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THE USE OF EVAPORATION TO TREAT RADIOACTIVE LIQUIDS IN
LIGHT-WATER-COOLED NUCLEAR REACTOR POWER PLANTS

H. W. Godbee
A. H. Kibbey

ABSTRACT

A survey was made to investigate the current and future use of
evaporation as a method for treating liquid radioactive streams at
light-water-cooled nuclear reactor (LWR) power plants. Pertinent data
were obtained by contacting utility companies, nuclear-steam-supply
system vendors, and architect-engineers, as well as evaporator manu-
facturers and vendors. Principal interest was placed upon obtaining
operating data on the performance of evaporators used at LWR plants to
treat radioactive liquid streams containing primarily (a) several tens
to several thousand ppm of boron (pH of 4 to 10), (b) several tens to
ten thousand ppm of boron plus several hundred to ten thousand ppm of
sodium and ammonium sulfates (pH of ~3 to 11), and (c) up to several ten
thousand ppm of sodium sulfate (pH of w6 to 9).

Included in this report are characteristics of the streams evapo-
rated at both pressurized water reactor (PWR) and boiling water reactor
(BWR) plants and the evaporator requirements for these streams. The
many types of evaporators used, or proposed, for treating radioactive
liquids at LWRs are described. To facilitate the collation and inter-
pretation of data, evaporators are categorized as natural circulation
(NC), forced circulation (FC), spray film (SF), and submerged U-tube
(SU). The majority of the evaporators in early PWR (for boron recycle
and waste) and BWR (for waste) plants were of the NC and SU types.
However, the majority of the waste evaporators in later plants (and
early plants making replacements) are of the FC type.

Technical data collected include the type and number of evaporators
used; materials of construction utilized; the kinds of ancillary equipment
employed such as gas strippers, feed filters and preheaters, and mist
separators; important operating parameters such as boil-off rate, pressure,
and time; and results such as volume reduction and decontamination
factor (DF) obtained. The results show that a mean system DF of about
10 can be expected for nonvolatile fission and corrosion products
treated in single-effect NC and FC evaporators and of about 103 in SF
and SU types. The mean system DF exgected for iodine is about 103 in
the NC and FC types and about 5 x 102 in the SF and SU types.



1. SUMMARY AND RECOMMENDATIONS

Operating and design data on evaporators were collected by direct
contacts with 60 organizations including suppliers of nuclear-steam-
supply systems, architect-engineers, evaporator manufacturers and ven-
dors, as well as operators of present and proposed light-water-cooled
nuclear reactor (LWR) power plants. The main reason for this survey was
to obtain operating data so that evaluations can be made of the effective-
ness of evaporation in reducing the releases of radioactivity to the
environment from nuclear power plants.

Thorough characterization of the various streams normally treated
by evaporation, in terms of the concentration of dissolved and undis-
solved solids (stable and radioactive), is rather limited although
46 plants representing 65 reactors were in operation (December 31,

1977). A limited amount of information on the system decontamination
factor (DF), ratio of the amount of a constituent in the feed to its
amount in the condensate, is available. The report includes a general
description of evaporators used, or proposed for use, in LWR plants. In
addition to a description of the streams treated and evaporators used,
the basic theoretical and design factors influencing evaporator selection
and performance are presented.

To facilitate the collation and interpretation of data (especially
DFs), evaporators are categorized as natural circulation (NC), forced
circulation (FC), spray film (SF), and submerged U-tube (SU). The
results of this survey show that a mean system DF (as defined in Table 1)
of about 10* can be expected for nonvolatile fission and corrosion
products in the NC and FC types, while a mean system DF of about 103 can
be expected for iodine. They further show that a mean system DF of
slightly over 103 can be expected for nonvolatile fission and corrosion
products in the SF and SU types, while a mean system DF of about 5 x 102
can be expected for iodine. These comparisons are summarized in Table 1.
In addition, these results indicate that the waste evaporators in
pressurized water reactor (PWR) and boiling water reactor (BWR) plants
give similar DFs. However, they show that in PWR plants the boron recycle
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Table 1. Comparison of mean system factors”

by evaporator

Mean system decontamination factor
Activity

NC FC SF sSuU

Gross gy 4L+ 4 2E+ 04 3E+03 9E+03
lodine 1E+03 2E+03 3E+02 T7E+ 02
FP© 4E+ 04 1E+ 04 2E+ 03 3E+03
opd 2E+04 1E+ 04 3E+03 3E+03

“Instantaneous syst:m decontamination factor [(DF)] is defined as the ratio of the
concentration for a given component in the feed at any time to the concentration for the
same component in the condensate at that time. The means were calculated using the
expression:

"

. T
Dh, ==L oy .
n =

where
(DF U]
n
]

the mean value of (D) -
the number uf observations, and
an integer.

bl-‘.vapontot types: NC = natural circulation: FC = forced circulation; SF = spray film;
and SU = submerged U-tube.

€FPs = fission products,

dCPs = corrosion products,

evaporator can give DFs that are lower than those of the waste evaporator
by a factor of up to 10.

While boron recycle evaporators have generally not posed any major
problems, tube plugging, corrosion, and evaporator undersizing have been
frequent problems with waste evaporators at PWRs. The use of larger
diameter tubes and/or replacement of stainless steel with Inconel 625
in the tube bundle, as well as preventive maintenance via scheduled
cleaning, are some of the remedial actions that have been used. Most
plants have either modified their original, undersized evaporators to
increase capacity and/or have augmented them by addition of another larger
evaporatoer; however, a few in this circumstance have abandoned evapora-
tion in favor of ion exchange with no resin regeneration. The stress
corrosion problems experienced with waste evaporators, especially at
BWRs, can apparently be solved by using Incoloy 825, Inconel 625, and/or




Alioy 20 as fabrication materials, and several plants now under construc-
tion are taking this approach. The canned-motor pumps that are frequently
used in association with evaporator operation at LWRs have required
excessive maintenance. Replacing them with open-impeller centrifugal or
*xial-flow pumps, especially for transfer of viscous or gritty solutions,
has cut required maintenance times.

This review of the applications of evaporators in nuclear power
plant operations has pointed up several areas that would benefit from
further study and research. For instance, larger efforts to characterize
the liquid streams at LWRs are required if evaporation is to be used
more effectively — especially if corrosion is to be controlled. Studies
are nceded on the effect that antifoam agents in evaporator concentrates
have on the solidification (e.g., with cement, urea-formaldehyde resins,
etc.) of these concentrates. More tests, with feed that closely resembles
the actual feed, carried out in a manner (e.g., semicontinuous) and
under conditions (temperature, pressure, flow rate, etc.) that simulate
as closely as possible those of the large-scale operation being modeled,
would be helpful. Evaporators to be used on radioactive liquids should
be tested before use on actual waste streams. This is probably the only
reliable method of demonstrating that the desired DF values can be
achieved over the extremes of conditions expected. Stable isotopes and
tracer levels of radioactivity can be used in these tests. Predicted
improved operating performance should then be confirmed in the plant

on actual waste streams.




2. BACKGROUND

The purposes of this study were to collezt, collate, and report
information on the performance of evaporators for radioactive liquids in
light-water-cooled nuclear reactor (LWR) power plants. Information
collected includes type of evaporator used, kind of liquid evaporated,
and efficiency with which radionuclides are removed from the stream
treated, as well as a comparison of design specifications and operating
performance. The results of this study provide operating data to assist
the Nuclear Regulatory Commission (NRC) and the nuclear power industry
in their evaluation of the efficiency of evaporators used in nuclear
power plants. In a broader sense, the results are needed to evaluate
the role of evaporation in lowering the radioactivity in the liquids
discharged from any nuclear installation.

In LWR nuclear power plants, the liquid streams have various amounts
of dissolved plus suspended solids and varying amounts of radioactivity
associated with them, depending upon their source within the plant.
Corrosion products in the coolant stream become activated in the internals
of the reactor core, producing such radioactive species as °8Co, 60(o,
>“Mn, 3Ilcr, 58Ni, and 59%e. Defective fuel and uranium present on the
cladding of fuel elements (tramp uranium) also contribute radioactive
fission products such as %0sr, 134cs, 137¢s, 1311 apd 85ky. Generally
speaking, relatively significant fractions (i.e., about one-fourth)! of
the activated corrosion products (especially iron and nickel) tend to be
present as suspended solids,!-? and fission products tend to be present
dominantly as soluble forms. The development of facilities and equip-
ment to collect and process radioactive streams has given the nuclear
industry the capability to hold releases of radioactive material in liquid
effluents within applicable regulatory limits. These limits are most
readily met by minimizing the volume of liquids discharged and/or by
decontaminating the liquids to a high degree before discharging them.
The requisite cleanup of radioactive liquids at LWRs is obtained by the
combination of a number of physical and chemical separations processes

Or unit operations. Presently, the unit operations used most frequently




are evaporation, filtration, and ion exchange. Used to a lesser extent
are centrifugation and reverse osmosis. Surveys similar to this one on
evaporation are given in ref. 4 on the use of filtration and in refs. 5
and 6 on the use of ion exchange in LWR plants. This survey constitutes
a revision of the survey’ made by Oak Ridge National Laboratory (ORNL)
in 1973 on the uses of evaporation in nuclear installations.

As a part of this study, a number of installations were contacted
to obtain performance data on evaporators used to treat liquids at
pressurized water reactor (PWR) and boiling water reactor (BWR) plants.
They included 44 operating nuclear power plants or stations (represent-
ing 37 PWRs and 25 BWRs), 31 plants under construction (representing 51
PWRs and 21 BWRs), 6 evaporator vendors, 4 nuclear-steam-supply system
(NSSS) vendors, and 12 architect-engineers. A review of the published
literature was done with emphasis on the treatment of liquids containing
nonradioactive and radioactive materials comparable to those in LWR
plants. Fundamentals of evaporation were considered to facilitate the
technical assessment of the data gathered in the study.

A characterization of the streams normally treated by evaporation
and the requirements put on the evaporators at LWR plants are presented

in the next section.



3. LIQUID STREAMS EVAPORATED AT LWR PLANTS AND
EVAPORATOR REQUIREMENTS

The liquid streams that are evaporated at PWRs are somewhat differ-
ent from those at BWRs with respect to their chemistry. However, in
both types of LWRs, the basic corrosivity and performance (e.g., heat
transfer, feed rates, fouling, and scaling) requirements placed on
evaporators are roughl}.the same as for evaporators used in other indus-
tries. The constraints imposed by the radioactivity content of the
liquids treated are unique and necessit:zte design considerations that
provide for shielding and remote operation. In this section the LWR
streams that may be evaporated are described, and the evaporator require-

ments are touched on briefly.

3.1 Pressurized Water Reactors (PWRs)

In the primary system of a PWR, evaporators are frequently used to
concentrate boric acid in the boron recovery part of the chemical and
volume control subsystem. These evaporators, therefore, are not usually
considered as waste evaporators. Waste evaporators are often used in
the liquid radioactive waste (radwaste) subsystem® to reduce the volumes
of the miscellaneous and/or chemical wastes that are normally solidified
for offsite shipment. Some of the newer PWR plants that do not have
once-through steam generators (OTSGs) can use evaporation as an alternate
to ion exchange for treating steam-generator blowdown wastes from the
secondary system. FEach of the streams in which evaporators are used
has distinguishing characteristics that determine the type and size of
the evaporator needed as well as the materials of construction most
likely to give long trouble-free service.

The borated feed to the boron recovery evaporator (i.e., reactor
coolant) usually has boron concentrations in the 30- to 2000-ppm range
at pH of 4.5 to 10. The ionic sodium, lithium, chloride, and fluoride
concentrations are normally <0.005, <0.01 to 2, 0 to 0.15, and 0 to
0.1 ppm respectively. Hydrazine and ammonia may also be present in

amounts of <20 and 0.5 ppm respectively. Total suspended solids are
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“0.5 ppm on the average, with 1 to & ppm being the allowable maximum.
Other constituents that have specified maximum concentrations are
chloride and fluoride, with respective values of 0.3 and 0.1 ppm.  The
maximum boron concentration reported in this stream is 1400 ppm. The
gross -y radioactivity of the feed to the evaporator is expected to be

10" to 10 uCi/ml. The evaporators used to concentrate such coolant
water tor recycle in some of the new large PWRs are desipned to handle
15 to 50 gpm while producing concentrate (thick liquor) containing at
least 6 to 1.2% boric acid by weight. For boron recycle evaporators, the
300-series stainless steels have apparently been sa’isfactory materials
of construction. The evaporator condensate may also be recycled within
the plant after polishing by ion exchange.

The chemical waste stream may have its own evaporator, or it can be
processed through the miscellaneous waste evaporator, as shown in Fig. 1.
The chemical waste is made up largely of spent resin regenerant solu-
tions but also contains waste sclutions from laboratory drains, some
chemical cleaning wastes, and decontamination agents. Chemical waste
typically has a pll of 4.5 to 11 and contains 20 to 1100 ppm boron fas
tetraborate) or 3500 to 11,000 ppm boron (as boric acid), depending upon
the pli.  The amounts of sodium and ammornium sulfate regenerants can vary
widely, from 500 to 10,000 ppm and from 600 to 5000 ppm respectively,
while the ionic calcium and chloride concentrations may be approximately
450 and 120 ppm respectively. In addition to traces of resin fines,
other suspended solids in the waste can range from 1 to 1000 ppm.

Citric acid, potassium permanganate, cthylene diamine tetraacetic

acid (EDTA), etc., from cleaning and decontamination opcrations may also

be present in trace to 1000-ppm concentrations each. The - radioactivity
level of this stream is expected to be 107? to 197! .Ci/ml.

The misce!laneous waste is collected from floor drains, the station
sampling system, outdoor controlled arcas, aerated system equipment
drains, primary system ion exchangers and filters, the fuel-handling
system, and reactor-coolant auxiliary systems; in some cases, the steam-
generator blowdown system wastes are also included (see Fig. 1). The

makeup of the miscellaneous waste stream is highly variable, and the
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usual amounts of the numerous substances most often occurring in it are
best described by the tabulation presented in Table 2. The pH of this
waste stream i1s usually in the range 3 to 8.4, The miscel lancous waste
15 usually pumped to the waste evaporator at close to ambient temperature.
In older PWRs, these evaporators had capacities in the 2- to 15-gpm
range; in newer PWRs, they are in the 15- to 35-gpm range. The gross

¢~y radioactivity level in this stream can be as high as 1.5 .Ci/ml or
more.  The possibility of high chloride concentrations occurring along
with large changes in pH indicates that the waste evaporator should
cither (1) be constructed of highly corrosion-resistant materials; (2)

be equipped with dependable automatic instrumentation to analyze, sample,
and adjust the operating conditions: or (3) have adequate, casily
accessible means for manual sampling and stream adjustment. Tast
experience has shown that waste evaporators in LWRs are susceptible to
corrosion unless careful control of pH and/or chloride concentration is
exercised. 'Y Tube plugging, corrosion, and inadequate capacity have

been the major problems with waste cvaporators at PWRs,

Table 2. Substances frequently found in miscellaneous waste streams at pressunzed water reactors
and an estimate of their concentrations

Substance Concentration (ppm) Y Substance Concentration (ppm)

Boron 0 10,000 Other corrosion products <]
Sodium thicsulfate? ~80 Calcium, magnesium 0.2 20
Morpholine? 130 Sodium, potassium 120
Cydlohexylamine? 1-30 Phosphate 0.3 <40
Ammonia trace - 30 Chromate trace §
Hydrazine trace- 30 Chlonde. fluoride 1200
Peroxide, permanganate. _ Antifoam ~100

(l;:);: :Il:: :.l;r‘:; traces of each possible Detergents, soap 1-1.060

Ilydro.chlotic‘acids ' Gl G318
Si as Si0, 130 i Crud. dust ~10
Fe as oxides 0.04-1 | Total suspended solids 1-1.000

“Not used at all plants.
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The steam-generator blowdown system waste normally has a pH of
7«5 to 9.5 and no boron if there is no primary to secondary system
icakage.  Ammonia, calcium carbonate, and chloride ion are present
in amounts of 0.25, 0.15, and 0.15 ppm respectively, and the total
suspended solids range from 1 to 5 ppm depending upon whether or not
leahage occurs. If leahage does occur, the ammonia concentration also
increases, and a boron concentration as high as 50 ppm or more may be
tound in the blowdown system waste stream. No data on radioactivity

level (leakage conditions) were available for this system.

.- Boiling Water Reactors (BWRs)

Many BWRs do not have evaporators, since ion exchange with non-
regenerable powdered resins is used exclusively for stream cleanup.

Most BWRs that do have deep-bed bead-resin ion exchangers for condensate
polishing do regencrate the resins. The regenerants become radioactive
chemical wastes, which are usually volume-reduced by evaporation prior
to solidification (as shown in Fig. 2).'! The neutralized chemical
waste has pH 6 to 9 and consists mostly of sodium sulfate at up to
20,000-ppm concentration. Also present are varying small amounts of
iron, calcium, magnesium, silicon, and corrosion product compounds that
may include carbonates, sulfates, chlorides, phosphates, and oxides.
These wastes can also contain small amounts (1 to 1000 ppm) of decon-
tamination agents such as citric acid, potassium permanganate, and EDTA.
The gross :-y radioactivity level of this stream may be as high as

1071 uCi/ml.

In addition to the chemical wastes, the low-purity waste stream may
also be evaporated at a BWR. This low-purity stream is comprised mainly
of collected floor drain wastes and the liquids from resin dewatering
operations. lHere, too, the pH is normally in the range 6 to 9, and the
average suspended solids concentration (some of which is iron oxides and
silica) is approximately 20 to 500 ppm. A conductivity of 10 to
200 umho/cm for these wastes indicates that they also contain moderate
amounts of soluble compounds, namely, sodium, calcium, magnesium, and

corrosion product salts such as sulfates, phosphates, carbonates,
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chlorides, and fluorides. There may also be traces of organics (e.g.,
antifoams). The usual activity level of low-purity waste is around
1077 uCi/ml of gross 8-y.

In the past, several BWR plants experienced severe stress corrosion
problems with their 300-series stainless steel waste evaporators.?»10
This has precipitated a tendency toward fabrication of current and
future evaporators with such corrosion-resistant materials as Incoloy
825, Inconel 625 and/or Alloy 20. Tube plugging and inadequate sizing

{capacity) have been prevalent problems at BWRs as well as at PWRs.

5.3 Detergent Wastes (PWRs and BWRs)

The detergent wastes arising from personnel showers, laundry water,
ard some decontamination operations are normally very low in radio-
activity level (i.e., 1077 to 10=“ .Ci/ml of gross £-y) but can have
dissolved solids concentrations up to 1000 ppm. Suspended solids con-
centrations (e.g., lint) can aiso be fairly high. Under ordinary circum-
stances at most LWRs, these wastes are collected separately and are
merely filtered prior to discharge to the environment, as indicated in
Figs. 1 and 2. Many nuclear power plants have the option for snlidify-
ing detergent wastes directly, and still others have provisions for
concentrating these wastes by reverse osmosis or evaporation before the
solidification step. The introduction of detergents into an evaporator
can cause foaming problems, which may make the use of antifoaming agents
mandatory for proper evaporator operation. The effects of antifoam on
the solidification processes in common use at nuclear power plants are

not well defined at present.



1. GENERAL DESCRIPTION OF EVAPORATORS USED
AND PROPOSED FOR USE AT LWR PLANTS

Evaporation is the process by which the volatile and nonvolatile
components of a solution or slurry are separated via boiling away the
volatile component. It is a unit operation that has wide application at
PWR plants for concentratiag boric acid solutions and at PWR and BWR
plants fer reducing both waste volumes and the amount of radioactivity
in liquid effluents.  Lvaporation can be used on solutions or slurries
having widely different compositions and concentrations {e.g., as
describad in Sect. 3); however, it is most effectively used on liquid
radwastes having high concentrations of impurities. '

Among the important clements involved in evaporator design are heat
transfer, separation of evolved vapor from residual liquid, volume
reduction, prevention of fouling of the heating surface, and conserva-
tion of energy. In the design of evaporators for nuclear power plants,
vapor-liquid separation is the most important factor because decontami-
nation of the liquid is the most important objective. In this applica-
tion the heating costs and volume reduction (concentrating boric acid is
probably an cxception) are relatively less important. Selection of
construction materials is also important since corrosion can be a problem
which reduces the life of an evaporator. The clements involved in
evaporation are described generically in standard chemical engineering
texts (e.g., refs. 13-17), handbooks (e.g., refs. 18 and 19), and
encyclopedias (e.g., refs. 20-22). Some of these elements are reviewed
briefly in Appendix A.

An evaporator is a device designed to transfer heat to a liquid
(solution or slurry) that boils and to separate the vapor thus formed
from the boiling liquid. The unit or building block in which heat
transfer takes place may be called a calandria, heating element, heat
exchanger, heater, or tube bundle. The unit in which vapor-liquid
separation takes place may be called a body, flash chamber, or vapor
head. The term body is also used to denote the minimum basic units
needed to form an evaporator, that is, one heater and one flash chamber.

The concentrated solution or slurry removed from the evaporator is

14



variously called bottoms, concentrate, discharge, strong liquor, or
thick liquor. Evaporators that are used or proposed for use at LWRs
employ tubular heating surfaces. Tubes may be long or short, straight
or btent, and may have uniform or tapered cross sections. The heat-
transfer medium or fluid (usually steam at LWRs) may be inside or out-
side the tubes. The flash chamber and heater may be an integrated unit
(integral or internal heater), or they may be separate units (separate or
external heater). The heater may be horizontal or vertical. The move-
ment of liquid past the heating surface may be induced either by gravity
or the density variations brought on by boiling (natural circulation) or
by mechanical means such as a pump or propeller (forced circulation).
Lvaporators may be operated as once-through or as circulation units. In
once-through operation, the feed liquor passes through the tubes only
once. In this single pass, it releases vapor and leaves the unit as
thick liquor. In circulation operation, the feed mixes with liquid that
has passed through the tubes one or more times, and the mixture passes
through the tubes. In this mode of operation, only part of the total
evaporation occurs in a single pass. Evaporator accessories include
devices such as condensers, entrainment separators, feed preheaters, gas
strippers, vent systems for noncondensable gases, and appropriate instru-
mentation. A review of evaporators used in nuclear installations through
about May 1968 is given in ref. 23 and through about June 1973 in ref. 7.
Some technical trade-offs in designing evaporators for LWR plants are
presented in ref. 24, and some experiences with entrainment from and
corrosion of radwaste evaporators are given in ref. 25.

Evaporators may be categorized in a number of ways (e.g., refs.
13-23) depending usually upon the classifier's interest. Since a
measure of evaporator performance as judged by the decontamination
factor achieved is the prime interest of this study, a division that
seems to bring out this point has been selected. The types of evapo-
rators that are used or proposed for use at nuclear power plants have
been roughly divided into four main categories: natural circulation
(NC), forced circulation (FC), spray film (SF), and submerged U-tube
(SU). These types are described in the following sections.



1.1 Natural-Circulation Type

Natural-circulation evaporators with long-tube vertical (LTV)
heaters may be of the type in which the liquid flows upward through the
tubes (climbing or rising film) or the type in which the liquid flows

downward through the tubes (falling film).

&:1.1 ijjﬂﬁhiﬁjﬂ

Internal (Fig. 3) and external (Fig. 4) heaters can be employed
with the rising-film LTV evaporator. In these units liquid enters the
bottom of the tubes and flows upward (as liquid) receiving heat.
Bubbles then form in the liquid as boiling begins, increasing the
linear velocity. Near the top of the tubes the bubbles grow rapidly.
In this zone bubbles of vapor alternating with slugs of liquid rise
very quickly through the tubes and emerge at high (sometimes approach-

ing sonic) velocities from the top.

4.1.1.1 Internal heater. A rising-film LTV cvaporator with an

internal heater, which consists simply of a vertical shell-and-tube heat

exchanger surmounted by a flash chamber, is depicted in Fig. 3.

4.1.1.2 External heater. To permit easy access to the tubes for

cleaning, maintenance, or replacement, the heater of a rising-film LTV

evaporator may be at one side of the flash chamber, as shown in Fig. 4.

4.1.2 Falling film

The principal disadvantage of the rising-film LTV evaporator is
poor heat-transfer performance (under some conditions) due to hydro-
static head, friction, and acceleration of the liquid by the vapor.
This disadvantage can be almost completely mitigated by turning the
rising-film LTV evaporator (Fig. 3) upside down, as in Fig. 5. In the
falling-film (FF) LTV evaporator, liquid enters at the top, flows down-
ward inside the tubes as a film, and exits from the bottom. Vapor
evolved from the liquid flows concurrently. The chief problem with the
FF evaporator is that of attaining uniform dist. bution of liquid to
the top of all the tubes. Although the FF evaporator shown in Fig. §
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Fig. 4. Natural-circulation, rising-film, long-tubc vertical
cvaporator with an cxternal heater.
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Fig. 5.

Falling-film, long-tube vertical evaporator.



has a pump, it is not a forced-circulation evaporator since mechanical
energy is used merely to circulate liquid to the top of the tubes and

not to improve heat transfer.

4.2 Forced-Circulation Type

Evaporators in which the liquid is forced over the heating surface
by a pump are especially suited for liquids that are ‘oamy or viscous
and that tend to deposit scale or crystals on the heating surface. If
a crystallizing evaporator is employed, forced circulation is essential
to keep the crystals in motion to prevent blockage of the tubes and to
control crystal growth. If a pump were inserted between the heater and
the feed port of the LTV evaporator in Fig. 3, the resultant unit would
represent an FC evaporator with an internal heater. However, FC evapo-
rators with external heaters are considered better suited to use in LWR
plants because the components (flash chamber, heater, pump, condenser,
etc.) may be separated to the maximum extent possible. This makes
shielding easier and maintenance quicker so that the radiation exposure

may be kept at a minimum.

4.2.1 External heater

The heater may be either horizontal (usually two pass) or vertical
(usually single pass). Single pass means that the fluid being heated
flows throug the heater in only one direction; two pass means that the
fluid flows through part of the tubes in one direction and through the

remainder of the tubes in the opposite direction.

4.2.1.1 Horizontal. Figure 6 shows a forced-circulation evapo-
rator with an external, horizontal, two-pass heater. The heater is
placed far enough below the liquid level to ensure that there is no

boiling in the tubes (submerged tubes).

4.2.1.2 Vertical. Figure 7 shows a forced-circulation evaporator
with an external, vertical, single-pass heater. The FC evaporator shown
in Fig. 6 has the heater placed far enough below the liquid level in the

flash chamber to suppress boiling in the tubes. A restriction device
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Fig. 7. Forced-circulation evaporator with an external, vertical,
single-pass heater and restriction device to prevent boiling in tubes.



€.g., orifice or valve r p.ping pressure drop in the return line to

the tiash chamber cun also prevent boiling in the tubes. A restriction

device is allustrated in Fig., 7. This unit also illustrates a tray
dumn above the flash chamber. The purpose of this column is to scrub

entrained Digquid droplets from the vapor using some of the condensed

Capor a crub liguid.

.2 iporator/crystallizer

Lvaporation techniques for the crystallization of salts have been
used for centuries. borced-circulation evaporators are well suited to
concentrating salting liquors, and so function as evaporating crystal-
lizers {or crystallizing evaporators).<“~°% In this study, such a unit
is referred to as an evaporator/crystallizer since whether it is an
Cvaporator or a crystallizer is largely a question of the shape of the
solubility curve of the material on which it operates. An evaporator/

crystallizer 1s illustrated in Fig. 8.

4.2.3 's\»ii).c;_i_ _f_i_lpx

“7-40 is considered as a forced-circulation

The wiped-film evaporator
type since it uses mechanical energy to improve heat transfer. These
machines are also called agitated-, scraped-, thin-, and turbulent-film
evaporators. The heating surface consists of a single, large-diameter,
cylindrical or tapered tube. The liquid being concentrated is spread
out into a thin, highly turbulent film by the blades of the rotor.
Wiped-film evaporators are usually operated in a once-through mode.

They are available in either horizontal (Fig. 9) or vertical models.

4.3 Spray-Film Type

The spray-film evaporator (Fig. 10) might also be categorized as a
forced-circulation type inasmuch as it uses mechanical energy to improve
heat transfer. Energy is required to force the liquid being evaporated
through spray nozzles to atomize it. The small droplets formed impinge
upon the heat-transfer surface and spread over it in a thin film. The
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pool of liquid being circulated is below the heater (Fig. 10). This is
the tirst evaporator considered in this study in which the heat-transfer
medium is confined within the tubes. In all the previously mentioned

types, the liguid being evaporated was inside the tubes.

4.4 Submerged U-Tube Type

Another type of evaporator useu in LWR plants in which the heat-
transfer medium 1s inside the tubes is the submerged U-tube (Fig. 11).
The ligquid being concentrated completely covers the horizontal, U-bend
heating tubes, circulation being obtained by natural convection and
boiling of the liquid (i.e., it is a natural-circulation unit). The
pump shown in Fig. 11 is for circulation and not for enhancing heat
transfer. Operation under vacuum is not uncommon with evaporators of
this type, in which case, it is sometimes feasible to use hot water as

the heat-transter medium instead of steam.
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5. SOME FACTORS INFLUENCING EVAPORATOR
SELECTION AND PERFORMANCE

The principal engineering considerations involved in the design of
an cvaporator for radioactive liquids are heat transfer and vapor-1liquid
separation.  Reliable and maintenance-free operation are important fac-
tors that must also be taken into account. The selection of corrosion-
resistant materials of construction and a design that minimizes the loss
of heat-transfer surface (due to deposition of films or solids of low
thermal conductivity) are vital to avoiding loss of capacity as well as
operational and maintenance problems. Other factors influencing the
design include the amount by which the feed is to be reduced in volume
and total operating costs. Some factors that have an effect on evapo-
rator selection and performance“'-°! are discussed briefly in the
following sections. A few others that influence evaporator selection

and performance are presented in Appendix A.

5.1 Design Considerations

Among the important factors that should be known or determined

before the most efficacious evaporator can be chosen are:

a. Physicochemical properties. The physical and chemical proper-

ties (e.g., density, viscosity, and surface tension) of the liquid in
the evaporator are needed as a function of temperature over the concen-
tration range of the feed (thin liquor) and the concentrated liquid
(thick liquor).

b. Mode of operation. Method of operation can affect results and

influence the choice of evaporator type. A knowledge of the expected
mode of operation (batch, continuous, or sem:continuous, as described in

Sect. 10 and Appendix A) is necessary.

c. Capacity. The minimum, maximum, and average capacity (mass of
solvent to be evaporated per unit of time) at which the evaporator will

be expected tc cperate is required information.

29



d. Heat-transfer medium. The temperature, pressure, and quantity

of heat-transfer medium (usually steam) available must be known.

e, \allung._ypal}ng) and touling. The possibility of salting,
scaling, and fouling (as defined in Sect. 10) must be determined and

their effects evaluated.,

f. Corrosion. Data on corrosion under the anticipated conditions

of operation must be determined.

g. Cleaning, inspection, and maintenance. Consideration must be
given to ease of cleaning (chemical and/or mechanical ), access for
inspection and maintenance (remote and/or direct), and the time required

for these operations.

h. Untoward conditions. Possible explosion conditions due to
unstable organics (e.g., amines) or combustible gases (e.g., hydrogen)

must be covered.

1. Available space. Attention must be given to headroom and

floor-space requirements. Segregation and shielding of components must

be considered.

j- Controls, instrumentation, and sampling. Adequate controls,

instruments, and sampling points must be incorporated for efficient

evaporator performance.

k. Economics. Cost of the evaporator and its operation must be
taken into account.

5.2 Some Merits and Demerits

The merits and demerits of various evaporators are summarized in
refs. 18 and 19. A qualitative evaluation of evaporator types now in

use or proposed for future use in LWR nuclear power plants is given in
Table 3.
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6. EXPERIENCE IN THE APPLICATION OF
EVAPORATORS AT LWR PLANTS

The responses to the ORML survey from 25 of the 62 reactors (ex-
cluding Shippingport) that were operating at the end of 1976 provided
operating data on streams evaporated and design descriptions of the
evaporators used in each case. These data, plus information gathered
from NSSS vendors, architect-engineers, and suppliers of evaporation
cquipment, were compiled and tabulated. Seclected design specifications
for evaporators installed in these operating plants are presented
separately for PWRs and BWRs in Table< 4 and 5 respectively. Similar
data for plants now under construction are given in Tables B-1 and -2
in Appendix B. Some reported performance data for both types of plants
are summarized in Table 6. The importance of decontamination factor
(DF) as a measure of evaporator efficiency warrants special treatment,
and it is covered as a separate subject in Sect. 7.

Since PWRs and BWRs differ in several respects, the application and
performance of evaporators in the two types of reactors will be discussed
separately. The PWRs use soluble boron in core reactivity control
whereas BWRs do not. Therefore, many PWRs use evaporation for concen-
trating borated coolant water in their boron recycle systems, while BWRs
have no analogous need. However, the radioactive miscellaneous and
chemical wastes from a PWR correspond roughly to the low-purity and
chemical wastes from a deep-bed BWR plant (i.e., condensate polishing is
done with regenerable bead resins). Both these types of plants fre-
quently use evaporators to reduce the volume of these wastes prior to
solidification for offsite shipment (see Figs. 1 and 2 in Sect. 3).

6.1 Evaporator Applications in PWRs

All PWR plants do not apply evaporators to the same streams, nor do
they use them in exactly the same way when they do evaporate the same
streams. Most plants have separate evaporators for boron recycle and
radwaste treatment, but several plants have them interconnected to

32
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Toble S Selected design specifiations 1o evaporatons wwatalied in aperating (December 31 1970
benling water reactons (on treating chemical and bow gunty wastes”

Diewgn rating
Insraiiator Numbes of Voapotatir type Materials of Fntrammen Desgre: ard

‘ Capscity  Pressure wpareris manufactuser

epaity CAPUBIAL  (atepory”  Heater ONSuL
o i

B Bon Pome )
A MR

Brownsferry 1 24 14% ] L] Lo pusty wavte

LRI MWI e

Brunreu b 1 & 2¢%) 2 Rl

LI R FTA IR Y 20 it Wite mesh Aguad her Components sparated g a
JA MW e N < t

4L 510l 8S

« -
@ -

) 15 16 Wite mesh Seenwirn accewh
€ aupet
P33R MWiny
Dreesden | o

170 MWy

Dresien 2 & 13 ¥ ¥ LV L 36l ss 0 4 Haltle and Aquad her
12427 MWl ra wite mesh
Duane Arnoid (%) .4

PEERE MWy

Paebars b ) N LV.L  316LSS 20 15 Wire mesh HPD
1240 MWy

Hatoh i !

A MWy

MHumihoidr By 1 N Vs 55 I 15 None Ihermeona
1A MW

Lat tom 1%y ]
{165 MWy
Millstone § 2
1T MW

= | 55 28 Unitec b SMogpm unt 1 talliog
L %8 0

z<

Montielio %) 0
670 MWy

Nene Mile Point 1% ! 1 LN | 04,3161 8 20 15 Wire mesh Hen Components sepatated and
150 MW shieid =

-d

Oyster Cirek %y i N LV.L ss 15 I8 Wire mesh Swenson Pout accessbility 1o ungt

R0 MWy

Peah Botrom 28 34 ]

[1295MWen)) ca

Pilgrsm 1 I St 1LH 58 15 1 Wire mesh with Frapotator not i service

PR MWy spray nozzies temporanly replaced wirh
filtration and won ex.hange

Ouad Caties 1 & 2 "

2500 MW ea

Nermont Yanbee (%) "

1593 MWy

“Untormation 101 plants marked with an asterisk taken from reply 10 ORNL sutvey questionnaires. others taken trom | mal Satety Analyss Report of the plant and open
Bteratuze teports and thus may not retiect current status

P « forced circulation. NC - natural arculation; S < spray film, SU = submerged U tube

‘B external 1 conternat. M= horizontal, V = vertical, L = long tubes, S = short tubes

IS8 < stanless steel

“1o be installed

Shared tone on standby )
Exow installed 101 future use

provide an optionally available increase in evaporation capacity should
the neced arise. At least one plant (Yankee-Rowe) uses a single evapo-
rator for all volume reduction functions.

6.1.1 Boron recycle evaporators

The 300-series stainless steels have apparently been satisfactory
materials of construction for treating borated coolant water in the pH
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4.5 to 10.2 range. In general practice, the feed to the boron recycle
evaporator has nearly always been fi.tered and degassed at some prior
point in the recycle process. The survey indicated that boric acid
evaporators of all types perform about at or near design specifications
and, at least, have been adequate for their intended purpose. Volume
reductions of 10 to 20 are reported to be readily attainable while oper-
ating close to design capacity. One of the main problems mentioned was
the solidification of boric acid at the bottom of the evaporator and in
the concentrated boric acid transfer lines. The usual remedies suggested
were avoldance of bottoms concentrations greater than 6 wt % boric acid
and heat tracing of the transfer lines. The other frequently occurring
problem reported was that skid-mounted units complicated maintenance pro-
cedures because components (e.g., heaters, pumps, instrumentation, etc.)
were not readily accessible.  Some plants are now separating components

and isolating them with shielding.

6.1.2 Chemical and miscellaneous waste evaporators

At PWRs, the chemical wastes contain varying amounts of boron (as
boric acid or borate salts) and, in some cases, sodium and sulfate from
the regeneration of spent ion-exchange resins. Additionally, ammonium
ion may be present in relatively large amounts (i.e., several hundred
or thousand ppm). These are the major differences between PWR and BWR
chemical wastes. The miscellaneous waste from a PWR contains varying
amounts of boron, ammonia, and hydrazine or other organic reducing -
agents which are not normally present in BWR low-purity wastes. Other-
wise, the miscellaneous (PWR) and low-purity (BWR) wastes are quite
similar. The waste cvaporators at some PWRs have operated below design
specifications. A contributing factor is the wide variability of the
feed composition and the attendant difficulty of regulating pH. Volume

reduction factors usually fall in the 10 to 100 range but may be as small

as 3 or as large as 1500, depending on what is present in the stream at the

time. Inadequate capacity (undersizing), corrosion, and plugging of the
heater tubes have been the greatest problems encountered with waste evapo-

rators at PWRs. Attempts to solve tube plugging problems have included such



approaches as replacement of the original stainless steel tube bundle
with a bundlc of larger diameter tubes or with tubes $abricated from a
highly corrosion-resistant alloy such as Inconel 625 (when fouling due
to corrosion was suspected to be the cause of the plugging). Preventive
maintenance in the form of scheduled periodic cleaning has also been
implemented at some plants.  The problem of an undersized waste evapo-
rator has also been approached in several ways. Most plants that had
small (i.e., less than 10-gpm capacity) evaporators as original equip-
ment have augmented their waste evaporation systems cither by addition
of another cvaporator of larger capacity or by modifying the inadequate
unit to increase its capacity. A few stations in these circumstances
have abandoned waste evaporation in favor of ion exchange, and they do
not regenerate the resins.  The possibility of corrosion occurring in
LWR waste cvaporators has prompted many utilities with PWRs now under
construction to order Incoloy 825, Inconel 625, and/or Alloy 20 as
materials of construction. This trend is shown by comparing the data
in Table 4 with that in Table B-1 in Appendix B. Further comparison of
these tables also shows a general leaning toward installation of more
cvaporators of larger size in the next generation of PWR nuclear power

plants.

6.2 Evaporator Applications in BWRs

~ Some of the newer BWRs that use only powdered-resin demineralizers
for stream cleanup do not have evaporators. The powdered resins are not
regenerated, and apparently the amount of chemical waste at these plants
is therefore not sufficient to make evaporation prior to solidification
economically advantageous. Some operating BWRs of this type, however,
have installed, or are planning to install, evaporators to treat their
low-purity wastes and thus lower the radioactivity in the liquids dis-
charged from the plant. Most BWRs that do have resin regenerant solu-
tions also have evaporators for concentrating these chemical wastes.
Consequently, they also use them for treating their low-purity waste

stream. The status of evaporation at some of these operating BWR
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plants 1s shown in Table 5. In evaporating BWR chemical wastes, volume
reductions of 15 to 20 are usually achieved, which compares well with
those achiceved ror similar wastes at PWRs. The low-purity wastes can
usually be volume-reduced by factors ranging from 80 to 400, which is
also in line with volumes reported for PWR miscellaneous wastes. The
performance of BWR waste evaporators is about the same as that of the
miscellaneous waste cvaporators at PWRs (see Table 6).

In the past, stress corrosion has been the dominant evaporator
problem at BWRs, and several plants have long since replaced their
original evaporation cquipment. Stainless steel still seems to be the
construction material most often used for evaporators at operating BWR
plants, but a comparison of the data summarized in Table 5 with that in
Table B-2 in Appendix B again points up the trend toward Incoloy 825 or
Alloy 20 in this application. Another problem has been the excessive
maintenance experienced with canned-motor pumps when used in handling
viscous, gritty concentrates. Replacing them with open-impeller cen-
trifugal and axial-flow (propeller) types has largely alleviated the
problem.  Such experiences with canned-motor pumps have been observed
not only in BWRs but also in PWRs, and in the latter they have been

replaced with these other types.



7. DECONTAMINATION FACTOR

The cffectiveness of unit operations such as centrifupation,
cvaporation, filtration, ion exchange (demineralization), and reverse
osmosis for reducing the radioactivity in process streams within, or
cffluent streams from, nuclear installations is usually expressed in
terms of the decontamination factor (DF) for each 1sotope of concern

and/or gross activity,

7.1 befinition of Decontamination Factors

A comparison of the amount of a substance in the thick liquor from
an_cvaporator to the amount of that substance (on the same basis) in the
condensate is defined as an equipment DF.  This ratio is also called an
cvaporator DF and sometimes a separation factor. A comparison of the
amount of a substance in the feed to the amount of that substance (on
the same basis) in the condensate is defined as a system DF.  This ratio
may also be called a process DF.  The interrelationships between these
various DFs for continuous, batch, and semicontinuous modes of evaporator
operation are derived in ref. 7. In nuclear installations, DFs are
usually based on radioactivity, but on occasion, a stable substance (e.g.,
chloride or silica) may be the item of interest.

The instantancous system decontamination factor across an evapo-
rator is defined as the ratio of the concentration of a giver component
in the feed at any time to the concentration for the same component in
the condensate at that time. In other words, the instantaneous system
DF, (DF)Si, is given by the expression

(DF)g; = Ce/CL s (1)
where

Cf = the amount (mass or radioactivity) of a specified component

in the feed per unit volume at time t and

Cc = the amount of the specified component in the condensate

per unit volume at time t.

42
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fhe time- (or volume-) average system DF is defined as the ratio of
the total amount of a given component in the cumulative evaporator
feed to the total amount of the same comporent in the cumulative con-
densate over a prescribed period of time {(e.g., the time to empty a
teed tank or the time to fill a condensate tank). In other words, the

time-average svstem DF, (DF) . 1s given by the expression
S

DE \ /A, (2)
t t 8
where
\f = the total amount (mass or radioactivity) of a specified
component in the feed over a period of time At and
A\ ¢ the total amount of the specified component in the con-
A8

densate over the period of time /t.

Obviously, one or two values of (UF)gi may not represent the average
behavior of an evaporator. However, if values of (DF)‘_'i are available
as a function of time, (“F)st may be obtained by integration (most

likcly graphical) of an expression of the form

Lt
[ |m|-)si] dt

: B e (3)
(“1)41 - Lt ¥

where l(“F)sil represents {“FJci as a function of time. More often
the assumption is made that the number of observations of (DF)si is

sufficiently large so that

n
DF = l 3
([)F)St = (l)l~)Si = nE(I)l)Si . (4)
j=1
where
(Dl~)si = the mean value of (DF)Si,
n = the number of observations, and
J = an integer.

B it



The standard deviation of (UP}gi, 7, 1s given by

and the standard error cof the mean, o, is given by
o =ao/nil? (6)

With the assumption of proper sampling and analyses, the DF of an
cvaporator should, in theory, be one or greater. However, (!Jl-)s_i may
be less than one if, for example, the condensate sample was taken during
or shortly after a splashover or a period of excessive foaming. Such a
condensate sample could be more like the liquid in the evaporator and thus
more concentrated than the feed. Values of (I)F)St less than one are
possible if large amounts of material previously deposited on the walls
of the flash chamber or in the entrainment separators are washed off and
carried into the condensate. Reference 48 lists seven situations that

can lead to excessive entrainment losses (i.e., low DFs):

1. Improper levels. If levels are either too high or too low,

depending on the type of evaporator involved, entrainment

losses can increase greatly.

! 2. LEvaporator overloaded. The evaporator is operated at rates

beyond its design capacity.

3. Entrainment separator plugged up or damaged. The separator oper-

ates at flow conditions other than those for maximum effectiveness.

4. Separator drains plugged or not properly sealed. The separator

cannot function as designed.

S. Fluctuating flash chamber pressures. This is a very common cause

of severe entrainment. When the pressure increases, boiling stops
i temporarily and the temperature of the pool of liquid in the evapo-

rator increases. When the pressure starts to decrease, the heat
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stored in the pool of liquid is suddenly released and the evapora-
tion rate is momentarily much higher than usual. In the case of

foamy liquids, the liquid can foam over with lar,e losses.

6. Abnormally tfoamy liguids. Sometimes antifoam agents will keep such

liquids under control. Fluctuating flash chamber pressures, as

described above, are especially troublesome with such liquids.

Air leaks under the liquid level. This can be very troublesome
with foamy liquids. Air leaks in the discharge piping can inter-
fere with the discharge of liquid from the evaporator, which can

lead to high levels with attendant losses.

7.2 Some Reported DFs

The system DFs reported in this survey are presented in Figs. 12
and 13, Figure 12 gives the DFs for boron recycle evaporators in PWRs.
Figure 13 gives the DFs for waste evaporators in both PWRs and BWRs.

The mean values for the DFs were calculated using Eq. (4). As described
in Sect. 4, for purposes of comparing DFs by evaporator type, evaporators
are categorized as natural circulation (NC), forced circulation (FC),
spray film (SF), and submerged U-tube (SU) and are identified as such in
Tables 4-6 as well as Tables B-1 and -2 (in Appendix B). The total
number of each type (for the plants reporting in this survey) are listed
in Table 7. To broaden the data base for comparison of DFs, the evapo-
rators in the previous ORNL survey’ were similarly categorized. With
this broadened data base, the mean (average) system DFs for all evapo-
rators reported and for each of the four types were calculated using Eq.
(4). Undoubtedly, many of the DFs reported are time average, and not
instantaneous, and therefore weighting factors should be applied. How-
ever, the lack of such complete DF data precluded weighting, and all
numbers are treated equally in this analysis. The results are listed in
Table 7. These results show that an average system DF of about 10“ can
be expected for nonvolatile fission and corrosion products in the NC and
FC types, while an average system DF of about 103 can be expected for
iodine. They further show that an average system DF of slightly over
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10" can be expected for nonvolatile fission and corrosion products in
the SF and SU types, while an average system DF of about 5 x 107 can be
expected for iodine.

In Table 8, the mean DFs calculated with the DFs from both surveys
are grouped according to function (boron recycle or waste) and reactor
type (PWR or BWR). The standard deviations and standard error of the
mean for these values are also given in Table 8. These results indicate
that the waste cevaporators in PWR and BWR plants give similar DFs.
However, they also show that in PWR plants the boron recycle evaporator
can give DFs that are lower than thosc of the waste evaporator by a
factor ¢f up to 10 for nonvolatile fission and corrosion products and by

about 20% for iodine.
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10.  GLOSSARY

Batch evaporation is a mode of operation in which the evaporator
initially contains the entire quantity of liquid to be cvaporated.
Vapor is removed until the thick liquor reaches the desired concen-

tration, at which time the liquor is removed.

becquerel (Bg) is a unit used in measuring radioactivity equal to the
quantity of any radioactive matcrial in which the number of disinte-

grations per seccond is one.

Blowdown is a term used to denote the liquid and/or solid removed
(generally periodically but sometimes continuously) from a vessel

or system to prevent excessive solids buildup.

Body is a word used to denote the unit in which vapor-liquid separa-
tion is accomplished in an evaporator. It is also used to denote the
minimum units needed for an evaporator, that is, onc heating clement

and one flash chamber.
Bottoms is used synonymously with thick liquor (qv).

Calandria is a term used to denote the unit in which heat transfer takes
place in an evaporator. It is also used to describe a short-tube,
vertical evaporator which was once so common that it was called a

standard evaporator.

Capacity is defined as the weight or mass of liquid evaporated per

unit of time.

Circulation operation signifies that the feed mixes with liquid that
has passed through the heater tubes one or more times, and the mix-

ture then passes again through the tubes.

Conductivity, unless otherwise specified, is taken to mean electrical

conductivity (qv).

Continuoue evaporation is a mode of operation in which the feed and
thick liquor flows are constant and process conditions are constant

with time; that is, the operation is at steady state.

oz A
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“rud buret is a phrase used to depict the spurious quantities of non-
descript solids that can appear when the operating parameters (flow
rate, temperature, pH, ctc.) of a system are changed. Frequently,
but not always, it follows a sudden or drastic change in system

operating parameters.

~ -
v 21y

Cristallization is the separation of a solid crystailine phase from a
liquid phase by cooling, evaporation, or precipitation caused by the

addition of a third substance.

Curic (2) is a unit used in measuring radioactivity equal to the quantity
of any radioactive material in which the number of disintegrations per

second is 3.7 » 10'% (Bq = 2.7 = 10-11 Ci).

tillate is a word frequently used to describe the condensed vapor

from an cvaporator.
*ipe arc the steam condensates from a heater.

flectrical conductivity is a loosely used term that generally means
specific electrical conductivity (qv).

Entrainment is liquid suspended in the vapor as fine droplets that are

carried along with the rising vapor stream.

Equipment decontamination factor (DF) is defined as the ratio of the

concentration of a component in the thick liquor to its concentration
in the condensate.

Evaporation is the removal of liquid from a solution or slurry by
vaporization of the liquid.

Evaporator DF is used synonymously with equipment DF (qv).

Ezternal heater denotes a heat-transfer unit that is separated from
the evaporator flash chamber.

Filter/demiveralizer describes a unit that combines filtration and ion

exchange using nonregenerable powdered resins.

Flagh chamber is a term used to denote the unit in which vapor-liquid
separation is accomplished in an evaporator.
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Fown 1s a mass of stable bubbles formed in or on the surface of the

thick liquor.

Forced-circulation evaporators are those in which movement of liquid
past the heating surface is induced by mechanical means such as a
pump or propeller.

Fouling is the formation of deposits other than salt or scale and may
be due to corrosion, solid matter entering with the feed, or deposits
formed by the condensing vapor.

Heater is used synonymously with heating clement (qv).

Heating element is a term used to denote the unit in which heat transfer
(exchange) takes place in an evaporator.

Instantancous system decontamination factor (DF) is defincd as the ratio
of the concentration of a given component in the feed at any time to
the concentration for the same component in the condensate at that
time.

Internal heater denotes a heat-transfer unit that is an integral part
of the evaporator flash chamber.

Natural-circulation evaporators are those in which movement of liquid
past the heating surface is induced by gravity or the density varia-
tions brought on by boiling.

mee-through operation signifies that the feed liquor passes through
the heater tubes only once and leaves the evaporator as thick liquor.

Overhead is a word frequently used synonymously with condensate or
distillate (qv).

Process DF is used synonymously with system DF (qv).

Roentgen (R) is a unit of X- or gamma-radiation exposure defined in
relationship to the Coulomb (C) as 1R = 2.58 x 10°“ C/kg.

Salting is the growth on body and heating-surface walls of a material

having a solubility that increases with increase in temperature.
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Sealing is the deposition and growth on bouy walls, and especially on
heating surfaces, of a material undergoing an irreversible chemical
reaction in the evaporator or having a solubility that decreases with

an increase in temperature.

bateh cvaporation is used synonymously w:th semiconf¥inuous

evaporation (qv).

Semicontinuous evaporation describes the gamut of operﬁfional modes
between batch and continuous. Commonly it describes a mode of opera-
tion in which feed is continually added to maintain a constant level
in the evaporator with no thick liquor being removed. When the thick
liquor reaches the desired concentration, the entire charge is removed.

. -

ietor is used synonymously with equipment DF (qv).

1l e.ectrical conductivity of an clectrolyte is defined as the
reciprocal of the electrical resistance (ohms) of the electrolyte
contained between parallel electrodes of 1-cm? cross-sectional area

1

set 1 cm apart. The units are mhos (i.e., ohms']) per cm.

N

Up lachover consists of the carry-over of large parcels of thick liquor

into the condenser.

Steam economy is defined as the mass of liquid evaporated per mass of

steam used.

Submerged t be describes an cvaporator in which the heater is placed
far cnough below the liquid level or return line to the flash chamber

to prevent boiling in the tubes.

Surface tension is the property, due to molecular forces, existing in
the surface film of all liquids which tends to contract the volume
into a form with the least surface area. The particles in the surface

film are inwardly attracted, thus resulting in tension.

System decontamination factor (DF) is defined as the ratio of the con-
centration of a component in the feed to its concentration in the

condensate.

oy

s
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Time-average system decontamination factor (DF) is defined as the ratio
¢f the total amount of a given component in the cumulative evaporator
feed to the total amount of the same component in the cumulative con-

densate over a prescribed period of time.

Thick liquor is a term applied to the concentrated solution or slurry

removed from an evaporator.

Thin liquor is a term applied to the solution or slurry fed to an

evaporator.
Vapor head is used synonymously with flash chamber (qv).

Viseoszity is the physical property that characterizes the resistance
offered by a fluid (gas or liquid) to flow. It is a measure of the

combined effects of adhesion and cohesion.

Volune-average DF is equivalent to a time-average DF (qv).



| T

A.

1

v

APPLNU}\ A. LELEMENTS OF EVAPORATION

Modes of Evaporator Operation .

A.1.)
A.1.2
Al

Factors Influencing the DFs of Evaporators

Batch operation

Continuous operation .

Semicontinuous operation .

Entrainment
Splashover . . . - .

VOAM 4 s & s 5 & B & &

Volatilization of solute .

65

.

Page

66
66
66
67
67
68
69
69
70



e e—

66

APPINDIX A, ELEMENTS OF EVAPORATION

In this appendix several modes of operating an evaporator and
scveral factors that can have an effect on the performance of an
evaporator are discussed (following ref. 7) in terms of generally

accepted evaporator technology.

A.1 Modes of Lvaporator Operation

Evaporators are operated in several modes: batch and continuous,
which are well defined in chemical engineering terminology, and semi-
continuous, which includes all modes of operation other than batch or
continuous. Three modes of evaporator operation — batch, semicontinuous

(or semibatch), and continuous — are defined and described below.

A.l.1 l_i_q‘t_(iopcr:q}‘i_qﬂ

In batch operations, feed and product flows are intermittent, pro-
cess conditions are generally programmed with time, and steady-state
conditions are never attained. In batch operation, the quantity of
solution or slurry to be evaporated at one time is charged to the evap-
porator; boiling is initiated; and the vapors are then continuously
removed, condensed, and collected. Evaporation is continued until the
desired amount of condensate (often called overhead or distillate) has
been collected or until the thick liquid (cften termed bottoms or concen-
trate) reaches the concentration, density, or viscosity desired. The
thick liquor is then removed from the evaporator. This mode of operation
is frequently used in the laboratory or when a relatively small volume

of material is to be concentrated.

A.1.2 Continuous operation

In continuous operations, feed and product flows are constant and
process conditions are constant with time. The operation is at steady
state. Continuous operation is highly desirable since control is easy
once steady state has been achieved; however, it requires a large or

continous supply of feed with a uniform composition (e.g., desalination).52



A.1.5 Semicontinuous operation

In a semicontinuous evaporation, a predetermined quantity of solu-
tion or slurry is charged to the evaporator; boiling is initiated; and
vapors are then continuously removed, condensed, and collected. Feeding
of solution or slurry to the evaporator is continued at a rate approxi-
mately equal to the rate at which condensate is removed, that is, at a
rate to maintain a constant liquid volume in the evaporator. Evapora-
tion is continued until the feed is exhausted or a desired concentration
of thick liquor is achieved. The thick liquor is then removed from the
cvaporator. This mode of operation is widely used at nuclear installa-
tions. It is often described as a batch operation or semibatch operation.
However, since it is neither a true batch (feed and condensate flows are
constant) nor a true continuous operation (thick liquor concentration is
changing with time), semibatch or semicontinuous seems to be a more
descriptive name. In one variation of this mode, only a portion of the
thick liquor is removed and the feed is restarted. This seems to aid in
reestablishing boil-off without too much difficulty (i.e., excessive
foaming and splashing). In another variation, after partial concentra-
tion is achieved in the semicontinuous mode, the feed is stopped and the
final concentration is achieved in a batch mode. This is reported!? to

reduce the potential for corrosion and/or fouling.

A.2 Factors Influencing the DFs of Evaporators

In evaporating radioactive solutions, effective entrainment separa-
tion is required to avoid contaminating the condensate. Equally important
in evaporating radioactive liquids is operation under conditions (pH,
redox, temperature) to suppress the volatilization of radioactive mate-
rials such as iodine and some organics that can have high vapor pres-
sures. Evaporators can separate water from solids very effectively, and
a system decontamination factor of 10 to 10° is generally expected for
a single-effect evaporator separating water from a nonvolatile solute.
Decontamination factors are decreased by four basic factors: entrainment,
splashover, foam, and volatilization of solute.

i
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A.2.1 Entrainment

Entrainment is liquid suspended in the vapor as fine droplets that
are carried along with the rising vapor stream. The extent of entrain-
ment losses from an evaporator depends, for the most part, on the vapor
velocity and the size, size distribution, and number of the droplets.®*, "
The larger droplets are a major source of entrainment losses unless they
settle back into the liquid or are removed by eatrainment separators
(deentrainment devices). Evaporators generally have devices incorporated
or attached to remove the entrained larger droplets that do not scttle
back. Droplets appear to be formed”3-°% in two ways: the first is that
a steam bubble rises up through the boiling liquid and bursts at the
liquid surface, scattering droplets whose diameters are on the order of
a few micrometers; and the second is that the rarefaction (partial
vacuum) caused by the passage of the bubble through the surface causes
droplets of a few hundred micrometers to be jetted into the vapor space
from the surface of the liquid. The size, number, and rate of ascent of
vapor bubbles in the boiling liquid and the physical properties of the
liquid determine the size, size distribution, and number of droplets
formed. A droplet can fall or settle back into the liquid if its term-
inal falling velocity is greater than the velocity of the rising vapor.
Evaporators usually have large flash chambers so that the vapor velocity
will be low and the larger droplets can settle back. Entrainment losses
can be increased by flashing, which is the sudden production of copious
quantities of steam bubbles. It is caused by incidents such as intro-
ducing feed that is above its boiling point or poor vacuum control, that
is, sharply varying vacuunm.

At higher boilup rates, entrainment increases and thus the DF gen-
erally decreases with increasing boilup.!®s56 These results could imply
that at lower boilup rates the DF would be higher. However, at very low
boilup rates the DF decreases with decreasing boilup rate.??> %7 Smaller
vapor bubbles produced by gentle boiling lead to the production of
smaller droplets that are readily carried by the ascending vapor. For
an evaporator without deentrainment devices, an optimum boilup rate for

minimum entrainment and maximum DF exists at a mass vapor velocity of
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around 20 to 40 1b ft~2 hr-! (100 to 200 kg m 2 hr-1), where the velocity
is calculated at the largest horizontal cross-sectional area for vapor
flow.“7 This optimum for the evaporator alone should be between the two
regimes: (1) low boilup with small droplets that can be entrained by
the low vapor velocities concomitant with low boilup, and (2) high
boilup with larger droplets and high vapor velocities capable of carry-
ing them. However, the extent of entrainment losses from entrainment
separators such as wire mesh, cyclones, and trays depends, for the most
part, on the vapor velocity and the size, size distribution, and number
of the droplets. The desired optimum is the point at which the product
of the DFs for the evaporator and entrainment separators is at a maximum.
This optimum does not necessarily occur at the boilup rate at which the
cvaporator DF is a maximum. The overall DF for the evaporator plus
deentrainment devices may differ widely from the DF for the evaporator

alone.

A.2.2 SElashover

Splashover consists of the carry-over of large parcels of thick
liquor into the condenser. It occurs at very high boilup rates when
boiling becomes violent and erratic. Splashover losses are usually
insignificant if sufficient distance?! between the surface of the boiling
liquid and the outlet of the flash chamber is provided, so that the parcels
fall back before reaching the outlet, or if an impingement baffle covering
the outlet of the flash chamber is provided to deflect the parcels down-
ward. A single large splashover can ruin a large volume of otherwise
acceptable condensate.

A.2.3 Foam

Foam is a mass of stable bubbles formed in or on the surface
of the thick liquor. Among the causes of foam in an evaporator are
traces of organics, finely divided solids, and dissolved gases. It leads
to an increase in entrainment by raising the effective liquid level,
which decreases the amount of deentrainment space, and by supplying stable
bubbles that the vapor can carry. Thus, it can lower the decontamination
factor markedly. Foam control measures that are sometimes effective
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include: the addition of chemical antifoam agents, such as the silicone
preparations; baffles which the foam strikes at high velocity; liquid

or steam jets directed against the foam; and the sudden heating or
chilling of coils located in the region where foaming occurs. Serious
foam can require an evaporator to be operated at reduced boilup rates to
maintain the desired deentrainment space and decontamination factor. If
foam is anticipated, the evaporator design should provide reserve
capacity, additional deentrainment devices, or foam breakers that will

permit the boilup rate to be maintained during foaming.

A.2.4 Volntiljzntion of solute

Volatilization of solute is an important concern in the operation
of evaporators with liquid radioactive waste since the design objectives
for relecase of radioactive materials to the environment are low. Several
clements found in radwaste, such as iodine and some organics, are
volatile to varying degrees. Methods for decreasing the volatility of
todine include adjusting the pii®?»5% and redox potential (e.g., addition

of sodium thiosulfate)®?

of the solution or slurry to produce new condi-
tions under which the species is nonvolatiie. lodine exists in aqueous
systems in oxidation states from -1 to +7 and forms a number of volatile
and nonvolatile inorganic and organic compounds. Ordinarily, iodine
present in the -1 oxidation state (iodide) will have a low volatility
except at very low pH values or when low-molecular-weight organics are
present. Segregation of aqueous from organic waste streams, control of
pH values to high basicity, and addition of complexing or other chemical
agents to hold the stable iodide state are measures used to improve the
decontamination of iodine during evaporation. Volatilization of organics
may be a problem if the condensate is to be recycled for use as a heat-
transfer medium. These organics can decompose and form deposits on
(foul) heating-surface walls and thus cause poor heat-transfer
characteristics.
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APPENDIX B. DESIGN SPECIFICATIONS FOR EVAPORATORS
PROPOSED FOR SOME LWRs NOW UNDER CONSTRUCTION OR PLANNED

Table B-1. Design Specifications for Evaporators Proposed
for Some Pressurized Water Reactors Now Under Construction
O PHANNED . & & o B ' 6 & N % & w69 & ®& 5 5 % % F 9 5 w5

Table B-2. Design Specifications for Evaporators Proposed
for Treating Chemical and Low-Purity Wastes at Some
Boiling Water Reactors Now Under Construction or
Planned . . » + « o & @ & & 5 % 5 5 & & & 4 & »
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APPENDIX C. LIST OF ORGANIZATIONS CONTRIBUTING TO THE SURVEY

The following organizations and members of their staffs made helpful

contributions to the material contained in this survey:

Architect-engineers

Bechtel Power Corporation
Burns § Roe, Inc.

Ebasco Services, Inc.
Gibbs § Hill, Inc.

Gilbert/Commonwealth Companies

NUS Corporation
Sargent § Lundy
Stone & Webster Engineering Corporation
TERA Corporation

United Engineers & Constructors, Inc.

Evaporator manufacturers and vendors

Artisan Industries
Ecodyne/Unitech Division
HPD Incorporated

LUWA Corporation

Joseph Oat Corporation

Swenson Division/Whiting Corporation

Nuclear-steam-supply system vendors

: Babcock and Wilcox Company

- Combustion Engineering, Inc.
General Electric Company
Westinghouse Electric Corporation

Utility companies

Arizona Public Service Co.
Arkansas Power § Light Co.
Boston Edison Co.

Carolina Power § Light Co.
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Cleveland Electric I1luminating Co.
Commonwealth Edision Co.

Consumers Power Co.

Dairyland Power Cooperative
Detroit Edison Co.

Duke Power Co.

Duquesne Light Co.

Florida Power Corp.

Florida Power & Light Co.

Georgia Power Co.

Gulf States Utilities Co.

Houston Lighting & Power Co.
I11linois Power Co.

Indiana and Michigan Electric Co.
lowa Electric Light § Power Co.
Jersey Central Power § Light Co. (GPU Services Corp.)
Maine Yankee Atomic Power Co.
Metropolitan Ed. « Co.

Niagara Mohawk Power Corp.

Northern States Power Co.

Ohio Edison Co.

Omaha Public Power District
Philadelphia Electric Co.

Portland General Electric Co

Power Authority of State of New York
Public Service Flectric and Gas Co.
Southern California Edison Co.
Tennessee Valley Authority

Toledo Edison Co.

Union Electric Co.

Vermont Yankee Nuclear Power Corp.
Wisconsin Public Service Corp.

Yankee Atomic Electric Co.

Department of Energy (N-Reactor operated by United Nuclear Industries)

Ontario Hydro




