive," Amarteun Soulaty of Muchunical Lnglneers,
Tiansuutions, vol, 8O, no, 7, Oct 19508, pp. 11951404, (ASML Paper H7=A=81))

Lyon, R Ly A Sy loust, ond D Ly Rate, "Bolling heut hanslar with liguld mataly,®
in Huat vanstar=51, Louls) Chamlaal Engineering Mogress Symposium Suiles vol, §1,
noy 1 New Yok, Amalean Insthute of Chamiaal Englhears, 1958, pp, 41=47,

Muthawson, W, 1, and Jy Csmithy "LiTact of sonde pulsation on forued vonvetive
heut hanwlar 1o ubh und on v cendensation of Tigpropunol,” In Huat hunslur=iouston)
Chemleul Lnglngaring Prograse Sympostum Serlas vol, 49, no, 4, Nuw Yok,

Amarlean Insthote of Chamlboal Englnaars, 1943, pp. 170=179,

Oppunhalmar, L, Nucloar Develupmant Coporation of America Report NDA=B0=1,

The offact of sphaning How on bolling bumout tn tubaes, White Plaliw, N, Y,
July 1957,

44



Pike, F. P., P. D, Miller, and K, O. Beutty, "Effect of gos evolution on surface
bolling at wire colls," In Heat transfar—=St, Louis; Chemical Engineering Progress
Symposium Satles vol, 51, no. 17. New York, Ameticon Institute of Chemical
Enginers, 1955, pp. 13=19,

Scorah, R, "Theory of the adiabatic bubble," In Proceedings of the 15t Midwestern
Conference on Fluld Dynamics, Univenity of lllinols, 12=13 May 1950,
Ann Athor, Miah,, J. W, Edwards, 1951, pp. 354-361,

Swonson, H, S, J, R, Carver, and G, Szoeke, "The effects ¢f nucleate bolling
versus flim bolling on heat transfer In poviar boller tubes," American Soclety of

Mechanleal Engineen, Transactions, Serles A, Journal of Engineering for Power,
vol, B4, no. 4, Oct, 1962, pp. 365+371, (ASME Paper 61-WA=201,)

4/



SNODL

Code

7IA
190
390
e
IVE
AJA
A
Ab
83

th
1o
Ky

VY

I’
4
I A8
Fé)
b
il
Wi

Ha
I

)
IRy
IRL)

No. of
Activities

|
1

Taotal
Copies

DISTRIBUTION LIST

Chiet, Bureuy of Yurds und Docks {Code 47)
Navul Forces Commuanders (Taiwan only)
Construction Bantobions

Mobile Construction Battuliens
Amphibiovus Conttruetion Botralions
Construction Buttalion Base Units

Chiet ul Nuval Reaearch . Only

Chiel of Naval Operation (OPOF, OP.04)
Bureaus

Colleges

Loberotery ONR (Washingten, 0, €. only)
Rexeareh Oflice ONR (Pasudena oniy)
Training Devies Cantae

Batiun = CNU (Baston; Key Wauty bun Juun Loy Begeh,
Son Divgo; Viwasure leland; and Hodmun, C, 7, enly)

GCommunteation Biatiun (Yun Juang Bun Foanelaes, Pearl Harbes
Adak, Aluaku; and Guam anly),

Security Statian

Kudiv Bration (Osw and Chalianham wnly)

Bovurity Giamage Avtbaiting (Windey Harbor anly)
Huavul Supputt Avtiviviss (Landan gud Haplas anly)
Subimarine Raws (Oratan, Comn, anly)

Amphibivus Hores

Paspiinl (Chadaaug X Albane, Vademwuth, Yay; Beaulon
Giwdt Lakaag San ragiy wiol GCamp P endluian wnly)

Medival Canla

Admintetngtivn Camaaid snd Undt o« Bufary s L okes wnd
LYY ““uﬂl””V)

U b b leet At An waitars Yogining Lentee (VEginie Buash unly)
Revaiving Sorim Abaabiyn unly)

Brorinn Wat ey (Washingtan, [}, € aaly)

44



DISTRIBUTION LIST (Contd)

SNDL No. o! Total

Code Activities Copies

J4é 1 | Perannnel Conter

J48 1 | Construction Training Unht

J60 | [ ) School Academy

J6b ! 1 Schosl CEC Ofllicears

JB4 1 1 Schuol Postgradunte

J90 1 1 School Supply Corps

Jos | | Sahool War Colleg-

J9 | | Communicotion Training Cente

() N " Shipyards

L7 4 | Loboratery » Budhips (New Lenden; Panama City; Carderock;
and Annapolis enly)

.26 8 5 Navel Facllivies = Bublips (Antigua) Turks laland; Barbodos;
fan Salvudar; end Bleuthera enly)

LAY p ] Fleet Activities - Bubhips

UYL 4 4 fupply Conter

M2 6 6 Bupply Depel (axcopt Guuntanamo Bay; Bubie Bay; und Yekesuha)

Mé 1 2 ] Aviation Bupply Offive

NI 6 4 Bubewks Director, Overeeos Divisien

N2 ) i Publiz Warks Otlices

NS 3 U Constiuetivn Battulion Centes

Hé ] b Conatrgetion Qlliverin:Gherge

N/ ) | Cungtivation Reatdent Qthivenin Ghaige

HY ) 17 Publis Werks Lonte

M4 [ ! Hovsing Aelivity

Ny V] ) Heervit Depate

N1Y ] ] Gupply Instatlatinny (Albuny ynd Burstuw wnly)

TPl | | Murine Guipy hehauls (Quantive)

héd i) 3 Murine Cyipa Huae

Ré4 | ] Murine Corpa Camp Detachmant {Lengun wnly)

WiAl b ] A Stgtien

49



DISTRIBUTIOM LIST (Contd)

SNDL No. ot Total
Code Activities Coples
WIA2 33 a3 Alr Station
wip 8 8 Alr Station Auxiliory
wiC 3 3 At Faciiity (Phoenix; Noha; and Naples only)
wiL 6 6 ‘Matlne Corps Alr Stavion (axcept Quantico)
WiH 9 9 Stotion « BuWeps (except Rota)
1 1 Deputy Chisf of Stuft, Renearch und Development, Headquatters,
U. S, Matine Corps, Washington, D, C,
) | Pravident, Murine Cotpa Equipment Board, Mutine Corps School,
Quoanties, Yo,
| | Chisf of Stalt, U, 5 Army, Chiel of Research and Development,
Depurtment of the Army, Washinglon, D, C,
| | Office of the Chief of Ungineets, Asaintont Chiel of Enginesting
lor Civil Works, Depattment of the Army, Washingten, D, C,
| \ Chist of tnginears, Depariment of the Army, Washingten, b, €,
Attni ENOCW.OL
| | At Porce Waapons Laboratsry, Kirtlond At Force Bove,
Albuguerque, N. My, At Code WLIRC
| ;| Headguarters, U, 8 Ali Force, Diractorate of Civil Unginesting,
Washington, 1) G Al M’dtlli'L’B
| | Commanding Offiesr, Uy 8 Haval Constroetion Batialion Conter,
Pont Huanama, Liwll(,. At Matarial Depty, Code 140
| ] Daputy Chial of Btall, Davalupment, Dirsctor ol Reseaarch and
Duvelupment; Depurtment ol the ALy Porea, Washingtun, 0, C,
] | Diraetur, National Burane ol Standacds, Dsportmant of Comineive,
Connacticyl Avanus, Woahingten, D, G,
] ] Ot wl the Dicwvtng, U B Connt and Lawdetiy Syivay,
Washingtyn, b G
| N Datenss Documentation Center, Building %, Cameran Sation,
Alesundiiy, Yu,
] P! Utraetur ul PDalonss Rexwarch wnd Ciglnesring, Depariment wi
Uslenve, Wadungtan, 1),
| J Direerwr, Bursgy wl Nevlamaiton, Wadhington, O, 4
] | Faviliview v, Cude 108, Oftics wl Havai Revennh,
Washingian, D, v,
| | Fadordl Avidtiun Agsney, Ollive ol Management Services,

Adhiintstrative Seivives Diviatun, Washinglan, b U,
Abing L thiary Beaneh

H)



No. of

rctivities

1

Total
Copies

p:

DISTRIBUTION LIST (Contd)

Commuanler Naval Beach Group Two, U. 5. Naval Amphibious Base, Little Croek,
Norfolk, Va.

Commander, Pacific Missile Range, Tachnical Bocumentation Section, P. O.
Box 10, Point Mugu, Calif,, Atint Code 4332

U, 5 Army Engineer Research ard Development Laboratories, Attn: STINFO
Branch, Fort Belvoir, Ya.

Systems Englneering Group, Daputy for Systems Engineering, Directorate of
Technical Publications und Specificotions, Wright-Patterson AFB, Ohio

Library of Congress, Washington, D, C.

Chief, Bureau of Ships, Attn: Chiel of Research and Development Division,
Navy Department, Washington 25, D, C.

Cllicer in Churye, U. 5. Naval Biological Laboratory, Naval Supply Caenter,
Oaldland 14, Colil.

Officer in Charge, U. 8. Navy Unit, Rensseluer Polytechnic Institute, Troy, N. Y.

Chial, Burenu o) Medicine and Surgery, Atin: Reseorch Division, Navy Department,
Washington 28, D. €.

Officer in Chatge, U, $. Navul Supply Reswurch and Development Favility,
Navul Supply Canter, Attt Library, Bayonne, N, J,

Ditactor, Matine Physical Loberarery, U 5. Novy Electronien Luboratory,

RN R RO ST O

San Diego 82, Calif,
Chial, Burwuy of Naval Weapuns, Attn: Rasearch Division, Novy Deporiment,
Wushington 28, D, C.
Commander, Pacific Miasile Range, Attt Teachnicol Director, Point Muyu, Culif,
Communder, Amphibious Porce, U8, Dacific Vleet, Son Disgo 32, Calil,
Commander, Amphibious Furee, U §. Atlantie Veet, U, §. Naval Bose, Murfulk, Vu.
Ofhiews in Charga, Uy Naval Supply Revsarch and Davalopment Vaaility,
Haval Supply Canter, Boyunne, N, ),
Cammandar, Notlolk Haval Shipyavd, At Chemeal Laboratory, Portsmouth, Va,
Commandar, 1.8, Naval Shipyand, Avng Rubber Laburatory, Mare Teland,
Valleju, Cubl
Commanntar, U % Naval Shisyaid, At Matarialae avd Chamiiol Labwatory,
Businn JY, Mass. ,
Uos Havel Appliesd Scrence abaatory, Tachnual Cibrary, Butlding 291,
Codo NLEY, Huva! Bawe, Baaklyn, H Y
Havy § naraon Oews, Dation Arsanal, Centeiling, Mich
i

51

“‘R"__.'_‘V



DISTRIBUT!ON LIST (Cuntd)

No. of Total
Activities Copies
1 1 Offica of Naval Research, Branch Office, Navy No. 100, Box 39, FPO, N. Y.
i 1 Commanding Officer, U. 5. Noval Unit, U. 5. Army Chemica® Corps School,
Fort McClellan, Ala.
! 1 U. S. Naval Research Loboratory, Chemistry Division, Washington 25, D. C. _
] 1 Commonding Oificer, Fisld Research Laboratcry, Bureau of Medicine and Surgery,
Comp Lejeune, N. C. ﬂ
] i Deputy Chief ct Staff, Research & Development Heodquorters, U. 5. Marine Corps, ‘
Washington 25, D. C. :
] | Paint Laboratory, U. §. Engineers Office, Clock Towaer Building, Rock Island, lII. :
1 1 Coramanding Officer, Si?nal Corps Engineering Labs, Fort Manmouth, N. J. 1
1 1 Diryctorate of Medical Research, Chemical Worfare Laboratory, Army Chemical
Center, Md. g
1 4 Y. S. Army Material Command, Washington, D. C. f
1 1 Taft Sanitary Engineering Center, USPHS, Cincinnati 26, Ohio
1 1 Ait Force Combridge Research Center, Hanscom Field, Badford, Mess,
! i Commander, Air Research & D¢ velopment Command, Attn: Library, Andrews .
Air Force Base, Washingtons 20, D. C. ,
1 1 Sandia Cerporation, Attn: Classified Document Division, Box 5800, Albuquerque, N, M. é
1 1 Library, University of Aloska, Fairbanks, Alaska i
1 1 Libraty, Enginsering Department, University of California, 405 Hilgard Avenue,
Los Angeles 24, Catlf, i
! ! Library, Battelle Institute, 505 King Avenue, Columbus 1, Ohie i
1 | Library, University of Southarn California, University Park, Los Angeles 7, Colif. i
| | Direcior, Marine Laboratory, University of Miomi, Coral Gables, Fia, S
| 1 QOffice of Saline Waver, U. S. Department of Interior, Washington, D. C. ;
1 1 Notional Research Council, Division of Medical Sciences, Academy Research *
Council Building, Washington, D. C, ;
] ) Chemical Engineering Department, University of Michigan, Ann Arbor, Mich. J
1 ] College of Engineering, Purdue University, Lafayette, Ind. ;
1 1 College of Engineering, Massachusetts Institute of Technology, Combridge, Mass. ;
1 1 Department of Engineering, University of California, Los Angeles, Calif. ’
| 1 Department of Mechanical Enginesring, University of Minnesota, Minneapolis, Minn.
1 ] College of Enginesring, University of Washington, Seattie, Wash.

52



R

DISTRIBUTION LIST (cont)

No. of Total
% Activities Copies
T ] 1 Institute of Engineering Research, University of California, Berkeley 3, Calif,
1 1 Collage of Engineering, University of Texas, Austin, Texas
1 1 Library, Civil Engineering Department, University of Hawaii, Honolulu, Hawaii
1 1 Librery, Public Documents Department, Duke University, Durham, N. C,

. ":b-'ww;"ﬂ%wx

53




T T M e et e e o — —— — ———— — T — — — — — —— =

MR

IR T S e T AR T T

e L L T -

“YSO4 S1yd JO wsOyd XU Sy O PIGUNIP 53 ‘PIAPS 3q [[1m
sw3|qoad Bu1 08 3|q0qeid BuiNzayYd PUD J3om PID EUDNPONY! ;O SPOIW YoIym U1 “judLtadia
3Gny-3(Buis ¥ "PauaPISLOD 3.0 )15 USISSPICWOI-10dOA |02:4I01d D U1 AjSNONULIUOD Wiy Uiy} D
Buriojuiow jo sooyaw fanbiuysay wiy uiy AIBA 3y Wim PIIDIGE 3 VO Sapwl UCLI0doAD yBiy
A33a joyy “A)|04ULWIISAXI PUC A|[00143I0Y YO ‘UMOYS S1 §] “PaIodal 3D spuBwLINX [jows omg
PUD “[10§3p U, PIaPISUCD st But(10q Oy m wily Uty AI3A 0 WOy uOYDIOdDAS Jo decuod Ayl
“PIniy 3y §o ungosadway
UOIIDI UDS Sy} PUD ||0Mm |BJIW Y; JO 3uniD1dWI} Y4 UIIMII] 4 01 Of g JO SIUIYIPp [
~03dWay WrLIUIW Yim §dIOXD UOI;1|NGI HUIAIID SIS UOHOI|IN jo wona PUD 53d4) umouwy Yiim
3|qqnq wo3ys © 1uoy o) D533V 4oIYdns PiNy3~0i-04aw 3y) *Bu1jioq IALID Yim 1jsu0y DIy
P3:sap a1yt BUiA3140D jo yoadsoad ajil] 51 Y UOL|NGD JO BulpuoIIIPUN JUISAID Y Yiim $Ouy
LOISHIOUCY B4 Yiim ‘PIZIIDWWAS A)§311q ) 1345UBL} J0Y BUI[10q 30Uy ip-In0sadwsi- mO] JO Lar
~10S YD2IDITIH IAISUIIXI UD ‘U0 1;0B1YSIAUI JO $ISOQ O Sy "SILN UOIID|[ ISP JADM-DIS JUIIDIYI II0W
d0;3A3p O} PISN 3q ACW YTiym JRYSUDY {0IY ;O SWSIUCYOFw Buisiwold wo[dxa of apow s1 Apnys y

C20-10-10-L LO¥~A i VOICIOdDAD Wty-uIy] - S{ILN WOUD[IYSI "}

snptd gg y9E-31
1% " "3 4q
'S111S NOISSIIIWODI-30OdVA NI NOILVIOdVAI WIId-NIHL

Asopoioqoy Bunaauibug j:A1) [PADN °S °N)

payisso)Iun §9 1dv

{594 51yl §o Is0yd §xU Ay SO PAQISIP 5; PAPNIS I [1mM
swajqoid Bui|pds 3jqoqosd BuIxdayd PUD J3J0M PIIY BUIDNPOIUI JO SPOYIW YI1ym Ul ‘Juawsadxa
3qny-916uIS ¥ *PAIFPISUOD 34D {14 LOissAdWOI-10dDA |013203d D UL AJSNONUIUCD W]l VLY O
Buiuiciutow 0 spoyaw {Inbiuyday Wiy LIy AI9A Jy) YiIm PIVI0IQO 3G UDD sS40 Loijosodoad ybiy
A13A jouy) ‘A)|04UBWILIFAXS PUD A]JDDLBIONH YOG ‘UmOoys St 1) TPaIodal D HURWLIADXS [ows Omy
PUD ‘|1043p Ul PRIIPISVOD 11 T (109G {NCHIm WYy Uiy AI3A D woy; uoyoiodoal jo jdIduod ayy
-pinyy 3y jo unyosadwa;
UOHLINIDS Iy4 PUD ||OM |DIIU Y JO 21nyoiadwiay Y UIIM] 4 O— Of g §O SIIUIIIP Ny
-o1edway wowiviw Yim 1dadxa wor 1 NG spuaaaid $3415 LODI|INU O von.a pup sad{y umcuy yiim
9[9QNq wOIs O wu0y O} AI105$IIIU JOIPAANS PIN[§-Ci- 04w Y] “6uU1{10q IALI0 Yi1m JSUOL} JOIY
paiisap It Buiaatydo 40 y22ds0id Iji4y] St 313y LD NG O Burpucysiapun judsaud Iy Yim Joy
UDISNIDLOD 3y Litm ‘pazuowwns Aj3aisq 1 1aisutiy 403y Buijioq adusay1p-aingoiadwal-»o| Jo A3
—1NT LDI0PSIN IAITUI X UD ‘LoNDE1SIAUL 4O S1SOG D Sy SJIUN UOHO[|1YSIP S{0Mm-DIF JUIIDYYI 0w
do;3A3p G, Pasn 3q A0y ydiym 1JSUDY 40IY JO SWSiuCyd3w Sisiwoid a:0)dxa o) pow st Aprys y
Z20-10-1U~L10%-A I Uo0I0dOAS W) l~UlY( — SHUN USHDLHSIG “{
poeE-dl
#3299 [ *3 4q
‘S1T1LS NOISSIIIWOI-4OdVA NI NOILTIOIVAIT Wlid-NiHl
Asogoicqoy Buisaauibul 1a1D) [DADN S N

payissojun §9 19y sopjr-d g§

- G SN TS SR RS I G GV SRR WD GIN SIIR B SR GIER SIED SIS SR SN I Smm e e pe S GEED SR I SENS GIED WA MU IS AP SRS NNS Gl Sing ASRE UuenS NS SUNS GRS e GENN

NPT KT e LA e s - n

504 S1i44 JO s0yd Pxau Iy SO PAQUISIP S1 PIIPNYS 3q [jim
8.030.& Busjos 0330.6 BuHPIYD puo 30 PIY Bu12NE0LUL JO SPOYIW LYIIYM LI ‘Jurwisadx?
IGMN-[buIs y “PIIIPIRIOD D [[HS uCISTAIWOD-0d0A [0o12d D Ul A[SNONUIUOD Wiy VY ©
Buinjuica JO Spoyiaw fanbiuysag wiy Uy Kisa ayi s pIUID;QO 3q UDD SO uwoyesodoad ybiy
Aiaa jouyy “Ajjojuswizedd puo A o332s09y 14oq “Umoys st 4} “papiodas WO HUIBLMDD |[Ows Omy
Puo ‘|1D49p Ul pRrapIsUOD §1 BuIpcq $NOYHIM Wi Uiy X134 © woy UOHOIOdDAS JO 4daouod ay|
*PInY Sy J0 dsnyosachiy
UCYOINIDS Y4 PUD [jOM [D§IGE I JO INjoIaduA Y UIIMIA 01 <4 8 40 UMD Y
-oiadway wWowIuIW Yim 34X UOLI|INGD SjuIA 331 VOLDIINU JO Un.a puo sadAp umowy yiim
JqgNq WoYs O woj 0} L30552309U JONPIANS PINL—Of— |04 Y} “6u1]10G A0 Wim IJSU0L {0IY
paursap ayy SuiAsiyoo o 2adsosd || S1 Y UOII| NG JO Buipuogssapun juasasd g Yim joy
UOISN|OU0D Y} Yim “PIZLIOUANE Agosq st sagsuny; (oY Buijroq FOURIY IP- DI~ O] JO ABA
—iNS Y2UDISA IAISUAND UD ‘U0 OBLSIAUL JO SISOQ D Sy “S§IUN UDLD||LSIP JNOM-DI JUIIDLYS dsoul
do[3A9p Of pasn 3G ADW YIIYm SAISUOY J0IY JO SUSIUOYONG Bursiwosd 2s01dxd 0f Ipow 51 Apnys y

T20-10-10-110%-A °I UOYHOIOAOAD W)Y~ W[ — SILN VOUD|INSIA °|

59 ady rog-ulL
g r -3 4q
*STI11S NOISSTIIWOI-ICIVA NI NOLLVICHY 3 WIid-NIHL
Asojuoqoy Bunaauibul [1a1) [oADN °S N

payissoSUN) snjp-d gg

O siy) J0 3504d PRV HY SO PIGUISIP 1 PIPNYs 3q [1m
swajqosd Buijods 31qoqa:d Buidayd puc JAom PRy BUISNPOLU! JO SPOWIW YO Iym U ‘yuswliadxa
3qni-3[Buis y ~pAIIPIAOI WD |]14S VOISTAGWOI-20d0A [O3130sd B Ly A3SnONULLOD ijYy Uiy D
Buruisyurow jo spoyaw Zanbunay Wiy vy Aaa Y i PRADYQO I UOD $Aou uoosodoAd yBiy
L3n oy ‘A joyuawuadxe puo »:ou:ﬂ._oo.t Yoq ‘umoys S §| “papoda: 0 spudwLdxe |jous Omy
Puo “104ap U1 paudp:suoS 51 Buljroq jndyiim wiy vy A13A D woly BOKOIOAOAD O jdaduod )
*pinyj Yy j0 Mnyosaduway
UODINDS S} PUD |1Om [DJdw dy JO Junjosadway 3y UIIMIG 4 O— Of g ;O SIDUa441p uny
~adway whwiuw yim jdacxa UOL I} NGR sjudaasd $3y1S LOHOIINU jO wuN.n puo sadA} umoLy Yiim
I[qq*q WO O 10§ of LIDSSIDNU joapddns PIN|-04-jaw 3] ~5u1{10q JALI0 Yi1m J3y5UDY 03y
pa11sap 3y Bupaaiyoo jo yoadsosd 33as) S1 ey UCH1 NP Jo BupuysIapun wWasAId A YWim oy
UOISNYOUDD i Yilm ‘PIT1ITUALE A)3I1q St 5Iy5uDY DY BUIJIOG IR IP-MryosadLA-MO| JO Aan
-30S YOUDITA: IAISUIPD LD “uOIIEYSIAUL JO SISO D Sy “S§1UN UCLID|| HSIP SOM-DI JUIIDLF oW
d0j3A3p O} PISh 3G ADW YPIYm 1345UCY J0IY JO SOy Bursiuwosd aso|dxe of apow sy Aprys y

ZZG-10-10-1 1G4 1 UCHEIOBOAD Wiy-UIy] — Sjrun vouD|usIg |
payissnpun 9 idy snjpr-d gg rog-ylL
P3g [ "3 49

“ST111S NOISSTEIWODI-FO4VA NI NCILYIOIVYAI Wild-NiHL
Lcyoqo BunasuiBuyl [1a1D) [oADN *S N

u‘r%,ﬂmmxnﬁammﬁ




Unc_lassified

Security Clagsification

DOCUMENT CONTROL DATA - R&D

(Security clasaitication ol title, body of abstract and indexing snnotation must be enterad when the vverel! teport ia classilied)

1. ORIGINATIN G ACTIVITY (Corporate author)

| _Port Hueneme, California 93041

3. REPORT TITLE

28 REFPORT SECURITY C LASSIFICATION

lassifie
U. S. Naval Civil Engineering Laboratory Unclassified

2b GROUP

Thin=Film Evaporation in Vapor-Compression Stills

4.

DESCRIPYIVE NOTES (Type of rerort and inclusive dates)

Not fingl 1961-1964

5. AUTHOR(S) (Last name, [irat name, initial)

Beck, E. J.
6. REPORT DATE 7a. TOTAL NO. OF PAGES 75, NO. OF REFS
April 1965 53 21
8a. CONTYRACT OR GRANT NO. 948 ORIGINATOR'S PERORT NUMBRA(S)
5. pmosscT no.  Y=RO11-01-01-022 TR-364
o. 9b. OTHERN RJPQRT NO(S) (Any other nunbera that may be assigned
thia repor
d.
10. AVAILABILITY/LIMITATION NOTICES
Qualified requesters may obtain copies of this report from DDC,
11. SUPPL.EMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY
BUDOCKS
13. ABSTRACT

A study is made to explore promising mechanisms of heat transfer which may be used
to develop more efficient sea-water distillation units, As a basis of investigation an extensive
research survey of low-temperature-difference boiling heat transfer is briefly summarized,
with the conclusion that with the present understanding of ebullition there is little prospect
of achieving the desired heat transfer with active boiling. The metal-to-fluid superheat
necessary to form a steam bubble with known types and sizes of nucleation sites prevents
ebullition except with minimum temperature differences of 8 to 10°F between the temperature
of the metal wall and the saturation temperature of the fluid.

The concept of evaporation from a very thin filrn without boiling is considered in detail,
and two small experiments are reported. It is showr, both theoretically and experimentally,
that very high evaporation rates can be obtained with the very thin film technique; methods
of maintaining a thin film continuously in a practical vapor-compression still are considered.,
A single-tube experiment, in which methods of introducing feed water and checking pro-
bable scaling problems will be studied, is described as the next phase of this task,

DD \5?:':4 1473 0101.807-6R00

Unclassified

Security Classification

LA v b0 170 e et



Ry .

T R

:
1
x
i
:

< e = ity

Unclassified
Security Classification

14.
KEZY WORDS

LINK A LINK B LINK C

ROL K wYT rROLE wTY ROLK wT

Thin film
Evaporation
Heat transfer
Distillation
Desalting
Sea water
Stills

Vapor-compression stills

1. ORIGINATING ACTIVITY: Enter the name and address
of the contractor, subcontractor, grantee, Department of De-
fense activity or other organization (comporete author) issuing
the report.

2a, REPCRT SECURITY CLASSIFICATION: Enter the over
all security classification of the report. Indicate whether
‘‘Restricted Data’’ is included Marking is to be in accord-
ance with appropriate security regulations.

25, GROUP: Automatic downgrading is specified in DoD Dj-
rective 5200, 10 and Armed Forces Industrial Manual. Enter
the group number, Also, when applicable, show that optional
mu:inn fiave been used for Group 3 and Group 4 as author-
ized.

3. REPORT TITLE: Enter the complete report title in all
capital letters, Titles in all cases should be unclassified.
If &« meaningful title cannot be selected without classifica-
tion, show title claasification in all capitala in parenthesis
immediately following the title.

4. DFSCRIPTIVE NOTES: 1If sppropriate, enter the type of
report, e. g, interim, progreas, summary, annual, or [inal,
Give t't: inclusive dates when a specific reporting period le
covered.

5. AUTHOR(S): Enter the name(s) of author(s) as shown on
or in the report. Enter last name, first name, middle initial.
If military, show rank and branch of service. The name of
the principal aythor i an shsolute minimum requirement.

6. REPORT DATZEI: Enter the date of the report as day,
month, year, or month, year. 1f more than one date appears
on the report, use date of publication

7a. TOTAL NUMBER OF PAGES: The total page ccunt

ahould follow normil pagination procedwes, L. e, enter the
number of pages containing information

76, NUMBER OF REFERENCES: Enter the total number of
references cited in the report.

Be. CONTRACT OR GRANT NUMBER: If appropriate, enter
the applicable number of the contract or grant under which
the report was written.

8b, 8¢, & 84. PROJECT NUMBER: Enter the appropriste
military depariment identification, such ss project number,
subproject number, system numbers, task number, etc,

9a. ORIGINATOR'S REPORT NUMBER(S): Eater the offi-
cial report number by which the document will be identified
and controlled by the originating activity, This number must
be unique to this report.

95, OTHER REPORT NUMBER(S): If the report hus been
sssigned any other report numbers (either by the originator
or by the aponsor), ulsu enter this number(s),

10, AVAILABILITY/LIMITATION NOTICES: Enter any linr

INSTRUCTIONS

L itations on [urther disseminstion of the report, other than those

impoced by security classification, using standard statements
such as:

(1) ‘“‘Qualified requesters may obtain copies of this
report from DDC. "'

(2) ‘‘Foreign announcement and dissemination of this
report by DOC (s not autirorized.’’

(3) “U. 8. Govarnmant agenciss may obtain copies of
this report directly from DDC. Other qualified DDC
users shal' requert through

"
»

(4) ‘U, 8 military agencies may obtain coples of this

report directly “‘rom DDC: Other qualified users
shall request through

(8) ‘‘All distributlon of this report is controlled Qual-
ified DDC users lhau request through

.N

I the report has been furnished to the Office of Technical
Services, Depurtment of Commeérce, for yvle to the pubiic, indi~
cate this fact and enter the price, 1f known

1. SUPPLEMENTARY NOTEG VUae for additional explane-
tory notes.

12, SPONSORING MILITARY ACTIVITY: Enter the name of
the departinental project office or laborstary sponsoring (pay
ing for) the ressarch and development. Include sddross.

13, ABSTRACT: Enter an ahstract glving & brivf and factus!
summary of the document indicative of the report, even though
it may aluo appear elsewhere in the body ot the wchnieal re.
port. If additional space is required, a continuaditn sheet shall
be sttached.

It is highly desirable that the abutract of clussified reporte
te unclassified. Esch pursgraph of the absitact shall oad with
an indication of the military security classification of the in-
formation in the paragraph, represented as (TS), (5), (C), o (U,

There is no limitation on thoe length of the abstruct. How-
ever, the suggested length is from 150 to 225 words.

14. KEY WORDS: Key words are technically meaningful terms
or short phrases that characterize 2 report and may bo used as
index entries for cataloging the report. Key words must be
selected 80 that no security classification ls required. Identi-
fiers, such us equipment model designation, trade nume, military
project code name, Teopuphlc location, may be used as key
words but will be followed by an indication of technical con-
text. The assignment cf links, rales, and weights is optional.

Security Classification



