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The main characteristics of a packed rectification column for separation of a He* — He*
mixture and of a filter for enriching the solution with the light helium isotope by means of
the thermomechanical effect have been determined experimentally. The results are com-
pared with theory. A brief description of a continuous-action double ray mass spectro-

graphic gas analyzer is presented.

N RECENT YEARS much work has been devoted

to the experimental study of the properties of He?
and its solutions in He*. However the light helium
isotope isinteresting not only as asubject for inves-
tigation. Evaporation of liquid He® under evacua-
tion makes it possible to obtain temperatures of the
order of 0.3 — 0.4°K and thus to increase signifi-
cantly the scale of low-temperature experiments.

At the present time the basic source of He® is
tritium (T? - He} + 8 + v, with a half-life of 12
years), a very expensive hydrogen isotope which is
obtained in atomic reactors. It is known that He® is
contained also in natural helium, which, however,
practically worthless for obtaining anywhere near
reasonable amounts!*2 of He®, since the concentra-
tion of the light isotope in the natural gas is ex-
tremely low, about 107 — 10°® %. In working with
He® — He* mixtures it is often necessary to extract
the He® from mixtures containing no less than
0.01 = 0.1 % of the light isotope.

The extreme value of He® necessitates the fullest
possible separation of the mixture even when small
quantities of the original product limit the yield of
He®. Furthermore, the separation process should be
sufficiently rapid, and this is particularly important
when dealing with low concentrations. He® and He*
have different boiling points, and in the liquid state
the two isotopes are miscible in all respects.*
Solutions of He® — He* have no azeotropic points®.
Under these conditions rectification is the simplest
and most convenient method for separation of the
mixture, especially since the separation coefficient

0=y (1 —x)/x(l—y)

(y, x are the relative molar concentrations
He®/(He® + He*) in the vapor and the liquid, respec-

*Below a temperature of 0.8° K, He* and He* are no
longer mutually soluble®,

tively), which characterizes the ideal degree of rec-
tification, is very large: a =3 — 7 (Fig. 1).
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FIG. 1. The dependence of the separation coefficient
a on the vapor concentration y for various pressures, cal-
culated from experimental data*’®°,

There exist in addition many special methods for
the separation of helium isotopes, which make use
of the superfluidity of the He II in the solution.
These involve enrichment with the aid of a thermal
flux 2:5+6 conducting away the He* in a film7*8, or
through a thin filter '*2 (thermo-osmosis). As is
shown by experiment, the best results are obtained
by thermo-osmosis, which makes possible reliable
extraction of He® with sufficient output 2.

In the present work we investigate®he fundamen-
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tal results of an experimental study of the rectifica-
tion and thermo-osmosis processes which are neces-
sary for the calculation and effective use of rectifi-

cation columns and filters.

RECTIFICATION

Experiments on rectification were conducted with
an adiabatic column whose design is shown in Fig.
2. The column I itself (a 7.5 x 8 tube of stainless
steel) consists of two sections, 3 and 4 cm long,
filled with 2.5 mm rings of constantan wire 0.25 mm
in diameter. Vapor intake 2 in the central part of
the column, valve 3, and tube 4 serve to draw off the
mixture for analysis. Column chamber 5 is a copper
cylinder externally heated by heater 6. A resistance
thermometer 7 made of phosphor bronze is wound on
the side surface of the chamber. The chamber is fil-
led with the mixture through coil 8. Column con-
denser 9 serves also as the bottom of upper bath 10
which can be filled through valve 12 by liquid helium
from Dewar flask 11 (lower bath). The temperature
of the condenser is regulated by the evacuation rate
of the upper bath. The column itself is surrounded
by a vacuum jacket 13 which, after the apparatus is
assembled, is evacuated to a pressure of 10" mm
Hg. The vapor is removed from the condenser by
tube 14 and from the chamber through coil 8. The
glass parts of the apparatus (the upper bath and the
upper part of the vacuum jacket) are joined to the
metal by the copper-glass bonds 15. Wire-mesh cone
16 supports the packing and improves the conditions
for the entry of vapor into the column.

In the experiments on rectification, we determined
the dependence of the vapor concentration ¥ in the
intake 2 as well as the vapor concentration y, in the
condenser on the pressure in the column at a con-
stant heating rate of the chamber, and the dependen-
ce of y; and y, on the mass velocity of the vapor at
a constant pressure in the column. All the experi-
ments were performed on a mixture with an initial
concentration vy, of 2.6% under full reflux return
(circulating system). Fig. 3 shows typical curves
for y, and y, as functions of the pressure in the
column at a constant vapor mass-velocity. For the
calculations which follow we used smoothed out val-
ues for y; and y, (Tables 1 and 2). Since the liquid
concentration in the chamber was no greater than
x = 0.2 — 0.3% during the measurements, the vapor
pressure in the column was assumed to be due to
pure He*, and on this basis the chamber temperature

V. M. KUZNETSOV

Helium evacuated

—

from upper bath

Helium evacuated
elium o

N

i) ([

1

N IN
S

T AT

AN

EAN

N TN

IR TR AR
/

L

NI

|
\
§

AN

31

~—7

VA

e N T

FIG. 2. Packed rectification column.

was determined.* The mass velocity Uy (measured
in gm/cm?*-sec) of the vapor for the total input
(lower) cross section of the column was determined
from the power output of the electric heater and the
heat of vaporization!! of He*, and the Reynolds
number Re corresponding to it was calculated from
the usual relations

(1)
(2

Re = UMd'e/l/"]
de = 4Yy/f,

*For the determination of temperature from the He*
vapor pressure, 1949 tables were used in all cases’®.
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FIG. 3. The vapor concentration y) in the intake and y,
in the condenser as functions of the pressure in the col-
umn at constant vapor mass-velocity.

where d, = 0.107 cm is the equivalent diameter,
i = 0.811 is the free volume of the packing (that
fraction of the volume of the column which is not
occupied by packing material), and f”is the area of
the packing per cm® of column. The magnitudes of
Y and [’ are found from the weight of one cubic
meter of dry, granular material and the geometry of
the packing, and 7 is the viscosity. The measure-
ments were performed with Re ranging from 35 to
175, which is essentially turbulent motion of the
vapor 12,

The separation capacity of a column is usually
characterized by the height of a transfer unit!3:14
®,, given by

y Yu
q>=f’_=H/Su Yo, (=t e
0 c yt__y7 y*_y =y
yl N

where { is the number of transfer units, H is the
length of the section of the filled column at whose
ends the He® concentration in the vapor is y, and
¥a» Tespectively, y is the vapor concentration at the
core of the flow, and y* is the vapor concentration
which is equilibrium for the core of the liquid flow.
The quantity y* — y is a measure of the diffusion
pressure, so that @, is the height of a section of
the column which gives an enrichment equal to the
mean diffusion pressure in this section.

If the resistance to mass transfer in the liquid
may be neglected, y* — y = y; — y (where y; is the
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vapor concentration in equilibrium with the liquid
at the phase boundary), and

Yu
, dy 1%
C — = - =
D, — @ H/Syi——l i
)’l

where V is the volumetric rate of vapor production
(in em*/sec), k, is the mass-transfer coefficient in
the vapor (in cm/sec), and f is the packing surface
per centimeter of column héi§ht. Using the mass-
transfer equation in the form'®

Nu =4 Re™Pr’ % (4)
(where 4 is a constant, Pr”=17/pD is the Prandtl
diffusion number for the vapor, D is the molecular
diffusion coefficient, p is the vapor density, and

Nu’=kgd./D (5)
is the Nusselt diffusion number), we arrive at ¢
® = (V/f A) Rel~m Pr'i—k, (6)

An evaluation of the resistance to mass transfer in
the vapor and liquid by Peshkov’s method'? shows
that in the first approximation one may neglect the
resistance in the liquid. This makes it possible to
use Eq. (6). Bearing in mind, however, that Re de-
pends only weakly on the pressure, Pr” is practical-
ly constant, and*

(1 —yy

1—yl.

1
|
1——yu

C
a—1

, (7)

) -
] +1n

(which means that a very small change of a with
pressure may cause a large change in a — 1 and
therefore in ¢), Eq. (6) should be written in the
form

® = (b/ [ A)Rer="Pr't=*3 (p), (8)

where ¢(p) is a function which accounts for the
pressure-dependence of a.

The quantity ® = @, was calculated by graphical
integration of Eq. (3), with the aid of a graph of y
vs. x (Fig. 4). The calculated height of the column

*Equation (7) is valid only for a circulating system
with constant a.'*
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H was determined with the rectifying action of the
condenser taken into account. As was shown by
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FIG. 4. Graph of y vs. x. Smoothed-out data is used***.
1)p =50, 2) p = 100, 3) p = 150 mm Hg.
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measurements of the vapor concentration in the
chamber, in the center of the column, and in the con-
denser, all at the same state of operation, about
25% of the total number of transfer units ({) may be
assigned to the condenser. The values of ® ob-
tained in this way for the packed part of the column
satisfy the empirical equation

® =353 Re™ 102 (p). 9)

The values of ¢(p) are shown in Table 1. The ac-
curacy of this equation, taking account of the
spread in y; and y, is $£20%. From Eq. (4) and (9)
we obtain Nu’~ Re?**. The exponent on Re usual-
ly 6 lies between 0.75 and 1.18. The stronger de-
pendence is probably explained by the poorer dis-
tribution of the liquid through the packing at low
thermal loads on the column '8,

TABLE 1

Chamber Chamber

temperatu- | pregsure, Yp % Y % Z P Re ® (P)
re °K mm Hg
2.3 50 0.75 98.5 6,52 0.865 75.2 0.246
2.49 75 5.1 76.5 2,45 2.30 71.5 0.618
2.64 100 11.8 63.1 1.63 3.47 69.0 0.903
2.77 125 14.0 57.2 1.39 4,07 66.8 1.01
2.88 150 14.5 59.2 1.38 4.10 65.0 0.995

Note. The mass velocity was 0.00492 gm/cmz-sec.

In addition to the experimental determination of
the separating capacity of the column, there exist
several works7-12:20 in which an analytic expres-
sion for the column efficiency is obtained by inte-
gration of the differential equations of mass trans-
fer. Of particular interest are the results obtained
by Peshkov'?, since they include many practi-
cally important cases.

For non-extracting operation, constant-velocity va-
por motion throughout the column,* and no resistance
in the liquid, y, and y, are related by !7:

A=) 97" = (1 — g, )y%e™, (0

g = (|w| /4D 4n)) /(@ —1). (1D

*At a condenser temperature of about 1.5°K (almost
pure He®) and a chamber temperature of about 2.3°K
(almost pure He*) the vapor velocity at the condenser is
about 25% greater than at the bottom of the column, so
that in the first approximation the constant-velocity con-
dition is fulfilled.

Equation (10) is derived for an empty column. On
going over to a packed column, the radius of the
tube in Eq. (11) is replaced by d./2. In addition,
Eq. (10) is strictly speaking valid for concentrations
which have been averaged in a particular way over
the cross section and velocities 7, although when
the vapor motion is turbulent this averaging gives
the values which are actually measured in experi-
ment; here w is the velocity of the vapor averaged
over the cross section (in cm/sec), Doy =D + Dy,
where D, is the coefficient of turbulent diffusion
(in ecm?/sec), the coefficient », is defined by the

equation 7
9y
on /i
and 7 is the normal to the surface of phase separa-

tion. Since
@)
on )i’

Yy,—¥Yy

d, 2,

= 2%, (12)

ko(yi—Yy) = Degg
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Eq. (5) and (12) lead to The values of 1/ as calculated according to Eq.
(10) and (14) are sufficiently close (Fig. 5). The
Dogs = Nu'D/4 Ry (13) coefficients a necessary for the calculation were
averaged according to Eq. (7).
Inserting (13) into (11) and making use of (4), (2), In the case of extraction and when the molar vapor
and (6), we obtain production rate remains constant along the column,

we use the same initial equations and assumptions

1/B=®a/(x—1). (14) as in deriving Eq. (10) and (14), and obtain the fol-

lowing expression for the number of unit transfers:

H a 1 —( =y + Fl—y)+ M
‘= =T @HZT1“—<1—yu>12+F<1—;,,>rM
(15)
4 _2—F 1[—2<1—y1)+F—VW —2(1~yu)*+F+V4“A‘4?L—F‘2]
2VIM P =20 —y)+ F + VaM + F2 20—y )+ F—ViNt P

where

(a—1 {1 —ygy)—v a(l—
F= pp— ; G=%1l)*+7(l—yu);
M=(1—y)——5;
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FIG. 5. Values of 1/ as calculated according to Eq. (10) (lower curve) and Eq. (14)
g 9 g
(upper curve) for various pressures p in the column (Re = const) and various Re (p = const).

TABLE I
Chamber 102
heating 2M Y1 % Yur % 4 D Re
rate, watts gm/cm’-sec
0.0259 0.25 23 46 0.7 8.05 34
0.0517 0.50 11.7 57 1.45 3.98 68
0.0777 0,75 4.0 65.2 2.29 2.46 102
0.104 1.0 1.1 70.5 2.92 1.93 136
0.130 1.25 0.2 73 3.73 1.9 171

Note. The column pressure is 125 mm Hg.
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and y is the fraction of the vapor stream in the col-
umn which is extracted. If y0.1and 1 —y, K1,
then (a ~ 1)/a 2.0.6, and expanding 1/F in a power
series in y and neglecting terms of order y* and

higher, Eq. (15) leads to

1 =9,/ up a
(=1 ln[ (

1—y, 1—y1—a——1T)] (16)

—1

a2 —1 4 2ay Yu 9 a
T e —1p 1“[1—yu(1—y] —a=17) |

When y = 0, Eqgs. (15) and (16) reduce to (10).

In rectification of a He® — He* mixture the vapor
production rate at the top of the column is greater
than that at the bottom by a factor of about 2, as-
suming that the chamber contains pure He* and the
condenser pure He®. Therefore Eq. (15) and (16) can

in this case be used only for a rough estimate.

If we increase the initial concentration y, of the
mixture, we increase the allowable (i.e., for given
¥1s Yu> and Uy) extraction rate of the product (an
increase of y, by 1.5 to 4% makes it possible to in-
crease the extraction rate by a factor of 1.5 — 2), so
that the column should be supplemented with an ap-
paratus for the preliminary enrichment of the mix-
ture to a ¥, value of several per cent. This is most
easily done by thermo-osmosis.

To determine the maximum output of the column,
one should find the critical vapor velocity; i.e.,
the velocity at which the vapor begins to drag liquid
along into the condenser (percolate).

It is known that for equal vapor velocity the pres-
sure drop across a wet column is much greater than
that across a dry one.

As has been shown by Kapitza®!, under certain
definite conditions the wave motion of a thin film of
viscous liquid is more stable than laminary motion.
By taking account of the disruptions in the gas cur-
rent flowing across the waving surface of the liquid,
one is able not only to obtain a quantitative deter-
mination of the pressure drop in a wet tube, but
also to calculate the critical vapor velocity in it
with good accuracy. In general, the vapor mass-ve-
locity at the moment of percolation (Uy) depends?!
on the geometry of the column, the densities p and
p1 of the vapor and liquid, the discharge of the li¢
uid, its density 7, and its surface tension. For the
circulating state, a small temperature interval, and
a given column diameter, the dependence is essen-
tially Upf ~ (p/p))", since the change of o due to
temperature is of little import (U, ~ 0°%), and the
viscosity variation is even less (Uy" ~ 1°*?).

V. M. KUZNETSOV

An investigation of percolation was carried out on
a single-section column 200 mm long, similar design
to the rectification column (Fig. 2). The moment of
percolation was found from the different increases
in the pressure difference between the chamber and
condenser which accompanies small changes in the
heating rate of the chamber. Measurements were per-
formed both on pure He* and on a mixture
(y, = 2.6%). All calculations on percolation were
performed for the total column cross section. From
the chamber pressure p, immediatedly before perco-
lation, the chamber temperature T, was found, and
the ratio of the vapor to liquid densities (p/pl was
calculated. In performing the calculation the modu-
lus of compressibility of the vapor Z = 1 + Bp./RT
was accounted for, where B is the second virial co-
efficient of He* (in n. cm®/mole)?2. For tempera-
tures on the order of 2.8 — 2.9°K, the ideal gas
equation gives too low a value for p (by 10 —12%).
Further, U;Ir was calculated from the heater power
and the heat of vaporization of He*. With a statisti-
cal error no greater than * (4 — 5%), both for the
mixture and for pure He*,

Um = 0,153 (p/p )™,
0,013 < p/p; <0,033; To = 2,4-3,0°K. £17)

The slope of the Uy, curve as a function of p/p;
when calculated according to Kapitza’s equation is
close to the experimental value, so that this depend-
ence for a packed column is the same as for a film
column. A similar dependence is given by empirical
equations presented in other works23-2%, The
amount of liquid trapped by the packing in the opera-
tion of the column is an important characteristic of
the separation process. In periodic rectification,
an increase of the ratio between the entrapment and
the chamber content limits the output of the product
and in many cases decreases the degree of separa-
tion®®. The magnitude of the entrapment makes it
possible to determine the incomplete product II, that
is the minimum amount of He® which must be in the
column during its operation. In the citculating

H
state 17 [1 = (S/H) [ ydH, where S is the entrapment
0

in the whole column; using Eq. (10) and (15) we
obtain

H=%[ 2 _In -}

1
by L ey +a_1(yu—y1)]- (18)



SEPARATION OF HELIUM ISOTOPES

In order to determine the entrapment (Fig. 2), a
known amount of mixture (2.6%) was condensed in
the chamber, and then the chamber heat supply was
gradually increased until all the liquid was trapped
by the packing. In this case the chamber content is
equal to the entrapment and the heat supply and
chamber temperature determine the vapor mass ve-
locity at the bottom end of the column. The time at
which the liquid left the chamber was fixed from the
readings of resistance thermometer 7 (Fig 2) which
was connected into a self-balancing bridge circuit
based on the EPD-17 potentiometer.

An evaluation of the entrapment for various values
of Uy in calculating the thickness of the liquid film
uniformly covering the packing gives a quantity on
the order of (0.7 — 1)+ 10" cm for
Uy =0.005 — 0.02 gm/cm*sec.

THERMO-OSMOSIS

The apparatus for thermo-osmosis is shown in
Fig. 6. Condenser 1 is soldered to filter 2 consist-
ing of a copper tube of diameter 2 x 4 mm and length
4.5 cm tightly packed with crocus. The filter and
upper bath are surrounded by a vacuum jacket which
is evacuated through tube 3 during assembly of the
apparatus. In experiments on the efficiency of
thermo-osmosis the condenser was filled through
tube 6 with a known quantity of a mixture of given
concentration. Ilvacuation of the upper and lower
baths was used to establish temperatures at the end
of the filter such that the lle* in the solution was
superfluid®. Calibrated collector 5 was then filled
through tube 7 with gaseous He* to the equilibrium
pressure, thus improving2 the He® extraction from
the solution. When valve 4 was opened, the super-
fluid helium flows into collector 5, and the He® con-
centration in the condenser gradually increases. The
calculated enrichment coefficient of the filter
8 = x/%, (where x and x, are the liquid concentrations
in the condenser and collector, respectively) is on
the order of% 10* — 10 (complete separation is not
obtained, since He® penetrates through the filter due
to diffusion in the liquid). Measurements show
that § is in any case greater than 500. After closing
valve 4 the enriched remainder was pumped into a
graduated gas holder, and as a control its concentra-
tion was measured in a mass-spectrographic gas
analyzer. From the known initial and final mixture
concentrations and volumes, as well as from the
amount of liquid in the container at atime T, the
concentration of the mixture in the condenser was
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FIG. 6. Thermo-osmosis apparatus

calculated for given t. The concentration of the
liquid was calculated on the basis of the distrubu-
tion coefficients y/x as given by Esel’son and
Berezniak?, and the vapor volume of the condenser.
The output Q (in 1/he) of the filter is calculated
from the rate at which the collector is filled. The
results obtained are shown in Fig. 7. For a given
filter output and condenser temperature, the enrich-
ment is greater for greater temperature between the
ends of the filter. Qualitatively speaking, the tem-
perature dependence of the enrichment is of the
same form also for equilibrium, that is when the
total discharge of liquid through the filter vanishes.
The equilibrium values of x have been calculated
previously®. Since the output decreases rapidly as
x increases, the use of thermo-osmosis at concen-
trations greater than 4 — 5% is not worthwhile.

MASS SPECTROGRAPHIC GAS ANALYZER (MG)

The gas analyzer is based on the PTI-4 helium
leak-detector, and is a double-ray mass spectrograph
with 180° deflection and separate amplification cir-
cuits for the He® and He* ion currents. The MG can
be used for continuous analysis of a gas mixture in
the concentration range between 0.2% for
He®/(He® + He*) and 0.2% for He*/(He® + He*) with an
accuracy of + 5% of the measured quantity. Unlike
Nier’s??'28 double-ray instrument and the domes-
tic2® MS-2M, the gas analyzer has a pulsating ion
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FIG. 7. The dependence of the filter output Q on the concentration of the liquid being
enriched at various temperatures, Curve 1) 1.43° (solution) — 2.15° (He* collector); Curve
2) 1.43 — 2.02°K; Curve 3) 1.43 — 1.86°K; Curve 4) 1.86 — 2.15°K; Curve 5) 1.86 — 2.02°K.

current and ac amplification. The method for obtain-
ing an ac voltage on the collector is the same as in
the leak detector. The construction of the ion
source (cathode 1 and ionizer 2, Fig. 8) is not
changed. Between the ionizer and the exit slit 4
is an accelerating diaphragm 3 (with a slit of about
0.2 mm). The radii of the ion trajectories are 3.5 cm
for He** and 4 cm for He**. The distance between
the slit centers of the collector diaphragm 5 is about
10 mm. In the vacuum chamber of the MG are placed
two acorn-tube electrometer stages 6Zh1Zh connected
as triodes. The grid-leak resistors (5x10™® ohm) are
the same for both tubes. The signals from the elec-
trometer stages are fed into ac amplifiers (the He*
circuit uses the amplifier of the leak detector) and
are then rectified. The maximum current gain, found
from the ratio between the output dc current and the
effective current in the input resistance of the
acorn tubes, is about 5x10°%. An electronic potentio-
meter EPD-17 is used to measure the ratio of the
ion currents: voltages proportional to the output
currents of the amplifiers are applied, with op-
posite polarity, to the input of the potentiometer
amplifier (the output current of the He* circuit flows
along the EPD-17 slide wire). When so connected,
the apparatus gives the ion current retio, or the
molar concentration of the mixture in terms of
He’/He*.

Different ranges of measurement are obtained by
switches which change the ratio of the gains of the
amplifiers from 1 to 100. In order to test the ampli-
fiers, an ac voltage from a PTI-4 generator can be
applied to the input of the electrometer stages.
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FIG. 8. Gas-analyzer vacuum chamber. The potential
of cathode I and diaphragm 3 is +220 v, that of ionizer 2
is Udc + Uac = 316 + 21 v.

Under continuous analysis the gas consumption is
0.1 - 0.2 cm®/hr. During measurement, the gas
pressure ahead of the input valve (PTI-4 throttle
valve) is no greater than 20 — 30 mm Hg, and the
gas input is easily regulated; the readings of the
apparatus do not depend on the gas pressure ahead
of the valve within the limits of accuracy of the
analysis. The background of HHH* ions is between
0.03 and 0.04% of the He® after a half hour of cath-
ode heating. In order to obtain readings relative to
zero concentration, regulation of the output current
in the He® circuit is provided for while the ratio be-
tween the amplification factors is held constant.
The resolving power of the mass spectrograph (with
a maximum half-width of about 12) and the shape of
the ion beams make it possible, in principle, to
increase the sensitivity of the apparatus by a factor
of at least 3 — 4.
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CONCLUSIONS

A combination of thermo-osmosis and rectification
is a simple and effective method for extracting le®
from a mixture. The filter used in thermo-osmosis is
easily connected to the column so that the whole
apparatus can be placed into a single cryostat .

The results of the present work show that a
packed column 8 — 10 cm long makes it possible to
obtain practically pure He® when dealing with a mix-
ture containing only 1 — 2% of the light isotope.
Using a column from 7 — 8 mm in diameter, the He®
extraction rate under these conditions may be as
great as 8 — 10 1/hr. The amount of the incomplete
product is then of the order of 200 — 300 cm® of He®.
However, successive rectification of the remainder
at lower heating rates of the column makes it pos-
sible to decrease the amount of the incomplete prod-
uct substantially.

For the column and filter together, the total coef-
ficient of enrichment is of the order of 10° — 10°.

Several expressions have been obtained for the
calculation of the rectification process with turbu-
lent motion of the vapor in the column, and the de-
pendence of the filter output on the concentration of
the mixture to be enriched has been determined.

In order to study the separation processes, a dou-
ble-ray mass spectrographic gas analyzer has been
constructed, and in spite of its relatively simple
design it can be used to obtain sufficiently accurate
measurements of the concentrations in various mix-
tures.
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