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“AMMONTA DISTILLATION FOR DEUTERIUM SEPARATION"

by
GERALD THORNTON PETERSEN

Submitted to the Department of Nuclear Engineering on May 16, 1960 in
partial fulfillment of the requirements for the degree of Doctor of
Philosophy in Nuclear Engineering.

_ABSTRACT

The relative volatility or separation factor for deuterium enrich-
ment in ammonia distillation was measured at several pressures and
deuterium concentrations. Over the range of pressure (250 mm - 760 mm Hg.)
and the range of composition 0,10 - 0,58 mole fraction deuterium, the
measurements are adequately expressed by the following equation:

tn () = (0.0395 £ 0,0004) - (0.0128 % 0,0029) (x - 0.424)
- (0.01246 % 0.00065). (ln;%ﬁ Hg.)

a = separation factor
R = gystem pressure mm Hg.
x = liquid composition, mole fraction deuterium.

It is interesting to note that a dependence on the composition was
observed. Although this is not predicted by the normal method of cal-
culating the separation factor from the vapor pressure ratio

a = 3 /Phﬂs/ Plln3 ’

its existence has been postulated due to the asymmetry of the partially
deuterated ammonia molecule. However, the magnitude of the separation
factor as well as its dependence on pressure were in good agreement with
the vapor pressure ratio predictions. (a = 1.042 at 1 atm.

The knowledge. of this information is’ very helpful in predicting costs
of heavy water production by the ammonia distillation process, It has
been stated by others, that the ammonia distillation process of heavy
water production would be competitive with other developed methods only
if the actual separation factor was at least 1.062 at low deuterium con-
centration, Unfortunately, the measurements do not indicate that the
separation factor at low deuterium composition differs greatly from the
vapor pressure prediction. (a = 1. 042)

Deutero-ammonia was synthesized by isotopic exchange between natural
ammonia and heavy water. Equilibrium determinations were made using an
Othmer still, modified for low temperature operation, and a concentric tube
fractionating column, The ammonia samples were analyzed for deuterium con-
tent by converting them to water by flow through hot copper oxide, followed
by a differential density determination using the falling drop method.

Thesis Supervisor: Professor Manson Benedict
Title: Head of Department, Nuclear Engineering
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I; Introduction

"Tho'cﬁrrant rapid development of nuclear power reactors seems destined
to require a continued expansion of heavy water prodﬁction facilities. It
has boen‘estimated that heavy water requirements for power reaotora will
be'4éd tons per year in 1960 and increase to‘55,600 tons per year in
1978, (11,‘22) Further expansion may be required if the fusionkprocess be-
comes a reality in the next few years.

Since the main stimulus for the development of commercial nuclear
power is its competitive potential with fossil fuels, every effort is
being made to reduce the cost of‘the nuclear‘cOmponents essontial for the
'operation-of power reactors. Since a single heavy water moderated reactor
requirea about 100 tons of heavy water, at a current value of about |
$6, 000 000 it becomes evident that a reduction in heavy water cost would
81gnificantly effect the economics of nuclear power. The incentive for
the work done on this thesis stems from the economic promise of a proposed
method of heavy water production.

Heavy water has been manufactured by several processes: distillation
of ordinary water, electrolysis of water, exchange reactions between hydrogen
compounds, distillation of hydrogen, and distillation of other hydrogen
compounda.(_) During WOrld War II, the crash program neoessitated the cone
struction of several plants with little research and development work on
the various methods available. Economically it is now important to study
‘all the feasible methods of production to determine the most inexpensive

process,
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Recently Barr ahd Drews have surveyed all the promising heavy water
production techniques from the economic point of view. (2,_;2)"Drevs used

the hydrogen sulfide-water dual temperature exchange process as a target

for comparison, This process is currently being‘used by the Atomic Energy
Gommissidn‘tor heavy water produétion. A detailed description of the pro-
cess and ité econogics are fou#d in an A.E.C. report by Bebbington and
Thnyer](g). Tﬁe current A,E;C: heavy yater,pr%ce is 828:60 per pound.

The potential advantages of the ammonia distillation techniques are
3 i

(compared}to water distillation):

1.  Relatively low iétént.of vaporization

[}
2. Reasonably good separation factor

+

3. Relatively high vapor pressure for reasonable‘sﬁparafion fggto?.
;ts major disadvantage is that unless a large stream of ammonia is aiail;
able some means of introducing deuterium feed }n the form of natural
water must be supplled.

If heavy water were produced as a by product at all the ammonia

plants in the U.S.A., a total of about 1Q00 tons of heavy water could

A}

be produced per year, 4However, the maximum practical yield of heavy
water from any one ammonia plant is only about 35 tons per year. This

figure is small when compared to the iarga amount of heavy water (about

lOO tons) used in a 81ngle large heavy water nuclear power reactor.

‘The most favorable cost estimates of heavy water productlon by
ammonia distillation are than based on the parasiﬁlc type of plant using

an ammonia &tream already in existence. When additional equipment must

[

‘i
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be added to introduce deuterium feed as water, the costs become ap-
preciably higher,

Cost figures are given by Barr and Drews for three ammonia distil-
lation plants:

a) A base plant

b) A parasitic plant

c) A very optimistic parasitic plant
In the very optimistic case, it was assumed that several savings could

be attained in equipment costs by novel techniques not demonstrated to

date.
Cost Analysis of Barr and Drews (3, 13)
Ammonia Distillation Plants
Parasitic Plants
Cost Target H2S Base Plant Realistic Very Optimistic

On Site Investment | $250,000 | $365,000 $290,000 $247,000
per ton D20 year

Operating Costs
per pound D20

Interest

Deprecia%ion $20,90 $29.95 $25.25 $19.80
Utilities 7.10 33,85 17.65 9.10
Total $28.00 $63,10 $40.90 $28.90

In addition to plants using ammonia distillation as the sole
method of deuterium enrichment, others including additional techniques

have been studied., One such combination has been proposed by a British
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firm and includes ammonia distillation as the intermediate enrichment
step following dual temperature exchange between ammonia synthesis gas
and liquid ammonia and preceeding water distillation. (18)

The economics of these proposals are dependent on the relative
volatility or separation factor for deuterium separation in the distil-
lation of ammonia. Barr and‘Drews' cost estimates have been based on

the assumption that this relative volatility may be evaluated from the

vapor pressure ratio. (a = 2/vapor pressure NH, / vapor pressure N, )
This assumption is based oh ideal solution theory and does not allow
‘for any anomalies in thé volatility relation.

The relative volatility of the components to be separated is basic
to any distillation design. The relative volatility for a binary system

is defined as:
YA/XA'

a = m | (1"1)

mole fraction in liquid

M
[ ]

= mole fraction in vapor

more volatile component

T ™
[}

= less volatile component

For special casés, the liquid'may follow Raoult's law which states that
the partial pressure exerted by a component in solution is equal to the
full vapor pressure of the component multiplied by the mole fraction of
the respective component. For a binary system:

pA. - PAx‘. (1.2)

Py = PB (1 - IA) (1.3)



where: D

partial pressure
3& = total vapor pressure of component A

P total'pressure

P = p, +Pg=Px +Pp 1 - xA)
Assuming the mole fraction of component "A" in the vapor is equal to

the ratio of the partial pressure of "A" to the total pressure,

'

y - —A . A% _ (1.4)
Py + Py P,x, + Py (1 - xA) P

If in addition to the liquid following Raoult's law, the vapor follows
Dalton's law,

Dalton's law states:
P

Ia

pB-yBP

Py

then the relative volatility can be directly calculated from the vapor

pressures of the pure components for a binary system.

P.x P,
. A%a B*B
Since y, = 5 and yp = (1 - yA) - s
¥,/ x
. . A A
Substitution in o = 1.1
ubstitution i ;;—7—f- (1.1)
Py
Gives a = I (1.5)
B

For the deuterated ammonia system the relative volatility or
separation factor for deuterium enrichment in ammonia distillation is

defined as:



a = m (1.6)

Where: x = mole fraction in liquid
= mole fraction in vapor

hydrogen

U m
]

= deuterium

The ammonia system is not binary, but consists of the four species in
equilibrium: NHB' NH2D, NHDZ, and ND}' As written above the separation
factor does not depend on the concentration of the individual species,
but on the over-all deuterium enrichment.

When a system contains more than two components it becomes neces=-
sary to.make further assumptions about the behavior of the components
to be abie to estimate the volatility from vapor pressure dgta. If one
assumes that in the ammoﬁia system under consideration, eqﬁilibrium is
maintained in the liquid phase between the species: NH3’ NHZD, NHDZ,‘
and NDB’ and in addition:

1. Gaseous, and liquid mixtures follow Dalton's and Raoult's

~laws respectively (Ideal Solutions).

2. The vapor pressure ratios are equal,

P P P
NHE ) NHZD ) NI-ID2
P P P
NHZD HHD2 ND3

3. A random distribution of deuterium and hydrogen atoms at
equilibrium among the species.
Then the following relationship between relative volatility and vapor

pressure is valid.



y /xH 3 PNH
d = yH % - —i;—é- (See Appendix Section F1 :° ~ (1.7)
D ND} for derivation)

Where P = vapor pressure
By extrapolation 6£ the sub-atmospheric data of Kirshenbaum and Urey
(26) a = 1,041 at the normal boiling point. By intei-polation between
the low pressure data of Kirsheﬂbanm and Urey;(gé) and Taylor and
Jungers (33) and the high pressure data of Groth (17) one obtains a =
1.042 at the normal boiling point. (See Graph 6)
| The validity of the above assumptions is questionable when ap-
plied to the ammonia system, In fact, it has been shown by infra-red
analysis that the species are not randomly distributed in a 0.50 mole
fréction deuterium gaseous ammonia sample. (2;) It was found that the
end members 333 and ND3 were highly favored. The preference for the
end members can also be shown from calculations of the partition func-
tions for each of the species. (24) The calculations do not, however,
predict the asymmetry to be as severe as the measurements indicate.
It has been further observed that the boiling point elevation caused by
increasing the deuterium concentration from 0,00 to 0.33 mole fraction
'is higher than that caused by increases from d.33 to 0,67 and from
0.67 to 1,00 mole fraction deuterium, (30) These effects are attri-
butable to the asymmetry of‘;ES’partialiy deuterated molecule, and
could cause a definite deviation in the relatiﬁe volatility from the
vapor pressure prediction. In fact, one investigator estimated that

a relative volatility as high gs 1.088 is possible at low deuterium
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concentrations. (30) Barr and Drews (3) have estimated that if this were
true, the cost of producing heavy water by distillation of ammonia
would be reduced to 50 percent of thﬁt given in the preceding table, -
thus making this process economically p:eferable to the HZS prbcess
presently used by the U.S., A.E.C,

The purpose of the investigation described in this thesis has been
to make‘é difeét experimenﬁal measurement of the relative volatility,
or separation factor, in the distillation of ammonia, fo determine
whether this property may be estimated reliably from the ratio. of wvapor
pressures of HH3 to ND3. The separation factor has been measured at
deuterium mole fractions ranging from 0,10 to 0.58 and at pressures of
250, 375, 500, 600, and 760 mm, Hg. This work extends and refines a pre-
liminary study of this system reported in a Master's thesis by Kalman

and the author. (22)



II. Apparatus and Procedure

A, Single Stage Equilibrium Devices
Vapor liquid equilibria have been determined by several techniques,

Among the more familiar is the circulation method, in which vapor is con-
tinuously recirculated through the liquid until no further change occurs
in either the composition of the liquid or the vapor. This method re-‘
quires a pump to circulate the ﬁapor and demands thaf the liquid and
vapor be analygzed freguently to determine whether équiiibrium has been
attained,

Another method referred to as the "Bomb" method, consists in
placing liquid.iﬁ an evacuated container and agitating it in a constant
temperature bgth until equilibriﬁﬁ is reached, The taking of samples
is rather difficultAand the method is prone to large experimental errors,
The dew and boiling point method is one in which liquid of known composi-
tion is charged to a variable volume apparatus. The pressure is measured
at which-vaporization and condensation oécur for a given temperature.

The apparatus, however, is difficulf to construct and operate.

A dynamic distillation method is one in which a small amount of
liquid is distilled from a large volume of liquid of known composition,
and the distillate analyzed., This method is felatively simple, and
simulates actual operating conditions., However, it requires a large
amount of initial inventory. One of the most widely used methods is
referred to as the continuous distillation method. It‘inwolves the
~ distillation of a liquid, condensing of the vapor sample, and recycling
the condensate back into the still., After a steady state is reached,

samples of residue and distillate are withdrawn.
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Of the above methods, the most practical for the ammonia system
was the continuous distillation procedure. The apparatus is simple,
compact, easyvté operate, and accurate results can be obtained in a
relatively sﬁort time. The volume of the still charge is smaller than
the volume required for most of the other methods. Another adrant#ge is
the fact that this method simulates conditions encountered in the actual
industrig; operations, and therefore provides a good basis for process
evaluatiﬁn.

| Robinson and Gilliland (29) give concise descriptions of each of

the above mentionedﬂmethods as well as numerous references to original
experimenters., They also state that,from the analysis of the pubiiéhed
data obtained by the continuous distillation method, it appears that
this method gives data which is within I0 percent among investigators
using essentially the same technique}@

Ebeling (14) also describes the various techniques, and also
enumerates the sources of inaccuracies inherent in each method.
Williams (}j) describes a continuous distillation still designed expressly
for the purpose of obtaining equilibrium data at low temperatures (-4000.).
He suggests that his still or some modification of it would be applicable
to the deuteroammonia-ammonia.system.

A modification of the continuous distillation still described by
Williams was chosen for the present investigation of the deuteroammonig-
ammonia Systeﬁ. It was felt that it incorporated more of the desirable

features thaﬁ the other alternatives,

TN




B. The Equilibrium Still
The equilibrium still used in this work is shown inhFigure 1,

The still consisted of a 1000 ml. boiling flask, a condenser, a conden-
sate trap, and & condensate return line, all made of FPyrex glass. The
boiling flask was insulated by encasement in a vacuum jackgt of about
one-half 1nch’greater radius, During>operation of the st?ll; liquidk‘
amménia was boiled in the flask. Tﬁe vapor then passed’ﬁéuaﬁd oﬁt §f
the flask into the condenser where it was condensed and ran.down.into
the condensate trap. A vent line was attached to the top of the con-
densate trab,td provide for the escape and entrance of non-condeneable
gases during the still>operation to keep th;‘still pressure constant,

The condensate trap provided a reservoir of freshly distilled
material which could easily be sampled without disturbing the operation
of the still. The center tube in the condensate trap assured that fresh
material would continuously pass the sampling point at the bottom of thé
trap. From the bottom of th; trap samplesicpuld be drawn through the
capillary sampling line. | |

During operation, all but the neck of the still and the vapor
delivery line were immersed in an acetone bath, cooled with dry ice
to 10 c below the b01ling temyerature inside the still., The still w;s
operated with the boiling flask approxigately half full of liquid ammonia.
Liquiq was boiled by an immersion electric ﬁeater constructed of 56"9&.
of 0.2 mQ.‘platinum wire., The ends of the platinum wire were comnected
"to\tunésten leads #nd these iﬁ turn were sealed into fhe bottom of Pyrex

glass tubes which’entéied the still through the large imner, 45/50
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ground glass joint in the neck of the boiling flask., During normal
operation, the heater was submerged one inch below the liquid ammonia.

Coppér leads were connected to the tungsfen leads on the upper side
of the glass seals and were carriéd through the tube and out of the flask,
The heater was designed for a maximum power of 200 watts, but wgs never
operated over 80 watts., Two hundred watts corresponded to a heat flux
of 2 x 105 BTU/hr. ft,z and 18 volts across the heater. Dnriné normal
operation the power was adjusted to 34 watts corresponding to one ml, of
of liqﬁid vaporizing per minute,

To facilitate fabrication of the large, 45/50, inner joint, as
well as to simplify modification, the Pyrex tubes containing the
heater leads were fitted with 10/50 ground glass fittings that formed
the seal with the 45/50‘joint° The liquid sampling capillary line, which
also pierced the 45/50 joint, was similarly sealed with a 10/30 fitting.
This proved to be very fortunate since this sampling line was modified
several times, The  thermowell , located on the center line beiween the
three 10/30 fittings was made as an integral part of the 45/50 £itting.

Vapor was removed from the boiling flask through aiside arm located
;hove the refrigerant level on the neck of the flask._ This vapor was
c§n&ensed in about 60 cm., of 16 mm, Pyrex tubing which was coiled
below the level of the acetone refrigerant. The diameter of the con-
denser as well as its pitch was increased from Williams' design to
permit operation at higher boiling rates and lower pressures., The con-
densate trap at the lower end of the condenser maintained a small volume

(3 ml.) of condensate for sampling. The condensate entered the trap from
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the top and flowed down the central tube, delivering fresh condensate
" to the bottom of the trap well at all times. The éondensate‘left the
t;éprby overflowing into the conde%ﬁate return line, which returned it
to the center of the boiling flask. The upper portion of the trap was
connected to the vent liné of the still so that freevflowing of 1iquid
ammonia would not be restricted. The still vent line attached to both
the top of the condensate trap and the condenser was attached to a
manostat for pressure control. The insertion of a dry ice cooled trap
in this line prevented moisture from entering the still.

The refrigerant which surrounded the condenser and (insulated) still
was contained in a copper tank, 27 x 12 x 7 inches, insulated with one-
inch of pressed cork., Galvanized steel could not be uéed because it
would block the magnetic field of the stirrer.

The equilibrium still provided reservoirs of liquid ammonia very
near its boiling point to be sampled. In sampling these reservoirs,
it was’importang to insure the fact that all the liquid drawn from the
;eservoir was fully vaporized and that no partially vaporized material
réturned to the reservoir. This problem was in mind when, in the
original desién, the sampling lines were made of;small 0.3 mm capillary
tubing. The reason partial vaporization of the samples could not be
tolerated is that if more partial vaporization occurredin one sample
line than fhe other, the composition difference between the liquid and
vapor samples would have been in error.

It was not until Runs 1 thru 15 had been made with the equilibrium
still that it was realized fhat even the capillary lines were not suf-

ficient to:prevent the partial vaporization of the samples. In these
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| early runs, as in the preliminary results quoted by Kalman and the author
in their master's dissertation, there was apparently aore partial vapor-
iza&ion in the liquid sampling line than in the condensate sampling

line leading to low valuea of the aeparation factor. )

To eliminate the pa:tial vaporization of samples, comstrictions
werevplaced in the capillary sampling lines‘juat before the 9apilla:y
was fused to standard 7 mm. tubing. The point of transfer ffam~dapillary
tubing to standard tubing was placed as close to the still as p0881ble,
but far enough away 80 that the segment of standard tubing immedlately
adjacent to the gonsﬁriction could be heated with a Nichrome resistance
heatiﬁg,coil; At the oonstriction a pressure drop of at least 1 cm.

Hg. was maintained during sampling to prevent any back flow of liquid.
Furthermnre, any liquid entering this heated section of lange diameter
tubing was totally vapozized. A mercury manometer was used to measure
the pressure drop across the capillary After these precautions were
taken, very little difficnlty vas encountered due to partial vaporization.

Any continuous distillation equilibrium still has several possible
sources of error:

'a.' Condensation and refractionation of vapor on vapor space walls,
This would cause the coAcehfra;ion of the more volatile coa-
ponent in the vapoé to be greater than it would be.at trua“

4equilibrium, since a aecond stage of fractionation would have

taken place,



b. Complete vaporization of liquid spla?hed on over-heated vapor
space wall, FIﬁ this case, the liquid would be totally vapnfized,
causing a lower concentfafion'of the more vgiati}e component in
the vapor. |

¢. BEntrainment of liquid in the vapor. This also would result
in a decrease in the concentration of the more volatile com-
ponent in the vapor.

d. Reaction with materials of construction.

e. Improper return of condensate to the still. If this occurs,
vaporization of thé condensate may take place before it is en-
tirely mixed with the contentg,éfﬁtha still, This would cause
the vapor to be rich in the more volatile component.

In the operation of the modified Othmer still, used in this work,
the possibility of complete vaporization of liquid splashed on over-
heated walls, as well aa,partial condensation apd revaporization was
minimized. The vapor space walls were vacuum jacketed and the outer
surface was maintained at aftemperature (1o?c less) than fhe boiling
point of ammonia. The entrainment of liquidﬂin the vapor was very un-
likely due to the fact that the still was operated at allow boiling
rate., The fifth possible error was eliminated by using a magnetic stinmer
to mix the return condensate with the contents of the stili,

Because this is an isotopic separation study, isotopic exchange
with materials of construction becomes an important problem. The basic
problem was to eliminate any hydrogeneous matefials from the system. The

entire still and its associated tubing werevconstfucted from Pyrex glass,

s
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and all ground glass fittings were lubricgged with a cogpletelyrhglo-
genated grease. - )

Temperature measurements within the equilibrium still were made
with a chromel-alumel thermoc&uple; E;MDF. readi;és béing made with
a Leeds gggxﬂorthrup type "K" potentiometer. Since the potentiometer
indicate&ﬁgﬁe potential to the nearest tenth of a microvolt, errors in
voltage measurement should have been neéligible° All measurements
were made with a refefénce Junction mqintainea at 0,00°C. in an ice bath.

The thermocouple was calibrated at the following reference points:

(See Appendix Sec. B5)

Carbontetrachloride Freezing Point -22.9'00.
Natural Ammonia Boiling Point (26) -3504806.
Mercury Freezing Point -38.8700.
Chlorobenzene Freezing Point v -45.2.00.
Chloroform Freezing Point -63.5 °c.

There were two possible sources of error in measuring temperatures
in the equilibrium still which should be considered. Since the platinum
heater was relatively close to the thermowell in which the thermocouple

was located there was the possibility of the well being overheated. 'Aleo

since the top of the well and the thermocouple lead were at room temperature,

conduction dowri the thermowell could introduce additional temperature
elevation at the measuring point. Fortunately, these errors did not
appear to be significant, since the calibration point obtained by boiling

natural ammonia in the still agreed excellent}y with the other poihts.

e
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During the sub-atimospheric pressure runs pressure measurements were
made with a closed end mercury manometer accufhte to 0.5 mm Hg., This
accurgcy was verified by pressure comparism with barometric pressure
readings published by the U.S. Weaﬁher Bureau, For the atmospheric pres-
sure runs, the/barometric pressure readings available from the M.I.T.
Metieorological Department were used. In this case, the jariation of
the\ﬁarometric readings during a fun were important for acéurate tempera-
ture correction to one standard atmosphere (760 mm Hg.), and for this
reason the time was notéa whenever temperature measurements were made
and the readings corrected with the pressure reading at that time. The
effect of this small pressure variation on the separation factor was much

smaller than the other ‘errors introduced and was neglected.
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C. Multi-Stage Fractionating Devices

The single-stage equilibrium still described in Section B above was
used to measure the separation factor at deuterium mole fractions between
0058 and 0,10, At these compositions, the difference in deuterium mole
fraction between liquid and vapor samples (at 760 mm. Hg.) was 0,010 and
0.004, respectively. At deuterium mole fractions below 0.10, the difference
in mole fraction becomes so small that reliable measurement of the separa-
tion factor in a single-stage device becomes very difficult,

Yet the composition range below 0.10 mole fraction deuterium is the
range of greatest practical interest, because in a plant to concentrate
deuterium by distillation of natural ammonia, 99 percent of the cost of
production is incurred while concentrating deuterium from 0,00014 mole
fraction in the feed to OoiO mole fraction,

To supplement the measurement of separation factor made with the
single-stage equilibrium still with others at deuterium mole fractions
below 0,10, it was decided to use a multi-stage device for this'low
composition range, in order to increase the difference in deuterium
content of liquid and vapor samples,

In the choice of a multi-stage unit i@ was realized that the following
features would be desirable: “ |

1. Availability

2, Basic design that would allqw estimation of the effect of mole

fraction on the number of stages.,

3, Low pressure drop

4., Low hold up
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5. Small equilibrium times
6. Small charge
7. Cdmpact size

8. Reliable operation

There are several typeslof nmul ti-stage devices which satisfy most
of the above criteria. Packed towers are probably the éimplest to con-
struct, and are therefore readily available, but are less desirable than
other types from most other points of view. They are not well suited
to theoretical analysis, have high pressure drop and hold up, and require
a relatively large change of material. A gieve plate tower has the
same disadvantages,

Bubble-cap columns are more difficult to construct and are not 890
readily available in the small laboratory size. They also are unattrac-
tive from the point of view of the large hold up and pressure drop and
the relatively large charge required. Equilibrium times would be
relatively long due'to the comparatively large hold up and the over-all
size would be considerable for the desired number of st#ges (approximately
50). Theoretical analysis would, however, be straight forward and not.
present any problem. Furthermore, bubble cap columns have the very
desirable property of béing rather insensitive to operating variables
such as thruput and system properties such as wetting, viscosity and
density. The achievement of the reliable performance should, therefore
be assured. | |

Rotating packed columns are very compact and are available in small
laboratory size. They are, however, difficult to theoretically analyze,

and their sensitivity to operating conditions makes them rather unreliable
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~for a separation study.

Concentric.~ tube columns are relatively difficult to construct but
aatisfy almost all the desired criteri&. They ére especially well suited.
for theoretical analysis due to the uniformly constant contact area for
mass transfer between phascs.‘ They-also are‘deslrable because of their
low pressure drop and hold up, small equilibrium times, and comp#ct size,
They may be operated with an extremely small charge. (as little as 10 ml)
Thelr major disadvantage is their sensitlvity to varlables of operation
and system properties, the most important single varlable being wetting
of the active zone walls where mass transfer occurs.

O0f the above multi-stage devices, the two that were the most at-
tractive were the bubble-cap tower and the concentric- tube columni. The
bubble-ca§ tower is very desirable P;oause of its insensitivity to
operating variables and system properties, in spite of the other dis-
advantages. The concgntricftuhe column satiéfies all criteria except
it is rather more sensitive to operating variables and system properties.

- _Naragon and Lewis (27) describe a small concentric-tube column that
they qqite successfully operated with the system n-heptane-methyldyclbhexane
(d = 1.08) with the highest of a theoretical stage as small as 0.4 cm.
giving up to 75 étages in a;30.5 ¢. active zone. Onvthe'bagis of their
" favorable results and the availability of such a design, it was decided to
use the concentric-tube column if the’wetting of glass by ammonia‘céuld
be demantpated; When visual observations of the ammonia-glass intefface
within the ;qﬁilibrium still consistently indicated contact angles of
greater thanﬂ90 Aegrees, the final decisiqn to use the concgntric-tube

column was made. |
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Certain modification of the design described by Naragon and Lewis
were, however, incorporated in the oolunﬁ'nsed for’thiS'work.‘ Ground
glass joints were eliminated wherever possible by fabricating kettle.
active column zone,‘and oondenser in one piece and providing an integral
vacuum Jaoketvcomarlng all.these components.

”Figure'z is a"sketch of the colomn and Plate 1 is a photograph‘
,showing the 'set. up. of the column in the exper1mental train of equip-.
ment.. The column 1tself consisted of an actxve portlon 30 5 cQ. long

formed as an annular passage between an 8 mm., inside dlamater outside

X tube, and a 6.5 mm, outside dlameter center tube, Above the actlve

_:zone were located the reflux condenser, reflux sampling cup, and the
'reflnx d;strlbuter. Below’the‘actlve zone a kettle was ettached as
Van»integral part of the column, The entire column, inoluding the kettle
and;reflorﬁeondenser was,enoaeed‘in a vaouum,jacket;to;minimize,heat
tra_riefer to the column, |

ATﬁe two critical tubes forming the annular passagelwere'Pyrex’
Trubore tubing. One end of the inner~tube was drawn down and sealed

to an 8 mm ball. To this ball were attached two troughs formed by out-

| ting 7 mm out51de diameter tublng lengthw1se,with a. diamond saw, These
troughs together with the,ball‘formed the refluX'dlstrrbuter*just above
the active‘zone of the oOIumn The fnnctlon of thls distributer was to
d1v1de the 1liquid stream between the inner and outer tubes.

' The bottom of the inner tube was draun down to 2 mm outside
diameter and attached to the outer tube below the actlve zone. During

|£abrioatiop the two tubes~vere‘aocurately spaced by a wrapping of 0,75 mm.

'
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diameter copper wire on the inner tube. After fabrication and annealing;
the wire was removed by solution in sulfuric acid and potassium dichro-
mate, |

The kettle was in integral part of the column and was fullj vadGnm o
Jackéted. An opening in the kettle, inclined upward at about 450, re-
ceived a standard taper 29/42 maie fitting. The inner 29/42 fitting .
had a centr;l thermdvell fabricated of 4 mm Pyrex tubing. Around this
tube there were symmetrica}ly spaced three openings to receive the two
heater heads and the liquid sampling line. A seal was made between these
lines and the 29/42 fitting by 10/50 standard taper fittings. ’ ,

The two heater lea&é passed through 7 mm, tubing attached to thg
10/30 standard tapers and terminated with tungsten seals at the bottom,
The liquid sampling line was a 0,3 mm, oapillérj with a constriction to
0.1 mm. at the point it joins the 10/30 fitting. The lower end of the
sampling capillary was also s;ightly cénstricted agdvoffset. The heater,
identical to that used in the equilib:ium still, was fabricated aska
coil of 0.2 mm, platinum wire of gbout 50 cm. in length. The platinum
heater was spot welded to the tungsten seals, »

In addition to the vent line and the reflux sample liné leaving the
uppér portion of the column, another tube pierced the vacuum jacket be-
tween the active zone of the column and the condenser. This line permitted
charging the column, A 4 mm, reflux thermowell was provided Just abovo.
the reflux distributer. The reflux aamplihg cup held about 2 ml. of
liquid. A cehtral funnel wgs provided within the cup to insure con-

tinuous flushing Qf the sample., To allow for temperature differentials
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between thé inner tubes and the outside of the vacuum jacket, severél
gléss beliows were included in the jacket for expansion. 'Acetone
refrigerani for‘the condenser was provided at -7o°c? Thechetone

was cooled in g.ooil Of_l/d inch copper tubing submerged in an aoetoﬁo-
dry ice bath contained in an insulated sheet metal tank, The acetone
flowed from an pransion_tank through the cooling coil, through the
column, then through a small centrifugal pump and back-through a filter
to the oxjansion tank; _(F;g; 6) All lines were insulatbd,t§ conserve
dry ice and prevent excoséive ice formation. Seals were made betwgen
the 1/4 inch copper tﬁbing and the 1/4 inch glass tubing at the c’o,_im'm,
with "Swage-Lock" fittings with Teflon_iﬁserts.

The column was charged by’;njecting gaseous ammonia;through the
charging line at a rate 6f about 1.5 liters per minute. As the dmmonié
was condensed and flouédudowngthe1cp1ﬁ?n;'it coolad'the‘edlumn“internalp
and accﬁmulated in the kettle. The colugn was supported by 8 coil
springs fo provide flexibiiity. | . |

During operation the kettle was filled about half way withiliQQid“
ammonia.v Care was taken t% keep the leQel constént since separation
. occurred on the wetted walls exposed. Liquid éamples could be tékén at
will, but a minimum of 90‘miﬁutes of continuous operation ias alloyed for
eqﬁil;brium to be attained before‘drgwing reflux sampleé, (Sampling of
'ihe refiux_was performed with the column operation halted, to prevent;'
cpntamination with material obtained under non—équilibrium conditionsy)
All reflux samples.were then representative of the total reflux operation

of the column, (Experience with partially vaporized sambles taken from



thelequilibrium still dictated the necessity of providing capillary
constrictions end heated zones in the sampling lines for the co@pleto
vaporization of the sanplee. Again the pressure drop through the con-
strictions during the sampling was observed on a meronry manometer and
the heat supplied by Nichrome resistance heaters wrapped around the 7 mm,
‘Pyrex lines and insulated with glass tape.' |

Since all the column Tuns were carried out at One etmosphere the
barometer pressure readings available from the M,I,T. Mbtemnﬂagical
| Department were used for pressure doterminations. The values reported
in Table 2 were obtained by averaging the reported readinga during the
interval of a run.

Tonperature measurement was, as in thekequilibrium»etill, carriod'
out with a Chromel-Alumel thermocouple;'E.M.F. neaeuremente beingiﬁado
with a Leede-andeﬂortnrnp,type~”x" potentiometer. 'Theberrore introdnoedl-'
in temperature.measuroment nere the same ones discussed in eQuilibrium
still section. The important differences with the‘oolnmn yere:'

1. The kettle thermowell was overheated about 0,300.' !hen the

" platinum kettle heater was operated. T

2.4 The reflux thermowell was not reliable since it was not normally

covered with liquid reflux.

The first error was uncovered when it was observed that the indicated
temperature of the kettle charge dropped 0.3 %%. immediately after shutting
the heater off. The most obvious explanation is that the platinum heater
was overheating the thermowell since the contentsbof the kettle continued
to boil very slowly even.efter the heater was shut off due to heat leakage

from the surroundings to the low temperature charge; This drop was not
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observed when the heater of the equilibrium still was ghut off, and
furthermoré, the readings obtained from the column vhén the heater was
not operatipg agreed well with the still measurements;! Hdwcver, since
most of the temperature measurements from the column kettle were madq
with the heater operating, they iere éorrected by arbiﬁrarily sub—’
tracting 0.300. This source of error was not sérious since accurate
temperature measurements had élready been obtained over’aA wide composition
range with the equilibrium still. |
The reflux thermowell was not q¥tuated exactly as specified in the
design of the column, and as & resﬁlt ﬁhq stream of reflux returning to
the column did not always pass over it. This would not have been a
serious error if the'boiling point of the'célumn éonténts was shove the
surrounding temperature, for then some condensation would ha#e §ccurred
on ﬁho thermowell keeping it at the boiling point. This was not thé
case with the ammonia system and whenever liquid refiux was not flowing
ov;r the reflux thermowell, the indigated températuie rose considorqbiy
above the boiling point due fo heat conduction down the thermowell. This
clearly indicates the necessity of keeping a féflux thergoﬁell submerged
in,iiquid when sub-room temperatures are to be measured, Because of
this limitation; no reflux temperatures are reported in this investigation,
Unfortunafely, the cbiumn‘did not opeé;;éyreliably with the ammonia
system due to incomplete wetting of the active walls of the column,
Because the walls were not fully wetted, any change in flow regime changed

the area for mass-transfer and hence the effective number of stages obtained.
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After it was realized that wetting had become a problem several
attempts to establish uniform weiting were carried out, Th§ column was
cleaned with hot lulfuric acid - potassium dichromate solution, followed
by‘distille§ water and pure acetone rinsea.A Then it was dried by a .
stream of purified nitrogen passéd first through alliqﬁid nitrogen trap.
Little improvement was n;tad. The column wés ag#in cleaned as above,
oxqept acetone was omitted since it was felt that it could have left a
film of greas;‘on the walls,\but uniform wetting was never obtained with
ammonia.

The effect of boil-up rate was observed from the point where reflux
Jjust bégan td the floodigg point. Better sepgration was encounﬁpred_at
the low boil-up rates but results were less reproducable than at higher
rates near the flooding point despite the iower seﬁération encountered.
This isvprobably due to the better wetting at this‘hgndition. The
highest number of stages qptained for tpe column operated on ammonia was
four at the lowest thruput, and the number decreased to 2.6 aﬁ the flooding
point.

kA check was made of the column pérformance with the system n-heptane-
methylcyclohexane since Naragon and Lewis (gz) had reported up to 75
theorefical stages for a similar column on this aystem5 Complete wetting
was visually observed and up to 28 theoretical stages weig obtained (see
Appendix Sec. B3). The reason fo#_fhe poor pérformance of the co;pmn
with this system'is not compietely certain, but é?idently,the,toleraﬁce _
on dimensions and alignment of the concentric tube in this design ié 80

small that even with reasonable care, it is difficult to reproduce the



- 30 -

columh specifications g?ated by ﬁaragon:and Lewis, This_fesult does,
however, indicate the strong effec# qf wetting-since under similar
operafing conditions only 4 theorétical‘stages were obtaihed with the
- ammonia system.

Knowing that the results would be questionable, it was nevérthe-
less decided to carry out a limited number of runs with the column.
These were all performed at atmospheric pressure and at the three
concentrations 0.57, 0.23, and 0,04 MFD, Siqce the best reproducibility
of the column stages seemed to occur near the flooding point,‘it'was
decided to operate there during these runs. The performance of the.

column was erratic, however, and no reliable measurements were obtained.
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D. Analysis for Deuterium Content

Since the difference in composition between liquid and vapor
samples in the single-stage still was in the range 0.004 to 0.010 mole
fraction deuterium, it was necessary to have an analytic method whose
precision waswcf the order of 0.0001 mole fr&cticn deuteriunp. Many
methods of analyzing for deuterium have been develcped. Due to‘the
different refractive indices of compounds.where hydrogen has been re-
placed by deuterium, iﬁterfcrometry\ccc be used to measure changes in
deuterium conccntration; ‘Since thig method'depends on the difference
in refractivc iﬁdex of the mediﬁms through”%hich light travels,"it can
be used tofheasure the difference in composition of two éamples. This
method has been used successfully by scveral investigators. Ingelstam
-et al. (g;)chavé developed an instrument for heavy iatcr analysis thgt
is capable of measuring compositions within t 0.00002 mole fr@ctiop, at

L \ i

all concentrations, with a sanple of one ml. Gas phase interferometry
is-complicated due to the long paths reqnlred for sufflcient accuracy.

Using a differential method of 1nfra-red analy31s, deuterium con-
centrations in heavy water can be measured to & probable preclsion of
-0 00003 mole fraction in concentrations either very . rlch or very lean
in deuterium. Patterson (gg) has developed a method using 0.5 mm., -
calcium fluorlde cells which yields an accuracy of t 0 00003 mole frac-
tion, but he felt that if the scattered I{ght problem which he encountered
could be solved, acﬂgccuigcj of,t;0.0000I mole fraction would not be;
unreasonable. Verywsmall saﬁples suffice. | 7

Thermal conductivity measuremchts‘of the gas phase of a hydrogen
compound would allow composition measurements to be made. However, tc
get sufficient accuracy, measurements should be made on mixtures of

hydrogen and deuterium to take advantage of the maximum conductivity
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difference; Heumann (20) has demonstrated accuracies of t‘0.0005 mole
fractiqn using a Gow-Mac model 60S- flow type cell with Aydrogen deuterium
mixturés. Small samples are sufficient for this method also.

The masé'spectrometerig method makes use of the fact that atomic
deuterium has approximately twicg the mass of the normal hydrogen atom.
Heavy water to be analyzed is first.decomposed intO'hydrogeﬁ énd then
the hydrogen gas is bombarded by eiectrons fé produce hydrogen ions,
These ions are then accelerated Ey an electric field to éroduce a beanm
of ions. This beam of ions is dispersed inéo & mass épec?rum by a
magnetic field, and each separate portion of the spectruﬁ'havipg a dif-
ferent mass is seg?egated_by méans of paréllel slits, A great deal of
wgrk haaAbeen done with-this type of apparatus, and it can be used t§
measﬁfe heavy water cqnqentraﬁion to within pa 0.0001 mole fraction fd?
samples containing about equal proportions of hydrogen and deugérium. (LQ)
The elaborate equipment required, howeie:,,makes this method prohib-
itively expensive.,

Among the analytic techniques which makes use of the fact fhat
heavy water is approximately 10 percent more dense than light water is
the standard pycnometer method. This consists essentially of determining
the weight of a known volume of water. Another familiar density techni-
que is referred to as the tegperature float method. The principle upon
vhich the temperature float method is based is quite siﬁple.“ fhe
temperature at which a small qugrtz or glass float has the same density
as an uﬁknoyn water sample (i.e. the float neither rises or falls) is

compared with the temperature at which the float has the same density
. o 3
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as standard water. This temperature difference, together with the data
on the coefficients of exﬁansién of water, quartz, and heavy water,

i permiﬁ calculation of the demsity difference between the unknowﬁzgnd
,séandard waters., Kirshenbaum (25) gives complete desc?iptiona of all
these various techniques. The disadvantage of these methods is that
large amounts of water are needed.

The falling drop method for determining the density of a liquid was
first used by Barbour a.nd Hamilton (2) who utilized it in the determina-
tion of the density of blood. This method, whlch is based on Stokes'
1aw, consists of allowing a;small drop of liquid sample to fall through
an immiscible fluid having a density only slightly less than that of the
sample. After the drop reaches terminal velocity, its rate of £all is
measured by timing its passage between two scratch marks vlth a stop-
watch, The té:minal velocity of a falling sphere is given by Stokes'
la; as a function'of the density differeﬁce between the tvo fluids, Al-
though Stokes' law is not obeyed exactly in the case of a falling liquid
)drop, it does show a functional relatlonshlp between the density dif-
ference and the time of fall, therefore indisating how the density of
a sample can be determined so precisely.

Keston and Rittenberg‘(gz) refined the technique by careful tempera-
‘ture control and thus yeré able to analyze léw concentration heavy water
samples to within + 0.0002 mole fraction. Frillette and Hanle 15)
using a mixture of alphamethylnaphthalene and phenanthrene were able to

Wy
determine within £ 0 0001 mole fraction the heavy water content of

samples which contained between 0,10 and 0.42 mole fraction heavy water.
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These limits of concentration depend on the density of alﬁhamethylnaphtha-
lene and the solubility of phenanthrene, The falling drop method has
been used by Bigelow, (g) who determined heavy water concentrations in
the range of 0.0001 to 0.05 mole fraction, to within L 0.0002 to * 0.0004
mole fraction using o-fluorotoluene as the immiscible fluid. He states
that this substanée is inadequate above 0.05 mole fraction becaﬁse of
the’incréasing difference between the samble density aﬁd the o-fluoro-
toiuene denéity. | \ |

One distinct advah&age of the falliqg drop method is the fact that
very small‘sayples suffice (0.1 to 0;5 ﬁl;). It'fequirés less time and
less wafar than the temperature floaﬁ mephg&. As in all density measure-
ments 1£ requires a very sensitive thermoétat capable of maint@iﬁ;pg the
temperature constant to‘iithih tA_O-,OVOIQC° In spite of this faét, density
methods in general all pfobably:rquire less expensive apparatus than
the'interferometric, spectoéraphic, o; mass-spectrometric methods.
Density measurements,‘based on heavy water standards, have the disadvautégo,
however, that the sample of deuterayqd ammonia must be quanfitatively
converted to water with no hydrogen contamination. fhis can be ac~-
complished(by passing the ammonia over copper oxide at 70000. (;ﬁ)

Due to the prégisiop, ;ow cost, and small samples reqﬁired;“the
falling droﬁ method was a&opted for the“measurementﬁ of the deuterium
concentration iﬁ the water samples which could be obtained by quantitative
diidainn of the ammonia samples, In addition, the bath, used by
Bigelow (§) énd set up during prelimihaxy meagurements by Kalman and’

the author, was available, After an extensive literature search for the



- 35 -

beqt possible fluid mixtures to cover é wide concentration range, the
'Iﬁuinia alpha~-me thylnaphthalene and methoxyngphthalene was chosen to
cover thg range from 0,10 to'0.80 mole fraction deuterium, This had

the advaﬁtage over the mixture of alpha-methylnaphthalene‘and.phenanfh-_
rene used in the'preliminary work, in that the upper concentratioﬁ that
coﬁld be analyzed was 0,80 rather than 0,42 mole fiaction,deuterium;

For the very low deuterium concentrations the mixture alpha-methyl-
naphthalene and 1, 2, 3, 4 tetrahydronaphthalene iasychoéen. .

The falling drop apparatus consisted of a large constant tempera-
ture wéter bath which was maintained within ¥ 0.001°C of the set
temperature (35°C.). It is shown 1n Figs,;} and 4, and Platea 2 and 3.
Within the large bath was a smaller inner bath in wh;ch three falling
tubes were supported in a fixture whlch permltted sélection of one tube
for a partlcular dep§1ty° The outer ‘bath was stirred by ‘two centrﬁ-
fugal stir;eré. ‘The;inner bath was stirre@ by an air bubbler. Due
to the thermal inertia of the inner bath and the falling tubes, their
temperature could be maintained nearly const§$t. Variation of the
inner bath temperature was less thﬁn o. 00200 over a 24 hour period.

The temperature of the inner bath was measured by a Beckmann Thermometer.

The falling tubes were made of 24 mm Pyrex tubing about 40 cm long,
‘A'scratch mark was made completely around the tube aboutl7 cm from the
boﬁtom. A second scratch mark was made 10,00 cm, above the first, and
a third 10,00 cm. above the second. The first and third marks were

used in timing of the drops.
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PLATE 2
GENERAL VIEW OF FALLING DROP APPARATUS

(INSULATION REMOVED FROM TWO SIDES)




PLATE 3
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The pipette was fabricated from 0.3 mm. Pyrex capillary tubing
end is the same in principle as that used by Frilletfe (15). Mercury
was used as the displacemént liquid withinfthe pipette. The tip was hand
ground to a fine point to deliver drops of uniform size., The capillary
tubing was continuous from the tip, up through the water jacket, hori-
zontally acroés the bath, aﬁd down the side of the bath to a point 4
inches below the tip. At this point the capillary tubing was attached
to a small glass cylinder which was traversed by a stainless steel pis-
ton of 0.040 inches in diameter. The piston seal was located at a
lower level than the pipette tip to prevent inleakage of air. The pis-
ton was driven by a screw drive with a micro-dial indicator. The dis-
placement of one drop represented one revolution or 100 units on the
dial°~ The entire pipette assembly including its Jjacket and piston
dfive was mounted on a vertical traversing plate. This plate could be
traversed over a ten=inch raﬁge with a screw drive., The horizontal
section of the pipette and the pipette jacket were supported from the
traversing plate with aluminum channel brackets,

A centrifugal pump mounted at the side of the bath served to
circulate the water in the bath as well as to circulate water from the
bath through the pipette jacket. A second centrifugal stirrer was sub-
. merged within the bath. The bath was insulated with three inches of
plastic foam, and the top was fitted with an air-tight polyethylene
cover to limit evaporation of water and to keep out dust. A small rack
was provided in one corner of the bath, capable of holding three

standard water bottles and eight sample bottles to allow all samples
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analyzed to come to temperature equilibrium with the bath before tranéfer
to the pipette. h

The four principal sources of error in the falling drop technigue
are: temperature variations within the falling fluid, changes in com-
position and hence density of the falling fluid, variations in the size
of drops, and errors in timing, Temperature control is iﬁportant for
two reasons. Due to the difference in the coefficients ofuexpansion of
water and the falling fluid, their density difference can be altered by
small temperature changes., In addition, temperature changes can set up
convection currents within“the>dropping tube, which *ould superimpose a
velocity on- the falling drop. Previous investigaférs (§) using ortho-
fluoro-toluene as a falling medium have determined from the coefficien}s
of expansion that a‘Variance of t 0.001°C° would not cause efrors greafer
than ¥ 0,0001 mole fraction deuterium due to changes in density,..In
this regard, alpha-methylnapthalene is even better than ortho-fluoro-
toluene since its coefficient»of expansion is much nearer that of water,
femperaturé variations of ¥ 0o010°C° with alpha-methylnapthaiene cor-
respond tq t 0,0001 mole fraction deuterium. (See Appendix Sec. B8)
It was found, however, that with the apparatus used, the error due to
éonvection currents was more serious than the error due to changes in
the density difference, Small temperature transients set up convection
flow within the falling tube and superimposed a velocity on the falling
velocity ;f the drop in the falling medium. For this reason it was
desirable to use a viscous oil as the falling medium to dampen the

coﬁvection currents, Alpha-methylnapthalené was & good choice in this
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regard since its viscogity was higher than other fluids having the

same density and being immiscible with water. It was observed that
énalytic precision of t 0.0001 mole fraction deuterium could be obtained
if the rate of temperatﬁre change was less than O.OOlOG./hour, using
alpha-methylnapthalene. With the same temperature control, ortho-
fluorotoluence gave a precision of about po 0.0004 mole fraction deuterium
due to its lower viscosity. It was found experimentally that, except
during the hottest summer days, during any 24 hour period, the tempera-
ture could be maintained constant within 0.002°.

Because the square of the drop diameter appears in Stokes' equation,
it is necessary to keep the volume of the drop uniform. The diameter of
a spherical drop ié'proportional to the two-thirdé power of the volume,
80 that an error of three percent in volume causes an error of only two
percent in the terminal velocity. The displacement of the sample was
accomplished by piston displacement of mercury in thé body of the pipette
and indicated on a micro dial. Displacement of one drop represented one
rotation of the micro dial, divided into 100 intervals., Due to compres=-
8ibility of air, it is important to keep the contents of the pipette
air free at all times. For this reason, the pipette was constructed so
that the seal around the piston would nét be under a vacuum. Errors due
to volume of the drop should have been less fhan 0.2 percent or less than
0.00005 mole fraction deuterium.

- Errors in the falling time.should have been negligible since an
electric stopwatch measuring to 0,001 of a minute was used to measure

times greater than one minute. At regular intervals this watch was
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compared with others and was found to be reliable.

Due to the slow falling velocities, Stokes' Law was approximated
and a linear relation be£wéen the rate of fall and the mole fraction
deuterium was attainable. A calibration curve of falling velocity
as a function of the deuterium content of thé samples for each dropping
fluid mixture allowed precise determination of compositioﬁ. (See Grabh 9)

| Before each determination, the pipette was flushed twice with the
Qample to be analyzed. After the third falling, the pipette was lowered
80 that the tip was submerged about one-fourth of an inch in the drop-
ping fluid; With the pipette in the position at least‘five minutes were
allbwed for the tgmperature of the sample to come into temperature
equilibrium with the falling medium, Drops were then formed by traver-
sing the pistoh 100runits and eéch given an additional 90 seconds to
attain temperature equilibrium befére discharge. Drops were dis-
charged by raising the pipette tip above the surface. As the pipette
tip left the surface, surface tension would pull the drop off, After
discharge, the pipette was immediately submerged in the falling fluid
to prevent any contamination of the sample by moisture in the air.
Uniformly of the procedure for every sample prevented introducing un-

known perturbations,
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E. Conversion of Deuterated Ammonis And Deuterated Water

Since ﬁaﬁer was chosén as the medium fbr deuterium analysis, a
method of qnantit%tively converting the deuterated ammonia samples from
the equilibrium still of the column to water was required. Several
methods of direct oxidation of ammon;a are possible, but oxidation
over copper oxide was preferred to oxidatién with gaseous oxygen due
to the explosive character of oxygep—ammonia mixtures. At high tem-
peratures (above 65000) copper oxide is very effective for ammonia
oxidafion and it can easily be regenerated by passing air over it at
700°C. It was therefore chosen for the oxidizing agent.

The conversion apparatus contained a two liter gas burette, a
conversion tube containing copper oxide, a water sample trap and a high
vacuum system. Figure 5 is a flow sheet showing the assembly of the
single-stage equilibrium still and the conversion equipment. Figure
6 is a similar diagram for the concentric-tube column and the conversion
equipment. Plate 4 is a phqtograph of the conversion equipment and high
vacuum system. The gas burette/sefved as an ammonia pump and as a
volumetric measuring device., Ammonia samples were drawn from the
capillary sampling lines into the gas burette. A completely halogenated
0il (Kel-F medium qil) was used as the displacement medium. Mercury was
originally used with a much’smailer burette, but due to the large
number of fillings required to get one gram of ammonia when operating at
subatmospheric pressure,_it.was replaced by the large two-liter burette.
Two liters of mercury would have been much too heavy to be éontained in
a glass burette, and since the glass burette was desirable because it

gave a visual observation of the level and flow, a‘complste1y~halogenatad
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oil was chosen as a substitute for the mercury.

Kel-F medium oil has a relatively low vapor pressure (about 1
micron Hg. at%?5°c) and contains no hydrogen,.so there was no chance
of sample contamination wi%h oil vapor or isotopi@lexchapge.‘ The o0il
was drawn from the lower burette chamber to the upper reservoir by a.
vacuum of about 1 mm, Hg. above the oil in tpe uppe£ reservoir. Flow
was throttled by a stopcock placed in the oi; line (No. 12, Figs. 5
and 6). To dischargé the ammonia sgmpie, thé oil was allowed to flow
undergravity from the upéer‘reservoir into the 1owe; buretta. Wheﬁ
drawing samples at subatmOSpheric pressure, they were compressed to a
pressure of one atmosphefe before discharge from theﬂbuiette fo the
conversion tube, |

After itiﬁas found that the solub%lity of ammonia in the halogenated
bure%te oil-wasbo.lég. per liter at one atmosphere there was some con-
cern ﬁﬁout sample exchanée with the dissolved ammonia. Sihce a high
vacuum was méintained above the oil in the reservoir, most of the
ammonia dissolved was removed'between samples. To check the possible
memoiy of the system, several analyses of the deuterated ammonié drawn
from the equilibrium still wefe performed. After r;nning several deuterated
samples, a natural ammonia sample was run through the burette and con-
Vergigq'tube to contaminate the system with light hydrogen, foliowed.by
andther deuterated sample from the equilibrium still. The deuterium
content of the final sample from the still did not differ'significantly
from that of the initial sampieée (See Appendix Sec, 36). Contamina-
tion of samples by ammonia diésolved in the burette oil was fhus

proved not to occur.
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The reaction tube in which the ammonia was oxidized to water
consisted of Vycor tubing 30 mm. in diameter and ée inches long. The
tube was filled with 900 grams of copper oxide, which'ias sufficient to
convert 25 ammonia samples to water before regeneration was necessary.
The reaction tube was heated by a standard laboratory furnace of the
type used in organic combustion analys;s° The Vycor tube and the fur-
nace were each qaﬁable of operation at temperatures up to 100000,

During conversion, the maximum ammonia flow rate was one standard
liter per minute° The temperature of the”copper oxide was carefully
controlled between 650o and 720°C° This is essential, because at lower
temperatures, oxidation is incomplete, and at higher temperatures, oxides
of nitrogen are formed. These would dissolve iﬁ the water and change
its density. Both possible sources of error were shown to»be absent at
the operating éonditions chosen,

The copper oxide was prepared from precipitated copper hydroxide
as described in Appendix Sec. C3, It was activated by reduction in hydrob
gen at 400°C° The porous metallic copper was reoxidized by passing air
at 7oo°c over it for several hours befbre initial use, and was regenera-
ted in this way after qagh experimental run, This method of preparing
copper oxide gives much more surface area for reaction than would be
obtained by oxidizing copper wire.

The exit of the reaction tube was attached to a vertical section
of 7 mm., Vycor tubing which was connected %o a éample trap assembly.
The sample trap assembly had two parallel paths, one through a porous

plug, and the other, a Pypass, through unrestricted tubing with a shut-
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off stopcock., The porous plug filtered out any copper oxide dust from
the sample, but the bypass permitted evacuation with little restric-
tion to gas flow. The sample trap itself was made from a 24/40 standard
taper Joint. ThQ entire sample path from the reaction tube to the

trap was trace heated with Nichrome resistance wire and kept above
15O°C° to prevent ‘condensation. The trap was maintained at -7000. with
a dry ice-acetone mixture during éonversiono The exit of the sample
trap was connected to an atmospheric vent line and to a high vacuum
system, Both paths céntain cold traps to prevent ingress of moisture.

A sample was drawn into'fhe burette and then allowed to flow at
atmospheric pressure through the reaction tube no matter ihat the
operatiné pressure of the equilibrium still or the column. (See Fig,

5 or 6) Once the sample had been entirely introduced into the reaction
tube, the inlet stopcock (No. 11) and vent stopcock (No. 2) were closed
and slow evacuation started, Evaquation continued to a pressure of 5
’microns Hg drawing all of the sample into the sample trap. The

'reaction tube and the sample trap were than pressurized with dry nitrogen
passed throﬁgh!a‘liquid air trap., The system was once again evacuated

to 5 microns Hg and pressurized with dr} nitrogen to sweep any residual
traces ofﬁthe sample into the trap. The sample was then melted aﬁd trans-
4ferred to a small vial with a clean, dry hypodermic syringe. The samplé'
vials were stofed,in a dessicato: whehwnot being analyzed. (Appendix Al
contains a more detailed description of the pr;cedure)o

‘Befween samples, the conversion tube and samﬁle trap assembly were

evacuated to a pressure less than one micron Hg for a period of at least
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ten minutes. To provide maximum flexibility, the vacuum system, con-
sisting of a two-stage mechaﬁical pump apd a three-stage oil diffusion
pump, was hooked up with a bjpass.around the diffusion pump and with
valves to isolate the diffusion pump.. This enabled "roughing down"
wiﬁhout disturbing tHe diffusion pump opération. A liquid nitrogen

trap upstream of the diffusion pump was providéd to trap any condeﬁaables.
To this‘trap was connected a manifold with an ionization gauge and

valves to the conversion systém. \When isolated, manifold pressure of

7

as low as 10 ' mm. Hg. were attained. Within two minutes, the piessure
'with the eﬁtire conversion systemrevacuaféd could be reduced to 0.2
micréﬁs atathe manifold. |

To #erify the absence of oxides of nitrogen, unconverted ammonia
and chloriné }n the water sample its neutr#iity was pe:iodically»
phecked with 5pH paper". In addition, the non-condensable ga#es»
leaving phé cqnveréion system were frequently checked with Nessler's
réagen@ for tra&es Qf ammohia, and with silver nitrate for chlorine.

When the precautions describgd previously in this section were taken,

norie of these contaminants was found to be present.
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~ F. Manufacture of Deuterated Ammonia

The standard method of manufacturing deuterated ammonia, described
by Kirshenbaum and Urey (26), involves the reaction of heavy water.with
magnesium nitride. This proéess is capable of producing very pure Nb3’
the purity limited only by the purity of the heavy water used. However,
for this work, deuterium enrichments over 80 percent were not required,
and it was therefore possible to produce the desired partially deuterated
ammonia by direct exchange reaction with heavy watér and natural ammonia.

The apparatus used in the manufacture of deuterated ammonia was
very simple in design. (Fig. 7) A contact stage consisted of a three-
liter, round-bottom, long-neck flask, fitted with a rubber stopper through
which paséed two glass tubes. One fube extended neéiiy to the bottom
of the flask while the other torminatéd very near the stopper. The
flask was immersed in a five-gallon earthenware pot containing acetone
refrigerant chilled with dry ice. To facilitate mixiﬂg, a magnetic
stirrer was used. Through the glass tube that extended to the bottom
of the flask gaseous ammonia was bubbled. A rotémet;r was used in this
line to indicate flow rate. The other glass tube leaving the flésk was
attached to an open u-tube mercury manometer and to thé néxt stage.

During ammonia addition, the line to the next stage was closed and
the flask chilled to dissolve the amhonia. After the’desired ammonia
had been addq§, the inlet line was closed and the outlet opéned and
the flask wafmed to di;charge the d;uterated ammonia. Using three
stages, two pounds of deuterated ammonia of 0.80 mole fraétion deuterium

were obtained,
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A stainless-steel, highépressure cylinder fitted with needle valves
at both énds and with stainless steel tubing that served as‘a condonse:
and vent was used to store the deuterated ammonia. When charging this
cylinder with deuterated ammonia, it was susp;nded by a spring scélo in
a galvanized tank which containéd acetone chilled with dry ice to -60°C.
The ammonia from the last stage was passed through traps at -3000. ‘to
remove traces of water before entering the cylinder. Precautions not
to £ill the cylinder more than half way with liquid ammonia were taken
by noting the change in weight as ammonia was distilled into it. Closing
the valves of the cylinder filled completely with liquid ammonia, could
cause an explosion due to thermal expansion as the cylinder and the

ammonia warmed to rbom temperature.



III. Results
Measurements of the deuterium separation factor in the distillation
of ammoni; obtu%ngd with the single-stage equilibrium still are given in
Table 1. Runs have been listed in the ofdor in vhich‘thoy were conducted.
Measurements were takén at four deutoriﬁm mole fractions (MFD), namely
0.58, 0.40, 0.23 and 0,10, Thé_prossuie range covered was from 250 to
760 mm. Hg. Thg_gxperimental error assigned'to each MFD includes un-
certaint@es introduced through variations in both the analytic and
sampling prooedﬁre. ‘Tho procedure f§r working up the data is described
in Section Ivb and Appendix El. | |
The values of the separation factor obtained in the single-stage
equi;ibrium gtill:yere ;eéresentqd by an équation of the éorm
- in a: - a4+ bx +cin (;/xo) : (3.1)
where: X = Qolo fraction deuterium in liquid
X = pressure mm. Hg. x = 760 mm. Hg.
a4 = deuterium separation factor
and a, b and ¢ are constants deterﬁined by thekm;thod of weighted

least squares, The procedure for fitting this equation is described

in Section IVA and the Appendix Section E2., The result is:

tna = (0.0395 % 0,0004) - (0.0128 £ 0.0029) (x - 0.424)

-(0.01246 £ 0.00065) 1n (x/760) | ~ (3.2)



SUMMARY OF SINGLE

TABLE

# Runs 1 through 15 are not included due to the difficulty
with sampling noted in Section II B.

1

STAGE MEASUREMENTS

3*

Run # MFD Liquid MFD Vapor Pressure MM Hg. Separation Factor =of in o Temp, °C,
16 0.5817 * 0.0003 0.5729 % 0.0002 765.5 1.0369 £ 0.0017 0.0362 ~31.67
17 0.5810 t 0.0005 0.5699 £ 0.0003 250.0 1.0466 t 0.0023 0.0456 -50.82
18 0.5821 % 0.0003 0.5725 * 0.0001 761.3 1.0393 £ 0.0014 0.0385 -31.60
19 0.5812 £ 0.0004 0.5716 £ 0.0001 600.0 1.0404 = 0.0017 0.0396 -36.36
20 0.5816 £ 0.0001 0.5713 £ 0.0001 500.0 1.0429 = 0,0006 0.0420 =39.59
21 0.5796 * 0.0001 0.5664 t 0,0002 250.0 1.0552 £ 0.0010 0.0538 -50.82
22 0.5803 t 0.0001 0.5689 t.0.0001 375.0 1.0480 £ 0.0007 0.0469 44,69
23 0.4203 * 0.0002 0.4108 ¥ 0,0001 751.8 1.0399 * 0,0008 0.0391 -32,41
24 0.4221 t 0.0004 0.4112 £ 0.0003 500.0 1.0457 £ 0,0020 0.0447 -40,05
25 0.4223 £ 0.0001 0.4122 = 0.0001 600.0 1.0425 £ 0.0008 0.0416 ~36.73
26 0,4230 * 0.0001 0.4097 £ 0.0002 250.0 1.0562 £ 0,0010 0.0547 -51.53
27 0.4235 = 0.0003 0.4138 % 0.0002 7694 1.0407 * 0,0015 0.0399 =32,04
28 0.4231 £ 0.0002 0.4115 £ 0.0002 375.0 1.0491  0.001C 0.0480 -45,27
29 0.2371 £ 0.0002 0.2296 £ 0.0002 763.8 1.0429 £ 0,0015 0.0420 -32.60
30 0.2374 % 0,0001 0.2287 % 0.0001 500.0 1.0501 £ 0.0007 0.0489 -40,62
31 0.2370 ¥ 0.0002 0.2273 * 0,0002 250,0 1.0563 £ 0.0016 0.0541 52,16
32 0.2374 * 0.0002 0.2276 ¥ 0.0001 250.0 1.056%4 £ 0.0013 0.0548 52,23
33 0.1011 ¥ 0.,0000 0.0970 % 0.0002 765.8 1.0474 £ 0,0019 0.0463 -32,97
34 0.1007 % 0.0002 0.0965 ¥ 0.0001 500.0 1.0489 £ 0.0018 0.,0478 41,05
36 0.1014 £ 0.0001 0.0966 ¥ 0.0001 250.0 1,0547 * 0,0018 0.0533 -52,59
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Table 2 lists the over-all column separation factor observed in
runs made with the concentric-tube column. The over-all separation

factor is defined as:

(x )1 - x)
B = (1'fxxk)ﬁx;§7 (3.3)

where xk = mole fraction deuterium in kettle or still
x, = mole fraction deuterium in reflux or distillate
The over-all column separation factor is related to the deuterium

separation factor in simple distillation by

B = «a n+l (3.4)

where n is the number of theoretical plates in the column,

Table 2 indicates that n was far from constant in successive runs,
In the first three runs at 0.57 MFD, the over-all sopafation factor,
which should have remained constant within t 0.0025, the variance of
individual runs, varied over a range of 0.0124. In the second three
runs at 0.23 M?D,,thg oyereéll separation factor should have been higher
than the first three, because a at 0.23 MFD is greater than at 0,57 MFD,
but the over-all separation factor at 0.23 MFD actually was less than
a; 0.57 MFD, The final run at 0.23 MFD, gaveﬂan‘over-all separation.
factor much less than in the three previous runs at Q,23 MFD, made before
an intervening series at 0,04 MFD,

Because of this evidence for changes in the number of equivalent
plates in the column, little significance can be attached to the over-

all separation factor méasured at 0.04 MFD, which was the main object



SWMMARY OF COLUMN RUNS

TABLE 2
Kettle Composition Overall Column Pregsure Temperature
WD Separation Facter _ mmBg. __T.t
0.57 1.1396 - 0.0022 768.1 -31.6
0.57 1.1499 - 0.0022 764.6 -31.7
0.57 1.1520 - 0.0025 760.0 ~31.8
0.23 1.1483 - 0.0038 ~ 762.0 ~32.5
0.23 1.1453 - 0.0008 767.1 ~32.3
0.23 1.1h443 - 0.0009 764.6 -32.2
0.04 1.1398 - 0.0039 754.9 -33.4
0.04 1.1318 - 0.0059 768.6 SR
0.23 1.1353 - 0.0016 753.9 -32.8

® These temperatures are not as accurate as those obiained from
the equilibrium still since a correction of (-0.30°C.) had to be
applied to compensate for the heating effect of the platinum ,
heater which was near by. (This error is discnssed in Sectiomn II 6.)
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of this series of experiments. It is possible that o at 0.04 MFD is
actually less than at 0.23, but this series of rums canﬁot be considered
to heve established this fact. |

A second reason for having little confidence in these results is
the very low number of equivalent theoretical plates implied by them.
The value of n inferred from the first three ruhs at 0.25 MFD is 2.3,
This is so much less than the 75 plates observed by Naragon and Lewis
(27) that it is evident that the column was not performing satisfactorily.
Phe behavior of the column is discussed in Section IIC and IVC4.
Because of the erratic behavior of the column results obtained with it
have been disregarded in the interpretation of the measurements on the

systenm NH5 - ND5 to be given in section IVA,



IV. Discussion Qf Results

A. Correlation of Data

To correlate the values of a determined in thebsinglewatags
oxperiﬁonta, it was assumed that the effects of composifion and pressure

were additive and of the form:

Ina = f(x)+cln (u/uo) (4.1)
where: x = mole fraction deuterium in liquid
f(x) is a function of x to be determined
% = pressure mm., Hg.
L 760 mm. Hg.
¢ = is a constant, to be determined.
The first step in correlating the data was to determine, by the
- method of weighted least squares,the best value of ¢ and f(x),weiéﬁting
each observed value of « inversely as the square of the experimental |

standard deviation. The results of this least square fit were:

¢ = - 0,01246 % 0,00065

ahd x _f(x)
0.57 0.0376 £ 00007
0.40 © 0.0394 £ 0,0006
0.23 0.0427 £ 0,0010
0.10 0.0426 £ 0,0016

Graphs 1, 2, 3 and 4 compare the values of « predicted by the
above correlation with the observed values at 0.58, 0.42, 0.24, and 0.10
MFD, respectively. The length of the stroke through each point represents

the experimental standard deviation. The line shown on each graph
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represents the equation:
Ina = f(x)+ cln (u/uo) (4.1)

From the slope of the line, it is evident that the value of ¢ determined
in this way represents the effect of pressure on a within two standard
d;viatioﬁs of the experimental points, |

£(x) in the above correlation is the value of ln a at 760 mm
evaluated from all experimental measurements at each MFD. Graph 5 is
a plot of f(x) égainst x, the mole fraction deuterium. f£(x) clearly
varies with mole fraction deuterium to an extent substantially greater
than the experimental error., The étraight line drawn through the four
poinﬁs was determined by the méthod of least squares, and is repres;nted

Sy the equation

£(x) = 0.0395 £ 0.0004 - (0.0128 ¥ 0.0029) (x - 0.424)
’ (4.2)
It is evident that this linear equation represents the points within
the experimental uncértainty of each, so that no more involved de-
pendence on x can be supported by these data. The complete equation

for the dependence of a on MFD and pressure is

ln « = (0.0395 £ 0,004) - (0.0128 ¥ 0.0029) (x - 0.424)

-(0.01246 % 0,00065) fn (n/x,) (4.3)

However, the theoretical analysis of the effect of preferential
disproportionation of mixed deuteroammonias into NH3 and ND3 given in
the Appendix Section F2 suggests that the value of /n a at a given

pressure should reach a maximum at some MFD between 0.0 and 1.0,
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should drop off as the MFD approaches 0.0 and 1.0, and should approach

the value

1/3

P \
Ina = ln( -I%:}-) (4.4)
3 .
at the MFD's of 0.0 and 1,0. The dashed line on Graph 5 shows that the
experimental results for ln a at 760 mm. Hg. are not inconsistent with
such behavior, and might predict a value of ln a at 760 mm. Hg. and 0.0
MFD of 0.039, corresponding to‘a = 1,040 instead of the value of ln a =
0.045 corresponding to a = 1,046 o£tained by linear extrapolation. in
'faét, the most probable va;ue of a at ]60 mmo-and O;O MFD inferred from
these moasﬁrements appears to be 1.043 pa 0,003, a value selected to have
its limits at the intércepts of the~sslid and dashed lines of Graph 5.
This value of 1,043 agrees almost exdctly with the value of a inter-
polated from the vapor preésure data of Kirshenbaum and Urey (28)

Taylor and Jungers (33), and Groth (17) for N, and N:D3 by means of
a = Per / Byp (4.5)

namely 1.0420.

Graph 6 is a plot of /n a computed by this cube-rqot relation from
the vapor pres;uré ratio data pf Kirshenbaum and Urey (28), Taylor and
Jungers (33), and Groth (17) versus In (u/no). The slope of the line
is 0.01286, which agréas aiﬁqst exactly with the value of ¢ in the

equation (4.1).
Imna = £(x)+ ¢ lnv(n/no) | (4.1)

determined from the measurements of this thesis.
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Table 3 compares the experimental values of 1ln a with those

computed from the least squares equation
In @ = 0.0395 - 0.9128 (x - 0.424) - 0.01246 1n (n/no) (4.6)
and with the équation fitted ;o the vaporibressure‘ratios of Graph 6,
In « = 0.0415 - 0,01286 n (n/x_) B (4.7)

The root mean square deviation from equation (4.6) is somewhat smaller
than from 4.7). | |
~ R.M.S. Eq. (4.6) = 0.0020
R.M.S. Eq. (4.7) = 0.0035
Th;a indicates that the variation of a with deuterium content is
significant and should be taken into.account in design studies in the
ammonia distillation process. |
Graph 7 is a plot of the boiling temperature observed for deuterated
ammonia at 760 mm Hg as a function of mole fraction deuterium in the
liquid. These measurements were made in the single-stage equilibrium
still_opprating at atmospherié pressure. Excellent agree¢ment was obtained
vwith the values reported for the pure species NH} and ND3 by Krishenbaum

and Urey (26);



' n X ~ _Deviations Sg. Deviations
D _mm Bg. Observed Bq. 4.6 Eg. 4.7 2q. 4.6 Eg. N.7 Bg. %.6 Eg. b
- ' S xot  xo*  x108  x108

0.562 765.5 0.0362  0.0375 0.0412  -13 =50 169 2500
0.581 250.0 0.0456  0.0514% 0.0555 -58 -99 3364 9801
0.582 761.3 0.0385 0.0375 0.0412 +10 -jz 100 729

0.581 600.0 0.0396 0.0 0.0hk42 -8 64 2116
0.582 500.0 0.0 o Oh27  0.0k466 -7 -h6 h9 2116
0.580 250.0 0.0538 1%  0.0555 +24 -17 576 289
0.580 375.0 0.0469 o.p 3 0.0503 +6 ~3h 36 1156

0.420 751.8 ©0.0391  0.0395 0.0412 -4 -21 16 y
0.%22 500.0 0.0M47  0.04h47  0.0466 0 -19 0 361
0.h22 600.0 ©0.0416  O.0h2h 0.0u42 -8 -26 6% 676
o.uz‘g 250.0 0.0547  0.653% 0.6555 +13 -8 169 o4
+

0.h2k 769.% 0.0399 0.0395 0.0H12 L -13 16 1169
0.423 375.0 0.0% 0.0483  0.0503 3 -23 9 529
0.237 763.8 0.0420 0.0419 o.0M12 +1 + 8 1 e4
0.237 500.0 0.0489  0,0471 0.0466 +18 +23 324 5

0.237 250.0 0.0547  0.0558 0.0555 -11 -8 121 Bk
0.237 250.0 0.0548  0.0558 0.0555 =10 -1 100 49
0.101 765.8 0.0463  0.0436 0.0M12 +27 +51 729 2601
0.101 500.0 O0.0478  O0.O0U88 0.0466 =10 ~ +12 100 . 1k
0.101 250.0 0.0533  0.0575 0.0555 -k2 -22 1764 el

5= 7171 J-2hss2

ENS Bq. 4.6= -1 /§ /1171 = 1078 '= 19.7 x 107%

EMS Bq. 4.7= 1_ /aussa 1108 = 35.2 x 107%
V20 |
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B. Effect of the Results on Economics of Heavy Water Production

Barr and Drews (2, ;§) have estimated that an increase of the
separation factor at one atmosphere pressure and low deuterium concen-
tration from 1.042 to 1.084 would approximately cut all the cost figures
in half for the ammonia distillation process. (These figures are given
in Section I). The highest possible value found in this thesis at .
one atmosbhere pressure, 1,047 would lower the cost of heavy water
produced through ammonia distillation by no more than 15 percent.

With so little reduction in cost indiéated over the data given in
Section 1, it must be concluded that distillation of ammonia, even
in a parasitic plant,ﬁis not competitive with the HZS process for
primaf& concentration ofideuterium. Ammonia distillation, however,
may be useful as an inte;mediate concentration step, as in the plant

proposed by a British engineering firm (18).
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C. Accuracy (Sources of Error)

l. Single-Stage Measurehents
Any continubus distillation equilibrium still has several in-
herent errors: |
a. Cohdensation and refractionation of vapor or vapor.space walls,
b. Complete vaporization of liquid splashed on over-heated vapor
space walls. |
c. Entrainment of liquid in the vapor.
d. Reaction with méteri}al of constmctioﬁ.
e. Improper return of condensate to ﬁhe still.
In the design and operation of the continuous distillation equilibrium
still usgd in this work every precaution was taken to minimize the
above errors. The detailed steps taken in this regard are discussed
in Section IIB. Robinson and Gilliland (gg) state that from the analysis
of ﬁhe published data obtained by the continuous distillation method,
it appedrs that thig method gives data which is.within 10 percent in
(a=1) among investigators using eésentially the same technique. Due to
the extensi#e precautions taken in this investigation, the resultant
error, due to the above causes should have been less than 10 percent.
2. Sampling and Conversion
In sampling the reservoirs of liquid ammonia in either the single
or multi-stage investigations it was important to e;im;naté errors that
would affect the composition of deuterium reported‘frdh the falling

drop analysis. Some of fhe possible errors were:
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a, Partial vaporization of samples

b. Contamination with light hydrogen.

Ce. Incomplete conversion of ammonia to water

d. Contamination from previous sample "Memory"

e. Contamination of water samples with foreign substance sﬁch

as N203 or chlorine |

f. Incomplete collection of the water sample
To minimize or eliminate all of the above errors the sampling and
conversion system was designed»and operated in such a manner that these
errors were avoided. The detailed steps taken are described in detail
in Section II B and E. The Statistica} evaluation of the variance intro-
duced into the reported separation factors by errors in sampling and
conversion indicated that an uncertainty of from 2 to 5 percent in
(x=1) could be assigned to this ;ffeqt. (Séction IVD and Appendix
iSection E2 and 3 contain details of the statistical evaluation of these
errors)

| 3., Analysis

The fallingidrop analytic device had four major sources of error:

a, Temperature fluctuations within the falling fluid.

b, Composition and hence density changes of the falling fluid.

Co Fluctuati&n in drop size.

d. Errors in timing.
The temperature fluctuations which gave use to convection currents
within the falling fluid were found to be the limiting source of un-

certaiﬁty. The steps taken to minimize this effect along with others

il
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are described in detaii in Section IID. Statistical analysis of the
performance of the falling drop apparatus indicated that it introduced
an uncertainty in the composition of each sample analyzed of 0.0001
mole fraction deuterium. (See Appendix El) This uhcertainty was found
to be considerably less than that infroduced by sampling and conversion
grrors an& was therefore not the prime source of uncertainty»in_ﬁhe re-
ported separation facfors°

4. Column

Unfortunately, the column did no‘t operate reliably with the
ammonis, system due to inéomﬁleté wetting of the active walls of the
column. Several attempts to correct this malfunctiqn were unsuccessful,
(See Section IIC). Because fhe walis were not fully wetted, any change
in flow regime changed the'area‘for mass-transfer and:hence the effective
number of stages obtained. Dué to this erratic behavior the results ob-
tained with if have been disregarded in the interpretation of the measure-

ments on the system NH3 - HD3°
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D. Statistical Evaluation of Data

The first step in the evaluation of -the experimental data for any
run was to establiqh a calibratibn curve from which sample compositions
could be determined. The method used to determine this curve is given
in Appendix Section.El. Due to the number and wide composition range
of the standards used'for this calibration the error introduced into
the separation factor by its ﬁncertainty was negligible. Each sample
was determinéd‘by averaging the rété of fall of six or more drops.
From the fluctuation iﬁ the time of fall of these‘drops the variance
or the standard deviation assigned to analyze uncertainties could be
’célculgted. This standard deviation Ga was founé‘ﬁo be a good estimgte
of the précision with which a given sample could be analyzed. ‘

From the fluctuations of the indicated compositions for a series
of sgmples, either liquid of vépor, the total composition variance
or stgndard deviation of the mean could be calculated. From theée
variances 6;2 ana 6;2, £he variance\of the separation factor was ca}-
cﬁlated'(daz). (See Appendix Section E2) —

'AFor the equilibrium still runs it was interesting to determine
what fraction of the total composition variance 6;2 or ciz was due to
uncertainties in the analytic technique, and what fraction to sampling
errors and still fluctuations. The analytic variance daiz and 6&52
could be calculated directly from the fluctuations in ;ime of fall for
drops of a given sample and the total sapple variance d;z’and 652 coul@
be calculated from the reported composition fluctuations., It was there-

fore possible to estimate the sample variance'o'si2 and osiz from:
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I2s = % - % (4.8)

As it can be seen frqm Table 5 in the Appendix, the analytic variance
was consistently less than ten percent‘of.the total variance. Ihiq
means that the precision in cémposition déterﬁination, and hence
separation factor, was not limited by ﬁhe analytic technique, but by

sampling errors and fluctuations in the still operation.
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V. Conclusions

?hersereration factor or relative volatility for deuterium en-
richment in ammenia distillation ever the range of pressure 250 mm., to
760 mm., Hg. and the ~range of deuterium concentration O. 10 to 0 58 mole
fraction deuterlum is in good agreement with the value predicted from
an interpolatlon of the low vapor pressure data of Kirshenbaum and
Urey (26) and the high vapor pressure data of Groth (;1) (a = 1.042
at one atmosphere) However, a weak dependence of the separation factor
on deuterium concentration was obeerved over this composition,range.
The highest values were obtained at 0;23 and 0.16 mole fraction deuterium
(a« = 1.044 et one atmosphere) compared to (a = 1,040 at 0.42 mole
fraction deuterium, one atmosphere) and (a = 1.038 at 0,58 mole fraction
deuterium, and one atmosphere) (see Graph 1, 2, 3, 4, 5, and 6)

The practical consequences of this result is that there is little
hope that ammonia distiilation will offer a truly competitive process
for heavy weter manufacture when compared to the other existing techniques
such as the hydrogen sulfide-water dual temperature exchange process. .

A In addition to separation factor measuremehts the boiling temperature
of partially deuterated ammonia was determined as a function of the
deuterium concentration. Good agreement with the boiling points of the
, purevggd species NH3 ana NDB’ as reported by Kirshenbaum and Urey (ggg,

was obtained. (See Graph T7)
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VI.. Recommendations

Singelthe;e seems to be little doubt that other processes of heavy
water production will be more competitive than ammonia distillatién, it
is Aot suggested that furthér investigations be carried out tiﬁh the
hope of achieving a low-cost source of deuterium. This work did, on the
other hand, uncover an interesting dependence of separation factor on
composition which for theoretical reasons could be the basis of further
research; It would be desirable to have values of the separation factor
over as wide a compoaition<;ange as possible, since frgm a theoretical
point of view, the behavior at high deuterium poncentrafions is Jjust as
important as at low Eoncentrationso Low concentrations received more
attention gn'this work since the economics of a deuterium enrichment
process depends only on the values of the separation factor at low
deuterium compositions,

Due to the,aqcuracy limitation of analytic devices it appears that
& multi-stage device would be preferable to a single-stage device for
anybfurther investigatioﬁée The most important attribute of such a
device yould be th;t it be as insensitive as possible to all variables
other than the separation fgctor. Although tﬁe concentric tube fraction-
ating column had many advantages, the effect of external variables such
as wetting ;nd thruput proved to be so larée and unpredic@abié that any
changes in the over-all separation féctor of the coluﬁn could not be

assigned to changes in the separation factor for'deuterium enrichment,

Although a bubble cap column would have a larger pressure drop, and much
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larger hold up, and would require much more deuterated ammonia charge,
its éfficiency would not be as severely effec%ed by variables such as
wetting and thrﬁput. A bubble cap column qpuld, thgrefore, appear pro-
mising and is suggested for further invéstigation of the concentration
dependence of the separation factor for deuterium enrichment in the

distillation of ammonia.
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VII. Appendix
A. Detailed Procedure

1. Eguilibrium Still

Prior to.a run, the equilibrim still, the connecting lines, and
the conversion system were cleaned and dried. Old grease was removed‘
ffom the ground glass fittings with acetone and fresh halogenated gfease
applied. The conversion tube containing copper oxide was regenerated
by passing air through it at 70000° Finally the entire apparatus was
swept with a stream of dry nitrogen for over an hour to remove all traées
of moisture. This nitrogen wa; first passed through a liquid nitrogen
trap to prevent ingreés of moisture or grease. A cleaned and dried
trap and a rotameter were connected in series to the still charging
stopcock No. 15 (See Figure 5) from the deutero-ammonia storage cylinder.
The still vent line was then closed to prevent ingress of moisture.

The evening previous to a fﬁnp the high vacuum system was turned
on, Th}s consisted of starting the mechanical and diffusion pumps and
installing a Dewar reservoir of liquid nitrogen on the trap connecting
the vacuum manifold to the diffusion pump, After one hour, the dif-
fusion pump would normally be‘operatiﬁg‘efficiently and the vacuum mani—
fold pressure reduced to less than 10“5 mm Hg. pressure. If the manifold
remained isolated for eight hours or more, pressures as low as lOfYme Hg.
were attained. Once the diffusion pump was operating efficiently, however,
the entiré‘conversion system was normally evacuated.

During "roughing down“ the conversion system, a procedure designed

to keep the pressure within the diffusion pump below a few microns, was
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followed. The diffusion pump was isolated'nhder low presSqre by closing
valves Nos, 4 and 5 (Fig. 5 or 6). Thérdiffuaion pump by-pass valve No.
6 was then opened. This allowed gases drawn into the vacuum manifold to
' pass directly into the mechanical §ump. With valves No;. 7, 11, 1 and 2
closed; thé "roughing down" of the conversion system could be started.
Valves Nos. 7 and 2 opened the system to étmospheric ﬁréssure, while
valve Héoqll connected the conversion system with the sample burette.
Since during "roughing down" some fine copper oxide dust was often blown
out ofAthe conversion tube, a ponous_plug was placed in the exit line of
the conversion tube. It was desired, however, to be able to have a
minimum fressure drop during final evacuation and for this reason aj?y-
pass around this porous plug (valve No. 1) was provided. This valve
was closed only while "roughing down" and when puréing with Pitrogen.
After the aforementioned valves Nos. 7, 11, 1, and 2 were closed
and the diffusion pump isolated by closing valves Nos. 4 and 5 and the
by-pass valve No. 6 opened, evacuation was accomplished by opening valve
No. 3, Within one minute the preésurélof the system was reduced to a
fev_micrqns of mercury pressure and the porous piug by-pass valve No. 1
was opened. An ionization gagée lgcated between the liQuid nitrogen
trap and tﬁe diffusion pump valve No. 4 was then turned oﬁ to determine
the Qyétem pressure., As soon as the system pressure was less than 25
microns, the diffusion pump valves Nos. 4 and 5 were opened and the by-
pass No. 6 closed, The lowest possible pressure of the entire conversion
system could then be attained. Unless there was a leaking gound glass

fitting, the pressure of the entire system would drop below 0.5 micron
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within one-half hour. If it did not, the leak was located and corrected,
The system was then continuously evacuated in this manner for 12 hours
previous to a run. Care was taken not to allow the liquid nitrogen

trap to lose all of its refrigerant during this time.

After all the above preparations had been completed the actual run
was started. A Dewar flask containing solid dry ice and acetone (—7800)
was placed on the still vent trap shown beneath the deuteroammonia
storage cylinder in Figure 1. The vent line marked "to pressure control"
was then opened. This line was previously closed to prevent entrance
of moisture after the still was dried. The insulated copper tank sur-
rounding the equilibrium still was filled with acetone to a level §
covering all of the condenser shown on the right side of the boiling
flask in Figures 1 and 5; The tgmperature of this acetone was then
lowered to approximately -70°C. by lowering dry ice in a’wire basked
into the bath. The basket was necessary to prevent pieces of dry ice
from falling on the fragile still, and to limit the rate of gaseous
carbon dioxide release. A Dewar flask containing acetone cooled to =30
to -32°C was placed on the trap inserted in the still charging line.

The magnetic stirrer in the still was started.

The sti;l charging stopcock, valve No, 15 was then opened and the
. ammonia floi from the storage cylinder to the still started:by opening
valve No.'lé, The flow rate for the first teﬁ minutes was kept below
one liter per minute since the inner boiling flask of the still was

still warm, being insulated by its vacuum jacket.’ The ammonia condensed,
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flowed down through the condensate trap into the still, and flashed
out to the condenser again. After ten minutes the internal still flask
was cooled to the amﬁonia boiling point, and the flow rate of ammonia
from the storage cylinder was increased to five litrés per minute for
-the remainder of the charging. The amount of ammonia charged was noted
by a decrease in weight'of the storage cylinder., Seven ounces were
found to be optimum. Additional charge caused the loss of so much heat
that it was impossible to maintain the flow of condensate from the ’
condensate t¥ap to tﬁe boiliﬁg flask without the backing up of_liquid
from the still. |

Once charging was completed, valves No. 15 and 16 were closed and
the charging trap was dismantled. Any condensed ammonia and water was
discharged. If thé run was to bé carried out at sub-atmospheric pres-
sure,‘tﬁe still waé adjusted to the desired pressure, otherwise, the
still vent line marked "to pressure control" was left open to the atmos-
phere during the run. The stili pressuie was controlled during the sub-
atmospheric pressure runs by an automatic manostat. (See Appendix
Section Cl1) |

After the equilibrium still was adjusted to the proper pressure,
boiling was started by turning on the platinum heater. The heater power
was set at 34 watts corresponding to a boil-up rate of approximately one
ml per minute. The magnetic s?irre; operated continuously to insure com-
plete mixing of the condensate and the contents of the still., The still
was operated for at léast two hours before sampling was commenced to

allow equilibrium to be established.
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The conversion apparatus had been evacuateq.continuously for over
12 hours before sampling was started and was maintained at 650 - 700°Q.
The trace heater on the exit line from the conversion tube was turned
on to keep the temﬁerature of this line over 150°C. during sampling,

To prepare for sampling, a Dewar flask confaining liquid‘nitragen was
placed on the nitrﬂgen purge line (See Figure 5) and another Dewar flask
with solid dry ice and acetone was placed on the vent trap from the gas
burette. Two more Dewar flasks were prepared with solid dry-ice and
acetone for use at the sample trap and the sample vent trap below valve
No. 2. Previous to drawing a sample, the gas burette upper reservoir
wasg evacuated to a preésure of about 1 mm Hg.

The type of sample to be drawn was ;hosen and the tracé heater on
this line turned oﬁ. Trace heaters were proﬁided on both sampling
lines to insure complete vaporization of the liquid ammonia drawn from
the capillary sampling lines into therlarge diameter connecting tubing.
After a few minutes to.allow the tréce heater to warm up, valve No. 14
was opgned to the desired sampling iiﬁe. Valves No. 10, 11 and 13 were
closed to tbe gas burette. A‘small flow of oil was started frbm the
gas burette up to thevreservoir. Immediately after startiﬂg this floy,
valve No, 13 was opened, A U-tube mercury manometer connected between
the bas burette and the vent line of the still indicated the pressure
drop across the sampling capillary. This pressure drop was kept above
10 mm Hg. at all times and usually at about 3-5 cm Hg. This prevented

any emmonia from returning to the still once it left the sampling capillary.
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-Partial vaporization of the samples and return of the unvaporized samples
to the gtill would have introduced serious errors.

After the desired volume of ammonia had been drawn from the equili-
brium still (ébout 1 liter at S.T.P.), valves No., 12 and 13 were closed
and the vent té the o0il reservoir valve No. 9 was opened, and vacuum
valve No. 8 qlosed. The drawn sample was first brought to §ne atmosphere
pressure byfallowing 0il to flow from the reservoir into the burette,
throttling the flow with valve No. 12, Once at atmogpheric pressure,
the sample could be discarded By opening valve No. 10 and allowing it
to flow out the vent line. After the first sample drawn had been dis-
carded, valves No. 10 and 12 were.closed and the sampling procedure re-
peatéd a second time.

Following the drawing of a aecond burette filling of the desired -
sample and pressure adjustment to one atmosphere, the conver81on tube
was prepared to accept the sample. The evacuation was terminated by
- closing valves No. 3 and No, 1 and dry nitrogen was allowed to fill the
conversion system by opening valve No. 7., The Dewar flasks prepared
with solid dry ice and acetone were placed on the sample trap ;nd on
the sample vent trap beneath valve No. 2. |

Aftér the system pressure reached one atmosphere, valve No. 7
was closed and the vent valve No., 2 opened. The conversion tube was
now ready to aocept ammonia. Valve No. 11 was openéd and"ammonia
flow was started by throttllng the oil flov in the gas burette with
valve No. 12. About 3-5 minutes were allowed for all the ammonia to
enter the conversion apparatus, then valves No. 12, Ro. 11, and No. 2

were closed.
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A heat lamp was focused on the upper portion of the sample trap
to prévent condensation at thds point and a slow evacuation of the
éystem to 1-3 microns mercury preasurevwas started. As previously des-
cribed when "roughing dowgﬁ valyas/Ho. 7, 11, 1, 2, 4, 8, 5 were cloged,
No. 6 was opened.“‘Throttfing wds acbompliahed_by justdcracking valvé
Fo. 3. AfterleQactation, valve No. 3 was closed, the heat lamp tﬁrﬂéd
off and dry nztrogen introduced through valve No. 7 to bring the system
pressure to one atmosphere. A second evaouatlon to 1 5 micrdnn Hg.
éressnre andra‘dry nitrogen filling was per;brmed. The Dewar flask
'was tﬁonloweréd from‘the"samp;e trap and the'frdzbn sample allowed>to
melt. |

During conversion, the exit gas was periodically checked with
Nessler's reagent for traces of unconverted ammonia and with‘éilver
nitrate\soiution for chlorine. In addition to these steps to\ipﬁure@
8aﬁple purity, the pHE of'the sample was also chécked to confirh dta
neutrality.

A sample vial was drled with dry nitrogen and numbéred, Then & :
2 ml hypodermic syringe was cleaned and dried ‘The sample trap was
lowered and the melted sample transferred with the hypodermic syringe
to the sampie vial. Except during analysis, the sample via;s wére
stored in a desiccatar to prevéﬁt contamiﬁation with moisture.

The sample trap was then_cleaned; dried, and replaced. Thefcon—
version system evacuated,r"rodghing down" first, and then using the.
diffusion pump for afﬁléast 10 minutes between samples. The trace

heater was again turned on, on the desired sampling line, and>Sampling
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of another sample started. Sampling continued until from 5 to 7
samples of each type were obtained;

The boiling temperature in the still was noted at several times
during the run and the pressure recorded for each temperature reading.

For the runs at atmospheric pressure, the time was noted and the

barometer readings were obtained later for these times from the M.I.T.

-

Meteorological Department.

After sampling was termiﬁated, the ammonia remaining in the still
‘was returned to the storage cylinder. This was accomplished by chil-
ling the storage cylinder in an acetone bath, cooled with dry ice to
-60°C., and distilling the émmonia from the still into the cylinder.
Once the cylinder was cooled below -3300., valves No. 16 and 17 could
be opened without losing ammonia. The still charging valve No. 15 was
then connected to £he condensing éﬁll provided above the cylinder which
was submerged in the -60°C. acetone. The still was brought to
atmospheric pressure if it was under a vacuum. Valve No. 15 was opened
and the still sampling liﬁes and the vent line disconnected and corked.
The acetone bath which had surrounded the still during the run was
lowered. The still heater was turned on to about 40 watts and two
iﬁfragm& lamps were focused on the contents of the still and the
ammonia distilled into the storage cylinder. The still heater was
- turned off before it was exposed above the liquid level and the re-

maining ammonia distilled by the two heat lamps alone,
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When all the ammonia was returped‘to the storage cylinder, the
heat lamps were turned off. The cylinder was removed from the acetone
bath, valves 16 and 17 closed, and the cylinder was allowed to warm
to room temperature. ‘

Finally, the last step in the run was to start the regeneration
of the copper oxide in the conversion tube. To accdmplish this the
vacuum system was shut down and valves No. 7, 1, and 2 ;ere opanea.
Valves No. 11 and 5 remained closea. A glow flow of air was intro-
duced into the nitrogen purge line while the furnace remained set. at
650—700°C. Regeneration was continued overnight for at least eight
hours. This was found to regepgrate the copper oxide completely.-

2, Column

Previous to a column run, the column, sample lines, traps, and
connecting tubing were cleaned and dried. O0ld grease was replaced
by fresh halogenated grease on all the ground glass fittings. The
conversion tube was regenerated by passing a stream of air fhrough
it at 700°C for at least eight hours. The column and the sampling
lines wére swept with dry nitrogen for over an hour to remove all:
4races of moisture. This nitrogen was first passed through a liquid -
- nitrogen trap to prevent ingress of moisture or grease. A cleaned
and drigd trap and a rotametér vere connected in series between the
deuterated ammonia storage cylinder and the column charging line.
(Valve No. 15 - see Figure 6) The column vent line marked "to
pressure control™ was corked to prevent ingress of moisture until

the actual run was started,
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The column charging valve No. 15 was then opened and the ammonia
flow from the storage cylinder started by cracking valve No. 16. The
flow rate for the first ten hinutes was kept below one liter per minute
since the column internals were still at room temperatufe, with the
exception of the reflux condenser. ’Ammonia condensed on the reflux
condenser and flowed down into th§ warm column. Upon entering the
warm column &he ammonia flashed and wﬁa recoﬁdensed at the condenser
only to flash again. However, after ten minutes all the column -~
internals werle chilled to the ammonia boiling point and liquid ammonis
hkd started to accumulate in the kettle. The flow rate was then increased
to five liters per minute for the remainder of the charging. Since an
obser?ation window was provided in the silvering of the vacuum jacket,
the liquid amménia level could be visually det;rmined. Cﬁarging was
terminated when the liquid ammonia lé§e1 rgached a mark about two-thirds
up from the bottom of the kettle. This co?fesponded to about 100 ml

of charge. Since mass transfer occur?ed on wetted kettle walls during
column operation, it was necessany to keep the ammonia levgl constant
froﬁ run to run,

Once charging was complete, valves No. 15 and 16 were closed; and
the eharging trap dismantled, Any condensed ammonia and water was gis-
carded. Since all the column runs were carried out at one atmospherig
pressure, the column vent line marked "to pressure control" remained
open to the atm&sphefe during all the runs: Bafometrié preésure feﬁéiéés
at intervals'throughout the run were obtained from the M.f.T. 7 N

Meteorological Department.
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Once the column charging had been completed, the kettle heater
was started at 10 voltg, which corresponds to about 2 ml/hin. boil.up
rate. This rate was above the column flooding point so flooding soon
occurred. Before the flooding became severe, the heater power was re-
duced to 6.9 volts which corresponded to a boil-up rate of 0.9 ml/min,
and was below the flooding point. The purpose of flooding the column
was to promote wetting of the active zone walls. The magnetic stirrer
operated continuously to insure mixing of the coiumn downbflow with the
kettle contents. The column was operated underJ;nvariant condifions at
least two hours before sampling was gtarted to allow time for equili-
brium to be established,

The conversion apparatus was operated in an identical manner in
the column runs as in the equilibrium still runs. \The oxidation tube
had been evacuated hot fox over 12 hours before the run was commenced.
The trace hegter on the exit line from the conversion tube was turned
on to keep this 1iﬁe over 150005 during sampling. To prepare for |
sampl;ng, a Dewar flask containing liquid nit:ogen was placed on the
nitrogen purge line (See Figure 6) and another Dewar flgsk with solid-
dry ice\and-acetqne was placed on.the vént trap from thé gas burette.
“Two more Dewar flaéks were prepared with solid dry ice and acetone
for use at th;“;ample tfap and the sample vent trap belo; valve No, 2,
Previous to drawing a sample, the gas burette upper reservoir- was
evacua£ed to a pressure of about 1 mm Hg.

Thg type of samﬁle to be drawn was chosen and the trace heater

on this line was turned on. These heaters were provided on both



- 92 -

sampling lines to insure complete vaporization of the liquid ammonia
samples drawn from the capillary sample lines into the large diameter
tubing. The manner in which fhe samples were drawn differed depending
on whether they were kettle or reflux samples. The kettle samples were
drawn in the same manner as the samples were drawn from the equilibrium
still, but the reflux samples were treated specially due to the problem
of disturbing the column operation.

Kettle samples were drawn in the following fashion., After a few
minutes were allowed for the trace heater to wirm up, valve No. 14‘
was opened, valve No. 18 remained closed. Valves No. 10, 11 and 13
were closed to the burette, A small flow ofléil was s?arted from the
gas burette to the reservoir. Immediately after starting this floﬁ;
valve No. 13 was opened. A U-tubé mercury m@#ometer connected between
the gas burette and ihe Yent line of the column indicated the pressure:
drop across the sampling capillary. Pﬂrtial vaporization of the sample
and returﬁ of unvaporized liquid would.have introduced serious errors.
After the desired volume of ammonia had been drawn from the kettle (about
1 liter at S.T.P.), valves No. 12, 8 and 13 were closed and the vent
Jvalve No. 9 to the oil reservoir opened. The drawn sample was first
brought to one atmospheric pressure by alléwing oil to flow from the oil
reservoir into the burette, throttling the oil flow with valve No. 12,
Once at atmospheric pressure, the sample could be discarded by opening
valve No. 10 andJéilowing it to flow out the vent line. After the
first sample drawn had been discarded, valves No. ;Q and 12 were closed,

and thé sampling procedure repeated a second time.
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The reflux sampling, on the other hand, had to be performed
with the column operation halted, to prévent sample contamination with
material not obtained under total reflux conditions. The column was
always operated at least 90 minutes wifhout interruption previous to
drawing a reflux sample. To sample thé reflux, the trace heater was
turned on, and a fe; minutes were allowed for it to warm up. Valve
No. 15 was opened, and No. i4 was closed. The oil reservoir of the
’gas Burette was evacuated and the valves No. 10, 11, 12 and 13 were
closed., Just before sampling, thg column heater ﬁas shut off and 30
seconds allowed for reflux to stop. Then valvg No. 13 was opened and oil
flow from the burette';tartedﬁby thro%tling with valve Né. 12. As-
soon as all the liquid was drawn from the reflux cup (ébout 1 %-ﬁl)
valves No. 13 and 12 were closed. The column was started up again
as described préviously (flooding first). Once this point was reached,
the reflux sample was treated just as the kéttle samples, The first
£illing of the burette from the reflux cup was not discarded, however,
since a second 90 minute period would have had to eldpase before drawing
the second burette filling tobaliew the co;umn to attain equilibrium,
This omission should not have introduced significant error since the
memory checks were made without flushing, and did not show appreciable
contamination éf the drawn sample with residual ammonia in the con-
version system. (See Appendix Sec. B6). |

Following the final burette filling and the pressure adjustment
to one atmosphere, the conversion tube was prepared to accept the

sample. The steps of conversion and sample transfer were the same
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for the column runs as for the still runs described in Appendix Sec. Al,
gbove, The appropriate cold traps were installed, the conversion system
filled with dry nitrogen and the samples passea through. Two evacuations
were performed to carry all traces of the gample to the sample trap.

The sample was melted and transferred to a clean sample vial with &

dry hypodermic. (See the corréspondingvsteps in the equilibrium still
p;ocedure for details). Sampling continued until seven samples of each
type were obtained. *

The boiiing temperatﬁre" in the kettle was noted at regular
intervals during the run and the time was recorded for each temperature
reading. The barometr;c ﬁrQasures were obtained from the K.I.T. Meteorologi-
cal Deéartment for the corresponding times. Due to an error in pladement
of the reflux the}mowéli, reliable reflux temperature readings were not
available (See Seciion'IIC).

After sampling was terminated, the ammoniﬁ remaining in the column
kettle was feturned to the 8 torage cylinder.l This was accomplished by
chilling the storage cylinder in an acetone bath cooled with dry ice to
—60°C.land distilling the ammonia from thé kettle into the cylinder.

Onée the cylinder was cooled below -3300., valves No., 16 and No. 17

could be opened without losing ammonia. The column charging valve No..l1l5
was opened, and the coolant circulating pump, which supplied coolapt to
the reflux condensér, was shut off. The column vent line was corked; -
and the kettle heater turped on to about 50 watts corresponding to a
liquid boil&up‘rate of 1 %-ml/minute° Distillation was terminated when

the kettle heater was no longer fully submerged in the liquid ammonia.
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After the distillation was terminated, the storage cylinder was
removed from the acetone bath and valves No. 16‘§nd No., 17 closed,
The cylinder was allowed to warm to room temferature. Any remaining
ﬁmmonia in the column was allowed to slowly distill out thrqugh the
ch;rging valve No. 15 to & vent line which led outside the building.
Only a few milliliters of ammonia were lost in this.manner during each
run. | |

The last step in the run, as with the still runs, was to start
the regeneration oflthe copper oxide in the conversion tube. To
accomplish this, the vacuum system was shut down and valves Ho; 7, No.l,
and 2 were opened. Valves No. 11 and No. 3 remained closed. A slow
flow of air was introduced into the nitrogen purge line while the
furnace remained set at 650 - 700°C. Regeneration wa; conﬁinued for
at least eight hours. This was found to regenerate the 00ppe¥ oxide
completely.

3. Analysis

Analygis of the deuterated water samples obtaineé by quantative
oxidation of the ammonia samples was carried ogt with the falling drop

apparatus, (Pigures 3 and 4). At least 12 hours before analysis was
to begin, both stir;era ﬁere turned on in the large ;ater ?ath. This
bath provided a constant temperatuie environment for the falling media.
The temperature controller operated continuoﬁsly[even on days when no
analyses were performed. This greatly simplified start-up prodédures.

"Due to its large thermal inertia, it would have required a long time

for the water bath to reach operating temperature had it been allowed
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to cool to room temperature. The temperature chosen for operation (3500,)
was sufficiently high so that even on the warmest days little or no
cooling was required to maintain this temperature.

The water bath was sealed with a polyethylené sheet at the top that
contained an opening to a sample rack in which samples could be immersed
in the bath prior to analysis. The inner bath containing the falling
tubes was continuously stirred with an air bubbler, and a small stream
of water was continuously added to the main bath to compensate for any
evaporation,

At the beginning of a run the first three calibration standards
to be run were chosen and placed in the rack prior to introduction into
the pipette in order to minimize temperature disturbancé of the pipetté
and the falling fluid. After the 90 minute warm-up, the pipette was
raised by means §f the traversing drive to its highest point. This
faised the pipette tip about four inches above the top of the falling
tube and permitted introduction of the sample. A small square of clean
cotton towel was used to absorb water remaining in the pipette. This
water was driven out by running the piston drive in, forcing mercury
from the cylinder into the capillary of the pipette. The mercury was
run out to the point whereka small drop of mercury was exposed at the
end of the pipette tip,.

# standard water vial was taken from the rack in the outer bath,
its top removed, and the pipette tip, which had been wiped with a dry
cotton cloth, submerged about 1/4 inch in the‘standard water, Care was

taken not to get excessive water on the outside of the pipette, or to
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touch the tip of the standard vial with the pipette tip since this tip
was covered with a film of halogenated grease. A filling of the standard
water was drawn into the pipette by withdrawing the pistﬁn from the pipette
cylinder. The vial was thenylowered from the pipette tip, closed, and
returned to the rack, The filling was then expelled onto a cotton towel
and the filling procedure repeated. The second filling was expelled and
a third filling performed° After the third filling the falling tube con-
taining the fluid of the correct density range was positioned beneath
the pipette and the pipette lowered with the traversing drive until. the
tip was submerged in the fallingvﬁluid. Another standard of sample WIP
then placed in the warm-up rack in plaée of the one removed. The two
flushings of the pipette wgfe required to assure that all. traces of the
previous sample were removed. To prevent contamination from the towel
squares used to wipe the tip, a fresh, clean square was used for each
filling. |

Once the pipette was filled and submerged in the correct falling
tube, a stop watch was started to indicate the submersion warm-up time.
At the end of five minutes a drop was formed by driving the piston in
100 units on the pipette drive micro dial. The drop of water remained
susfended from the pipette tip. After an additional minute, this drop
was detached by slowly raising the pipette tip above the surface of the
falling fiuid. As the tip broke the surface, surface tensién pulled
fhe drop from the tip. The pipette tip was then immediately lowered
once again beneath the surface of the fall;ng fluid. The rate of fall

of the first drop was never timed.
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When the first drop reached the mid-point of the falling tube,

a second drop was formed and the stopwatch reset. This drop was released
when the first drop reached the lowest mark on the falling tube. The
temperature was then read on the Beckmnnnlthermometer and’the stopwatch
started when the drop passed the upper mark on the falling tube; Agaip,
as thisvdfop passed the mid-point of the falling tube, anothér'drqp w;s‘
formed, When the falling drop.reachiﬁg_the iowest mark, the stopwatch
was stopped and thé time of fall reébrded. Another drop was released

and the same timing procedure repeated.< The témperature was read dﬁring
the fall of each drop and each drép was given an equal sﬁbmersion‘warm-
up timé.

When six or seven drops had been timed, the pipette tip was raised.
from the falling tube and the next standard or sample introduced.
Depending on the rate of fall, from 30 to 45 minutes were required to
analyze each sample. Four standards were normally timed on the day of .
& run to determine the intercept of the calibration curve of reciprocal
falling time versus deutérium composition., The slope of this calibra-
tion curve was previously determined by running six or more standards
and found to be constant o&er periods of time as long as three months.
(See Graph 9). By the time the fourth standard had been run, the
first equilibrium sample was normally ready for pipette filling.

Samples analyzed in this method could be determined to 0.0001 mole
fraction deuterium.

Precautions were taken to clean and refill the pipette with clean

mercury before it became sufficiently dirty to cause the mercury column
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to separate. This regular refilling, which occurred every 2 to 3

weeks, also precluded the chance of air bubblos developing in the pipette
body. (See Appendix Sec. C2) Between runs the pipette tig was sub-
merged in the falling fluid to prevent ingress of moisture or air.

The stirrers were fﬁrned off when the bath was not in use, but the

temperature controls remained on to facilitate start-up.
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‘B, Calibrations and Related Measurements

L. Column Calibrations | o

Since reliable meaéureﬁents of the separation factor for deuterium
enrichment in ammonia distillation had been made with the single-stage
equilibrium still in the compo;ition range 0,10 to 0.58 mole fraction
deuterium, these res;lts could be used to determine the number of equili-
brium stagés obtained with the concentric tube column for the ammonia
system, FGraph 8 shows the variation of kettle and reflux samples dpring
Run No. 4. It is intereéting to note the slight deuterium enrichment
of béth sampl?s during the run, which was caused by removal of the --
hydrogen rich‘ofe;head stream in the form of reflux samples. The sepgra-
tion obtained re;Ained relatively constant during a given run as showﬁ
on Graph 8, but unfortunately a change in wetting regime between runs
pade it difficuit td reproduce any given resulis exactly.

Under the condition of Run Ko. 4, graphical analysis of the
separation gives a value of 0.0350 MFD as shown on G:aph 8. Using this.
value, the number of equilibrium stages can be calculated as follows:

Using the following equation relating the number of stages to

the deuterium separation factor and the kettle and reflux com-

positions for total reflux conditions:
e . l-x
l-x X

n «

in

(n+1) = (7.1)
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where:

n = number of equilibrium stages in the column at total reflux

x = kettle composition-mole fraction deuterium
xr = reflux composition-mole fraction deuterium
a = separation factor for deuterium enrichment

and a value of (a = 1.037) at 0.54 to 0.58 mole fraction deuterium

and k = 0,5785 MFD, r = 0.5435 MFD from Graph 8,

(0.5785 ) 1-0.5435
| L 1-0.578 0. 0.142
n+l = = In (1.037 = E.f;‘_&’ 5.91

one arrives at the result: 2,91 equilibrium stages in the column.

One can directly compare the over-all column separation factor:

5 (-
T-%) =

r

B = (7.2)
for each run in Tablg No. 2 to see the relative separation obtained
for the various runs.
r 2, Falling Drop Agilxsia Calibration
Previous éo any series of runs at a given deuterium concentration
& calibration Qf at least six standard samples was performed. A curve
. of thg reciprocal falling time versus the mole fraction deuterium was
then brepared. The slope of tyis curve was found to be constant for
peridds of time as long as three months. The intercept wﬁs found, how-
ever, to shift slightly from one run to another and was therefore determined

for each run by timing four or more standard samples on the day of the run,
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The calibration of the falling fluid used for the equilibrium still
runs No. 23 thru 28 at 0.42 mole fraction deuterium is given below as
an example, The specific calibration points used for each run are

listed in Table 4 and 6 (Appendix Sec. Dl and D3)

Standard ~ Mole Fraction Deuterium  Reciprocal Felling Time (min)~t

S32 0.42433 0.5892 £ 0.0010
33 '0,42042 0.5349 ¥ 0.0014
834 0.41643 0.4833 £ 0.0012
S35 0.41256 o.4zéo ¥ 0.0013
536 0.40814 0.3716 £ 0.0011
837 0.40433 0.3163 £ 0.0003

The results of this calibration are shown on the following graph

(Graph 9).
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3. Column calibration-n-heptane-methylcyclohexane-system

The column was operated with the system n-heptane-methylcyclo-
hexane to determine whether or not the poor results obtained with
deuterated ammonia were due to the lack of ammonia wetting the walls,
The results indicated that wetting was indeed the major difficulty
since up to 28 stages were obtained with the organic system, while
a maximum of five stages were obtained unde; similar conditioné with
the émmonia systems., These results do, however, indicate a soﬁewhat
lower number of stages with the n-heptane-methylcyclohexane system thaﬁ
Naragon and Lewis le) reported for a similar design; They were able
to obtain up to 75 equilibrium stages.

Graph 10 shows the effect of‘thruput and equilibrium time on the
effective number of equilibrium stagés for the system n-heptane-methyl-
cyclohexane. It is interesting to note that there is an intermediate
thruput for which separation was highest (3.37 ml/min)o Below this
boil-up rate too thin a liquid film probably caused a loss of efficiency.
The data obtained with this system is summarized in Table 7. In calcu-
lating the equilibrium stages, a relative volatility of 1.085 was

assumed.,
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4, Refractive Index Analytic Calibration for n-Heptane-

Methylcyclohexane,

Rgfractive index measurements were used for the analysis of the
samples of n-Heptane-Methylcyclohexane obtained from the column cali-
bration with this system, The values for the pure components agreed

well with the literature values:

Refractive Index at 20%.

n-Heptane- Literature (9) ' Observed
Methylcyclohexane 1.3877 1.3876
1.4230 1.4229

The calibration results are shown on Graph No. 1ll.

5. _Therm