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ABSTRACT

A description 1s given of the equlpment
and method of coperation of a distillation
system to remove llght water from heavy
water moderator. The basic principles

of the theory of disftlllation are reviewed.
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DISTILLATION OF LIGHT WATER
FROM HEAVY WATER MODERATOR

INTRODUCTION

The 1lsotople purlty of heavy water used as mederator in a reactor 1is
an important factor 1n malntainlng productlvity and neutron efficiency.
Each purification system for the five reactors at the Savannah River
Plant (SRP) 1s equipped wlth a distillatlon system designed to remove
small amounts of light water whlch enter the reactor moderator. The
distillatlon overheads product ls richer in light water than the
bottoms and 1s reconcentrated before being returned to the reactor,
while the bottomg product 1ls dlrectly recycled to the reactor,

PROCESS

The moderator purification system removes light water by isotopilc
distillatlon, suspended materials by flltration, loniec impurities by
ilon exchange, and gases by sweeping hellum over the surface of the
moderator. A normal flow of 30 gpm of heavy water isg pumped through
the fllters and delcnizers.

Most of the moderator is returned to the maln circulation stream.
However, a T-gpm sidestream 1s sent to the distillatlion system where
it 1s continuously dlstilled 1n two series-connected 90-sleve-plate
columng operated under vacuum. The system has a rectifying sectlon*
in which the concentration of 1light water in the feed moderator
{typlcally ©.25 mol % HpO) 1s increased to about 12 mol % Ho0 (the
overheads compositlon), and a stripping sectlon** in which it 1is
decreased to about 0.23 mol % H.0 {the bottoms composition).

The design capaclty of the stills for a single feed to the bottom
plate 1s 1150 to 1250 pounds of Hy0 per year at a feed composition
of 99.75 mol % D20 (reactor moderator purity), an overheads drawoff
of 1.5 pounds per hour, a vacuum of 100 mm Hg absolute at the
condensers, and a bollup or reflux rate between 3000 and 4000 pounds
per hour.

* The portion of a distilllation column used to increase the concen-
tratlon of the more volatile component (the Hz0) above the feed
concentration isg called the rectifylng section.

** The portlon of a dilstillation column used to lncrease the concen-
tration of the less volatile component (the D,0) above the feed
concentration is called the stripping sectlon. A complete
fractionating column includes both a rectlifylng section above the
feed plate and a stripping sectlon below the feed plate.
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The distillatlion system 1s alsc used for batch distillation to reduce
the heavy water and tritium oxide concentrations of the normal
distillation overheads to a level which will increase the heavy water
recaoncentration capaclity of the reconcentration faclllitles in the
heavy water production area.

THEORY AND DESIGN

Methods of designing continuous distillation stills are described in
detall 1n the varlous textbooks and handbocks of chemlcal englneering.
The major considerations are reviewed brlefly In this sectlon.

GENERAL DISTILLATION THEORY

The vapor above a liquld mixture of two chemlcals wlll normally be
richer in one chemical {the one having 2 higher vapor pressure) than
1s the liquid. The ratioc of y (the concentration of the more volatile
component in the vapor over a liquild mixture) to x (1ts concentration
in the liquid) is defined as the relative volatility (a) of the
component according to the followlng formula:

Relative volatllity 1s lndependent of concentration for materlals
which follow Raoult's law#* closely, but does vary wilth pressure and
temperature.

A single partial evaporation of a llquild and the subseguent conden-
satlon of thils vapor wlll therefore produce a condensate which has a
higher concentration of the more volatile component. A further
increase can be obtained by partial re-evaporation of the condensate,
and condensatlon. of thls second vapor. A distlillation column 1s a
plece of equipment 1ln which a large number of these partial
evaporatlon-condensation stages can be carrled out sequentlally. If a
sufficient number of plates are used, the overheads product will
contain only a small amount of materlal other than the more volatile
component, whilile the bottoms product wlll contaln practically none of
the more volatile component.*#*

* Raoult's law states that the partlal pressure of any component
should equal the vapor preasure cof that component in the pure
state times 1ts mol fraction in the liquld., The behavior of many
materials does not deviate widely from Raoult's law.

*#% Providing the vapor pressure of each component does not devliate
widely from Racult's law.




o

The number of theoretlcal plates required for a glven separation (ie,
the number of platesa that would be requlred if the vapor and liquild
on each plate were 1n complete equilibrium) can be determlined from
the relatlive volatility and the desired equllibrium overheads and
bottoms concentrations.* The actual number of plates required is
higher than the theoretlcal number slnce complete equillibrium 1s never
attained in practice. The ratlo of the actual increase in concen-
tration to the theoretically attainable lncrease in concentratlon of
the more volatlile component is deflned as the distlllation efficiency.
Thilg efficlency 1s affected by liquld and gas veloclties, type of
packing or plate, column deslign, and concentratlon gradients 1n the
liquid phase.

A number of different types of efficlency factors have been proposed,
but the two most commonly used are the over-all column efficlency
which was propcsed by Lewls, and the plate or point efflclency factors
suggested by Murphree. The over-all column efficlency, E®, is the
number of theoretlcal plates necesgary for a gilven separatlon divided
by the number of actual plates required to perform the same separation.
This over-all column efficlency has no fundamental mass transfer
basls, but 1t serves as an easlly applied and valuable design factor
and 1s therefore wldely used. In the SRP systems, IBM calculations
indicate that there are about 110 theoretical plates, or an over-all
column efflclency of about 62%, in the two columns.

The HMurphree efficlencies are based on more fundamental concepts than
the over-all column effliclency but are harder to determine. The
basic relationships employed are more gualltatlive than quantltatlve.
They are based on calculatlons of point effilclencles over the entire

* The number of theoretical plates requlred to attaln a desired
enrlchment at total reflux may be calculated from the following
formula:

Enrichment = aP

where a 1ls the relative volatllity at each plate, and
P 1s the number of theoretlical plates in the column.

If the relative volatility 1s assumed to be constant throughout
the column (ie, 1f the pressure drop through the ceclumn 1s assumed
to be zero) and to be equal to the average value in the column
(aavg), the actual number of plates needed for a glven enrichment
may be caleculated from the followlng formula:

PE
Enrichment = aavg

where E 1s the average plate efficlency, and
p is the number of actual plates.
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plate for each plate in a stlll on the assumptlon that the liquid at
a polnt 1s of congtant compcsltion while the vapor composition in a
bubble rising through the liquid on that plate changes continucusly
due to mass transfer.

The enrichment factor attained in a distillation column 1g a funcetion
of the ratio of the concenftratlon of the more volatile component in
the column overheads (yT) to the concentratlon of that component in
the column bottoms (yB) and 1s expressed by the followlng equation:

yr

1-y
Enrlchment Factor = i

B

Simlilarly, the attenuation factor attained in a distiliatlion column
is defined as the ratlo of the concentration of the less volatlle
component in the column bottoms (xB) to the concentration of that
component in the column overheads (xT):

*B
Attenuation Factor = —
X

Each column wlll flnally attain an enrichment of 10 at equilibrium at
total reflux after being operated for about 150 hours. However, when
the system 1s operated at 1.5 pounds per hour drawoff, the normal
enrlchment in the A column of 5.1 and 1n the B column of 9.7 will be
attained in about 78 hours. Thus, a distillation system can be put
into normal operation 78 hours after initial startup, provided the
average composltion of the moderator charge 1s equivalent to the
desired steady state A bottoms and B overheads concentratlion (as is
the case when the system 13 shut down and started up without adding
or removing moderator).

THE H,0 - D50 SYSTEM

Water which contalns both hydrogen and deuterium contains three
compounds, Hp0, HDO, and Dp0, exlsting together in equilibrium
concentratlion. The equllibrium 1s established rapldly, so that for
practical purposes all such mixtures can be considered at equilibrium.
A chart of equilibrium composition vs concentration of deuterium 1n

e




water 1s gshown 1n Figure 3. This ¢hart shows that at low concen-
trations of deuterium most of the water is Hz0 and HDO and very
little is Dx0, and that at high concentratlons of deuterium most of
the water 1s D0 and HDO and very little 1s H0.* Only near the
middle of the range are Hpx0, HDO, and D-0 a2ll present in appreciable
amounts.

For low concentrations of Dz0 the effectlve separation factor for
dligtlillation 1s the relative volatility of H-0 and HDO, while for
high concentrations of D0 the effective separation factor 1s the
relative volatillty for HDO and Ds0.

The relative volatllity for HDO-DpC, which is numerlcally the same as
that for Ho0-HDO, was used 1n the design calculations over the entlire
range of concentrations. This assumption of a slmple two-component
system disregarded the fact that near the midpolnt of the concentration
range three components (H,0, HDO, and Dz0Q) are actually present in
appreciable amounts, and thus caused the design to be slightly con-
servative (the difference is not of practical significance). In making
caleulations for the assumed two-component systems, the entlre
deuterlum content was expressed as mol % D0 and the entire hydrogen
content as mol % Ho0O. All concentrations in thils report are so
expressed for convenlence.

THE Hq0-D0-T50 SYSTEM

During reactor operation, tritium, the very heavy isotope of hydrogen,
1s produced in the moderator and 1s present as tritium oxlde or very
heavy water. Thus an equilibrium mixture of moderator contalns T:z0,
HTQ, and DTQ in addition to the Hz0, D20, and HDO. No reliable vapor
pressure data for tritium oxlide were avallable during the design of
the distillation columns. The design was therefore based on the
assumption that the ratioc of the vapor pressure of tritlium oxide
(T,0) to that of deuterium oxide (D20) was the same as that for
deuterium oxide (Dz0) to light water (Hs0). From these figures the
design tritium attenuation factor was calculated to be between 50 and
100.

However, unpublished data received from Los Alamos in 1954 indicated
that the vapor pressure of tritium oxlde 1s only slightly lower than
that of heavy water. From thils 1t appeared that the trltium
attenuation factor in a reactor distillation system should be between

2 and 5. The actual attenuation factors experlenced durlng operation
of the stills at SRP were 3.0 at total reflux, 2.86 at 1.5 1b/hr
drawoff, and 2.5 at 4.0 lb/hr drawoff. The average relatlve volatllity

* The moderator normally found in the reactor system and the
distillation system is hlgh in D,0 content (80 to 100 mol %) and
1s predominantly Dz0 and HDO.

-9 -
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calculated from these attenuation factors was found to be in close
agreement with the Los Alamos data and is shown in Filgure 4 as a
gimplified tritium vapor pressure curve of relative volatllity vs mol
% Dz0. This graph assumes that the tritium 1s present only as HTO
or DTO and not as Tz0. It also neglects the effect of HDO on the HTO
and DTO vapor pressures, since this effect would bhe small.

OPERATING PRESSURE

The relative volatlility varles significantly with temperature, and
consequently (since the moderator in the column is boiling) with the
pressure prevalling in the dilstillation equipment. The lower the
pressure at which the dlistillatlon process 1s operated, the lower 1s
the temperature and the greater 1ls the relative volatility (and
consequently the greater the separation). A plot of the relative
volatility of H»0-HDO vs pressure of the bolling mixture 1s shown in
Flgure 5.

The volume of the vapor generated by boiling increases as the pressure
decreases, and thls Increases the velocity of the gas ascending the
column. Af a constant bollup rate, therefore, when the pressure has
been sufficiently decreased, the gas veloclity will become high enough
to cause the liquid in the column to entraln lnte the gas phase and
into the llquld on the next higher plate; thils will decrease the
column efficiency. Finally, as the gas veloclty increases still
further, all the lliquid will be entrained with the vapor, and the
column willl no longer séeparate the high and low vapor pressure
components.

The optimum operating pressure for a stlll was selected by balancing
the effect of pressure on both relative volatility and entralnment.
In the Hz0-Do0-T,0 system, the optimum vapor pressure on the basls of
theoretical considerations (confirmed by operating experilence) is
about 100 mm Hg absclute.

80ILUP

The theoretlcal capaclty of a distillation column 18 a function of
several factors. It is dlrectly proportional to the product of the
boilup rate and the relative volatility minus 1 (ie, @ - 1) and thus
for most systems wlll increase as the bollup is 1ncreased. However,
ag the bollup 1s increased at a constant pressure, the gas velocity
and the pressure drop lncrease (as shown 1n Figure 6), and eventually
will cause gufficlent liquid entrainment to decrease the column
efficlency. The optimum bollup rate, therefore, has to be chosen on
the basls of: (1) the lncrease In capacity resulting from the higher .
bollup, (2) the decrease in capaclty caused by entralnment, and (3)
the decrease in average relative volatility caused by the higher
average pressure in the column (see "Operating Pressure" above).

- 10 -




CONCENTRATION

The light water concentration of the feed to a digtillation system has
a direct effect on the light water productlon capaclty. Since the
enrichment factor 1In a column does not change 1f all other operating
variables are kept constant, the overheads concentratlion 1s equal to
the product of the bottoms concentration and the enrichment.»* Thus
at an enrichment factor of 48, a drawoff rate of 1.5 1b/hr, and a
bottoms concentration of 0.50 mol % Ha0 (99.50 mol % D20), the over-
heads concentration will be 20 mol % HeC (80 mol % Dz0 or 18.3%7 wt %
Hz=0), and the production rate will be 0.28 pound of HzC per hour or
6.7 pounds per day. If the feed concentration 1s 99.75 mol % Ds0 at
the same drawoff rate and enrlichment factor, the overheads concen-
tration will decrease to 10 mol % HzO (90 mol % D0 or 9.1 wt % Hz0),
and the productlon rate will decrease to 0.1% pound per hour or 3.35
pounds per day.

DRAWOFF RATE

The rate of removal of overheads product from the B column influences
both the cencentration gradlent of light water throughout the stills
and the rate of production of light water. As can be seen from
Figure T, the rate of production of light water increases asa the
drawolf rate inecreases.** However, as the drawoff rate becomes large,
the increase in production rate per unit increase in draweff rate
grows smaller and becomes negligible at drawoff rates over about

15 1b/hr. The heavy water concentration of the B overheads product
increases simllarly, flnally asymptotlcally approaching the feed
concentratlon as a maximum value.

OPTIMUM DRAWOFE RATES

The maximum rate for continucusly removing light water from the
reactor moderator ls achleved when the total overheads drawcff from
the normal distillatlion systems (after processing through a batch
distillation system) 1s Just eguivalent to the tritium blending
capaclty in the heavy water production area. The total amount of
moderator which has to be processed in the batch distlillation system
each month to attain this maximum rate is defined as the "Batch
Distlllation Feed Capacilty" (BFC) and is determined from Figure 8
(using the average concentratlon of heavy water in the overheads from
the normal stills). The drawoff rate for each normal still 1s then
caleculated from the formula shown on the followlng page.

* According to the formula ¥/ (1-¥p) = Byg/(1-yg).
** For a distiilation system operating with a single primary feed.

“ 11 -




BF
g,-r"g' = TiD; + TaDs + TaDx + TeDse + TsDs + P

where BFC batech distillation feed capaclty
672 = hours per month (allowing 2 days per month outage)
T = tritium content in normal still overheads
D = drawoff rate, 1b/hr
1:2,3,4,5 = areas operating as normal distillation systems#*
P = tritium content of other degraded moderator
(not overheads) which has been produced by leaks,
splllas, ete.

It

If

The drawoff rate should not exceed 1% 1b/hr even if the tritium
procesaing capacity in the heavy water production area were to become
infinlte, since at that rate the optimum balance between production
increase and reworking costs In the diszstillatlon system 1s achieved.

PRIMARY FEED RATE

The rate at which moderator is pumped iInto the distillation column 1s
about 7 gpm in all areas. As long as the feed compositleon, the boillup
rate, and the drawoff rate are maintalned constant, the production
capaclty of the still will Increase less than 3% 1f the feed rate is
ralsed by 2004 (from 5 to 15 gpm). In two reactor areas {Type 1
Areas) the feed rate was arbltrarily set at 7 gpm since the resultant
hourly turnover of bottoms liguid assures an adegquate purge of
contaminants., The feed rate in the other three reactor areas (Type 2
Areas) 1s equal to the boilup rate, which is about 5 gpm.

SECONDARY FEED

The use of a secondary feed in addltion to the normal primary feed
lnereases the over-all light water production rate from the distil-
latlon system but decreases the rate of light water elimination from
the reactor. As shown 1n Flgures 9 and 10, the total 1light water
production rate will be decreased 1f the secondary feed rate 1s
increased without simultaneously increasing the drawoff rate. The
quantitative relationshlp between secondary feed concentratlen and
the rates of total light water production and of light water
elimination from the reactor 1is shown 1in Figure 11, at several
gecondary feed rates.** Increasing the secondary feed and drawoff

* When one area 1s operated as batch distlllation system, only four
areas are consldered. Thls formula assumes that the batch
distillation system ls operating the entire month; thus 1t dees not
correct for the time the batch distillation system 1s shut down
(during which time the batch distillation system could theoretically
be used for normal distillation).

**%¥ The assumptlions made 1In Figure 11 were: the drawoff rate and
secondary feed rate were equal; the primary feed concentration
was 99.60 mol % Do0; and the primary feed rate was 7.0 gpm.

- 12 -




rates at any secondary feed concentration will not change the rate of
elimination of light water from the reactor but wlll increase the
total light water production rate. Decreaslng the Dg0 concentration
of the secondary feed decreases the rate of light water ellmination
from the reactor and lncreases the total light water production rate.

The distillation columns are not operated with & secondary feed for
the following reasons: !

1. The amount of light water in the distillation system increases 1f
the secondary feed rate is lnecreased opr 1f the light watsr
concentration of the secondary feed is increased. Thus, 1f the
distillation columns were to be shut down accldentally or to
flood, considerably more dilution of reactor moderator would
occur when operating with both secondary and primary feeds than
when operating wlth Jjust a primary feed.

2. The type of moderator which would be used for secondary feed
frequently is contamlnated with impurities which cannot be \
tolerated in the reactor system.

3. The secondary feed material can be upgraded more safely to
reactor quallty by operating cone disgtillation system as a batch
distillatlion system. The posslibllity of contamlnating or diluting
the reactor system 1s completely avolded since during distillation
the system is isolated from the reactor system.

L, The loss of light water elimination capacity 1s about 6% greater
with secondary feed than by reconcentration in a batch distillation
system.

EFFICIENCY STANDARDS

The highest rate of light water eliminatlon from the reactor moderator
occurs when the distillation equlpment in the reactor areas and the
rework capacity in the heavy water producticn area are both used at
maximum efficiency. The effectlveness of these faclllties can be
evaluated by determlning the following efficlency factors:

1. DISTILLATION 3YSTEM EFFICIENCY

The efflciency of the distillation system in each area (Fgyi71)
is a function of the amount of light water actually produced

and the amount that could have been produced at the prescribed
drawoff rate. The amount actually produced (Hz0,,.) in a month
ls determined from records of the amount and analysls of the
overheads product from a still. Thils filgure ig then corrected by
use of Figure 12 for changes in the llght water inventory

(A inventory) in the distillation columns caused by changes in

- 13 -




moderator concentration during the month. The gtandard monthly light
water production rate (Haostd) 1s determlned from Flgure 13 usling the
actual system purlty and the optimum drawoff rate (described on

page 11).

HEOact ~ A inventory
Thus* F =
28t11l
Hz0g g
where Hgoact, & inventory, and HEOStd are in 1b/mo.

2. LIGHT WATER REMOVAIL EFFICIENCY

The efficiency of each system in removing light water from the
moderator (Felim) ls a function of the net amount of water
actually removed from the reactor moderator and the amocunt
(Hgostd) that could have been removed at the optimum drawoff rate.

The monthly net amount of water removed from the reactor is the
amount actually removed durlng the month by the distilllation
columns (Haoact - A inventory), corrected for the light water
content of the moderator added to the reacteor during the month
(Haomakeup) as determined from the records.

Degraded moderator (purlity below 99.0 mol % Ds0) produced as a
result of leaks, spllls, equipment flushing, etc, has a very

high tritium content and normally requlres dilstillatlon before
reconcentration in the heavy water production area. The batch
distillation capaclity for processing distillation overheads is
thereby decreased, and the dilstillatlon overheads productlon

rate must be decreased by an amount equal to the weight of
degraded moderator produced. The resultant loss in light water
removal capaclty 1s equal to the quantlty of light water that
would be contained in an amount of dlstlllatlon overheads of the
gsame welght ag the monthly degraded meoderator producticon.** Thils
factor (Hgodegr) is calculated by multiplying the total weight of
degraded moderator produced in the area during the month (from the
records) by the average light water concentration of the distilla-
tion overheads product.

* See footnote * on page 15 for comment on the effect of secondary
feed.

*% petually, the amount of light water removal capaclty lost will
be =2lightly less, since the time for reconcentration of moderator
containing 95 to 98 mol % Do0 wlll be somewhat shorter than the
time for normal stilll overheads (85 to 90 mol % Da20).

. - 14 -




Hz0not - A inventory - HzO
Hz0

makeup ~ HEOdegr

Thus* Felim =

std
where Hp0,.., & inventory, H20pakeup: Hgodegr, and HzO0 14 are in 1p/mo.
%, BATCH DISTILLATION SYSTEM QCCUPANCY AND EFFICIENCY

The effectiveness of the batch distillation system depends both on
the efficlency of separation of tritium from light water and on the
time required to complete each batch distlllation cycle. Two
factors are therefore calculated: occupancy and separation
efficiency.

Occupancy

This factor (FOCC), calculated for each batch dlstillation system
cycle, ls the ratlo of the standard cycle time of 12.0 days+*¥ to
the actual cycle time in days (tgo¢yg1). The actual cycle time
starts when the flrst drum of moderator 1ls added tc the system
and ends when the last drum is removed.

12.0 daysa

Thus Fope = t

actual

Separation Effliciency

At total reflux the abllity of the dilstillation system to

concentrate tritium from the feed moderator Into the bottoms

product depends only on the plate and column efficiency of the
equipment. This separation efficiency however 1z dependent both

on the rate at whilch overheads product 1s removed during the slow
drawoff perlod, and on the concentration at which slow drawoff 1s
discontinued and fast drawoff started. Past experience has shown
that when the distillatlon asystem 1s operated according to the
standard procedure (described on page 30 of this report), the average
concentration of tritium in the feed material (Tcharge) willl be

4.5 times greater than the average tritium concentration
(TB D OH) of the overheads product removed during the slow drawoff

period {(up to 48.0 mol % Dz0).

¥*

* ¥

As shown earlier in this report, the use of a secondary feed

in addition to the normal primary feed Iincreases the total over-
heads light water productlion rate, but decreases the abllity of
the stills tc remove llght water from the moderator. Thus, if

a secondary feed 1s used both Fg i394 and Fgqq4p requlre correctlon
for the secondary feed before they are representatlve.

This standard cycle time assumes operation according to the
procedure described on page 3C of thils report and 1s based on
experlence prior to May 1, 1956.

- 15 -




The separation efflclency per cycle (FB D ) can thus be determined
from the following formula:

Tcharge
4.5 x Ty p. on

F(g.p.) =

where T and Tg p oy are in pwe/ml

charge

Reconcentration Efficlency

The amount of degraded moderator that can be reconcentrated to an
1sotopic purity of 99.75 mol % D0 depends on the maximum
permlisgslible tritium content of the heavy water product and the
tritium actually contalned 1In the degraded feed moderator. The
monthly reconcentration efficiency can therefore be calculated
from the followlng equation:

- Tactual(lb X po/ml)
Rec. 350,000 (1b x pe/ml)

F

where T, otual = bhe product of the welght of degraded
moderator (1b) sent for reprocessing
in the heavy water precductlion area 1n the
month times the trlitlum content of this
degraded moderator (ue/ml).
DESIGN BASIS

The distillatlon columns in each area were deslgned to remove about
1200 pounds of light water a year from the reactor moderator with a
single feed stream to the bottom plate (primary feed). When an
additional, more dilute stream (secondary feed) 1s added simultaneous-
ly to a hlgher plate 1n the columnn, the design capaclty 1s 1000 pounds
of 1light water from the primary feed and 1000 pounds of light water
from the secondary feed. The actual 1light water production capacity
of a distillation column operating with both a primary and a secondary
feed depends on the drawoff rate and on the concentration and flow
rate of each feed stream. This relatlonshlp 1s dlscussed earlier in
this report In the sections on Drawoff Rate and Secondary Feed

(pages 11 and 12 , respectively).
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The above capaclty ratings were based on the use of two sieve plate
columns (90 sleve plates each*) connected in series and operated at
100 mm Hg absolute pressure, 3000 1b/hr boillup, 1.5 1b/hr drawoff,
2998.5 1b/hr reflux {a reflux ratio of 2998.5/1.5 or 1999.0}, a
primary feed (moderator) composition of 99.75 mol % D0, a gecondary
feed composition of 98.0 mol % Dg0, and an overheads concentration
of 85 mol % Dg0.

EQUIPMENT

The distllliation system consists of two sleve plate columns operated
in serlies. Schematlic process and flow diagrams for Type 1 Areas are
presented in Pigure 1 and for Type 2 Areas in Flgure 2.

The major distillation equipment (columns, heat exchangers, pumps,
tanks, and Instruments) i1s described in detail 1n this section. Where
equipment 1s of standard design (pumps, motors, instruments), only

the functional specificatlons are presented. The equipment is
identical in all areas except as noted.

MATERIALS OF CONSTRUCTION

Mild steel was used orlginally throughout all distilllation systems,
except for the stainless steel bottoms coolers in Type 2 Areas and
the stainless steel bottoms fllters in all areas. Stalnless steel
tubes and tube gheets were installed in the A ceolumh and B column
condensers in all areas and In Type 1 bottoms coolers, after several
of the original mild steel uniis had falled due to corrosion from the
coollng water side.

Stalnless steel or other corrosion resistant material was not
considered Justified, since only moderator which hag previously been
purified is added to the distlllation eguipment during normal
distillation. The distillation feed moderater stream is taken from
the purification effluent line and has been deionlized and filtered
through a 10-micron filter. In addition, thls feed stream is
continuously monitored for radlatlion, and the feed valve 1is
automatlcally closed 1f the radiation level 1ls slgnificantly higher

¥ The deslgn calculations inltially assumed that two columns would
be used, each having the same thermodynamlc performance (the same
light water enrichment ratlio). On this basls, the first column
required 103 actual plates and the second column 77 actual plates.
When using a 99.75% mol % primary feed, the first column had a
concentration of 98.4 mol % Ds0 above the 90th plate and 97.7 mol
% D0 above the 103%rd or top plate. In the final design, the two
columns were made ldentical {each using 90 actual plates) %o
decrease deslign and constructlcn costs at only a slight loss 1n
distillation efflciency.
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than background (the tritium present in the moderator produces a soft
beta radiation which 1s easlly zbsorbed by the steel equipment ar
pipes). This low radiation level permits the dilgtillation system to
be located 1n unshilelded areas inside and outslde the bullding.

COLUMNS

The distillatlon columns (see Figure 1%) are designed for températures
up to 859C and for pressures between full vacuum and 30 psig. After
erection had been completed, a hydrostatic test at 65 psig (measured
at the lowest point in the column) was performed as a field test for
tightnesg. A pressure relilef valve 1is provlided in the gas line on
each column to prevent the pressure on a column from exceeding

15 psig. Each distillation column 1s 82 feet 5-1/2 inches high,
welghs 32,830 pounds when lagged, and has a volumetric capacity of
about 630 cuble feet. The column is supported by the 24-foot-high
base section whose top 4 feet also contalns the bottom head of the
still. The dlameter of the upper section of the column proper 1s
larger (%7 1nches in diameter for the 29-foot 9-inch height) than the
lower section (%1 inches in dlameter for the 27-foot 1-inch helght)
to compensate for the increase 1n vapor volume at the top of the
column and to maintain the vapor veloeity {whilch otherwise would have
increased) within the deasired 1imits. The bottom section contalns

k4 gileve plates: plateg 1 through 35 at a 7-inch spacing and plates
Z5 through 44 at an 8-inch spacing. The top section contalns

k6 plates: plates 45 through 81 at a 7-inch spacing and plates 81
through 90 at an 8-inch spacing. Inlet feed connections are provided
80 that whilile the main feed 1s 1ntroduced te the reboller, an
additional feed stream could be lntroduced to plates 2, 10, 30, 50,
T0, or 90.

A1l plates are perforated with 1/8-inch-diameter holes on a 3/8-inch
triangular pltch. All holes are punched downward so that the smooth
slde of the plate i3 on top. As shown in Flgure 15, the perforated
area does not extend beyond a chord on either slide of the plate.
Three 2-1nch-dlameter downplpes are provided on one side te allow the
liquid overflowling the welr to drain down to the next lower plate,
and an empty space 1s provided on the other slde to receilve the
liquid from the next higher plate. The inlet weir (3/4 inch high)
gerves to seal the downgcomers from the higher plates and prevent gas
from bypassing the sleve plates. On the outlet side, a baffle
produces a qulet zone between the baffle and the outlet welr. The

‘outlet welr thus can mailntaln a constant head of liquid on the plate,

through which the wvapor from the plate below bubbles 1n intimate
contact with the liquid.
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REBOILERS

The rebolilers (see Figure 16) are shell-and-tube heat exchangers with
the moderator inside the tubes and the steam outside 1n the shell.
Steam is prevented from leaking Into the moderator through the Joints
between the tubes and the tube sheets by the use of double tube
sheets on each end of the exchanger. If a leak develops past the
rolled inner tube sheet Joint, steam willl leak into the atmosphere.
If a leak develops past the rolled and welded outer tube sheet Jolnt,
atmospherlic alr willl leak into the distillatlon system, but thls air
will contain only a small amount of humidity.

Each reboller iz 20 1nches in dlameter and contains 120 one-1nch-0D
mild steel tubes (No. 14 BWG) on a 1-3/8-inch triangular pltch. The
tubes are 48 inches long, but only the 31-1/8 inches between the
inner tube sheets 1z exposed to the steam and 1s useful for heat
transfer. Thus the heat transfer area 1ls 68 square feet for the
deslgn heat transfer capacity of 1.59 x 100 pcu/hr. The calculated
welght of an empty reboller 1s 1715 pounds, the tube slde volume 1s
about 7 cubic feet, and the shell slde volume 1ls about 3 cublce feet.
The shell (steam) side 1s deslgned for 50 psig pressure at 150°C, and
the tube (process water) side is designed for full vacuum at 150°C.
The shell side 1is hydrostatically tested at 75 pslg, whlle the tube
glde 1s given a 25-psig hydrostatlc test followed by a 20-psig
"Freon" test.

COLUMN CONDENSERS

The column condensers (see Figure 17) have the same basic design as
the reboilers, including the double tube sheets. Each condenser l1s

30 Inches in dlameter and contains 376 one-lnch-0D tubes (No. 1% BWG)
on a 1-3/8-inch triangular pltch. The tubes are 8 feet long, but only
the 7 feet 2-1/8 inches between the inner tube sheets 1s exposed to
the cooling water and 1ls useful for heat transfer. Thus the heat
transfer areg 1s 590 square feet for the design heat transfer capaclty
of 1.59 x 10° pcu/hr. The calculated welght of an empty condenser 1s
7400 pounds, the tube side volume 1s about 25 cuble feet, and the
shell side volume 1s about 33 cubic feet. The shell slde 1a designed
for 75 psilg pressure at 65°C, and the tube side 1s deslgned for full
vacuum at 93°C. The shell side 1s hydrostatically tested at 115 psig,
while the tube side 1s given a 25-psig hydrostatic test followed by a
20-pslig "Freon" test.

REBOILER SEPARATOR

The reboiler separator (see Figure 18) which is used 1n Type 2

areas 1g a vertical cyclone separator, 2 feet 10 1nches in dilameter
and 5 feet 7-1/2 inches hilgh. The mixed vapor and 1llguld feed from
the reboller enters the separator through a l0-inch tangential 1nlet
nozzle. Thils nozzle passes through a transition plece whose outlet




ingide the cyclone 18 10 inches high by 4 inches wide. An inlet
paffle 1% i1nches high and 2 feet in OD forces the gas to swirl in the
6-inch annulus between the baffle and the shell. The gas splns down
into the tank, and the "demisted" gas ascends through the inside of
the 2-foot baffle and leaves through the 10-inch vapor outlet nozzle,
The liquid that has been centrifuged out of the gas flows down the
tank walls Into a pool at the bottom of the separator. The liquid in-
this pool 1s kept from rotating by the antiswirl baffle. A constant
level 1s maintained in the bottom of the separator by an automatic
level controller. The separator has a total volume of about 30.7
cublc feet and welghs about 2400 pounds when empty. The liquid
holdup during operatlion 1s about 32 gallons at a normal coperating
level.

BOTTOMS COOLER

TYPE 1 AREAS

The bottoms cooler in several areas (see Flgure 19) is a double-pipe
heat exchanger having 70 square feet of heat transfer area and a
design over-all heat transfer ccefficient of about 70 peu/hr-£t-°C.
Each of the ten sections of the mild steel cocler 1s composed of a
16-foot 3-inch length of 3-inch-diameter schedule 40 outer pipe whose
ends are swaged down and welded to a 16-foot 6-1nch length of 1-1/2-
inch-dlameter schedule 40 inner pipe. The ends of the lnner pipe are
welded together with 1-1/2-inch return bends to form a continuous flow
path for the process water which flows upward through the cooler.

The cooling water flows through each section {countercurrent to the
process water) in the annulus between the pipes, entering at the top
sectlon and leaving at the bottom sectlon. The 1nner plpe 1s designed
for a temperature of 85°C and the outer plpe for 52°C. Both are
designed for 100 psig pressure and are hydrostatically tested at

150 psig. The coocler weighs 1900 pounds. The volume of the inner
pipe 1s about 2.5 cuble feet and of the annulus between the inner and
outer plpe about 5.2 cuble feet.

TYPE 2 AREAS

The bottoms.cooler in other areas (see Figure 20) is a double-pass
(D20 side)} shell-and-tube heat exchanger with double tube sheets at
each end. The process water enters and leaves the same head of the
heat exchanger. Thils head 1s divided into two sections by a baffle.
The process water flows in one directlon through the upper 20 tubes
into the unbaffled head and back 1In the reverse dilrectlon through the
lower 20 tubes. The unlt contains forty 1/2-inch-0D tubes (No. 18
BWG) on a 3/b-inch triangular pitch. The tubes are 16 feet long, but
only the 14-foot 10-1/2-inch sectlon inside the shell 1s exposed to
cooling water and is useful for heat transfer. The heat transfer
area is 43.3 gquare feet. The calculated welght of the empty coocler
is 600 pounds, the tube side volume is sbout 0.8 cubilec foot, and the
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shell side volume 1s about 2.2 cublc feet. The shell (coollng water)
side 1s designed for 100 pslg pressure at 38°C, and the tube (process
water) glde 1s designed for full vacuum at 389C. The shell side 1s
hydrostatlically tested at 150 pslg, whlle the tube side 1s given a
25-psig hydrostatic test followed by a 20-psig "Freon" test.

BOTTOMS FILTERS

The bottoms filters (stalnless steel construction) remove particulate
matter over 10 microns in dlameter from the moderator leaving the
bottoms cooler before the moderator re-enters the purlficatlion system
(see Flgure 21). The filter elements are similar to those used in
the purification afterfilters. Each fllter leaf 1s a flat double
cone, 3/8-inch thick at the center and constructed as a sandwich.

A 1/32-inch-thick 3-inch-square shim with a 2-inch-diameter hole
separates the center of two stainless sgteel perforated plates which
are spot welded together at thelr 10-inch 0D and are spot welded fo
the shim at the ID. Twoe 24 x 100-mesh duteh weave stalnless steel
screeng, located on the outslde of this support frame, are welded
together at their 0D. PFlnally, asbestos cloth dlscs are placed on
each side of the unit and are sewed together at their 11-1/8-inch OD
wlth cotton blas tape and cotton thread. Twenty fllter leaves
separated by 3/8B-inch rubber gaskets {2-inch ID and 3-inch OD) are
then assembled on a 2-1nch-0D perforated tube whlch is then installed
in the fllter hougling. The fllter elements are compresgsed and the
assembly 1s held in place by tightening the bottom nut on the inner
tube or rod of the filter housing. Each fllter element has a
filtering area (including both sides) of 0.61 square foot, and the
entire fllter (20 elements) has a total fllterlng area of 12.2 gquare
feet.

The fllter vessel has a 12-1/2-inch ID and a 12-3/4-inch OD and 1is
21-1/8 inches 1n length, with a dished bottom [inlet) and a flanged
top {outlet)}. The vessel has a capaclty of asbout 12 gallons and an
empty weight of 300 pounds. The filters are designed for a pressure
of 110 pslg and a temperature of 110°F, and are hydrostatically
tested at 150 pslg.

The moderator flows from the outside of the fllter element, through
the asbestos cloth whilch removes particles larger than 10 microns.
If the fraglle asbesgtos cloth becomes defectlve during assembly or
use, the 24 x 100-mesh screen fllters out the larger particles. The
f1ltered moderator then passes into the perforated tube and oqut of
the vessel through the exit line.

RUNDOWN :TANKS.

Each area has two rundown tanks {see Figure 22), whilch are used to
hold the contents of the respectlve (A or B) columns when the column
18 not operating. These horizontal tanks are 4 feet in diameter and
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9 feet 4-5/8 inches in over-all length, with an 8-foct-long
cylindrical section between the tangent lines on the dished heads.

‘Each tank welghs about 2400 pounds when empty and holds B00 gallons

when full.
YACUUM PUMP SYSTEM

The vacuum pump (see Flgure 23) is a Nash Engineering Co. type

T8-8-12 two-stage unit, with a capaclity (Figure 30) of at least

55 cfm {measured at suction side vacuum) at pressures greater than the
operating absolute pressure of 100 mm Hg {vacuum). Both stages are
driven on a common shaft by a 5-hp, 1750-rpm motor. Mechanlcal shaft
seals (Durametalllc Co.) are installed on both sides of the high
pressure stage and on the drive end of the low pressure stage.

The Nash pump conslsts of an elllptical housing inside which a
cylindrical rotor revolves, rotating and centrifuging the liquild
around the casing. A sgufficlent amount of liquid i1s maintained in the
pump to Just seal the impeller at 1ts polnts of greatest clearance
from the casing.* The rotating liquld therefore alternately advances
toward and recedes from the center of the lmpeller, acting essentlally
as a gerles of liquid pistons. As the liquld recedes, gas ls sucked
in through the 1inlet ports and as the liquld advances, the gas 1is
compreased and discharged Into the outlet ports.

The Nash vacuum pump using moderator as seallng liquld was selected
g8ince 1t had ample capaclty and offered greater lnsurance agalnst
contamination with o1l (such as 1s generally used in other vacuum
pumps) or with light water or steam (used in vacuum Jets).

The gas and liquld leaving the pump are discharged 1nto a centrlfugal
separator (see Figure 24). Since the gas pumping rate 1is constant at
about 55 cfm, most of the gas is returned to the columns by the
automatlic pressure controller, and only the excess gas (which has
leaked into the columns) is vented out of the system through a vent
gas rotameter. The dlsentrained liguid from this centrifugal
separator reclrculates through the column vacuum pump cooler to the
two stages of the pump at a rate regulated by limlting orifices bullt
Into the pump. A constant ligquld level is malntained 1n the pump by
an automatlic float-type level control.

The column vacuum pump cooler (see Flgure 25) 1s a double-pipe heat
exchanger having a heat transfer area of about 0.22 square foot.

Each of the nine sections contaln 5 feet of 1-1/4-inch schedule 80
steel pipe {through which the process water flows) enclosed in 5 feet

* Since some l1lquld contlnuously evaporates or entrailns into the
gas belng pumped, a small stream of seal liquld must be fed
continuously toc each stage of the pump.
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of 2-inch schedule 40 steel pipe {the coollng water flows through the
annulus between these pipes). The unit 1s designed for T0°C tempera-
ture, process-water-side pressures between atmospherlc and full
vacuum, and a cooling water pressure of 100 psilg. Both sldes are
given a 150-psig hydrostatic test.

VENT DRYING SYSTEM

The gas removed from the columns by the vacuum pumps contalns a small
amount of moderator (about 7 vol % at a gas temperature of 409C).
Before thlg gas ls exhauated to the atmosphere via the stack, the
moisture 1s removed either 1n a refrigerated condenser (Type 1 Areas)
or an alumina gel dryer (Type 2 Areas). At the maximum rate of air
inleakage specified 1n the standard procedures (200 cublc feet per
day) and a separator exit temperature of 40°C, less than 3/% pound of
Dz0 per day 1s contained in the vent gas and ls availlable for recovery.

TYPE 1 AREAS

The two vent condensers in these areas are piped in parallel and are
used alternately (see Figure 26). Each condenser 1s a double-tube-
sheet shell-and-tube heat exchanger with the vent gas passing through
the tubes. The shell side is deslgned for 250 pslg at 120°C and for
full vacuum at -30°C, and the tube side is designed for full vacuum
at -30°C. The 314 tubes (1 inch OD x 5 feet long x No. 16 BWG) are
spaced on a 1-3/8a1nch triangular pattern. The heat transfer area of
the 30-3/4-1inch length contacted by the refrigerant ig 183 square feet.
Rach condenser welghs 2800 pounds when empty and haa a tube side gas
volume of about 21 cubic feet and a shell side capacity of about

6.5 cuble feet. The ammonia refrigerant used 1n the shell has a
nominal operating temperature of -20°C.

TYPE 2 AREAS

The vent gas drylng sysfem in these other areas 1is a standard
Pittsburgh "lectrodryer" {(type BWC, size 150-SP) {see Flgure 27).
The vent gas passes through one of two alternately used units, where
the moilsture present 1s physically adsorbed on the alumina gel to
produce an effluent gas (golng to the stack) with a dew point colder
than ~35°C. When one alumina gel dryer becomes saturated with
molsture, 1t 1s taken out of service and the alternate dryer l1ls put
into use. "The heavy water ls recovered by 1ndirectly heatling the
alumina gel wlth steam in the embedded steam colls and reclrculating
gas through the alumina gel and then through a condenser and back
through the alumlna gel. After all the heavy water has been removed,
the regeneration cycle 1s stopped and the alumina gel 1s cooled by
passing water through the steam colls. The dryer 1s then ready for

use.
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This drying system 1s designed for a maximum pressure of 15 pslg, a
working pressure of 1 pslg, an average flow of 10 pounds per hour, an
influent dew point of 43°C, and an effluent dew polnt of -35°C,

MISCELLLANEQUS PUMPS*

A first-stage bottoms (centrifugal closed impeller) pump 1s used in
Type 1 Areas during normal distillation to pump the A4 bottoms product
from the A column through the A bottoms cooler and lnto the surge
tank.** This pump 1s also used as a feed pump during operatlon at
total reflux to reclrculate material from the bottom of A column back
to the A reboller.

Two second stage bottoms (centrifugal closed impeller) pumps in each
area, plped in parallel, are used alternately to pump the B column
bottomg from B column to the top of A column for use as A column
reflux. Thesge pumps are also used to transfer material from the

A rundown tank to A column when starting up A column.

Two second stage condensate (centrifugal closed impeller) pumps in
each area, plped in parallel, are used alternately to pump most of the
condensate from the B condenser back to the top of B column for use as
B column reflux while simultanecusly pumping the small drawoff stream
(1.5 to 14 1b/hr) through the drawoff rotameter to the drumming
station. Moderator from thig stream is pumped perlcdlically to the
vacuum pump separator to maintaln the desired operating level. The
nominally idle pump 1s used to draln the excess moderator, which has
averflowed from the vacuum pump separator, into collection drums.
(Since this overflow may be diluted with light water if there is a
leak in the column vacuum pump cooler or In the mechanical seal
cooling system, it is returned to the moderator system only after
analysis has shown the isotopic purlty to exceed 99.0% D»0.) These
second stage condensate pumps are alsoc used when starting up the
distillation system to pump moderator from the B rundown tank into

the bottom of B column. )

During batch distillatlon the nominally idle second stage condensate
pump 1ls used to reclrculate the bottoms from A column into the A
rundown tank, and the nominally idle second stage bottoms pump 1s used
to pump the moderator from the A rundown tank into the A reboiller.

A purge pump is provided in Type 2 Areas to remove liquid with a high
concentration of contaminants from the c¢losed reboller - reboller-
geparator system to the purification evaporator or to a drum. Silnce

* Specifilcations for these pumps are shown in the table on page 25.
*#% Tn Type 2 Areag, the bottoms product flows to the coolant
return tank by gravity.
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the suctlon side of this pump 1is at about 300 to 350 mm Hg absolute
pressure, a pesltive displacement pump is used. The lLapp "Pulsafeeder
pump (Flgure 28) uses a reciprocating piston (wlth a variable stroke
length to vary flow rate) to create a cyelic pressure in the
completely enclosed primary fluid and thus to move a rubber diaphragm
back and forth. The process fluld side of the dlaphragm is provided
with inlet and outlet valves; thus when the rubber diaphragm flexes
¢yellceally the process fluld 1s pumped through the system. This

type of pump will not contaminate the process fluld, since all
lubricated parts can be kept 1n the primary fluld section of the

pump and out of the process fluld system. As an additlonal precautlon
agalnst contamination of moderator by o1l 1n case the diaphragm
ruptures, an intermedlate fluid chamber contalnlng water is used.

A condensate metering pump 1ls provided for each area to pump moderator
Into the secondary feed points in both columns. Since a constant flow
rate (of variable quantlity) is needed to prevent upsetting column
operation, a Lapp "Pulsafeeder" 1s also provided for this servige.

Pump List
No./ Motor Mfr &
Identification Area Areas Capacilty Head hp rpm Model
lat-3tage
Bottoms Pump 1 Type 1
2nd-Stage
Bottoms Pump 2 All 70 gpm* 113 £t 3 3450 Ingersoll
Rand
1 CRV
2nd-Stage Con-
densate Pump 2 All
0 to Lapp
- 1750
Purge Pump 1 Type 2 11.9 gph 1/3 175 cPS.1
Condensate 0 to Lapp
Metering Pump 1 Al 2.9 gph - 1/3 1750 CPs-1
0-28" Nash
* 1750
Vacuum Pump 2 A11 55 cfm* He vac 5 7 79810

* For a typleal characterlstic curve, see Filgure 29.
#* For a typlcal characterlstic curve, see Figure 30.




INSTRUMENTATION
Flow

The primary feed to A column ls measured wlth an orifice-type flow
recorder in all areas. The moderator level 1n the llne below the
bottom of A column in Type 1 Areas and 1n the reboller separator in
Type 2 Areas 1ls automatically maintalned by a level controller which
admits feed to the reboller at the rate requlred to keep the level
constant.

The flow of moderator from the bottom of A column back to purlflcation
in all areas 1s measured wlth an orifice-type flow recorder. In

Type 1 Areas thls recorder 1s also a contreoller which 1s used to
control the flow at 7 gpm. In Type 2 Areas, all liquld flowlng to

the bottom of A column dralns back by gravity to the coolant return
tank (described in "Moderator Feed Control" and "Reboller ILevel" on
page 33). '

The steam flow to A and B rebollers 1n all areas 1ls controlled with a
gteam flow recorder. The condensate from the reboller Jackets is
automatically drained by bellows-type thermostatic traps.

Rotameters are used to measure the reflux {condensate return) rate to
both columns, the rate at which inerts are vented from the system,

and the B overheads product drawoff rate. The total amount of product
removed and collected in the drum is welghed on a scale.

Level

Float-type level controls are used to malntaln a constant level 1n the
A and B condensers in all areas, in the line below B column in all
areas, in the line below A column in Type 1 Areas, and in the reboiler
separator 1in Type 2 Areas. These controcllers operate an automatic
valve which controls the rate at which moderator 1la belng transferred
from the polnt belng controlled to the next part of the system.

A float-type level controller is used in the vacuum pump separator to
keep the liquld level from exceedling the deslired value. Thils excess
materlal drains Iinto a drum in Type 1 Areas or 1n a 6-inch-pipe
collectlon chamber in Type 2 Areas and 1s returned to the system.
Thils material 1s analyzed periodically to determine whether light
water Is leaking into the distlillatlon system from the vacuum pump
cooler or vacuum pump seals.

The level in each rundown tank i1s determined by bubbling alr through
a dip tube and measuring the differentlal pressure.

The 6-inch-pipe collectlon chamber in Type 2 areas {for overflow from
the vacuum pump separator) 1s equipped with a level recorder-controller
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which presently 1s used ag an indicator only. (This recorder-
controller was desligned to start and stop the pump automatically, thus
keeping the collectling chamber empty. Thils pump discharges to the
suction of the second stape bottoms pump or the second stage condensate
pump. )

Pressure and Pressure Drop

A pressure controller is located in the gas line between the column
and condenser for both A column and B column. When the absolute
pressure exceeds 150 mm Hg, an alarm soundg and the unit is 1solated
from the reactor. When the pressure reaches 1 psig, the gteam flow
to the correspondlng reboller ls sutomatlically shut off and the
isolation valves in the moderator feed and return llnes are auto-
matlically closed.

The pressure drop across each column ls measured with a differentilal
pressure recorder. This pressure drop increases with increase 1n
steam rate, and when excesgively hlgh Indlcates that the cclumn 1is
flooded.

The vacuum 1n the entlre distillation system 18 controlled by a
pressure recorder-controller measuring the pressure 1n the common
guction line to both vacuum pumps. Slnce these pumps have excess
capaclty, some gas is continuously bypassed from the dlscharge to the
suction slde of the pump to prevent the absolute pressure from
becoming too low. Indicating vacuum gages are also Installed to
measure the vacuum in the common llne to the suction of the vacuum
pumps.

Presgure gages are installed on the dlscharge plping of each flrst and
second stage bottoms pump and on each second stage condensate pump.

Temperature
Temperature recorder-controllers are Installed on each column
condenser and on the bottoms cooler to contrel the temperature of the
effluent process water at the deslred value by throttllng the cooling

water flow.

Temperature Iindlcators are used to 1Indlcate the temperature of the
vapor entering the A and B condensers.

Power Failure

Instrumentation is provided so that an electrlcal power fallure will -~
close automatic sclenold valves at the suetlon of the vacuum pumps
and prevent lmmediate loss of vacuum. Such a power fallure willl also
close the steam admisslon valves to the reboller, whilech in turn will
operate the isolation switch and close the distlllation system feed
and refturn valves.
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Radiatlion

4 radilation-recording instrument, lccated in the feed line to A column
from the puriflcation system, 1s used to prevent the unshielded
distillation equlpment from becoming excesslvely radicactive. If the
radiation becomes excesslve, the dlstillation system feed and return
valves (1solation valves) are automatically closed.

Conductivity

A conductivity-recording instrument 1s provided in the feed line to
prevent dissolved contaminants (which might cause corrosion) from
entering the distlllatlion system. If the conductivity becomes
excessive, the distillation system feed and return valves (1solation
valves) are automatically closed.

Speciflec Gravity

A continuous specific gravity instrument ("Densitrol") measures the
isoteoplc purlty of the moderator belng returned to the coolant return
tank from distlllation. An isotoplc purlty lower than that of the
Influent feed moderator Indlcates a leak of light water from a
reboller, condenser, or cooler, and automatically closes the 1solation
valves (dlstlllation feed and return valves).

Isclation Switch

An 1solatlion swiltech is provided to enable the operator to shut down
the distillatlon system rapldly by closing the isolation valves (the
distillation system feed and return valves). This switch can be
operated manually by the operator and is automatlically operated by
instruments in case of insuffiecient vacuum (>150 mm Hg) in the
columns, high conductivity (»5 micromhos) or high activity (>19 mr/hr)
in the feed moderator, low lsotopic purity (below 99.% mol % D20), or
high temperature (above 50°C) in the moderator belng returned to
purification, or a reduction in steam rate of more than 200 pounds
per hour.

OPERATION

The distlllation systems can be operated elther as continuous stills
to remove light water from the moderator in the reactor cor as batch
st1lls to 1ncrease the llght water concentratlon and decrease the
tritium concentration of moderatoer previously removed from the
reactor system. The single basic method of operatlon for both cases
1s shown in the flowsheets for Type 1 Areas (Flgure 1) and Type 2
Areas (Figure 2); the differences involve mainly the method of
introducing the feed and removing the products.
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STARTUP

B column and A column are started up separately on total reflux, and
then are cperated on total reflux as a ¢oordinated unlt. This startup
procedure 1s outlined In the following paragraphs.

The twe columns and thelr auxlllary equlpment are 1solated from each
other, and the amount of moderator required for each column (about
5000 pounds) is charged to each rundown tank. B column is started
flrst. The vacuum pump and vent condenser are put into operation,

and the pressure in B column 1s reduced to the desired cperating

value (100 mm Hg absolute pressure). The B column condenser and the

A bottoms cooler are then put into operation by turning on the

coollng water. The B reboller 1s filled up to 1lts normal operating
level wlth moderator from the B rundown tank, and a small flow of
steam 1s fed to the shell side of the B reboiler, causing the
moderator to boil out of the reboller and intc the column. Additional
moderator is pumped up from the B rundown tank at the rate required

to keep the reboiler level constant at the operating level. The
moderator vapor rises up the column, heats 1t to operating temperature,
finally reaches the B condenser, and 1ls condensed. When the level in
the condenser reaches the operatling level, the second-stage condensate
pump ls started, and the condensate level 1g maintalned constant by
pumpling excess condensate back to the top of B column to serve as

B column reflux. The steam {flow rate to the B reboller 1s slowly
increased to 3000 1b/hr and the column operated at these condltions
long encugh to make sure the controls and equipment are operating
properly.

The A column 1s now placed 1in operation 1n the same manner. After the
indivldual columns are operating satisfactorlly, they are inter-
connected so that the A column condensate passes through the B
reboiler (where 1t is mlxed with the reflux at the bottom of B column
and partially vaporlzed) before being returned to the top of A column
to serve as A column reflux. The entire system ls then operated as

a coordinated unit until smooth operation of the equipment and
controls has been demonstrated, and equilibrlum has been achleved.*
The distillation system i1s now ready to be put into productive
operation.

NORMAL DISTILLATION

The system 1s ready to be put into use as a normal distlllation
system as soon as the heavy water concentration in A column bottoms
is at least 0.05 mol % higher than that in the moderator circulating
through the reactor. If the equllibrlum total reflux A bottoms

* The equllibrium concentrations at the top of B column and the
bottom of & column at total reflux are shown 1ln Flgure 31.
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concentration 1s not thls high, sufficient 1light water (as indicated
by Figure 32) to attaln this concentration 1s removed from the system
as B overheads product and the system 1s operated at total reflux.
When the desired A bottoms concentration has been attained, moderator
circulation from purlfication to the A reboiler and from the A bottoms
cooler back to purification 1s Inlitlated by opening the feed and
return valves and closing the bypass valve (through which moderator
circulates when distlllatlon 1s operated at total reflux while .
i1solated from the reactor system). The system 1s then operated at
total reflux (but with a bottoms feed) until the B overheads
concentration drops to the value it will have at the desired drawoff
rate {as indicated by Flgure 33). If the B overheads concentration
decreases beyond thls value, suffilcient B overheads product (as
indicated by Figure 34) to attailn this value 1s removed. The

degired amount of B overheads product is then removed batchwise from
the asystem once each shift. The system 1s now operating as a normal
distiliatlon system on a continuous basis.

‘SHUTDOWN

The dilstlllation system 1s lsclated from the reactor moderator system
by closling the feed and return valves and is then put on total reflux
by openlng the bypass valve. B column is then lsolated from A column,
and each 1s placed on total reflux. If the moderator i1s to be dralned
out of a column, the valve in the suction line to the vacuum pump 1s
closed and the vacuum is broken (replaced) with helium. The steam is
then shut off, the moderator 1ls dralned to the rundown tank, and the
coollng water flow to the condensers and coolers is stopped. While
the columns are not operating, a positlive hellum pressure 1s
malntained to prevent corrosion of the mild steel equipment.

BATCH DISTILLATION

The productlon rate for batch distlllation charges using only the
normal holdup (100 gallons)} in the bottom of A column and A reboiler
is undesirably low. This holdup, therefore, 1s increased by using
the A rundown tank to hold A bottoms moderator. (The spare second-
stage condensate pump 1s used to transfer the moderator from the
bottom of A column into the A rundown tank, and the sgpare second-
stage bottoms pump 1s used to transfer the moderator from the A
rundown tank to the A column feed control valve. The level of
moderator in the line below A ¢olumn 1s maintalned constant by
throttling the valve at the dlscharge of the spare second-stage
condensate pump. )

A batch distillation cycle is initiated by starting up B column on
total reflux (as described on page 29), using the moderator contalned
in the B column at the end of the previous charge. The moderator
contained in A column and in the A rundown tank during the previous
charge is put lnto drums. About 12,000 pounds of degraded moderator
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is then charged intoc A column and the A rundown tank, and A column is
started up on total reflux. The two colums are then operated at total
reflux as a unlt until the B overheads concentratlon drops to 45 mol %
D20, whereupon drawoff 1s started (the overheads product 1s removed at
the rate requlred to keep the B overheads concentration constant at

45 mol % Dz0). During this slow drawoff period, an intermediate feed
of degraded moderator 1s added to the correct plate of A column (as
indicated by Figure 35) at the same rate at which B overheads product
ls being removed. When the drawoff rate requlred to malntaln the B
overheads concentration at the desired value (45 mol % Dp0) drops
below 5 lb/hr, lntermedlate feed and draweff are dilscontinued. The
overheads product removed up to this polnt 1s reconcentrated 1n the
heavy water productlon area.

The average concentration of the moderator in A column and rundown
tank 1s now ralsed to 99.3 mol % D20 by removing the required quantity
of overheads product {as rapldly as possible) and allowing the system
to operate at total reflux untll 1t comes to equilibrium. The tritium
content of this rapid drawoff product 1s toco high for efficlent
processing in the heavy water processing area and therefore is
recycled in the next batch dlstillatlon charge. When the average
concentration of A column and rundown tank has reached 99.3 mol % D0,
B column and A column are lsolated and operated individually on total
reflux. A column 1s then shut down, and the moderator contained 1n

A column and rundown tank is put into drums and returned to the
reactor. In Type 2 Areas, the moderator from the A reboller and
separator (whilch contains all the solid and dlssolved lmpurities
contalned 1n the degraded moderator charged to the bateh distillatlon
facility) 1s put into special drums, and processed as indlcated by
analysis before being returned to the reactor. In Type 1 Areas, the
moderator 1n the A reboller contlinuously clrculates through the

bottom of A column and 1s dralned and processed 1n the same manner as
the contents of A c¢olumn.

DIFFERENCES IN THE TWO TYPES OF DISTILLATION SYSTEMS

The distlllatlion systems in Type 1 Areas differ from those in Type 2
Areas 1n three respects: the vent drylng system, the A column
vaporlzer and evaporator system, and the A c¢olumn feed control system.
Equlipment differences are detalled 1n the Equipment section of this
report (starting on page 17). The present sectlon discusses operating
differences.

VENT DRYING SYSTEM

The noncondensable gases removed from the distillation system by the
vacuum pumps contain small amounts of heavy water vapor. In Type 1
Areas this heavy water 1s condensed out of the gas 1in ammonla-
refrigerated condensers. Two condensers are provlded. When the lce
and snow layer becomes thick enough to decrease the heat transfer
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capacity and gas pressure drop of cne condenser, the spare cohdenser
is put into operatlon and the moderator is recovered from the frozen,
plugged condenser by thawing with warm ammonia..

In Type 2 Areas, recovery of moderator ls accomplished with a palr of
alumina gel dryers. When the alumina in one unit becomes saturated
wlth moisture, the other unlt 1s placed in operatlon. The moderator
1s then recovered by heating the saturated alumlna and reclrculating
helium through the alumlna and through a condenser until no more
moderator can be recovered.

THE A& COLUMN VAPCRIZER SYSTEM*

In Type 1 Areas, the bottom of A columnh 1s connected to the A reboller
with a 6-inch line. Steam flow to the A reboiler Jacket causes the
moderator in the tubes tc boll and creates a gas 1ift causing the
moderator to recirculate rapldly through the bottom of A column and
through the 6-inch connecting line and the A reboller. Vaporlzed
moderator ascends the column, and an equal amount of reflux descends
into the bottom of A coclumn. A constant moderator level 1s malntalned
in the line below A column by a level controller which regulates the
amount of moderator admitted to A column. The rate at which A

bottoms 1s pumped back to the circulatlng moderator system after
belng cooled in the bottoms cooler and flltered 1In a column fllter 1s
controlled at 7 gpm by an automatle flow controller.

The separator {not Included in Type 1 Areas) located between the A
reboller and A column enables the Type 2 Area A reboller-separator
comblnation to act as an evaporator. All reflux dropplng to the
bottom of A column 1s returned by gravity (not pumped as in Type 1
Areas) to the coolant return tank after being cooled and filtered.
Thus there is never any liquid in the bottom of A column. A constant
liquid level 1s maintained In the A separator (not in the line below

A column as in Type 1 Areas). Steam flow to the reboller Jacket
causes the moderator to beoll and creates a gas 11ft causlng the
moderator to recirculate rapidly through the separator, the 6-inch
connecting line, and the reboller. The vapor formed enters the

bottom of A column through the 1C0~inch gas exlt line from the separator
and ascends A column, but there 1s no provision for liquid to leave
the A reboller-separator combinatlon during operation. Thus 1nsoluble
and soluble nonvelatile materlals in the moderator fed te the reboller
wlll be concentrated in the clrculating moderator stream 1n the A
geparator. To prevent the concentration of these materials from
becoming excessive and to provide a method of removing these
contaminantg from the system, a small amount of moderator 1s

* The B reboller and B column equipment is the same in all areas.




perlodically removed from the A reboller-separator system by the
reboiler purge pump.

MODERATOR FEED CONTROL

The moderator feed rate from purilfication Into the A reboiler is
controlled by the rate at which moderator leaves the rebeller.*

In Type 1 Areas, a flow controller malntains a 7 gpm flow out of the
reboiller. In Type 2 Areas, where the only way moderator can leave

the reboller-gseparator system 1g by evaporation, thls return flow

rate 1s controlled by the steam flow rate to the reboiler.** Thus

the moderator feed rate in Type 2 Areas will be equal to the
vaporlzation rate as long as the level controller maintains a. constant
level In the separator. The rate at which A column bottoms 13 returned
to the purification system (as shown on the flow indicator) is actually
controlled by the rate at which reflux descends A4 column, since there
is no liquid holdup 1in the bottom of A column. The configuration of
the return pliping serves as a vacuum seal and prevents the admission

of alr to the dlstillation system.

REBCILER LEVEL

A true liquld level cannot exist In a reboller durlng operation aince
the reboller acts as a combilned gas 1i1ft and thermal siphon, causing
each reboller tube to contaln a mixture of liquld and vapor slugs
rising through the tube at a very high rate. The pressure at the
bottom of the reboiler (the head of 1liquld and gas above the bottom
of the reboiller plus the pressure drop regquired to propel the liguid
and gas up through the tube) willl equal the liquid head available at
the same elevation in the separator (Type 2) or in the line below

A column (Type 1). As the vaporlzation rate 1ncreases, the pressure
drop in the tube increases and the amount of liquld 1n the tube
decreases. Thus although the indicated liquild level remains constant,
the amount of 1liquid in the réboller tubes is an inverse function of
the steam flow rate. The indicated liquld level, however, accurately
reflects the 1lquid level at the point of measurement. (The 6" line-
below the dlstillation column In Type 1 Areas and the rebeller
separator in Type 2 Areas.)

* The rate at whilich moderator is admltted to the reboller is auto-
matically controlled by a level controller whilch maintalns a
constant level in the reboller separator (Type 2) or in the line
below A column {Type 1).

#% A steam flow of 3000 1lb/hr will produce a feed rate of about
5.0 gpm.




LIGHT WATER AND AIR INLEAKAGE

Light water inleakage into the stills directly reduces the capacity
of the distillation system to remove light water from the reactor.
The amount, 1f any, of 1nleakage can be determined by operating at
total reflux and determinlng the rate at whlch the 1sotople purity
of A bottoms, B bottoms, and B overheads decreases. The probable
sources of lnleakage are the water-cooled or steam-heated heat
exchangers. ’

The amount of air lnleakage can be estimated by measuring the rate at
which lnerts are vented from the dilstillatlion system to the stack.
Since the gquantity of inerts dissclved in the moderator and bolled off
durlng distillatlion is very small, the vent gas can be assumed to be
derlved from alr inleakage. The humidity of this air introduces light
water Into the system 1n amounts which on a humld summer day could be
equal to the normal light water production rate of 4 pounds per day.
Therefore, the empty system 1s tested for alr inleakage and is not
put into operation i1f, when lsolated from the vacuum pumps, the
pressure rilses (vacuum drops) over 3 mm Hg per hour from an initial
value of 100 mm Hg absolute pressure (190 cubic feet per day or about
0.30 1b Hz0 per day for alr having a temperature of 80°F and a
relative humidity of 1004). The normal amount of alr inleakage
experienced during operation as read on the vent rotameter 1s about

100 cuble feet per day.

E. C. Bertsche
Reactor Technoleogy Sectlon
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MOLECULES
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Figure 3. Equlilibrium Concentrations of H-0, D20, and HDO

vs Over-all Concentration of D20 in Water
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Base Production with No Second-
ary Feed (100% value)
Drawoff Rate, H=0 Production,

ib/hr 1b/hr
1.5 0.218
2.25 0.286
4.5 0.342

(from calculations made
by S. M. Katz, SRL)
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Pounds Ep0-Dp0 Draweff*

Plot for Determining Amount of Drawoff

to Change A Bottoms Concentration*

Figure 32.

* Based on a reference B overheads concentration of 94.3 mol % Dz0.
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Figure 33.

at Various Drawoff Rates
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ESTIMATED CONDITIONS

Total reflux
2900 1b/hr actual steam flow

100 mm Hg condenser pressure

.Pounds HzQ-Dz0 Drawoff to Attain a 94.3 mol ¥ B Overheads Concentration

; Exampie: Removal of 2500 pounds Hp0=Dp0 drawoff '

. 1004

(4900 pounds leass 2400 pounds) would

ralse the B overheads toncentratilon rrom‘;lxu

65 to B5 mol % D,0.

— 50 8 70 )

b

‘B Overheads Concentration, mol % Dp0

Figure 34. Plot for Determining Amount of Drawoflf
to Change B Overheads Concentration
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