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I. INTRODUCTION

Unique problems arise often in the design of equipment for
processing chemical systems that are radioactive. An important ex-
ample of such a problem is met in connection with the concentration
of radioactive agueous solutions. These solutions are formed in large
quantities in the processing of spent nuclear reactor fuel elements and
the production of radioisotopes. It is often desirable to concentrate
such a solution in order to isolate certain of its constituents or else
to reduce its volume prior to storage. In either case, the radioactivity
level of the by-product water formed must be below a certain level if

5,14)

the water is to be released to the environment,< Hence, the pro-
duction of high-purity by-product water may be a major factor in design-
ing processing equipment for concentrating radiocactive aqueous solutions.
The amount of carry-over of a given radioisotope from the initial solu-
tion to the by-product water is usually measured in terms of the decon-
tamination factor; this is defined as the ratio of the specific activity
of the initial solution to the specific activity of the by-product water.
Thus, the problem may be alternatively stated as that of designing a
concentrating apparatus in which a high decontamination factor is realized.
There are a number of techniques that are used to concentrate
radioactive aqueous solutions, such as ion exchange, co-precipitation
and evaporation. In the ion exchange technique all cations and anions,
including those that are radioactive, are removed from the solution by
interaction with cationic, anionic or mixed ion exchange beds. The de-

contamination achieved by such a system depends upon a number of factors

such as the concentration of each component of the feed solution, the
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extent of saturation of the bed at a given instant with respect to a
given ion, the flow rate of the feed solution through the bed, the bed
geometry and the nature of the ion exchange material. Decontamination
factors for ion exchange systems usually vary from about 102 to lOu.
(7’10’19) In the co-precipitation technique a flocculent precipitate
such as aluminum or ferric hydroxide is used to carry down the cations
in the solution; this gives about the same decontamination factor range
as does the ion exchange method.(l) In the evaporation technique, water
is removed from the initial solution by vaporization in a distillation
apparatus or an evaporator. The decontamination factor achieved in such
equipment varies from about 103 to 107, depending upon its design and
the conditions under which it is operated. Thus, if it is desired to
achieve as high a decontamination factor per stage of concentration as
is possible, concentration by evaporation is usually employed.

It would be convenient to employ conventional distillation
units and evaporators for concentrating radioactive solutions, but it
has been found that without modification such units give decontamination
factors of only 103 to 104.(2’5)6111’13) The reason for this is that the
vapor produced carries with it entrained radioactive particulates that
contaminate the by-product water. These particulates are either solids
such as pieces of rust that have adsorbed activity on their surface or
else they are small droplets of the feed solution itself,(5’8) The
exact mechanism by which these particulates are formed is not known, but
it is intimately associated with the agitation of the liquid surface
by bursting bubbles of vapor and the motion of the vapor stream past the

liquid surface. By incorporating devices to remove these particulates



from the vapor, it is possible to modify conventional evaporation equip-
ment so that it yields decontamination factors of the order of 107.
Several devices have been investigated for removing entrained
particulates from the vapor stream. These include cyclone separators
and vapor dome baffles placed in the evaporator head, auxiliary bubble-
cap and Raschig Ring-packed columns and fiberglass filters. It has
been found that for a vapor compression evaporator operating with a
cyclone separator in the vapor dome, the decontamination factor varies
from 4.1x103 to 133X1055(6> The same evaporator operating with a vapor
dome baffle gives decontamination factors varying from l.OXlOLL to
l°6x105,(6) The use of a bubble-cap distillation column in conjunction
with a submerged coll evaporator has been shown to give an average de-
contamination factor of 6XlO6a(5) The same evaporator used with a tower
packed with Raschig Rings gives an average decontamination factor of
9x1050(5) Decontamination factors of better than lO7 have been obtained
using either of the two evaporators above in conjunction with a fiber-
glass filter in the vapor lineo(576) It has been stated that cyclone
separators, vapor dome baffles, bubble-cap columns and Raschig Ring-
packed columns are effective in removing particulates that are greater
than 100 microns in diameter, but that for submicron-particulate removal
it is necessary to employ filters such as fiberglass,(8)
The centrifugal evaporator was conceived by Professor L. E.
Brownell of the University of Michigan as an apparatus in which droplet
entrainment by the vapor may be suppressed by centrifugal force. 1In
essence, the machine consists of a vertical rotating aluminum drum which

is externally heated by means of a steam jacket or electrical heaters
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in an air jacket. The feed solution is fed into the evaporator through
the hollow upper shaft, the vapor is withdrawn through the hollow lower
shaft, and the liquid residue is withdrawn through a collecting system
at the bottom of the machine. ,At low rotational speeds, bubble formation
will occur in the liquid flowing down the inner wall of the evaporator,
ejecting droplets of the ligquid into the vapor. Some of these droplets
will be carried back into the liquid film by centrifugal force, the
carry-back increasing with increasing rotational speed. At a sufficiently
great speed, bubble formation will be entirely suppressed due to the
establishment of a centrifugal pressure gradient in the liquid, and
vaporization will occur only at the free surface of the liquid film.

The prototype centrifugal evaporator was built by the Baker
Perkins Company of Saginaw, Michigan, and given to the Michigan
Memorial Phoenix Project for evaluation. This machine (see Figure 2)
has a stainless steel rotating drum twelve inches in diameter and
23 inches high. It is steam heated and is driven by a 1.5 h.p. motor
connected to a variable speed motor pulley. A more detailed description

(22)

of the prototype evaporator is found in the thesis of J. Ray - who

made a study of its heat transfer characteristics. Decontamination fac-

tors for this unit were measured by S. Aiba(zl)

using phosphorus-32 as
the radioisotope. In this work the specific activity of the condensed
vapor was determined by the evaporation method. These data exhibited
such a large degree of scatter that it was not possible to determine any
consistent effect of the speed of rotation upon the decontamination fac-

tor. This scatter may be ascribed to one or a combination of four

factors:



1. The use of phosphorus-32 as a phosphate as the radio-
isotope tracer (see Section IV).
2. The inherent design of the prototype evaporator.

3. Inaccuracies associated with the method used for
measuring the specific activity of the condensate,(3)
4, The relatively high vaporization rates studied (see

Section IX).

The research program reported in this thesis began with the
design of an improved system for measuring the specific activity of the
condensate from the evaporator. It was decided to employ a technique
developed for the measurement of radiocactive contaminants in water(go),
in which the solution whose activity is to be determined is passed through
an ion exchange bed surrounding a Geiger tube. At a constant feed rate
to the ion exchange bed, the rate of increase of count rate in the bed
is a measure of the specific activity of the solution (condensate)a The
design of this counting system is quite critical when it is used to
measure the activity of a pure beta-emitting isotope, due to the rela-
tively large linear absorption coefficient for the beta particles in
the bed (see Section V). Such a counting system was developed and cali-
brated (see Section VI) as the initial phase of this research.

Tests were then begun upon the prototype centrifugal evapora-
tor employing the new counting system, but it was soon discovered that
serious problems were arising due to leakage of the rotating mechanical
seals in this machine. An attempt was made to solve these problems by
replacing the seals, but the leakage persisted. It was finally concluded
that the most satisfactory solution would be the construction of a modi-

fied form of the evaporator in which there were no rotating mechanical
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seals. In order to achieve this, it was necessary to eliminate the steam
Jacket; instead, electrical resistance heaters in an air jacket were em-
ployed. Also, it was necessary to modify the system for removing the
liguid residuve from the evaporator. A stator (see Figure 5) was de-
signed to accomplish this, and then the entire evaporator was fabricated
from aluminum in the Instrument Shop of the Phoenix Laboratory at the
University of Michigan (see Figure 3).

After putting the modified evaporator into operation, it was
discovered that the stator for collecting the liquid residue would often
bind with the rotating evaporator body when the unit operated at maxi-
mum speed. Also, data indicated such a low decontamination factor that
it was felt that the stator probably caused enough agitation of the
liquid in the bottom of the evaporator to inJject droplets of the active
liguid into the vapor. It was decided that the principle of the centrifu-
gal evaporator could not be investigated successfully as long as this
possibility existed, and therefore, the liquid residue collecting system
was changed to its present modification. This consisted of removing the
stator and drilling two No. 41 (0.0960-inch) holes at 45-degree angles
on opposite sides through the bottom of the evaporator (see Figure 4).
The liquid residue was ejected from the evaporator through these holes
and collected in a pan surrounding the entire bottom of the machine.
Subsequent testing confirmed the improvement produced by this design
of collector.

A preliminary series of inactive and active runs was made in
order to locate and correct any potential sources of trouble in the

system. From these runs, it was found that the original pump selected,



& centrifugal unit with a cast iron housing, had rusted and contaminated
the feed solution. This pump was replaced by a peristaltic pump employ-
ing Tygon tubing. It was also found that if carrier-free strontium-89
in distilled water was employed as the feed solution, after several runs
about half of the strontium would be adsorbed on the walls of the evap-
orator and associated flow equipment. To eliminate this problem the feed

-k

solution was made 3x107" molar in strontium nitrate using stable stron-
tium. Finally, the problem of severe corrosion of the inner surface of
the evaporator arose. This caused the production of a large amount of
an aluminum hydroxide precipitate in the feed solution; the precipitate
was found to have more than 90% of the total strontium in the solution
occluded onto its surface. The evaporator wall was replaced, and to
eliminate further corrosion due to galvanic action, all copper tubing

in the feed flow system was replaced by aluminum tubing. After com-
pleting these modifications, the entire system was found to be operating
satisfactorily and the final test runs of the evaporator were made.

This thesis reports the results of those runs, and presents a theory to

describe the mechanism of decontamination in the centrifugal evaporator.



IT. THEQRY OF THE CENTRIFUGAL EVAPORATOR

A liguid may undergo evaporation by a surface type or a nucle-
ate mechanism. In the former, vaporization occurs just at the liquid-
vapor interface, as for example evaporation from the surface of a quiet
pond at ambient temperature. In the latter, irregularities in the con-
taining surface, as well as small particles in the liquid, form regions
of reduced surface tension and, hence, reduced vapor pressure. Bubbles
of vapor may be nucleated in these regions if the liquid is near or at
its saturation temperature; these bubbles increase in size until they
reach the free surface of the liguid. There the bubbles burst and the
bubble film contracts as a result of surface tension to produce small
droplets of liquid that are thrown into the vapor. If it is desired
to produce a vapor that is free of (non-volatile) material found in the
liquid, droplet inJjection into the vapor must be eliminated or drasti-
cally reduced. A calculation is made in Appendix A to show the magnitude
of this contaminating effect. It is seen that if one drop, having a
volume of 0,05 milliliters, is inJjected into 100 liters of saturated
vapor, the decontamination factor (ratio of specific activity of liquid
to specific activity of condensed vapor) is reduced from 107 to 103.

As stated in the Introduction, it has been found possible to
remove liquid droplets from the vapor stream coming from conventional
evaporators by employing cyclone separators, vapor dome baffles, bubble
cap columns, Raschig Ring columns, glass wool columns, or combinations
of thesea(5’6’8) The centrifugal evaporator has been conceived as an
apparatus in which centrifugal force is used to de-entrain ligquid droplets

from the vapor stream when nucleate evaporation does occur, and in which
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the application of sufficient centrifugal force may shift the evapora-
tion mechanism from the nucleate to the surface type. In this section,
a derivation is presented for the decontamination factor, assuming evap-
oration by the nucleate mechanism. A derivation is also presented for
the criterion for surface evaporation to occur.

Consider one (spherical) droplet of liquid of diameter D, in
the vapor at a distance r from the axis of rotation of the centrifugal
evaporator. The force acting in the direction of the evaporator wall
from the axis of rotation is considered to be positive. The forces act-
ing upon the droplet in the horizontal direction are:

1. The centrifugal force tending to carry the droplet to the

T DI
evaporator wall: Fo =mw*r= o) @war'

Here m, is the mass of the droplet, py is its density, aml
w is the angular velocity of the evaporator.

2. The frictional force due to the vapor moving toward the
axis of rotation and tending to carry the droplet with
it. Here assume the droplet to be in laminar flow, for
which case Stokes' Equation applies: Fg =_3”TDH V.
Here p is the viscosity of the vapor and v is the velocity
of the droplet relative to the vapor.

Then:

gty gt - Bputr-ampy

_ 18Uy
G¢= wr—pig

o}
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If the droplet reaches its terminal velocity, then:

dv _ A_ 2 1BMV
e = 0= Wi Eg

or:
y = BT
TT I8 M

Consider next the flow of the vapor. Let the total mass flow rate of

[
vapor be W. The volumetric flow rate toward the axis of rotation is

W 0., where p_ is the vapor density. If the lateral area normal to
v v

the vapor flow at r is 2nrL, then the vapor velocity is:

»

P A
v T2TrLA

The criterion for the droplet to be entrained is:

VT < \/V 7
or:
wz Dzr‘ \/'\/ 2 /8/(’11/(/ '
é E < 2R = D°< 2TTr2wel R A

This criterion gives the maximum diameter of a droplet at r that is
flowing toward the axis of rotation of the evaporator, as a function
of ﬁ and ®. Any droplets having diameters greater than that given by
this criterion will be de-entrained from the vapor stream.

Let % be the total volumetric rate of flow of droplets toward
the axis of rotation of the evaporator; Then, since the droplets do not
decrease in volume by evaporation as they move in the vapor, the specific

activity of the (condensed) vapor, Sg, is evaluated as a function of the



specific activity of the liquid, Sy:

\75 o _Y_:.‘L'_ﬁ-. \I.\/ y
— V20 e - NV
SS— \/.\/ . W for 6 >

7

The decontamination factor, D.F., is:

S

DR =5=7

O

F4

o

In order to evaluate 6, it is necessary to know the distribu-
tion of droplets throughout the volume of the evaporator. Assume that
the droplets are injected into the vapor in a given distribution in
diameter, and attain their terminal velocities after travelling a very
short distance toward the axis of rotation. For purposes of correla-
tion, assume that this distance is zero. Then at rp, only those drop-

lets are entrained whose diameters are such that:

-

> < a«,.,r@fj)g o (r2 = inner radius of evaporator)n
e ~“r ﬁf

At a smaller radius droplets of larger diameters could become entrained,

except that they have already been removed at the larger radius, rp.

Alternatively stated, the distribution in diameter of the droplets is

independent of r everywhere but at r = To, where the initial distribution

is established. Let N(D,r2) be the droplet current or number of drop-

lets per unit area normal to the direction of flow having diameters be-

tween D and D + dD that flow toward the axis of rotation in unit time.



-12-

Then: O (r2)
v = STIgN(o,c)-awrch/D
° Dm(r%)
=ﬂ2_3'”z_£ SD’ N(D,1)dD.
o
where:
18uw : 184 K 2 |
Dm(r2) = A - A
m(z) [277')’;2(,02[_@@] - ETTL_,D‘,Q] PO
As a first approximation set N(D r2) o’ a constant. Thus:
Dm(T2) Om (V2
4 m 1.
V‘WrzL_SD3N dD_Wﬂ_LNo[D
o
_ _27 ZW/\/
WL

and

DE = </ = LKA Wt
A \76 27//4;‘/\/2/\/0

For W and rp fixed,

DF =Kw?.

This equation predicts that as w approaches zero, the decontamination
factor approaches zero, a situation that is not meaningful physically
because the decontamination factor for any evaporative system is always
greater than unity. Also, examination of the experimental data shows
that the decontamination factor exhibits a less than fourth-power de-
pendence upon the angular velocity of the evaporator for the range of
angular velocities studied. The significance of this with respect to the

distribution function N(D,rg) is believed to be that the preponderence of
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droplets injected into the vapor have diameters less than Dm’ because
fewer droplets are de-entrained at a given value of ® than would be if
the average diameter were equal to Dm. For this reason, a distribution
function must be sought that starts at the origin, peaks rather rapidly
and then decreases asymptotically to zero. The most obvious example of
such a function is the Poisson distribution. However, the Poisson dis-
tribution is not a continuous function and, hence, cannot be integrated.

As an alternative, consider the function:
|
-5 ~=
X-e x .

-4 -4
Sketches of X 5, e X and X TeTx are shown in the diagram below.
1.0

and x‘5e VS. X

Plots of x'5, e %

o4
The function )('se * must be tested for continuity at X=O.

-4
' X
af = lim € , set L=uU
~ x»or X5 ) x

;f _ im e = lim X =0,

= U>oo (__’_)5' Uus 4

Thus, set:



-1k -

Now:
d (45 -5 L 7 -2 -6
ZFD(D o D) =a€ b D’ —5€e'% D, =o.
-5 & -
D¢ e% [aD, ' -5]=0.
But:
[%‘6 =0 = D, —> @, a root of non-interest
e~ 3, =0= D, = another root of non-interest.
Hence:
! . a= . D, =0/5
QDO =5’ a"‘5Do ) DD— .
Here, D, is the most probable diameter of a given droplet in the chosen
distribution,
Using this distribution function it is now possible to evalu-
ate \}: Drr(rz) ‘ Dm(rﬁ-)
: 2 -5 =
V= ﬂi’i_é-—go’/\/(@ r)dD = ﬂ—n—LjD" No D7€75dD
3 S
0 0
()
= Lk \p2e %4,
3
o
Sets
a a ; A
0/D(r.)
. u A
i —_— - — i
V Sa w—o{ )
@

TT ﬁl.ﬁJ 5;62—04CIC4

A/Dpm(t3)
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=’]TLV,;_ L—N‘J e‘—a/Dm(rz.)

JA
2 _ 201L PRV
- Tr/gz.[l)_/\/o e 500(—————-———-/8//‘%/ r o
and: |
. . 2R R\E
DF = W — /500\/\/ 650"(‘_/5}—7@49 nw
" TVp TTMRLNES ,

Here it is seen that if w = O,

_  I5DW
DF = mring >0

The assumptions upon which this derivation is based, merit

further discussion. These assumptions are:

1. The droplets are spherically shaped. This assumption
is valid for droplets of small diameters moving at low
velocities relativé to the vapor.

2. The angular velocity of the droplets is the same as that
of the evaporator. This is equivalent to the assertion
that there is no slippage at the liquid-vapor interface.
This assumption is valid at low angular velocities and
becomes increasingly erroneous at higher angular
velocities.

3. The droplets are in laminar flow. This is equivalent to
saying that |vy - vp| is small, which appears to be reason-

able, considering that the droplets are of small size and
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the relative velocities are distributed around the value
zero at a given point in the vapor.

L, The droplets reach their terminal velocities a very short
distance from the liquid vapor interface where they origil-
nate. To compute the actual value of this distance, it
would be necessary to know the velocity with which each
droplet is ejected into the vapor, an extremely complex
problem. But the small mass and diameter of the droplets
indicates that their terminal velocities are reached
rapidly.

5, A one-dimensional force and vapor flow model is assumed.
This is because a three-dimensional treatment would only
attempt to refine the theory beyond the precision of the

experimental data obtainable.

Tt is instructive to consider each of the terms that enter
into the equation derived for the decontamination factor in order to
test that equation in a qualitative manner. Due to the one-dimensional
de-entrainment model employed, it might seem strange that the final ex-
pression for the decontamination factor should depend upon L, the length
of the evaporator. However, the total rate of vapor production in the
evaporator, W, is directly proportional to the lateral area of the
evaporator (if the entering feed solution is at its saturation tempera-

L]
ture) which is proportional to L. That is, W/L = W', the rate of pro-

duction of vapor per unit height of the evaporator, is constant, giving:

‘s 2R A )2
- 50w 5D°73——wv') nw
oo - sl o)
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The most probable diameter of a droplet, DO, is determined by the force
acting at the liquid surface when the vapor bubble bursts, and this
force is determined largely by the surface tension of the liquid. Since
the surface tension depends only upon the liquid surface temperature
which is constant because the evaporator operates at essentially atmos-
pheric pressure, it is to be expected that DO is constant to a first
approximation (this point is pursued further in the consideration of
the experimental data in Section IX). Thus, since the droplet current,
N(D,re), increases with increasing W' (i.e., V) N, must increase with
W’o If W' is increased, the ratio W‘/NO does not increase as rapidly
as exp(l/W')l/2 decreases and, hence, the decontamination factor de-
creases with increasing W', which is borne out by the experimental re-
sults of this program. The equation also predicts that if the evaporator
radius, rp, 1s increased, then at low values of Ty the decontamination
factor decreases, goes through a minimum, and then increases steadily.
This may be seen by expanding the equation:

D.F = %% €2CLYE

a8 a power series gbout the origin:

DF = S(+GreCinrrm) = S+ CCat QLR+,

The interval ry = 0 to rp, corresponding to the minimum decontamination
factor, represents an interval in which the simple one-dimensional model
of vapor flow breaks down. Beyond the minimum, this equation predicts
correctly an increase in the decontamination factor with increasing r,.
This is because as r, increases, the vapor velocity decreases and the
droplet terminal velocity increases, resulting in a decrease in the

amount of entrainment. The breakdown of the one-dimensional vapor flow
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model at rp small is not of great concern, since for any design of
centrifugal evaporator, ro would be of a considerable size. The density
of the saturated feed solution, Pgs is essentially constant, and does
not affect the decontamination factor. When considering the effect of
the vapor density, o, upon the decontamination factor, it is necessary
to consider the effect of the vapor viscosity, u, at the same time. This
is because the ratio pv/p appears in the exponential term in the equa-
tion. An examination of experimental data for saturated steam shows
that in the range 100 - 150°C the density increases at the rate of
1.55%/°C, and the viscosity at the rate of 0.25%/°C. From this it is
seen that in this range of temperature, as the saturation temperature
(and, hence, saturation pressure) increases for the vapor in the evap-
orator, the ratio Qv/p increases, and therefore, the decontamination
factor increases. This is because the increase in vapor density causes
a decrease in the vapor velocity and a corresponding decrease in the
entrainment. This suggests an improvement in the decontamination factor
by operation at elevated pressures. The increase in vapor viscosity
acts to oppose this effect by increasing the drag force acting upon the
droplets. Finally, it is seen that the effect of the evaporator angular
velocity, w, upon the decontamination factor is to increase it expo-
nentially.

The equation derived above can be used to predict the decon-
tamination factor only if the parameters Djy and N, are known as functlons
of W and Tpoe It is necessary to determine these relationships experi-
mentally in lieu of an adequate theory describing the mechanism of drop-

let formation and inJjection into the vapor. However, this equation
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can be used to predict the shape of the curves:

D-F = £(w).
Set:
e o (27e2a) =g
Then:
DE = xe®®.
and

In(p.F) = Ino + Bw.

That is, the logarithm of the decontamination factor is predicted to be
linear in the angular velocity of the centrifugal evaporator for the
distribution function employed.

It is of interest to determine the order of magnitude of the
parameters DO and Noo This is done by evaluating & and B experimentally

for a given W, For W = 10.4 milliliters/minute, a least squares fit

(see Section IX) for the thirteen runs made yields:

o= 2.47 x 1Ou

B =2.77 x 1072 sec.

Also:

ry, = 3.99/12 = 0.333 ft.

L = 15.00/12 = 1.250 ft.

W= 10.4 Ein X lmfm x u;ulzm x éomi:c = 3.82 x 107 %EE :
oy = 1/26.80 = 0.0373 1b /ft3.

p, = 1/0.01672 = 59.8 1b /£t3.

b = 125.5 x 100 x 0.0672 = 8,40 x 100 1b /£t sec.
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Now:

N(2TLR AN, _ o -2
500(*W Ka_ﬁ_2,77></0 sec

A
250 %0, -
500 6.28)(/2 x00373><5—9'8)2><0,33?-:2-77)(/02

18x8:40x1076x3.82x10)°%

D, = 0.95/x/07% £t

— ’,Bkg%‘b&/ _ =X = Z?.‘?:ZK/C)';

I5x0.95Ix10x3.82x10" %
9.86x0.333x.250x59.8 N,

:2,47x/04

No = 8,98« /O_/é, droplets
£12 sec Tt

A, Non-Nucleate Evaporation

In theory, it is possible to eliminate droplet ejection into
the vapor by completely suppressing bubble formation in the liquid film
undergoing vaporization. This is done by the application of a centrifu-
gal force gradient to the liquid film such that the liquid is at its
saturation temperature only at its free surface, and is subcooled
throughout its bulk. The following diagram shows a small section of the
cylindrical evaporator wall, down which flows the liquid undergoing
vaporization. First, assume that the only force acting upon the liquid
is that of gravity. If the liquid is in streamline flow, i.e., contains
no turbulence, then under steady-state conditions the temperature gradi-

ent through it may be approximated by the Fourier equation of heat con-

duction: q)/A — kdt/o(x )
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where s
q = rate of heat flow normal to liquid film, Btu/hr.
A = area normal to heat flow (surface area of evaporator), £t2,
k = thermal conductivity of water, Btu/hr ft2 °F/ft.
t = temperature in liquid film measured at distance x from
free surface of film toward wall, °F.
/ |
i Iiquid Film !
4,
/
/ t
Evaporator jl Vapor
Wall A Space
4
/

MO

Cross Section of Liquid Film on Evaporator Wall

For Xy the liquid film thickness, small, t is approximately linear

in x and is shown as the line labelled t. Corresponding to the tempera-
ture at each point in the film is a saturation vapor pressure, which

for X, small is also approximately linear in x. This is shown as the
line labelled P . The slope of Py is governed by the heat flux, but

the value of Py at the free surface (x = 0) is fixed and equal to the
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vapor pressure, Po, of the water in the vapor space (normally, Po is

the total pressure in the vapor space). But the actual pressure in the
liquid is everywhere PO, and thus, for any finite heat flux the liquid
bulk is supersaturated. ©Since the extent of bubble formation increases
with the degree of supersaturation of the liquid, and the latter is

most supersaturated at the wall (x = XO), nucleate evaporation is likely
to occur in this system.

The centrifugal evaporator is designed to establish a centrifu-
gal pressure gradient in the liquid film such that the actual pressure
at each point in the liquid is equal to or slightly greater than the
vapor pressure due to the heat flow. In Appendix B a derivation is

presented for the centrifugal pressure egquation:

P X ot (277)2

P-FR == 8% 6o/ ?
where s
P = pressure at point x in liguid, lbsg/ft2.
ro = inside radius of evaporator, ft.
p = density of water in liquid film, lbsm/ft3°

g~ = conversion factor, 32.2 lbsm ft/se02 lbf.

This equation shows that the centrifugal pressure gradient varies as

the square of the evaporator RPM. From this, it follows that by suitably
selecting the RPM the centrifugal pressure line can be made to coincide
with the saturation pressure line. By operating at a slightly greater
RPM (1line PC) film-type vaporization is assured, and the evaporator

will operate optimally. If it is desired to increase the capacity of

the machine by increasing the heat flux, the saturation vapor pressure
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gradient also increases, and it is necessary to increase the RPM of
the machine to maintain surface vaporization.
This result can be derived quantitatively as follows. The

heat transfer is given by:

"
4 kgl
But:
'b:Okp'Fbo

for a short range of t, and thus:

AP g P
_%-: KQU;( or, AK (dx)

By differentiating the centrifugal pressure equation with respect to

X, the following equation is obtained:
otP _rhy (27“
2 :
The criterion for film-type vaporization is:

gt (=),

AKa P, 22T
<% S o ¢ JJ2(6<3) .

or:

It should be noted that the above equation is independent of Xys the
liquid film thickness. It follows that according to this derivation
the criterion for film-type vaporization is independent of the feed
rate to the evaporator, which determines x,, if the liquid feed enter-

ing the machine is at the saturation temperature.
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For the actual evaporator studied, the following parameters

are fixed:

A = 2mrpl = 27 x 3.99/12 x 15/12 = 2,61 f£t2.
k = 0.393 Btu/hr £t °F.

a = 2.3k x 1072 °F £t2/1b_.,

o = 59.9 1b_/ft3.
rp = 3.99/12 = 0.332 ft.

g, = 32.2 lb ft/sec® 1b..
Upon substituting these values into the above equation, it reduces to:
q< 1.622 x 10°% o2,

If the centrifugal evaporator is made to rotate at 1,000 RPM, then:

q < 1.622 x 10'1‘(103)2 = 162.2 Btu hr.
This corresponds to:
162.2 Btu < 1 1b vaporized _ 0.1673 1b vaporized
hr 970 Btu hr

1.26 ml vaporized
min

The maximum allowable vaporization rate computed according to the above
criterion will be less than the actual value because of the assumption
that the saturation pressure gradient could be derived from the Fourier
equation of heat flow. Actually, the Fourier equation as written holds
only for a static medium, and any turbulence in the liquid film would
have the effect of increasing the thermal conductivity of the water.
Such turbulence exists in the liquid film flowing down the inner wall

of the evaporator, and hence, the use of the thermal conductivity of
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static water in computing the maximum allowable vaporization rate will
yield a value lower than the true value. The value of this criterion
for surface evaporation is that it predicts the lower limit of the rate
of condensation for a given RPM. The actual condensation rate may be
considerably higher, and would have to be determined experimentally.
Note that the previous calculations predict that the maximum rate of
vaporization for non-nucleate vaporization is only about one-tenth of
the vaporization rates used experimentally. To obtain non-nucleate
evaporation using an experimental ratio of 12.6 ml/min would require
an increase in the speed of Jio, or a speed of about 3300 RPm, which

was excessive for the apparatus available,



IIT. DESCRIPTION OF THE APPARATUS

A sketch of the final modification of the centrifugal evapora-
tor is shown in Figure 4. The body of the evaporator is fabricated
from a 15-1/8-inch length of standard eight-inch aluminum pipe that had
been squared at each end. The upper head, which is fabricated from
one-inch aluminum, has built into it a distributor plate that serves the
dusl function of carrying the feed solution to the wall and maintaining
a liquid seal so tha vapor produced cannot escape through the hollow
upper shaft., The lower head (see Figure 6) has two liguid residue egress
holes drilled through it and contains the hollow shaft through which the
vapor leaves the evaporator. The heads are both grooved to accommodate
the body, and are held in place by six l/h-inch brass tie rods (see
Figure 8). Permatex Gasket Cement No. 2 is used as a seal between the
heads and the body of the machine. The evaporator rotates in an upper
and a lower ball bearing, both of which are completely sealed. The
frame surrounding the machine is constructed of aluminum, and this entire
assembly rests upon another frame made of angle iron. The pan for col-
lecting the liquid residue ejected from the bottom head of the machine
is fabricated from 24-gauge sheet brass that is soft-soldered rather
than silver-soldered,to prevent heat distortion of the rolled parts.

The entire inside surface of the pan is painted with stovepipe enamel

to prevent galvanic interaction between the brass and the outside of the
bottom aluminum head. A half-inch drain line in the bottom of the pan
collects the liquid residue for return to the feed bottle.

The condenser housing (see Figure 7) is made from a five-inch

length of four-inch brass tube, flanged at the open end. A rubber

-26-
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gasket is used to seal the condenser housing to the bottom of the evap-
orator housing base plate. The vapor is condensed on the surface of 23
feet of l/h-inch copper tubing wound into three concentric helices. A
half-inch copper tube protrudes up 7/8 inch from the bottom,inside the
condenser housing; this serves as a wier to smooth out the flow of the
condensate from the condenser to the monitor rotameter. The holdup
volume produced by the wier (here, 163.1 milliliters) has a damping
effect upon the composition of the condensate leaving the condenser;
this effect must be taken into consideration in the operation of the
evaporator during the test runs. It is treated in greater detail in
Appendix D, A line connected to the cooling water supply is valved into
the bottom of the condenser housing to flush out the housing at the be-
ginning of each run. A vent tap is located halfway up the side of the
housing; this serves to indicate the presence of too high a water level
in the housing during a flushing operation, and also to accommodate
pressure variations in the evaporator during startup.

The simplest method for varying the speed of the evaporator
is to drive it with a conductively compensated a.c. series motor, powered
through an autotransformer. ©Since this type of motor is used extensively
in home vacuum cleaners, one was removed from a Hoover cleaner and tested
with the evaporator. It was found to operate entirely satisfactorily
when cooled externally by compressed air. A Vee-belt pulley was ma-
chined to fit the shaft of the motor which was installed in a bracket
connected to the evaporator housing top plate. Another Vee-belt pulley
was machined to fit the upper shaft of the evaporator, and the machine

was driven by this arrangement. The speed of rotation was measured
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by means of a Strobotac (General Radio Corp. Type 631-B). This instru-
ment is capable of measuring RPM!s to an accuracy of 1% or better.

The evaporator is heated by a combination of six resistance
wire cone heaters, each of which is rated at 660 watts at 110 volts.
Each cone is mounted in a six-inch tinned sheet steel funnel to serve
as a reflector, and the funnels are mounted symmetrically in the air
Jjacket.

The Jacketed Geiger tube used in the counting system was fab-
ricated by the N. Wood Counter Laboratory. It is a thin-walled unit
(30 mg/cm?) twenty millimeters in diameter, and has a deposited silver
cathode twenty centimeters long. The tube was filled with a conventional
organically quenched counting gas, which gave a threshold voltage of
870 volts and a plateau about 130 volts long. The plateau slope was
found to be 5%/100 volts. The Jjacket was made of 35 millimeter stand-
ard pyrex tubing, at the lower end of which the Geiger tube was connected
and which necked down at the top to 5/8-inch. A length of six-milli-
meter pyrex tubing was manifolded into the Jjacket near the bottom. The
entire assembly is mounted on a wooden frame as is shown in Figure 1.
This figure also shows an eight-millimeter diameter section of pyrex
tubing that is fastened next to the counter. The purpose of this tube
is to hold a standard cobalt-60 source that is used to calibrate the
counter each time it is used. The activity of this source was adjusted
initially to give about 9,000 counts per minute in position in the
eight-millimeter tube. The entire counter assembly as shown in Figure 1
is installed in a cylindrical shield having a two-inch thick lead wall,

to minimize the background count.
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A Nuclear-Chicago Model 186 Scaler is used as the high voltage
supply, and for counting the output pulses from the Geiger tube. The
output pulses from the scaler are fed into a Radiation Counter Labora-
tory Linear Count Rate Meter (Mark 15 Model 15), and the count rate
output pulse is fed from the count rate meter into a Varian Recorder
(Model G-11). The scaler contains a 3,600 cycle pulse calibration sup-
ply, and the ratemeter contains a 7,200 cycle supply, both of which are
employed in calibrating the recorder,

The feed and monitor rotameters are both Fischer and Porter
instruments. The former has a range of O to 0.81 gpm, and the latter
has a range of O to 200 ml/min. The monitor rotameter was calibrated
with water, and the calibration curve was found to agree exactly with the
curve supplied by the manufacturer. A peristaltic pump is used to cir-
culate the feed solution from the feed to the surge bottle. The use of
the latter serves to smooth out the pulsations in the flow that are due
to the principle upon which the peristaltic pump operates. Tygon tubing,
7/l6-inch O.D. by 5/16-inch I.D. was used in the pump. The tubing was
found to withstand the pump action and hot feed solution for at least
four runs (about 16 hours of operation) but was replaced at the end of
every fourth run.

The wash bottle was employed originally to hold the feed solu-
tions used in calibrating the counting system. After this was completed,
the wash bottle was used to hold the hydrochloric acid for eluting the
ion exchange column after each run, and then the water for washing the
acid out of the column. Also, since about 800 milliliters of water was

vaporized from the feed solution (in the collecting pan) during the
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course of each run, makeup water was added to the feed bottle through

the wash bottle. The inside surface of the wash bottle, counting system,
and associated tubing, was coated with a water-repellant organosilicon
compound (Siliclad) to prevent deposition of strontium-89 ions on those
surfaces.

Valve A 1s a three-way stopcock; valves B, C, D, E, F, G, H,

J, K and L are all Bunsen clamps acting against either rubber or Tygon
tubing. It was felt that the use of‘such clamps provided simple, leak-
proof and durable valves. The drain line terminating in valve F was
used when flushing the condenser housing with cooling water prior to a
run, and also when eluting the ion exchange column with acid as well as
when washing it with water. The drain line terminating in valve E was
used when 250 milliliters of condensate water was passed from the con-
denser housing through the counting system just at the start of a run
(to ascertain the freedom of the condenser housing from Strontium-89),
Valve H was used just at the end of a run to withdréw a sample of the
feed solution for counting. Valve L was used to vgnt the surge bottle
at the end of a run. During a run, this valve was always closed. The
use of the entire system in making a run is described in detail in
Section VIII,

This system is designed to operate completely on closed loops;
that is, there is no water or strontium-89 taken from or added to the
system during a run. Actually, however, some vaporization of the feed
does occur in the collecting pan, and it is necessary to add makeup water
at the start of a new run. Also, some strontium-89 is lost to the count-
ing system during each run, but this is less than one part in lO7 of the

total activity in the feed solution, and hence, is negligible.



IV, CHOICE QF RADIOISOTOPE

A number of factors had to be considered in selecting the
particular radioisotope to be used in evaluating the centrifugal evap-
orator. In the initial decontamination studies of this machine made by
Aiba(gl), phosphorus-32 was selected as the radlioisotope. This was
done for several reasons which are summarized below:

1. Phosphorus-32 is readily available and inexpensive,

2. It emits beta particles ﬂaving a spectrum of energies,
the maximum value of which is 1.71 Mev; this, plus the
fact that it is a pure beta-emitter, makes detection and
specific activity measurements convenient.

3. A considerable amount of experimental work on evaporation
of radicactive solutions'has been done using this iso-
tope, thus, it would seem, providing a convenient basis
for comparison of results.

However, the chemical form of the phosphorus-32 as received is the
orthophosphate, Due to the complexity 6f the chemistry of aqueous
phosphate solutions at elevated temperatures, the rigorous interpreta-
tion of decontamination data obtained from such solutions is involved.
Also, the fact that most radiolsotopes are processed chemically as
cations and phosphorus-32 as an anion, weighed against its choice for
this study.

Accordingly, a radioisotopelwas sought that normally exists
as a cation in solution, has a relatively short half-life, emits an
energetic beta particle, and is preferably a pure beta-emitter. It

must also be readily available. A study of the Isotopes Catalog and
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Price List, Oak Ridge National Laboratory(lS), revealed that strontium-89
meets the above requirements. It has a half-life of 54 days, maximum
beta energy of 1.48 Mev, and is a pure beta-emitter. It is received

as Sr012 in hydrochloric acid, and is available at weekly intervals.
Finally, decontamination of equipment that has been in contact with
strontium-89 is not difficult. For these reasons, this isotope was

chosen for the decontamination study of the centrifugal evaporator.



V. DESIGN OF THE COUNTING SYSTEM

The major problem connected with the evaluation of the cen-
trifugal evaporator lay in the development of a suitable technique for
determining the specific activity of the condensate coming from the
machine. This technique would have to possess the ability to determine
solution specific activities as small as 10-13 curie/ml. The direct
method of masking such a determination is to evaporate an aliquot of
the solution to dryness on a planchet, and then measure the activity
in a counter of calibrated geometry. If the specific activity of the
solution is high compared to the counter background, this method poses
no problem. If, however, the specific activity of the solutlon is very
small (,].O_13 curie/ml) the determination becomes considerably more com-
plex. A large enough volume of solution to give reasonable counting
statistics might be evaporated down and then counted.(S) However, with
very low specific activities the evaporation losses during concentra-
tion may become significant, and in any case the method becomes quite
time consuming. Finally, this method does not provide a continuous
check of the performance of the evaporator during the entire course of
a run.

An alternative method of concentrating the activity is to pass
an aliquot of the solution through an ion exchange bed which absorbs the
active anions and cations. A suitable counting system is used to measure
the activity of the bed as a function of time or volume of solution
passed. By calibrating the apparatus with a solution of known specific
activity, the counting efficiency (ratio of observed count rate to known

disintegration rate in the ion exchange bed) can be determined. The

-33=
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same radiolsotope would generally be employed for calibrating the ap-
paratus as would be found in the solution whose activity is to be meas-
ured, thereby eliminating the effect of the emitted particle nature and
energy on the counting efficiency. This method can be applied over a
wide range of solution specific activities, since the total activity
absorbed by the ion exchange bed is directly proportional to the total
volume of solution passed (for constant solution specific activity)
which is readily controlled. The advantages offered by the ion exchange
technique led to its cholce as the method for measuring small solution
specific activities in this work.

Since the counting efficiency is a major factor in the design
of an lon exchange counting system, the parameters that affect it should
be considered before discussing the selection of ion exchange resin,
resin bed geometry and detector. In general, the efficiency depends upon
the following parameters:

1. The nature and energy of the radiation being counted.

2, The geometry and dimensions of the counting system.

3. The nature and particle size of the ion exchange resin bed.

The effect of the nature and energy of the radiation upon
the counting efficiency may be seen by comparing counting of a beta-
emitter with counting of a gamma-emitter. The probability that either
a beta particle or a gamma photon will be counted is equal to the proba-
bility, p;, that the radiation reaches the sensitive volume of the de-
tector times the probability, Po that the radiation interacts with the
material of the sensitive volume (which may include the wall of the de-

tector) to produce a count. For a gamma photon starting out in the
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direction of the detector, ol decreases exponentially with distance in
the resin bed. However, the linear absorption coefficient for the pho-
ton in the bed is so small that for a system of nominal size, py is
close to unity. For a beta particle, Py decreases approximately expo-
nentially with distance in the resin bed, but here the linear absorption
coefficient is relatively large. Hence, Py is considerably less than
unity for the beta particle. Once a beta particle does reach the sensi-
tive volume of the detector, it is nearly certain to produce a count,
i.e., Pp 1s close to unity. For a gamma photon, Pp is very much smaller,
Thus, if the radiation source in the resin bed is very close to the
counter, beta counting will be more efficient; but if the source in
the bed 1s a relatively great distance from the counter, gamma count-
ing will be more efficient. The linear absorption coefficient for a
beta particle decreases markedly with increasing particle energy, and
hence, Py increases. That is, the greater the beta energy, the greater
1s the probability that it will reach the detector, and the greater is
the counting efficiency.

Since beta particles are to be counted in this work, the dis-
tance from the radiation source to the detector should be kept small
to achieve a reasonable counting efficiency. This is the biggest single
factor in establishing the geometry and dimensions of the counting system.

The nature and particle size of the ion exchange resin af-
fects the counting efficiency because of the effect of the resin den-
sity upon the mean linear absorption coefficient of the actual water-

resin mixture. For this reason, a resin whose density is considerably

greater than that of water is to be avoided (most ion exchange resins

are Jjust slightly more dense than water).
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The actual choice of the ion exchange resin is dictated pri-
marily by its ability to absorb the radioisotope quantitatively (better
than 99%) and rapidly. If the isotope exists in agueous solution as a
cation, a strong cationic resin is used; if it exists as an anion, a
strong anionic resin is used. Chemically, most strong cationic resins
are basically copolymers of styrene with varying amounts of divinyl-
benzene. Treatment of the copolymer with sulfuric acid introduces
sulfonic groups into the molecule. Subsequent washing with sodium car-
bonate produces the sodium form of the resin which is regenerated to the
hydrogen form with acid., Many anionic resins are made from the same
copolymer by treatment with methyl chloromethyl ether followed by amina-
tion. The use of tertiary amines results in strongly basic ammonium
resins. The commercial resins of both types consist of small spheres
from 20 - 50 mesh in diameter. As supplied, the resins contain about
40% moisture, and have a specific gravity of 0.6 - 0.8, Examples of
strong cationic resins are Amberlite IR-120 and Dowex-50. Examples of
strong anionic resins are Amberlite IRA-400 and Dowex-1. The proper-
ties of these and other suitable resins are found in the litera-
supe , (16-18)

The stability of the resin to strong regenerants is also of
prime importance. At the end of a run, the resin bed contains all the
activity carried over by the condensate during the run. In order to
get the background activity of the bed as low as possible for the fol-
lowing run, it is essential to remove almost all of the activity. If
a strong cationic resin is used, a 3 - lO% acid solution is usually

recommended for regeneration, although more concentrated acid may be
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required. The resin should undergo no appreciable attrition loss over
several hundred regeneration cycles using such strong acid solutions.

The ion exchange resin selected for the counting system is
Analytical Grdde Amberlite IR-120 (hydrogen form), supplied by the
Rohm and Haas Company (Lot No. 772358). It has been found to remove
strontium-89 ions quantitatively and rapidly from aqueous solutions.
Also, in preliminary studies it has been found to undergo no observable
attrition over about 50 exchange - regeneration cycles using up to 60%
sulfuric acid.

The geometry into which the resin bed is packed depends upon
a number of factors. First and foremost, it should permit efficient
counting in conjunction with the chosen detector. Second, it should
permit the use of a conventional design of detector. Third, it should
be such that the resin bed is stable under a wide range of flow condi-
tions; that is, a minimum amount of channelling and bed displacement
should occur. Non-adherence to this factor may well give rise to
nonreproducibility of counting efficiency calibrations. Fourth, the
geometry should readily permit regeneration and backwashing of the
bed between runs.

Two geometries have been considered. In the first, the detec-
tor has a tubular shape, and is surrounded by the ion exchange bed which
forms a cylindrical annulus (see Appendix C). This configuration was
actually the first to be employed in connection with the ion exchange

counting technique,(go)

In the second geometry, the resin bed is disc-
shaped and has detectors located on both faces to form a sandwich (see

Appendix C). The feed to the bed is introduced radially along the



-38-

transverse axis of the disc, and the eluent is removed around the rim
via a manifold,

The cylindrical annular geometry would be chosen more for its
convenience of assembly and operation than for its counting efficiency.
Even i1f the resin bed did not absorb any of the radiation being emit-
ted, the maximum counting efficiency is somewhat less than 50%. This
unit cannot be used at all to measure the specific activity of alpha-
emitting isotopes, due to absorption of the alpha particles by the resin
bed and counter wall. It can be used readily for measuring strong
beta-emitters such as phosphorus-32 and strontium-89, but not weak beta-
emitters such as tritium and carbon-14. It is not difficult to purchase
conventional counters for this type of geometry, or even to modify con-
ventional counters to meet a specific design problem. In designing a
resin bed for this geometry, a compromise must be made between two con-
flicting factors. First, a thin annulus of resin is preferable for all
beta counting since the amount of beta-radiation reaching the detector
decreases approximately exponentially with the bed thickness. Second,
the thinner the annulus, the greater will be the effect of flow irregu-
larities and air bubbles upon the counting efficiency, for a given flow
rate of feed solution. Thus, it is necessary to select an annulus of
minimal thickness that will give resin bed stability.

The sandwich geometry is visualized as an ultimate design for
ion exchange bed counting. If no absorption of the emitted radiation
occurred in the resin bed or counter face, the counting efficiency would
be essentially 100%. Further, the effect of attenuation of radiation by

the resin bed is much less than the corresponding effect in the
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cylindrical annular bed., This is because for a given thickness of resin
bed, the radiation has to go only about half as far to reach a detector

as it would with the cylindrical annular geometry. The sandwich geome-

try does have the disadvantage that the equipment would all have to be
specially designed and constructed, and considerable effort may be reguired
to achieve stable bed performance.

It is not possible to compute exactly the counting efficiency
for any desired geometry for several reasons. First, the exact attenua-
tion of the radiation being measured (especially if beta radiation is
being considered) by the resin bed cannot be expressed analytically.

As an approximation for beta radiation, exponential attenuation is as-
sumed, ©Second, the measured activity is increased by secondary scatter-
ing of beta particles into the detector, as well as by bremsstrahlung
produced by energetic beta particles. These effects also cannot be des-
cribed exactly analytically. Third, the assumption of true three-dimen-
sional isotropic emission of radiation from each element of volume of the
resin bed gives rise to nonelementary integrals. Thus, to compute the
counting efficiency for a given geometry, it is necessary to make certain
simplifying assumptions which affect the accuracy of the result. However,
the derived expression should give an accuracy of approximately 25% or
better. But just as important, it should show which of the independent
variables (design parameters) most strongly affect the magnitude of the
efficiency, which is of great importance in designing a specific count-
ing system.

In Appendix C, a derivation is presented for the counting

efficiency of the cylindrical annular geometry, assuming beta particles
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to be the radiation being measured. The assumptions inherent in the
derivation are stated as they are required. The final expression for
the counting efficiency is found to be a nonelementary integral which
may be evaluated numerically, graphically, etc. A particular example
is studied, assuming a detector radius of 1.00 cm, and a resin bed thick-
ness of 0.75 cm, The radiation is assumed to emanate from strontium-89
(T = 544, E = 1.48 Mev), the mass absorption coefficient for which was
determined experimentally. The computation yields a counting effici-
ency of 1087% for this geometry. it also shows that all radiation
originating at a distance greater than about 0.25 cm from the detector
wall contributes less than 5% to the total efficiency.

In Appendix C, a derivation is presented for the counting ef-
ficiency of the sandwich geometry. Also, an example is given assuming
the same resin bed thickness and radioisotope as in the preceding para-
graph. In making this calculation, it is necessary to know the distri-
bution of activity in the resin bed. As an approximation, it is assumed
that the activity per unit volume at a point in the bed varies linearly
with the distance from the axis along which it is introduced into the
bed, being a maximum at the axis and zero at the outer edge of the bed.
The activity distribution in the bed is computed from this condition.

In order to compute the counting efficiency, it is necessary to assume
that if no scattering by the bed occurs, every beta particle emitted will
reach one of the two detectors. This assumption is good for points near
the central axis, but fails near the outer edge of the resin bed. How-
ever, since most of the activity is absorbed near the central axis, the

assumption should not introduce a great error into the computation. An
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exact derivation of the geometry view factor would lead to a nonelemen-
tary integral whose solution would require approximating techniques.
Finally, it is necessary to make a simplifying assumption regarding the
isotropic emission of the beta particles. It is assumed that the aver-
age distance from a point of particle emission in the resin bed to the
nearest detector is directly proportional to the minimum distance, and
that the proportionality constant, k, is a true constant. Using these
assumptions, the counting efficiency is evaluated, and found to depend
only upon k, the mean resin bed absorption coefficient, u, and the thick-
ness of the bed, h. It should be noted that the counting efficiency is
independent of the resin bed radius only because of the assumed activity
distribution in the bed and constant k.

As an example, the conditions of the cylindrical annular geome-
try are assumed for the sandwich geometry, and the counting efficiency
is computed. It is found to be 13.4%, in comparison with 1.87% for the
former. Thus, the sandwich geometry is to be preferred where high count-
ing efficiencies are of paramount importance. The ultimate counting sys-
tem of this nature would conceivably be a disc-shaped resin bed surrounded
by a scintillation detecting system.

The most important single parameter in designing this general
type of counting system is, as stated earlier, the thickness of the
resin bed. Examination of the equation for the counting efficiency of

the sandwich geometry shows that for:s

>\=/’( Kh >1 (See Appendix C)
the counting efficiency varies inversely as the thickness of the resin

bed. However, the equation for the counting efficiency of the cylindrical
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annular geometry shows an inverse square variation with resin bed
thickness. This implies that overestimating the thickness of the bed
in the latter case is far more costly in terms of efficiency than in
the former case; a factor of prime importance in designing an apparatus.

A preliminary investigation indicated that the problems as-
sociated with the design and construction of the sandwich apparatus
made its immediate consideration unjustifiable. For this reason, the
more conventional cylindrical annular geometry was selected for use in
the counting system. The dimensions chosen for this geometry were Jjust
those used in the sample calculation (see Appendix C). The actual
counting efficiency of this system was later found experimentally to be
2.30%. The calibration procedure is described in another section. The
actual counting system is shown in Figure 1.

It is of interest to consider the range of detectability that
the ion exchange system chosen permits. There is no theoretical upper
limit to the specific activity of a solution that can be measured by
this system if an indirect procedure is employed. As more and more
activity is deposited on the resin bed, the count rate increases. Each
detection system has a practical upper limit at which it may be used;
for a Geiger tube, this may be about 30,0QO counts per minute. For a
Low counter in the proportional region and a typical scintillation system
the upper limit may be around 300,000 cbunts ver minute, depending on
the system design and ability to correct for coincident counts. Employ-
ing these (or more suitable) maximum ccunt rate figures and the estimated
(or calibrated) counting efficiency, the total maximum activity to be

tolerated in the resin bed is computed. If it is felt that the solution
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volume required to deposit the maximum activity is too small, the in-
direct procedure mentioned earlier is employed. This consists of dilut-
ing the solution with a known amount of pure water and then passing the
dilute solution through the bed. Thus, there is no upper limit of de-
tectability to be associated with the ion exchange counting system.

The lower limit of detectability is treated as follows. Let
a be the activity per unit volume of the feed solution, z be the volume
of feed solution passed through the resin bed, and 1 be the counting
efficiency of the bed. The count rate recorded by the detector (exclud-
ing background) is:

r,=av?y.

If the total count rate (including background) is c, and the background

count rate is b, then the standard deviation of the true count rate, Gy,

is given by:

A
i
—

022 =='ﬁ: <€%& +’?§i‘) y let

Therefore:

. _C _ b =aV77+5J-+_/_
A 3 (Q z,/ .

This equation shows the variation of the standard deviation of the true
count rate. For ¢, fixed, it i1s seen that if a decreases V must increase.
Also, by increasi;; N, either a or V may be decreased without increasing
Og,
The lower limit of sensitivity is determined by r, = aVn., If

this is taken to be ten counts per minute, and the maximum volume of

solution that is desired to pass through the resin bed is V = 50,000 ml,
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then:

10

50,000an, or

1l

a =2 X lO'u/n cpm/ml

If n is taken as 0.02, then:

counts . 1l min X 1 curie sec.
min ml 60 sec 3G7X1010 counts

1 x 102

®
li

4.5 x 10712 curie/ml.

This result may be varied by selecting different values for V and 7.



VI. CALIBRATION OF THE COUNTING SYSTEM

The efficiency of the counting system must be kncown for a
given radiation if the system is to be used to measure the absolute spe-
cific activity of a dilute solution of the radioisotope emitting that
radiation. The counting efficiency is defined as the ratio of the
measured count rate to the actual disintegration rate in the resin bed
at a given instant. It is possible to derive an expression for the count-
ing efficiency (see Appendix C), although the result is of limited ac-
curacy. For this reason it is necessary to determine the efficiency ex-
perimentally by calibrating the counting system with aliquots of a
solution of the radioisotope having a known specific activity. There
are a number of potential sources of error in making this calibration,
and it is important to know what they are and how to correct for them.
They include:

1. Spurious counting by the detector (Geiger tube).

2. Formation of air pockets in the resin bed,

3. Channelling in the resin bed.

L, Formation of radiocolloids in the calibrating solution.

5. Absorption of a fraction of the radiocactive cation by

the walls of pipettes, volumetric flasks, storage
bottles, and the counting system itself.

Spurious counting by the detector is indicated by a combination
of three techniques. TFirst, a periodic determination of the counter
plateau is made. A shortening of the plateau and increase in its slope
indicates that the detector is approaching the end of its useful life.

Second, before each run, the detector is used to count the activity of
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a secondary standard source. An abnormal deviation from the known true
count rate is an indication of malfunctioning by the scaler or detector.
In this work, a cobalt-60 source giving about 9,000 counts per minute
in the counting position, is used as the standard. Third, the counting
rate of the detector is recorded continuously during each run. This
record is examined periodically for unusual pips in the curve, which
would indicate spurious counts.,

The formation of air bubbles in the ion exchange resin bed
may seriously affect the measured count rate, because the air reduces
the mean linear absorption coefficient of the bed. Since the coefficient
for air (0000989 cm'l) is much smaller than the coefficient for the water
and resin mixture (7,65 cm‘l), a small volume of air in the bed may in-
crease appreciably the measured count rate, and hence, the measured
counting efficiency. To prevent bubble formation in the bed, it is
hecessary that any solution passed through the counting system be de-
aerated., This includes the calibrating solution, the regenerant, and
the wash water.

Channelling in the resin bed is the formation of localized
regions of abnormally great solution flow rate. It appears to be a
transient phenomenon dependent upon the bed geometry, shape and size of
the resin particles and fluid flow rate. It is believed that channel-
ling is the main reason for the variation from one calibration run to
the next of the measured counting efficiency. An attempt has been made

in all runs to minimize this effect by maintaining the calibration

solution feed rate at a reasonably low level (less than 30 ml/min)u
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Experimental work has shown that if the radioactive ion in

solution forms a radiocolloid, it is not taken up quantitatively by the

(10)

exchange resin., The most convenient way to prevent colloid forma-
tion is to use only deionized water in making up the various solutions
that are passed through the counting system. All water employed in
the calibration runs was deionized in a ILaboratory Model Barnstead
Demineralizer which produced a product having a conductance equivalent
to less than 0.1 ppm of sodium chloride,

It is known that the walls of an untreated glass vessel tend
to absorb radioactive cations from a carrier-free solution contained
in the vessel. This effect can be eliminated by coating the vessel
walls with a water-repellant organosilicon compound (e.g., Desicoat,
Siliclad). All volumetric glassware, storage flasks and the detector
vessel were treated with Siliclad and then thoroughly rinsed and dried
prior to use.

The strontium-89 calibration solutions were prepared by di-
luting a standard solution whose specific activity was determined pre-
viously by L-x counting (see Section VII). In preparing and manipulating
these solutions, all the precautions Jjust outlined were adhered to rig-
orously. Twelve calibration runs were made, and from each of these the
counting efficiency was computed. The arithmetic mean of these twelve
values was taken as the efficiency of the counting system. A least-
squares fit of the data was also made and yielded an efficiency that
differed from the arithmetic mean by less than Oe5%.

The preparation of the calibration solutions was carried out

as follows. The first strontium-89 solution as received from Oak Ridge
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National Laboratory was diluted to a total volume of 5,000 milliliters
(solution A). Nine milliliters of this solution were withdrawn and re-
served for the L-x counting described elsewhere (see Section VII). One
more milliliter of solution was withdrawn and diluted to a total volume
of 1,000 milliliters (solution B); it was from this solution that all
the calibration solutions were prepared. In all the activity measure-
ments made on the strontium-89, it was necessary to correct for radio-
active decay due to the relatively short half-life of the isotope (54
days). As a convenience, all activities reported were corrected back
to the datum of May 15, unless otherwise indicated. The specific ac-
tivity of Solution A was l.l6xlO’6 curie/ml, and that of Solution B
was 1.16x109 curie/ml. In preparing the feed solution for each of the
first six calibration runs, 40 milliliters of Solution B was diluted
to 4,000 milliliters, giving a specific activity of 1.16x10-11 curie/ml
or 25.7 counts/min ml. (This corresponded to a decontamination factor
of 105.) The seventh, eighth and ninth runs were made with solutions
whose specific activity was 3/& of that used in the first six runs.
The tenth and eleventh runs were made with solutions one-half as active,
and the last run with a solution one-fourth as active as that of the
first six runs.

The procedure for making a calibration run is as follows:

1. The resin bed is prepared by first backwashing it with

a lO% hydrochloric acid solution to remove the stron-
tium-89, deposited during the previous run.
2. 3,500 milliliters of deaerated and deionized water is

backwashed through the bed to flush it of residual acid.
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500 milliliters of deionized and deaerated water is
passed slowly through the resin bed in the forward
direction to prepare it for the run.

150 milliliters of feed solution i1s passed through the
system to remove the "dead" volume of inactive water.

The initial activity of the bed is determined. This is
somewhat greater than the background activity because the
resin bed absorbs a small amount of activity from the 150
milliliters of active solution just passed into it.

The detector is calibrated against the standard cobalt-60
source, after which the run is begun.

At the end of the run (in all cases 3,850 milliliters

of active solution are passed through the system during
the run), the final count rate is determined and the

recorder is calibrated.

The counting efficiency for a given calibration run is com-

puted from the equation:

where ¢

) = 100(r; = 1)
V©-001283E g ’

= counting efficiency, %,

= measured bed activity at end of run, cpm.

= measured bed activity at start of run, cpm.

= volume of feed solution passed (3,850 ml).

= elapsed time from May 15, 1958, to time of run, days.

= known specific activity of feed solution (referred to

May 15, 1958) cpm/ml.

The results of the twelve calibration runs are summarized in Table TI.
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The mean cobalt-60 count rate is computed to be 9,164+42 cpm, The
arithmetic mean percent counting efficiency is computed to be (2.30
+0,04)%, The errors quoted are the standard deviations from the mean
values. The errors quoted in the table above are also standard devia-
tions. A plot of the calibration data is shown in Figure 11.

Because the counting system was calibrated in September, 1958,
and the final test runs on the centrifugal evaporator were made in March
and April, 1959, the question arose as to whether the original cali-
bration had changed during the interval. To investigate this possi-
bility, two counting system calibrations were made on March 21, 1959.

A fifty-lambda volume of the February 19, 1959, feed solution was diluted
to 1,000 milliliters, and a 250 milliliter and 100 milliliter aliquot of
this solution were each taken and diluted to 1,000 milliliters. The
specific activities of these solutions were computed to be 20.1 and

8.05 counts per minute per milliliter, respectively, on March 21, 1959.
In the first calibration run, 898 milliliters of the 20.1 cpm/ml solu-
tion was passed through the (previously calibrated) counting system,
giving an increase in the count rate equal to 424+7 cpm. The measured
solution specific activity was found to be 0.472 cpm/ml, giving a count-
ing efficiency of 2035%n In the second calibration run, 897 milliliters
of the 8,05 cpm/ml solution was passed through the counting system giv-
ing an increase in the counting rate of 20245 cpm. This corresponds

to a measured solution specific activity of 0.225 cpm/ml and a count-
ing efficiency of 2.79%. These points are also shown in Figure 11.

From these results, it was concluded that the counting system calibra-

tion had not changed measurably during the period of interest.
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It was also of interest to determine the fraction of the ac-
tivity fed to the counting system that was not taken up by the ion ex-
change bed. To do this, the 898 milliliter residue solution from the
first recalibration above was evaporated to dryness, and counted on a
planchet on the second shelf of a shielded end-window Geiger counter.
This count rate, corrected for background, was found to be 5.8i1,2 cpm.
The original activity in the 898 milliliters, corrected for the same
Geiger counter geometry, was readily computed, because the fifty-lambda
aliquot of the feed solution had been counted on the same shelf in
the same counter. The activity of the fifty-lambda aliguot was found
to be 3,856 cpm. Thus, the total activity in the 898 milliliters was:

3,856 x 0.250 x 0.898 = 866 cpm (on second shelf).
Thus, the amount of activity in the feed to the counting system that
was not taken up by the resin bed was:

5.8 x 100%/866 = 0.67%.
This loss corresponded to a feed rate to the counting system of 29 mil-
liliters per minute which was 1.5 times as great as the maximum conden-

sation rate in the evaporator for any run.



VII. DETERMINATION OF SPECIFIC ACTIVITY OF FEED SOLUTION

The strontium-89 employed in this research program was re-
ceived in two nominal five-millicurie shipments from Oak Ridge National
Laboratory. The first shipment was used to prepare the solution used
in calibrating the counting system. The second shipment was used to
prepare the feed solution used in evaluating the performance of the
final modification of the centrifugal evaporator. The packing list for
each shipment gave the specific activity (to an accuracy of 10%) and
the volume of solution received, from which the total activity was com-
puted. Aliquots of these solutions were also counted in a 4-x counter
in order to determine the activity to an accuracy better than 10%. The
remainder of this section presents the details of the Y-n counting
measurements.

The 4-x counter employed is an instrument from the counting
laboratory of Professor W. W. Meinke of the Chemistry Department at the
University of Michigan. This counter is based upon a design by C. J.
Borkowsky(lg), and has been described in detail by K. L. Hall(h), The
counter was operated in the proportional region using pure methane gas,
for which a thousand-volt plateau beginning at about 3,400 volts was
observed at an input pulse setting of 2.5 millivolts. The counter was
operated at 3,800 volts in making the strontium-89 measurements.

A, Activity Measurement of First Shipment
(May 15, 1958)

Four 50\ (1A = 0.001 milliliter) aliquots of feed solution
were evaporated to dryness on 1/4 mil teflon films stretched over holes

in aluminum cards. A second teflon film was then placed over each of
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the first films, sandwiching in the active material to prevent contami-
nation of the counter. To prevent spurious counting, the edges of the
films were trimmed smooth and fastened tightly to the aluminum card by
means of a light application of silicone grease, and then the film and
aluminum around it were sprayed with a thin coat of aquadag to provide
a conducting film over the teflon. FEach sample was counted three times
for two-minute periods, yielding the following results:

Sample A
" Run 1 199,553/2.00 = 99,777 cpm

Run 2 199,446/2.00 = 99,723 cpm
Run 3 199,252/2.00 = 99,626 cpm
Average for Sample A = 99,710 cpm

Sample B
Run 1 198,756/2.00 = 99,378 cpm

Run 2 199,019/2.00 = 99,509 cpm
Run 3 198,620/2.00 = 99,310 cpm
Average for Sample B = 99,400 cpm

Sample C
Run 1 196,613/2.00 = 98,307 cpm

Run 2 197,194/2.00 = 98,597 cpm
Run 3 196,678/2.00 = 98,339 cpm
Average for Sample C = 98,410 cpm
Sample D
Run 1 196,650/2.00 = 98,325 cpm
Run 2 196,670/2.00 = 98,335 cpm
Run 3 195,920/2.00 = 97,960 cpm
Average for Sample D = 98,210 cpm

Background = b = 7,005/80.00 = 87.5 + 1.1 cpm

The mean of the four samples is:

_ 99,710 + 99,400 + 98,410 + 98,210

N n = 98,930 cpm
N-Db= 98,840
The coincidence correction = + 1,300
The true count rate, N = 100,140



-55-

The standard deviation of the mean is computed:

N, ¥ - | (W - ;)2
100,920 780 60. 84x10™*
100,610 470 22.o9x101L

99,620 520 27.010(101L
99,420 720 51.84x10"

- K
Sum = 161.81x10

161.8x10

- = 36
A IS YE
_ 367x100% _
% Std. Dev. = i66jiﬂ6— = 0.37%

The true count rate is thus: 100,140 + 0.37% cpm.
The specific activity of the feed solution is:
100,140 cpm/0.050 ml = 2,00 x 10° cpm/m1

6 counts _ 1 min 1l curie sec  _ -6 curie
min ml * 80 sec * 3.771010 comnts | 00 X0 T

2.00 x 10

The total activity is:

0.900 x 1076 x 5,000 = 4,50 x 1073 curie = 4.50 millicurie.
This value, corrected back to May 15, 1958, is:

4,50/0.784 = 5,74 millicuries.
In converting the measured count rate to activity in curies, the assump-
tion was made that 1 count = 1 disintegration; that is, no beta particles
were absorbed by the teflon and graphite. The absorption due to the
teflon is computed. The absorption coefficient for the beta particles
from strontium-89 has been computed from experimental aluminum absorp-

tion data and is found to be: u/p = 7.65 cm®/gm.
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For the teflon, p = 2.3 gm/cmS, and thus:

LAz 7.65 x 2.3 = 17.60 cm™t

The fractional attenuvation due to the teflon is:

s , , _0.0lll
_ @~/760x0 00Ix 2 54/4 e = 0.989

e

Therefore, the teflon absorbs about 1.1% of the beta particles emitted
by the strontium-89. Neglecting the absorption due to the very thin

graphite film, the activity corrected for absorption by the teflon is:

5.74 x 1.011 = 5.80 millicuries.

It is felt that this value is accurate to within 5%.

B. Activity Measurement of Second Shipment
(February 19, 1959)

Four 50\ samples were prepared for counting exactly as de-
scribed in Subsection A. The counting results were:

Sample A
Run 1 244,971/2.00 = 122,486 cpm
Run 2 24k ,697/2.00 = 122,349 cpm
Run 3  2W44,391/2.00 = 122,196 cpm
Average for Sample A = 122,344k cpm

Sample B
Run 1 240,527/2.00 = 120,264 cpm
Run 2 238,907/2.00 = 119,454 cpm
Run 3 239,513/2.00 = 119,754 cpm
Average for Sample B = 119,824 cpm

Sample C
Run 1 24k2,269/2.00 = 121,135 cpm
Run 2 2k1,761/2.00 = 120,881 cpm
Run 3 243,022/2,00 = 121,511 cpm
Average for Sample C = 121,176 cpm

Sample D
Run 1 243,335/2.00 = 121,668 cpm
Run 2 2lh1,047/2.00 = 120,524 cpm
Run 3 2h2,045/2,00 = 121,023 cpm
Average for Sample D 121,072 cpm

]

]
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Background = b = 1,887/20.00 = 94.4 + 2.2 cpm.

The mean of the four samples is:

122,344 + 119,824 + 121,176 + 121,072
N = 3 2 T 17 012 121,100 cpm.

N -D
The coincidence correction
The true count rate, N

121,000
+ 1,960
122,960 cpm.

The standard deviation of the mean is computed:

Ny ¥ - | (F - m;)2
124,240 1,280 1.638x106
121,640 1,320 1.742x106
123,040 80 negl.
122,930 30 negl.

N
Sum = 3.380x10

n
g = ‘§%§§%%7 = 531
531x100%
% Std. Dev. = 22,50 ~ 0.43%

The true count rate is thus: 122,960 + 0.43% cpm.
The specific activity of the feed solution is:

122,960 cpm/0.050 ml = 2.46 x 10° cpm/ml

-6 curie

6

1l min 1 curie sec - 1.108 x 10

X
60 sec 3,7OxlOlO counts

2,46 x 10° cpm/ml x

The total activity is:
1.108 x 107 x 5,000 = 5,54 x 1073 curie = 5.54 millicuries.
This value, corrected back to February 19, 1959, is:

5.54/0.952 = 5,82 millicuries.
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Finally, this value is corrected for absorption by the teflon film:
5.82 x 1.011 = 5.88 millicuries.

It is felt that this value is accurate to within 5%.



VIIT., OPERATING PROCEDURE

The procedure for making a test run with the centrifugal evap-

orator is divided into three parts: the preliminary steps, startup, and

the run proper. The preliminary steps are as follows:

1.

The electronic components are checked out. The ratemeter
and recorder are zeroed, and then the recorder is cali-
brated against the 7,200 cycle pulse from the ratemeter
and the 3,600 cycle pulse from the scaler. The high
voltage to the Geiger tube is set at 910 volts, and then
the standard cobalt-60 source is lowered into the counter
assembly and counted for three minutes (approximately
9,000 counts per minute). If the measured count rate does
not differ from the running average value by more than 3%,
the Geiger tube is assumed to be operating satisfactorily,
and a background count is begun.

While the background is being counted, the condenser water
is turned on, and four liters of condenser water is passed
through the condenser housing and to a waste bottle. For
this operation valves J, B and F are opened and valves A,
C, D and E are closed.

When both the background count (15 - 20 minutes) and the
four-liter flush are completed, 250 milliliters of the con-
denser water 1s passed from the condenser housing through
the counting system to a 250-millilitér volumetric flask.
For this operation, valves B, C and E are opened and valves

A, D and F are closed. The activity in the 250 milliliters
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of water is determined and if it is found to be less than
five counts per minute, the equipment is ready for the
run. At this point, the run background count is begun.
The necessary amount of makeup water is added to the feed
bottle from the wash bottle. To do this, valves A and D
are opened and valves B, C, E and F are closed. About
800 milliliters of makeup water is required for each rum.
startup procedure is as follows:

The condensate system is valved for recycle; to do this,
valves B, A and D are opened and valves C, E and F are
closed.

All flow lines are checked for leakage.

The predetermined number of heaters are turned on.

When the upper thermometer in the air Jacket reaches

150 - 160°F, the evaporator is turned on (2 - 4 minutes
after the heaters are turned on).

When the upper thermometer in the air jacket reaches

160 - 170°F, the pump is turned on (5 - 8 minutes after
the evaporator is turned on).

The system is allowed to build up to the predetermined
operating conditions. During this time it is necessary to
adjust the speed of the evaporator and the feed rate so
that they are at the desired levels at the start of the
equilibration period. This period begins when condensate
begins to flow through the monitor rotameter, and continues

for as long as it takes (about 30 minutes) for 300 or more
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milliliters of condensate to pass from the condenser.

As stated earlier, the evaporator operates on total recycle
during this time, so no condensate is lost from the system.
At the end of the equilibration period, the run proper is
begun after taking the background data from the scaler.

run procedure is as follows:

The condensate flow system is revalved to cause the con-
densate to flow through the counting system. To do this,
valve C is opened and valve A is closed. The zero time is
noted on the recorder.

During the course of the run such adJjustments as are nec-
essary are made in the speed of rotation of the evaporator.
The following data are recorded at ten-minute intervals:

a. Temperature in the top of the air Jacket.

b. Temperature in the bottom of the air jacket.

c. Temperature in the feed bottle.

d. Feed rotameter setting.

e. Monitor rotameter setting.

f, Strobotac reading.

g. Current through and voltage across drive motor.

h. Remarks,

At the conclusion of the run, the heaters are turned off.
About five minutes later the air Jjacket temperature has
dropped below 200°F, and the pump is turned off. The surge
tank is allowed to drain and then valve L is opened. The

evaporator 1s then turned off. A sample of the feed



-62.-

solution is taken by slightly opening valve H to withdraw
the desired volume of the solution (about five milliliters).
Two fifty-lambda (0.050 milliliter) samples of the feed
solution are evaporated to dryness on aluminum planchets,
covered with Scotch tape, and counted in a Geiger tube
assembly. Two reference fifty-lambda samples of the origi-
nal February 19, 1959, feed solution are then counted to
determine the specific activity of the feed solution at

the end of the given run.

About an hour after the end of the run, the condenser
housing is cool enough to remove and wash, to prepare it
for the next run. It is washed three times with deionized
water and then reinstalled.

The ion exchange bed is eluted with hydrochloric acid (lO%)
to prepare it for the next run. About one liter of acid

is required for this operation. Then the bed is washed
with four liters of deionized, deaerated water to remove
all traces of the acid. During this entire operation, the

count rate in the bed is recorded continuously to make sure

- that the bed activity is reduced to less than 60 counts

per minute. Tor both the elution and the washing steps,
the valves are arranged as follows: valves A, C and F
are opened, and valves B, D and E are closed. Upon com-
pletion of the washing operation, the system is ready for

the next run. The high voltage to the counter is turned
down but not off, The electronic equipment is left on

continuously to prevent drift during warmup.



IX. EXPERIMENTAL RESULTS

A series of 31 runs were made with the final modification of
the centrifugal evaporator to determine the effect of the angular veloc-
ity, w, and the rate of production of vapor, ﬁ, upon the decontamination
factor. In all of the runs, the feed rate to the evaporator was held
constant at about 460 milliliters/minute. Thirteen of the runs were
made at vaporization rates corresponding to approximately 10 milliliters/
minute of condensate and angular velocities ranging from 366 - 1098 RPM.
Ten of the runs were made at vaporization rates corresponding to ap-
proximately 15 milliliters/minute of condensate and angular velocities
ranging from 417 - 1016 RPM. TFinally, eight runs were made at vapori-
zation rates corresponding to approximately 19 milliliters/minute and
angular velocities ranging from 394 - 1105 RPM. The pertinent data re-
lating to these runs are found in Table II, and the decontamination
factors are plotted as a function of the angular velocity in Figures 12,
13 and 1k,

The permitdted ranges of variation for the rate of vaporization
and the angular velocity were dictated by the design and construction of
the particular centrifugal evaporator studied. At rates of vaporization
corresponding to condensation rates less than 10 milliliters/minute,
the time required for a run would increase considerably for two reasons.
First, the decrease in condensate rate would require a longer time for
condensate passage through the counting system in order to achieve a
given statistical accuracy in the counting (see Section V). Second,
the decrease in condensate rate would result in an increase in the de-

contamination factor and a corresponding decrease in the condensate
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TABLE IT

SUMMARY OF DATA FOR RUNS WITH FINAL MODIFICATION OF EVAPORATOR

Background Background Avg. Average Specific  Specific
Date Net Co-60 Before After Avg. Avg. Avg.  Feed Condensate  Activity  Activity
of Count 250 ml, 250 ml, Avg.  Tgop,  Thot,  Try,  Rate, Rate, Feed Soln. Condens.

Run No. Run Rete, cpm. cpm. cpm. RPM °F °F °F ml/min. ml/min. epm/ml. cpm/ml. D.F,
I a 3/ 1/59 8,470 + 50 57.9 + 1.9 57.6 + 1.9 700 237 243 197 469 11.3 311 x106 131 2.4 x 107
b 3/ 9/59 8,600 + 50 50.3 + 1.8 50.6 + 1.3 70k 236 243 197 koL 11.3 3.02 x 105 19.3 1.6 x 109
I a 3/10/59 8,570 + 50 47.1 + 1.8 45.0 + 1.2 810 234 2k 197 493 10.5 3.8 - 106 194 1.6 x 105
b 3/11/59 8,4h0 + 50 46,7 + 1.8 46.1+1.8 798 235 240 197 493 11.3 o8 x100 152 1.9 x 109
III a 3/12/59 8,520 + 50 50.1 + 1.9 50.8 + 1.9 909 234 239 194 463 9.8 3.03 x 106 7.68 3.9 x 105
b 3/13/59 8,370 + 50 W5 4 1.5 45.0+1.5 905 234 2ko 198 k93 10.2 2.7% x 106 T.77 3.5 x 10°
IV a 3/14/59 8,620 + 50 bk,3 4+ 1.5 43,4+ 1.5 1013 23k 2ko 19 463 8.8 2.83 x 106 b9k 5.7 x 107
b 3/16/59 8,340 + 50 b1+ 1.5 b2 +1.5 993 234 240 196 451 8.8 2.81 x 10° 4.h6 6.3 x 109
v 3/17/59 8,360 + 50 39.6 +1.7 420 +1.7 89 248 267 191 439 18.9 2.32 x 105 36.0 6.5 x 10"
VI 3/18/59 8,740 + 50 38.5 + 1.4 k2.3 +1.3 756 2kt 267 195 466 18.9 2.3% x 106 481 4.9 x 10*
VII 3/19/59 8,620 + 50 39.5 + 1.k 40.0 + 1.3 1105 2k9 266 193 kb2 18.0 2.50 x 105 20.0 1.20 x 107
vIII 3/19/59 8,680 £ 50 Mk« 1.7  43.2+1.5 1003 2h7 267 19k 466 18.0 2.20 x 106 3h.2 6.4 x 10
X 3/20/59 8,420 + 50 48.3 + 1.8 48.3 + 1.8 1098 237 2ko 193 419 7.9 2.39 x 106 k.9 9 x 10°
X 3/23/59 8,470 + 50 54.5 + 1.9 52,2 + 1.9 5% 235 240 198 481 11.3 220 x 106 17.72 1.2 x 109
XT 3/24/59 8,500 + 50 k2.3 + 1.7 454+ 1.7 458 2ko 242 197 gk 1.3 1.98x 106 k.9 7.9 x 10*
XII 3/2k/59 8,520 + 50 4h.9 + 1.7 45.5 + 1.2 366 2h5 243 198 b7k 13.0 217 x 105 22.9 9.5 x 10%
XIIT 4/ 1/59 8,580 + 50 49.3 + 1.6 48,5 + 1.6 632 236 239 195 L6k 11.3 1.87 x 100 10.4 1.80 x 10°
XIv 4/ 2/59 8,510 + 50 52.7 + 1.6 48.3 + 1.1 621 246 2kg 194 L6k 15.0 1.5% x 106 31.2 4.9 x 10%
xv 4/ 3/59 8,620 + 50 S84 +2.0  60.6+ 1.4 725 2uh 2kg 19k 463 15.1 145 x 106 26.0 5.6 x 10"
XL 4/ 4/59 8,630 + 50 L7.1 + 1.5 48,5+ 1.6 83 245 251 194 452 1.7 143 x106 11k 1.3 x 10°
XVII b/ 4/59 8,59 + 50  ¥7.3+1.5 W57 415 915 243 250 19k w78 .7 1.2k x 206 171 7.3 x 104
XVITT 4/ 6/59 8,550+ 50  h5.7 +1.7 7.0+ 1.5 1016 2k2 251 19 166 .7 1.19x 106 6.38 1.9 x 107
XIX 4/ 7/59 8,680 + 50 45,8 + 1.7 43.6 +1.5 802 25 251 196 L6l 16.2 132 x 106 251 b5 x 10%
pod 4/ 8/59 8,440 + 50 48,6 + 1.6 47,2 + 1.4 506 243 2kt 1% 463 15.4 0.9% x 10°  36.2 2.7 x 10t
v 4/ 8/59 8,550 +50 56,1+ 1.7  54.8+1.7 M7 245 248 197 469 15.4 112 x106 20,k 5.5 x 10
poand &/ 9/59 8,410 + 50 50.5 + 1.6 51.8 + 1.6 757 243 2kt 194 469 15.4 0.880 x 106 .88 1.8 x 10°
XXIIT 4/10/59 8,440 + 50  41.54+ 1.k U43.9+1.0 768 2k1 2k6 197 457 15 0,786 x 105 6,04 1.3 x 10°
XXIV 4/11/59 8,580 + 50 46.0 + 1.5 k5.2 + 1.5 631 248 265 194 sk 19.8 0.766 x 105 42.3 1.8 x 10*
o B/1k/59 8,560 + 50 WT.5+1.5  b5.9+1.2 511 2kl 261 197 Lsh 20.2 1.05 x 106 36.2 2.9 x 10+
XXVI L/14/59 8,610 + 50 48.8 + 1.5 49.8 £+ 1.3 3% 248 263 194 448 20.2 110x10% €23 1.8 x 10*
XXVIT 4/15/59 8,560 + 50 56.1 + 1.9 57.8 +1.2 789 245 265 1% 457 20.2 0.805 x 10° 7.80 1.0 x 107
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specific activity. This effect would further increase the time required
to achieve the desired statistical accuracy in counting. It was not felt
that the design of this machine was such that it could be operated for
extended periods of time. 1In order to attain rates of vaporization cor-
responding to more than 20 milliliters/minute of condensate, it would

be necessary to heat the evaporator to temperatures where trouble might
well be encountered. The most obvious example of such trouble is the
failure of the Permatex Gasket Cement used to seal the heads to the
body of the evaporator, which would result in leakage of the feed solu-
tion from the evaporator. At speeds below about 350 RPM, the accuracy
of speed control of the evaporator fell off markedly due to the charac-
teristics of the drive motor employed, and thus, all data were taken at
greater speeds. At speeds above 1100 RPM, the evaporator began to vi-
brate due to dynamic unbalance, and rather than attempt to interpret the
effect of the vibration upon the decontamination mechanism, data were
not taken above this speed.

An examination of Figures 12, 13 and 14 shows that a consider-
able amount of scatter exists in the decontamination factor measurements.
This scatter is also characteristic of decontamination studies made with
conventional evaporators treating radioactive solutionsg(é) Its exact
cause is obscure, but is related to random surges of entrainment in the
vapor stream. An increase in the vapor velocity would appear to ilncrease
the amount of entrainment produced by such a surge, and thus, increase
the scatter. A comparison of Figures 12 and 13 tends to confirm this
conclusion. To reduce the scatter, it would seem necessary to either

reduce the rate of production of vapor, or else operate for times long
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enough to smooth out the surge effects upon the data. The latter point
was inapplicable to this study, both because of the inherently long time
required and the relatively low capacity of the counting system employed.
There are two other probable contributions to the scatter observed in
the data obtained in this research program. TFirst, the inner surface

of the evaporator is slightly out of round (as determined in a static
balancing test) which gives rise to areas where the liquid film thick-
ness varies in a transient manner. In areas where the film does become
thinner than the average thickness, an increase in bubble formation, and
consequently, entraimment occurs. ©Second, the decontamination factor is
quite sensitive to the rate of vaporization, which varied somewhat from
run to run within a given series due to variation in the ambient temp-
erature,

An examination of Figure 12 shows that the logarithm of the
decontamination factor is approximately linear in the evaporator angular
velocity at an average condensate rate of 10.h4 milliliters/minute, If
it is assumed that this linearity is exact for all three vaporization
rates studied, then it becomes possible to determine the values of @
and B in:

w
[lf; = O<€28 ’

for each of the vaporization rates by a least-squares fit of the data.
Also, if this linearity is exact, then the decontamination model evolved
in Section IT is exact, and it can be used to evaluate the most probable
diameter of a droplet undergoing entrainment, as well as the distribu-

tion-in-diameter of the entrained droplet current from the experimental
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data., This 1s done as follows:

In(D.F) = [n e+ B,
’oa(D'F)—‘— /og X + 0.9 3494,

Set:

Ioa(DF.):Y; /Ojo(=b, 0.4348=m, w = X.

Then:
t>= :E?>(522£j>4 '“Q§j><iiiz>ﬂ Y
N22XE — (2 X.)?

N2 X% —2_X: 5%
n2IX* = (3 %)

where n is the total number of points being fitted in a given series.
The dashed lines in Figures 12, 13 and 14 correspond to the least-
squares fit of the data. Table IIT below is a summary of the results of

these calculations,
TABLE IIT

SEMILOGARITHMIC LEAST-SQUARES FIT OF THE EXPERIMENTAL DATA

W o Do
ml/min b m, sec., Q B, sec. Number feet

ft2 sec £t

10,4 14,393 1,20 x1072 2.47 xlOLL 2577X10'2 00898X10'15 O.95leO"6

b0 .20x1078 2.26 x10-15 0.92U4x1070

19.3  3.808 1.09 x102 0.6kex10" 2.50x10-2

15.2  L4.145 0.963x10™% 1.395x10

7.89 x1071° 1.17 x10°°

It is seen that within the experimental error, the most prob-

able diameter of an entrained droplet is constant over the range of
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vaporization rates studied. The reason for this is that the force tend-
ing to eject droplets into the vapor depends primarily upon the surface
tension of the liquid, which in turn, depends only upon the temperature
of the liquid at its free surface. Since the evaporator was operated
at essentially atmoespheric pressure at all times, the temperature at
the free surface of the liquid film was constant, and thus, it would be
expected that the most probable droplet diameter would remain constant.
The most probable diameter of a droplet of lx_'I.O'6 foot corresponds to
approximately 10 microns. This value is reasonable since the range of
droplet diameters in conventional evaporator vapor streams has been found
to extend from submicron to greater than 100 micron values,(8)
It is also seen that the parameter NO, which is proportional
to the total droplet current moving with the vapor, increases in a greater
than linear manner with increasing W, over the range of W investigated.

To appreciate the mathematical cause for this, it is necessary to con-

sider the equation for No:

Noo AEDW
o= T2, LG X

If NO were linear in w, then @, the decontamination factor at zero RPM,
would have to remain constant with increasing ﬁ. But a decrease in ¢
with increasing W is anticipated, since 1t is to be expected that the
agitation at the free surface of the liquid film increases with increas-
ing W, especially at zero RPM. Physically, this greater than linear
increase of Ny with W is because increasing W simultaneously increases
both the total rate of production of droplets of all diameters and the

range of diameters of entrained droplets.
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It was not possible to test the criterion derived in Section
IT for the transition from nucleate to surface evaporation. This point

is considered further in Section X following.



X. CONCLUSIONS

This research program has investigated the effect of centrifu-
gal force upon the decontamination factor achieved in a centrifugal evap-
orator at angular velocities up to 1100 RPM, and for vapor production
rates corresponding up to 19.3 milliliters per minute of condensate.

The maximum decontamination factor measured in this range of conditions
was 6g3x105, Based upon the assumption of evaporation by a nucleate
mechanism, a model for the de-entrainment of liquid droplets from the
vapor stream has been developed and tested successfully. It is reason-
able to ask if this model predicts that the decontamination factor will
continue to rise exponentially with the evaporator angular velocity at

a given vaporization rate for angular velocities greater than 1100 RPM.
As long as vaporization occurs by the nucleate mechanism, this exponential
relationship should continue to hold. However, for a given rate of
vaporization, an evaporator angular velocity should be attained at which
the evaporation mechanism shifts from the nucleate to the surface type.
At this or greater angular velocities, no bubble formation should occur
in the liquid film flowing down the inner wall of the evaporator, and a
significant improvement in the decontamination factor should thus be
realized. This concept is studied quantitatively in Section II where
the criterion for the shift from the nucleate to the surface evapora-

tion mechanism is derived. This criterion is:

AKo ﬂl)a,
%< g wz(eo

-70-
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The various terms comprising this inequality are defined in Section II.
For the particular centrifugal evaporator studied, this expression
reduces to:

g < 1 croair tt
v

If the minimum vaporization rate corresponds to a rate of

condensation of 10.4% milliliters per minute, then:

1

i

1C. 4 x(1/4274)<E0 x G7C =1,55] Btu/nr

and

= £, 570 Rrew,

~N
1A

although this value is an upper limit, as explained in Section II.
From this it is seen that in order to shift the vaporization mechanism
from the nucleate to the surface type, it is necessary to drive the
evaporator at speeds considerably above the upper limit found feasible
for the model constructed and studied.

In conclusion, it is seen that at relatively low angular
velocities the decontamination mechanism in the centrifugal evaporator
corresponds to the de-entrainment from the vapor stream of liquid drop-
lets produced by bubbles of vapor spattering at the free surface of the
liquid film. Increasing the angular velocity of the evaporator causes
an exponential increase in the decontamination factor probably up to the
point where the vaporization mechanism shifts from the nucleate to the
surface type. At this point and beyond, the decontamination mechanism
is probably Jjust the complete supression of bubble formation in the
liquid film, and the consequent elimination of droplet injection into

the vapor stream. In the experimental program reported in this thesis,
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the point of shift of the vaporization mechanism was never attained
due to the inability to reach the necessary evaporator speeds.

If it is desired to employ a centrifugal evaporator to achieve
decontamination factors of 107 or better on a commercial basis, where
high vaporization rates are encountered, the machine would have to be
designed to operate at quite high speeds. It must be realized, how-
ever, that operation at considerably higher speeds may introduce new
problems that will require experimental study. For example, if the
lateral wall of the evaporator is out of round, regions of reduced liquid
film thickness occur, and nucleate evaporation with its associated drop-
let production may take plaée. Significantly, the film thickness at a
point closer to the axis of rotation decreases with increasing angular
velocity. Another problem that might arise at higher speeds is related
to the increase in vibration of the evaporator due to dynamic unbalance.
This problem is the agitation of the surface of the liquid film in such
a manner that droplets are ejected into the vapor by a wave action at the
surface.

Finally, an experimental program investigating the exact nature
of the decontamination mechanism at high rotational speeds would certainly
prove fruitful in augmenting the information obtained from the present
program. It might also have as one of its aims, the evaluation of the
centrifugal evaporator as a commercially feasible machine for concentrat-
ing radioactive solutions, since if such feasibility exists, it almost
certainly will be found at high evaporator rotational speeds, as stated
earlier. For this machine to be commercially feasible, it would have

to compete favorably with conventional evaporators in which a fiberglass
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filter column is employed to remove entrained droplets of the feed solu-
tion, and with which decontamination factors of better than lO7 are
attainable.

A valuable byproduct of this research program was the success-
ful development of a counting system for determining the specific activity
of very dilute (lO“'15 curies/milliliter) agueous solutions contalning
energetic beta-emitting isotopes. This counting system was found to
operate completely satisfactorily in the seven-month period during which
it was employed in this research. In this period, it was used 56 times.
Besides its accuracy and reliability, the counting system is of a rather
simple design, and is inexpensive to construct. Its primary disadvan-
tage lies in the necessity for chemical treatment at the beginning of
a specific activity determination to remove the activity deposited in

the previous run.



FIGURES 1 - 1k
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Figure 1. Picture of Counting System
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Figure 5. Picture of Lower Head and Stator in First Modification

Figure 6. Picture of Lower Head and Egress Holes in Second Modification
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Figure 7. Picture of Condenser Housing

Figure 8. Picture of Final Modification of Evaporator Body
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Figure 9. Picture of Entire Apparatus
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APPENDIX A
CALCULATION OF EFFECT UPON DECONTAMINATION FACTOR
OF INJECTING ACTIVE LIQUID INTO INACTIVE SATURATED VAPOR
In this section, a calculation is made to show the reduction
in the decontamination factor that occurs when one drop (0.050 ml) of
active liquid is injected into 100 liters of the previously inactive
vapor.

Let: vy = specific volume of saturated liquid at 212°F
(0.01672 ft3/1p).

vy = specific volume of saturated vapor at 212°F
(26.80 £t3/1b).

8, = initial specific activity of liquid, curie/lb.
sg = initial specific activity of vapor, curie/lb.

D= initial decontamination factor of vapor
(here taken as 107),

Df = final decontamination factor of vapor.

Sg = final specific activity of vapor, curie/lb.
Vi = volume ll%uld 1nJected into vapor = 0.050 ml =
1.767x10"

V = volume of vapor = 100 liters = 3.535 ft3.

An activity balance gives:

V V -7 — V V e 0 == -
_vi. Se 1—.-\7;-x/0 St —(_\71& + —\;-)SJ Note: §3 =S, D,
S}((Yii- Yixlo"’>" (——+ g
Vi vy

-87-
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_ Vi Vi 17¢7x167¢ . 3535
RS T Y, v jo7  L2erxioté | 35354077
Ve vy rezx (072 T 26 B0
=].2/x10%

Thus, by injecting one drop of active liquid into 100 liters of formerly

inactive vapor, the decontamination factor of the latter is decreased

to 105.



APPENDIX B

DERIVATION OF EQUATION FOR CENTRIFUGAL PRESSURE
IN LIQUID FILM IN EVAPORATOR

Let: rp = inside radius of evaporator, ft.

ry = radius at liquid-vapor interface, ft.
o = T = Xg; liquid film thickness, ft.

r = radius at a point in liquid film, ft.
o = density of liquid, b /ft.

® = angular velocity of evaporator, radians/sec.

=
i

centrifugal force acting on liquid at r, lbf.
P = centrifugal pressure acting on liquid at r, lbf/ftg.
S = lateral area perpendicular to F at r, ft2.

h = height of liquid film in evaporator, ft.

dm = differential mass of liquid at r in annulus of
thickness dr, lbm.

AV = differential volume of liquid at r in annulus of
thickness dr, £t3.

8o = conversion factor, 32.2 lbm_ft/secglbf

~89-
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APPENDIX C

COMPUTATION OF APPROXIMATE COUNTING EFFICIENCY
OF ION EXCHANGE SYSTEMS

1. Cylindrical Annular Geometry

Geiger Tube

Resin Bed

The computations are based upon the following assumptions:

1. All the strontium-89 is absorbed in a plane of infinitesi-
mal thickness, and the distribution of activity in the
plane is uniform.

2. The beta particles are emitted isobropically in the plane
from an infinite number of point sources, and all beta
particles emitted move entirely within the plane prior
to their first scattering.

3. Beta particles are removed from the plane by scattering
which follows an exponential decay law; neither a beta
particle scattered from the plane nor bremsstrahlung is

counted by the detector.

-91-
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Let: C = total Sr++89 activity in resin bted, curies.
ry = outer radius cf Geiger tube detector, cm.
ro = outer radius of resin bed, cm.
2 2
A = total absorption area = ﬂ(r2 - rl), cmo .
_ . . _ 2 2 . 2
S = Sr++89 activity per unit area = C/rr(r2 - rl), curies/cm”.

A = area of small sector of A = r/o/r, e

The activity in M is:

The fraction, &, of this activity that starts out in the direction of

the Geiger tube is computed:

Thus, the total activity starting out from AA in the direction of the

Geiger tube is:

! C l) 3
F(Tf:m I‘AFAe—#armm?%): W amsm(-rl:- FAY A€

But in going to the counting tube the fraction:

e="
of beta particles are scattered out of the beam. It is first necessary
to evaluate r. A rigorous analysis of this problem leads to a solution

involving a nonelementary integral. As an approximation, the arithmetic
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mean of the maximum and minimum distances from M to the Geiger tube

is employed:

= . (r=r)+[F~-T¢
r= 2

The total activity reaching the Geiger tube from M is:

C _Hlr-n) +[FF=TE }arcsm i VAN QVAV=%
/rrz(r;z__rlz) r‘expg 2[( ) a ] ﬁ

The total activity, J, reaching the counting tube is:
217

1Y
T = et \rexp [l i il

Y\

I
~reBr | el 4=+ T farcsintRldr
v

The counting efficiency, 7, is:

Iz

r arcs/n(—r—r‘) exg:{—fﬂf—i’?#ﬁﬁﬂ}d r.

TT(az'—,Tv
n

For the geometry of the counting system studied, the efficiency is
computed as follows:

ry = 1.00 em., r, = 1.75 cm.

The absorption coefficient for the beta particles emitted by strontium-
89 is computed from experimental aluminum absorption data, and is found
to be:

L 7.65 cme/gm.

©
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For the resin-water mixture, p = 1.00 gm/cm3. Then:

p=B)p= 765<100=765cm

The integral is evaluated graphically:

r  arc sin(i—l-) (r - ) % - o e ® I*x
1.00 1.570 0 0 0 1 1.57
1.02 1.37h 0.020 0.202 0.850 0.k28 0.601
1.05 1.261 0.050 0.320 1.417 0.243 0.322
1.12 1.103 0.120 0.505 2.395 0.0913 0.113
1.25 0.926 0.250 0.752 3.840  0.0215 0.0249
1.45 0.763 0.450 1.050 5.75  0.0032 0.0035
1.75 0.609 0.750 1.437 8.41 negl. negl.
x o =Z[(r-r)+ 77

* T = VmPcsm(—?—) exp —";i[(f‘h)-f-\f?l—:ﬁ{]}

.75

Sr are sin{f exp{— f—[(r—mvl-fiﬂ?i?.‘?]fdr‘ = 0.0604.

100

_ 2(0.0604)(100%)

T TI(:752 —1.002)

=/87% .
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2. Sandwich Geometry

Upper
Detector
|
Solution
Outlet

Resin Bed

Q;;7
Solution
Inlet

Lower
Detector

Assumes
1. An activity gradient that is a linear function of

r, the distance from the z-axis. Then the activity per unit volume, a,

iss
a=mr +b

where:

atr =0, a = a, and at r =R, a = 0,
Therefore:

%o

a, = b, and O = mR + 8y, Or m = - p=

Thus:
a a
= 2 - 2R -
a=a -gT =% (R - 1),

The value of agy is determined from the following condition. Let C be

the total activity of the resin bed. Then:

jluci\f =C

2(R-1)dVv =%[R g\dV —grdvj=c‘ ;
v v v

=17R%h.
Rvyolv
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Using cylindrical coordinates:

Thus:
Q. =R
and
- R (R=1)

v
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The number of particles emitted from dV per unit time is:

3C
R3n

(R - r)rdrdedz.

If no scattering occurred, the prdbability of any beta particle reaching
one of the two counters would be close to unity.

Assume:

2. The probability above is exactly unity.

The fraction of beta particles leaving dV that are ultimately detected
is approximated. A plane parallel to the x-y plane is visualized as
passing through the point (x,y,z) in dV. Half of the beta particles
travel in the (+z) direction, and the other half travel in the (-z)
direction. If Ei is the average distance a beta particle would go in
travelling from 4V to the upper counter, and ;é is the average distance
a particle would go in travelling from dV to the lower counter, then

the number of particles from dV that are counted per unit time is:
L (oMl —uF;
F%—(R—r)rdrdedz -1 (e + e

- 2 RNr (™" + %) drdedz -

The values of Ei and ;é are approximated as follows. The minimum value
. h
of v, is (5 -z).
Assume s

h
3. T = k(§ -z), k>1 and k = £(r,0,z).

L, r = k(g +z).
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The total activity, J, reaching the counters is:

n/a 20r R
=225 [fe= (&9 + e 2)1dz \do (-ryrelr
0 o S
e
— 236’5§e 2 ['eukz_lt_e—/ukz]g_(z_zg(Rr r”z)a“"
© %,
L MKEh
~=£n * cesh
=_2_Q_%_ cosh(ukz)dz = Z/A/m j@s)«cpo{gé
0 o
_ukh h
_cem smh(“E) _ ci—e)
Kh A
2
where
A = pkh
Thus: d- , e_x
meec="—

As an example, assume the conditions of the cylindrical annular compu-
tation:
1. Strontium-89 cations absorbed on same ion exchange
resin (p = 1.00 gm/cmS)
2. h=ry - ry = 1.750 - 1.000 = 0.750 cm.
3. Assume here that k = 1.30.

Thus, X = pwkh = 7.65 x 1.30 x 0.750 = T7.47

_747

) = ":737 x/00% =13-4% .
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The following points should be observed:

1.

n is R-independent only because of Assumption 1. Choosing
another gradient function could introduce R-dependence
into the equation for 7.

Multiple scattering of beta particles is neglected, as

is bremsstrahlung. A consideration of these factors
would lead to an increase in the value of 1.

The parameter k may be evaluated experimentally using the
above equation for 7.

With any "reasonable" choice of k, the counting efficiency
of the sandwich geometry is considerably greater than the
corresponding efficiency of the cylindrical annular

geometry.



APPENDIX D

EFFECT OF HOLDUP VOLUME IN CONDENSER UPON COMPOSITION
OF FEED TO COUNTING SYSTEM

The existence of a finite holdup volume in the condenser sec-
tion of the centrifugal evaporator indicates that the specific activity
of the effluent solution may differ from the specific activity of the
entering vapor at any instant. In this section, an equation is derived
to determine how much condensate must pass before the specific activity
of the effluent is a given fraction of the specific activity of the
vapor, with the following assumptions:

1. The flow is steady-state; that is, there is no increase

or decrease in the holdup volume, and the vapor feed
rate is constant.

2. The specific activity of the vapor feed is constant.

3. The condensed vapor mixes completely with the holdup

volume of liquid at each instant of flow.

l‘l

Cdet

]

Covdt

~100-
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Let: V_ = holdup volume of condenser, ml.

C, = initial specific activity of solution in condenser,
curies/ml.

v = feed rate, ml/min.
Cf = specific activity of feed, curies/ml.

C. = specific activity of effluent, curies/ml.

A differential activity balance at time t gives:

activity in - activity out = buildup in holdup volume

or: Ce VAt —Cevelt =d(C, V) =VeddCe+Cd =T dC,
G:F Ck)\/cit ‘/'o'C11
_\4. = JCC
(¢t Al
5 & -
G s = C
_ [ G =Ce
'\%ﬁ ='/V’(Cf "C‘)/Q /H(CF'"Q)
C{-—(:e - 62 €2 ¢
G -GCo ’
Let: C_=0
o
and set a = C /C
Cé 62-_-t = [—X.
C+
—Xr
= I—e ve .
Here: V = 163.1 ml.
vt Q
0 0
50 0.263
100 0.458
200 0.707
300 0.841

i¥ele 0.91k4
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Vo = 163.1 ml (Continued)

vt (07
500 0.95k
600 0.975
700 0.986
800 0.993
900 0.99%
1000 0.998

1500 1.000



APPENDIX E

REPRODUCTION OF DATA FROM NOTEBOOK FOR A TYPICAL RUN

March 7, Run Ia, 700 RPM, Four Heaters On

Coolant H,O on. Four-liter flush begun. Electronics calibrated.
Co-60 count made: 25,579/3.00 = 8,526 cpm.

Background taken: 869/15.00 = 57.9 cpm.

250 ml of condenser Héo passed through counting system.

Count rate = 863/15.00 = 57.6 cpm.

Coolant air on.

Time Ty Tpot Tpy Feed Mon REM /v Remarks

Rot Rot
o9k 73 73 70 Heaters 1-4 on.
0946 Evap. on.

0948 139 109

0952 153 1ke

0957 186 171 Pump on.

1010 183 20k 1k0 0.1% 0 631 1.70/72.5

1020 199 221 170 0.14% o 687 1.62/72

1030 21% 234 185 0.1k flow 722 1.58/71 Opn. smooth.

1040 229 241 194 0.155 3.2 708 1.55/70 Begin bkgrnd.

1050 233 242 196 0.150 3.3 711 1.52/69

1100 235 243 196 0.158 3.3 692 1.57/70 Incr. RPM.

1110 236 243 196 0.158 3.3 712 1.60/71 Begin Run
bkegrnd = 1,536/28.00 = 54.8 cpm

1120 236 243 196 0.158 3.3 707 1.57/71 Incr. RPM.

1130 237 243 197 0.156 3.3 677 1.72/75

1140 237 243 197 0.153 3.4 695 1.71/75 Opn. smooth.

1150 237 243 197 0.153 3.4 712 1.71/75

1200 237 243 197 0.152 3.4 696 1.68/7k

1210 237 243 197 0.153 3.4 702 1.68/74 End run; htrs. off.
begin final count: 8,525/L4.00 = 193.8 cpm

lehejoNoNoNol oloNoNoNoNoNe

Geiger counting of standard Feb. 19 soln. and feed soln.:
Voltage = 850 v; sample on second shelf from top
Std 1: a. 64x75+56 = L4856 B
b, Ehx7620 = kg mean = X670
Std 2: a. Ohx7T+45 = 4973
b. 6hx77+60 = hogg MR
Ial: a. 64x90+41 = 5801
b. 6hxOl+hg = 5gy3 mean = 5837
Ta2: a. 64x91+ 6 =
: b. 64x91+20 = 584k

= 4981

5837

mean

Mean Std. Count Rate = 4926x1.021

Mean Ia Count Rate = 5837x1.027
Ratio = 2837x1.027 _ 1.101
hop6x1.021

-103-
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Calculation of Results of Run Ia:
A. Calculation of Specific Activity of Feed Solution (Ref. Feb. 19):

5.88 me  1073¢  3.70x101%is 60 sec
X X X .

z —— =2iﬂm06cpdm1
5XlO ml mc se mn

The ratio of the feed solution to standard solution specific activity
is 1,191. The feed solution specific activity is thus:

2.6lx106xl.l9l = 3.lleO6 cpm/ml

Calculation of True Specific Activity of Condensate:

Final count rate = 193.8 cpm
Initial count rate = 54.8 cpm
Net count rate = 139.0 cpm

Time for run = 50.0 min.
Feed rate to counting system = 11.3 ml/min.

Measured Solution Specific Activity =

139.0
(50.0)(11.3)

= 0.246 cpm/ml

Corrected back to Feb. 19:
0.246/0.816 = 0.301 cpm/ml

Absolute Solution Specific Activity =

0.301x43.5 = 13.09 cpm/ml
The Decontamination Factor is =
5
26,1x10 _ 2.Ox105

13.09

The mean RPM = T700.
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