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ABSTRACT

Longitudinal -mixing experiments were conducted in a 2-ft-
diam gas-absorption column by using tracer-injection techniques,
The carrier streams were air and water. '

Empirical Peclet-number correlations are presented for
both phases, with 1-in, Berl saddles, 1-in., Raschig rings, and 2-in.
Raschig rings used as packing materials. The extent of mixing was
much greater in the liquid phase than the gas phase. Gas-phase
Peclet numbers decreased with both liquid and gas flow rates. On
the other hand, liquid-phase Peclet numbers were found to increase
with liquid flow rates, and no quantitative effect of gas rate was ob-
served,

Methods are outlined that illustrate the application of the
data to mass-transfer systems, By means of examples, it is shown
that mixing can contribute significantly to absorption-column design
requirements, This factor becomes more pronounced in liquid-phase-

controlled diffusion.



INTRODUCTION

Packed columns are used frequently in industry for gas-
absorption or stripping operations., In designing such columns one
generally obtains an estimate of the tower height by multiplying the
total number of transfer units by a correlational height of a transfer
unit,

The NTU (number of transfer units) concept was first intro-
duced by Colburn, 1,2 In relating the NTU to stream compositions
Colburn makes a material balance that inherently assumes a piston-
flow model for both phases. In previous work5 it is shown that the
effect of axial mixing, a deviation from piston flow, may be a signi-
ficant design factor for liquid-liquid extraction systems in packed
columns,

The phenomenon of axial mixing arises from the fact that
""packets' of fluid do not all move through a packed bed at a constant
and uniform velocity, This may result from (a) velocity gradients
as the fluid flows through the packing and or (b) eddy motion of the
fluid itself, The former is more characteristic of a laminar-flow
regime, whereas the latter is probably more characteristic of tur-
bulent flow,

Axial mixing tends to reduce the concentration driving force
for mass transfer from that which would exist for piston flow. This
reduction is illustrated in Fig. 1 where the concentration profiles for
piston flow are the dotted lines, and the solid lines represent the
axial-mixing case, 6 Note that there is a discontinuity at the points
where the countercurrent streams enter the extractor when mixing
is present, To achieve a given separation, more transfer units are
required for the axial-mixing case owing to the reduced driving
force. Likewise, for a given column under conditions of axial mix-
ing, ETU's (heights of a transfer unit) reported on the basis of on
the Colburn equations, are higher than the true HTU's that would be

calculated from the actual mass-transfer coefficients.
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Our object in this study is to determine whether axial mixing
is an important factor in gas-absorption column design, and to pro-
vide correlations of dispersion coefficients in the form of Péclet num-
bers for both liquid and gas phases.

Sternerding11 has reported axial-dispersion coefficient data
for the water phase measured in an air-water system flowing through
a 400-mm-diam column packed with 13-mm Raschig rings, He
found that the dispersion coefficients were in the range of 8 to 15
cmz/secy and were relatively insensitive to gas and liqui& flow rates,

Otake a.nd-Kunugita9 have repor;:ed Péclet numbers for single-
phase water flow in a laboratory-sized column, They found the Péclet
number to vary approximately as the one-half power of the superficial

velocity,



"THEORETICAL

The-extent of axial mixing may be evaluated quantitatively,
independently of any mass transfer, by tracer-injection.techniques.
A tracer amount of a component is injected into one of the bulk phases
in the form of a step, impulse, or sine-wave input, A step input was
used as a basis for this study. The buildup of tracer at a fixed dis-
tance downstream from the injection point is measured as a concen-
tration-time relation which is called a breakthrough curve. The
characteristics of the experimental breakthrough curve may then be
compared with the forms predicted by a mathematical mixing model;
the value of the mixing parameter in the mathematical model that
gives the best fit to the experimental curve is designated as the mix-
ing parameter characteristic of the experimental system. Two such
models were found to be pertinent to the case at hand,. and their re-

sults are briefly described,

Random-Walk Model

The random-walk model is characterized by "packets' of
fluid moving throughthe packing in a series of discrete jumps corre-
sponding to a certain mean free path, 1, and with a characteristic
Velocit‘y, u, If the total bed length is h, and the time that a packet
of fluid has been in the bed is t, then the number of mixing lengths
(or column Péclet number) is defined as h/1, and the dimensionless-
time scale, T, as ut/l. If a step input of tracer with magnitude Co

has taken place at N=0 and T=0, it develops that

~

T
X = .%_0 = ‘/r exp(-N-7) IO (ZN//NT—) dr, (1)



where 7 is the dummy variable of integration, and T = T(N+1)/N,
The solution to this integral equation is shown graphically in'Fig., 2
as a semilog plot of dimensionless concentration vs log dimensionless
time for several \}alues of N, the column Péclet number., Here the
time scale has been normalized about the stoichiometric time (the
time required to replace one column holdﬁp of the phase of interest),
at which T=N, '

To compare these results to experimental curves, it was

expedient to compute the midpoint slopes s relative to a time scale

of t(x:O:S); i.e.,

S= 31 X Tix=0.5) ' (2)

A numerical approximation to the above equation solved for

N was found to be5

N = 47 s% - 0.80. (3)

Now the column Pe/clet number based on the random-walk model may
be evaluated explicitly from an experimental breakthrough curve by

evaluating the midpoint slope and substituting in Eq. (3). The packing
Péclet number, P, is proportional to the column Péclet number, N,
with a proportionality constant dp/h (or B), Hence, N is equivalent

to PB.

Diffusion Model

An analogy between open-pipe flow and flow through a packed
bed is assumed in the diffusion-modél approach. The general one-

dimensional diffusion equation may be expressed

5 “C. 5C, , 9C,
7z - N 5z =N 3T

(4)
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Fig, 2. Random - Walk-model breakthrough curves,



where.
Ci =. concentration of_ith phase, .
Z = dimensionless distance along diffusion path,. |
T = dimensionless time,
‘and |
N. = column Péclet number of ith phase,

i-

. subject to the boundary conditions:

=1, . S (5)

T =0, Z=0, C
T =0 2>1, C =0 . (6)
_ -1 - 0CGCj
Z =0 C=1= 3Z1 ; (7)
and . aci )
Z=1; 57 =0, Ci=0° (8)

Miyauchi6 has obtained the solution

- {.3 N;p [N sinp_Z+2u cosp Z] N.Z (‘1 T [, 4p 2 “z;
T L7 < xp |z Nz \" )|
n=0 | [ 1 +N+ 2L 4 2 -1 N;
[ iPa |\ 27) "Tn
(9)
where B is given by the transcendental relation
n N,
_ -1 n i
p.n = cot <W - E“) o (10)
i n

This solution is restricted for Z << 1, For a detailed treatment of the
development of these boundary conditions the reader is referred to

Miyauchi, 6



A graphical presentation of the solution is given'in Fig, 3,
a semilog plot of dimensionless concentration vs log dimensionless
time. Again, the time scale is normalized about the stoichiometric
time,

Midpoint slopes. of the diffusion-model breakthrough curves
were determined by replotting the data of Fig. 3 on rectangular paper
and measuring the midpoint Slopes; These slopes were calculated
based on a time scale of t (x=0:5) = 1. Results are expressed in Fig, 4,
where the log of the column Péclet number is plotted against the mid-
point slope. For comparison, the correlation for the random-walk

‘model as obtained from Egq. (3) is also shown in this plot,

P
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EXPERIMENTAL PROCEDURE

Apparatus

A more detailed description of the apparatus may be found

in the thesis of T, T. Word. 13

med schematically in Fig., 5. The heart of the apparatus was a 2-ft-

The gas-absorption column is diagram-

diam column divided into three flanged sections: (a) a 3-ft-long top
section which served the liquid-feed and de-entrainment functions, (b)

a 6-ft-long packed section, and (c) a 4-ft bottom section used as a liquid
.reservoir and gas-entry port,

A 20-hp blower was used to supply air to the tower, A once-
through flow of air was found expedient., It was necessitated by tracer
buildup which complicated the analysis of gas breakthrough curves,
when air was recycled in a closed loop; it eliminated the use of steam
coils and water cooler originally provided. . Flow rates were measured
by an air-impact nozzle, located upstream of the blower and connected
to draft-gage manometers,

Liquid was recycled from the water reservoir through a cen-
trifugal pump to the water-feed distributor in the top section, Flow ™
rates were méasured either by a 2-15/16-in, orifice located in a 4-in,
line or by a 1.25-in, orifice in a 2-in. line. Orifice pressure drops
were displayed on a manometer,

The tracer injected into the bulk-water phase was an aqueous
solution of 0. 3M to 1M sodium nitrate., A schematic diagram of this
system is shown in Fig, 6. A portion of the sodium nitrate solution was
recycled through a centrifugal pump fo a 55-gal storage tank, A side
stream was withdrawn from the pump discharge, through a filter and
rotameter; the stream was either returned to the storage tank or fed
into the column through an injection manifold, the choice being con-

trolled by the setting of a three-way solenoid valve.
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Fig. 5. Schematic diagram of apparatus: A-air discharge,
B-pneumatic valve, C-sodium nitrate tracer injection,
D-gas-sampling cells, E-packed section, F-air intake,
G-liquid-sampling cells, H-air-impact nozzle, I-helium-
tracer injection, J-2,938-in, orifice, K-blower, L-1,25-
in, orifice, M-liquid pump,
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Fig, 6. Flow diagram of liquid-tracer injection system:
A-55-gal tracer storage tank, B-top section, C-liquid-
tracer manifold, D-centrifugal pump, E-pressure gauge,
F-packing, G-filter, H-three-way solenoid valve,
I-rotameter,



-14-

Performance of the liquid-tracer injection manifold first
used was unsatisfactory. The trouble was traced to the formation of
an air pocket in the manifold that gave rise to surges and uneven dis-
tribution of tracer flow through the sixteen takeoff legs., It was im-
portant that the injection conform closely to a step input and be evenly
distributed across the column cross-section, Consequently, a second
manifold was constructed (see Fig.7). The air-pocket problem was
eliminated by arranging the takeoff legs on the top of the reservoir,
rather than on the sides, In addition, the reduction of the diameter of
the legs to 0.09375 in. caused the flow to distribute quite evenly among
all 16 legs.

A pressure gauge was installed on the line leading to the
manifold to indicate the injection behavior, When the three-way sole-
noid valve was energized and flow to the manifold had begun, a slight
delay was observed; then the gauge rose rapidly to a steady value,

The delay was caused by the filling of the line to the manifold, which
drained each time the solenoid was de-energized. Observation of the
pressure gauge indicated that the tracer flow rate did approximate a
step function satisfactorily; the precise moment when flow began could
be determined by noting the instant the gauge responded,

The tracer used for the air phase was a stream of helium.
The helium-tracer injection system is shown schematically in Fig, 8.
Helium flow to the column was initiated by pressurizing the surge tank
with helium, and opening a three-way solenoid valve to the gas-tracer
injectioﬁ manifold. This manifold consisted of 26 injection tubes dis-
tri buted over the column cross-section, as shown in Fig. 9. Flow to
the manifold was stopped abruptlyby opening the two-way solenoid to the
atmosphere, then de-energizing the three-way solenoid, This latter
action simultaneously shut off flow to the manifold, and opened the
manifold to the atmosphere., Discontinuance of gas tracer approximated
a step function more closely than tracer startup, so all gas breakthrough

curves taken were for the tracer-purging step,

‘
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Fig, 7. Liquid-tracer injection manifold: A-tracer inlet,
B-0,5-in, o,d. tubing, C-reservoir, D-16 legs 0,09375-
in, o.d,, E-tracer outlet through 0.03125-in, holes,
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Fig.. 8. * Schematic diagram of the gas-tracer injection

system,
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Fig, 9. Gas-tracer injection manifold,
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Sodium nitrate concentration was continuously monitored
downstream by means of an electrical-conductivity measurement.

Three conductivity cells were located midway down the packed section,
and three more at the base of the packed section, A photograph of a
sampler is shown in Fig. 10 and a cross-sectional drawing is shown in
Fig, 11, These samplers are also shown in position at the base of the
tower in Fig, 9. Liquid entered the samplers through the funnel-shaped
top and left through the port in the side, A high-frequency voltage
(approx 300 at 1000 cps) was impressed across two rhodium-plated
nickel-pins electrodes which were kept submerged in fluid to give a
continuous reading. The conductance of the solution between the pins
was determined by amplifying and recording the output signal. A two-
channel amplifier provided simultaneous measurement of liquid conduc-
tivity at two points in the column, The recorder chart could be marked
to denote the beginning of tracer flow by tripping an external switch
connected to one of the channels,

To determine the lower limit of liquid flow rate to which the
samplers would respond, flow through a sampler was observed outside
the column, An experiment was assembled in which column conditions
were simulated, and satisfactory operation of the samplers could be ob-
served if the liquid flow rate was maintained above 1000 lb/hr—ﬂ:zo
Cons equently, no runs were made for L values less than 2000 lb/hr-fzo

As a final check on the electrical-conductivity measuring
system, solutions of known relative sodium nitrate concentration were
prepared and placed in a liquid sampler, and the recorder response
noted, The absolute concentrations were in the range used for exper-
imental runs, The recorder response vs sodium nitrate concentration
was truly linear for both channels, as shown in Fig, 12, Since the water
used in all experiments had a finite conductivity at zero sodium nitrate
concentration and no bias was subtracted, the curve is not expected to

pass through the origin,
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ZN-2876

Fig, 10, Liquid-conductivity cell,
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Fig, 12, Liquid-conductivity calibration,
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Helium tracer was detected only at the top of the packed
section by either of two gas saniplers, A vacuum system provided
suction for flow through either gas sampler to a thermal-conductivity
cell used to measure helium concentration, A diagram of the thermal-
conductivity cell is shown in Fig. 13. A dc voltage was impressed
across an extremely fine (0,45-mil-diam) tungsten wire which thus
became heated to a certain temperature. The heat transfer, hence
the temperature of the wire, depends in part upon the thermal conduc-
tivity of the gas stream flowing past the wire. This wire was incor-
porated in a Wheatstone-bridge circuit as shown in Fig. 14. The
wirds resistance which is dependent on temperature, was measured
indirectly by amplifying and recording the out-of-balance voltage of
the bridge circuit relative to a null position, Further, the low sensi-
tivity of the bridge circuit made if necessary to install a preamplifier
ahead of thé Brush amplifier (shown in Fig, 14) which could be used
to boost the signal by a factor of ten,

The recorder response was linear with respect to the
helium concentration floWing through the cell (see Fig. 15), - As in
the case of thevliquid recorders, an external switch was provided to
mark the start or end of injection on the recorder chart,

| Two gas samplers (1-A and 1-B) were constructed 13
(see Fig 16). They were cylindrical in shape with a protective cage
enclosing the porous Teflon disk through which the gas sample was
withdrawn, The sampler volume downstream of this porous Teflon
plug was minimized to reduce back-mixihg in the gas entering the
thermal-conductivity cell, During column operation the samplers
provided a. steady-flow sample of gas to the thermal-conductivity

cell,
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Fig, 13, Cross-sectional drawing of a thermal-conductivity
cell,
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recording and amplifying system,
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MU-27762

Fig. 16, Detail of gas sampler: A-gas sample, B-0,125-in,
o, d. tube, C-screw cap, D-seal formed with waterproof
tape, E-porous Teflon, F-0,5-in, drilled holes, G-pro-
tective cage,
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Procedure

~ Runs were made at liquid flow rates of 2000, 50009 8000,
and 11000 lb/hr-ftz, and the gas rate was increased until either flood-
ing or excessive entrainment of water overhead was encountered.

The following method was used to measure. breakthrough,
First the liquid and gas rates are adjusted to the desired values, and
the column brought to steady-state operation, The liquid-conduc-
tivity amplifier gains are adjusted so that approximately full-scale
deflections would be obtained. The liquid-conductivity recorder chart
is started, and the sodium nitrate tracer flow (about 1% to 4% of the
total flow) was begun by activating the solenoid valve to the liquid-
tracer manifold. A mark is made on the chart by the external switch
when liquid-tracer flow first begins, as indicated by pressure gauge
on the liquid-tracer manifold, After the two traces have been obtained,
the tracer concentration in the recycling liquid is reduced by opening a
drain valve and a water-makeup line simultaneously, adjusting the
latter manually to maintain a constant liquid level in the water reser-
voir, By this method, traces were obtained for all six liquid sarnple‘rs°

For gé,s -phase measurements, the suction head is adjusted
to give the prescribed sampling rate, One balances the bridge circuit
by first noting the recorder's null position when a shorted phone plug
is inserted in the amplifier-input jack, by connecting the bridge to the
amplifier input and adjusting the variable resistance to give a null-
position recorder reading, Amplifier gain is adjusted to give approx-
imately the desired full-scale deflection., Helium flow to the column,
about 3 mole % of the air and flow, is started and the recorder turned
on. Then the chart is marked to denote the beginning of a purging run,
as the helium flow is stopped.

After six liquid traces and two gas traces had been obtained
at the same L and G values; the liquid holdup in the column was
measured, To do this, the pneumatic valve in the liquid-feed line was
closed the liquid-level rise in the reservoir was observed as the water

in the packing drained into the reservoir, -



The gas rate was then increased, and the entire procedure
repeated until a further increase in gas rate caused flooding or ex-
cessive entrainment, Because of the relétively poor precision-of the
data, especially for the liquid, all runs were repeated a second time;
thus, in general, 12 liquid traces and 4 gas traces were available for
a given set of flow rates.,

A time delay occurred in transporting gas from the sampler
in the column, through a 1/16-in.i.d. tube about 3 ft long to the ther-
mal-conductivity cell, This dead time was measured for each separate
column packing, With-the column disassembled, the gas samplers
were exposed by removing the top 6 in. of packing. Flow through the
sampler was set to the prescribed rate, the bridge was balanced as
before, and the recorder was svtarted,, A hypodermic syringe was
filled with helium and discharged at the mouth of the sampler; the time

interval from discharge to response was noted on the recorder chart.

Packing Characteristics

The void fraction, €, was measured for all packings used:
the 1-in, Raschig rings, the 1-in, Berl saddles, and the 2-in, Raschig
rings. The surface area per unit volume, ap, was measured for the
l1-in, and 2-in, Raschig rings. _

, For the 1-in, and 2-in. Raschig rings, which were a stand-
ard geometric shape, these packing characteristics were determined
by measuring the dimensions of representative samples of the packing
Vwith calipers, by counting the number of particles per unif volume,
and by calculating € and .a,pa

The void fraction of the 1-in, Berl saddles was obtained by
packing a large container of known volume with the saddles and meas-
uring the amount of water necessary to fill the voids,

Equivalent diameter of the packing was reported as the diam-

eter of a sphere with the same surface-to-volume ratio as a packing
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particle, From the .p_rgperjti,es of a sphere, -

d_ :—————{’(;'6)
P o

°

For these experiments as well as for the runs, the packing

was '"'dry-packed, unshaken,' Results are shown in Table I,

Table I. Packing characteristics,

, Packing v € v 2p . d
2/8%) 0 (in.)
1-in. Raschig rings 0.682 60,8 0.376
2-in, Raschig rings 0.690 ' 298 0.749

1-in. Berl saddles 0.740 79(Ref, 12) 0,237
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RESULTS AND CONCLUSIONS

For all three column pack_ings studied, the gas data seemed
to be correlated fairly well by the random-walk mixing model, Mid-
point slopes were computed for all gas runs, and the column Péclet
- number determined from Eq. (3). Values for breakthrough time at
x = 0.5 were based on a corrected time scale which took into account
the dead time of the gas-sampling system, Paclging Péclet numbers
" were computed by multiplying the column Péclet number by d /h
Pertinent data are summarized in Tables v through VI in the Appen-
dix, A sample calculatmn is given on the first page of the Appendix,
) Resilts for all packings used are shown graphlcally in Figs.
17, 18, :and 19, where packing Péclet number is plotted on a logarith-
mic scale vs liquid flow rate on a linear scale, with gas flow rate as
'the parameter. Reproducibility of the data was fairly good, with mean
‘deviations of 10% being typical.

As evidenced by the plots, the degree of mfxing in the gas
- phase was found to increase with both liquid and gas flow rates, The
dependeﬁce of Peclet number upon flow rate was more pronounced for
the 1-in. Raschig rings and 1-in, Berl saddles than for the 2-in,
Raschig rings, Resultés may be expressed empirically abs follows for

the ranges 0 < L < 11,000 1b/hr-ft2 and 300 <G <1100 1b/hr- ftzz

fbr 1-in, Berl saddles,

_ -5
P = (0.822 - 4.73x10"%G) 1073-85X10 "L, (11)
for 1-in, Raschig rings,
4 -3.85x107°L
P = (0.665 - 3.83X10 "G) 10 °° ; (12)
and
for 2-in, Raschig rings,
‘ . 4 -1.61X107°L
P = (0.756 - 1,875x10°"G) 10™"° .

(13)



Table IV. Summary of gas-phase Peclet numbers, l-in. saddles

L G Sampler 1-A Sampler 1-B N % dev P

0 300 160 190 160 (260)% 175 171 6 0.68

0 500 145 94 - 97 122 115 17 0.45

0 700 120 135 94 150 125 15 - 0.49

0 900 120 120 150 94 121 12 0.48

0 1100 91 77 81 72 80 8 0.32
2,000 300 140 140 140 145 141 1 0.56
2,000 500 130 100 140 125 124 10 0.49
2,000 700 92 115 105 96 102 8 0.40
2,000 900 73 .63 60 79 69 10 0.27
2,000 1100 65 62 60 52 60 7 0,24
5,000 300 160 125 92 130 127 14 0.50
5,000 500 88 99 125 94 102 12 0.40
5,000 700 77 18 82 96 83 N 0.33
5,000 900 66 18 76 61 70 10 . 0.28
8,000 300 66 89 75 115 86 19 0.34
8,000 500 63 66 77 78 71 7 0.28
8,000 700 66 89 56 81 73 16 - 0.29
11,000 300 65 47 65 52 52 - 13 0.21
11,000 500 51 66 64 61 61 10 0.24

% Numbers in parentheses indicate they have not been included in the final average.

-.‘[E..



‘Table V.' Sum}nary of gas-phase Peclet numbers, 1-in, rings,

300 82 99 94 78 '- | 88 ~ 10 0.55

0
0 500 59 59 55 60 68 58 59 65 60 5 0,38
0" 700 40 71 52 57 - | 55 16 0,34
0 900 (77)* 55 55 58 : | | 56 2 0.35
0 1100 35 40  -28 37 35 10 - 0,22
2000 -+ 300 82 68 72 69 - : 73 7 7 0.46
2000~ 500 49 52 60 57 55 7 0.35
2000° ¢ 700 ‘50 60 63 48 © 39 T 52 15 ' ©0.33
2000 “~ 900 42 42 55 39 o 45" 12 0,28
5000 - 300 44 54 ‘47 51 7 47 46 | 48 6 0,30
50000 500 36 54 35 33 ' 44 43 41 - 41" 13 © 70,26
5000 700 31 38 32 54 - 39 20 ' 70,24
8000 300 25 47 33 22 - 25 52 29 37 34 26 7 0,21
8000° 500 32 ‘40 41 32 49 34 38 14 ° .°0,24
11000 300 39 33 42 45 o 40 - 9 = 0,25

-ZE—‘ L

Numbers in parenthesis indicate they have not been included in the final average,




Table VI, Summary of gas-phase Péclet numbers, 2-in. rings

G < Sampler 1-A Sampler 1-B N Todev P
300 0 58 44 57 62 55 10 0.69
500 0 40 58 47 50 49 11 0.61
700 0 47 47 31 66 48 19 0.60
900 0 57 47 40 39 46 14 0,57
1100 0 42 42 50 40 44 8 0.55
300 2,000 64 62 (48> 60 62 2 0.77
500 2,000 55 46 46 55 51 9 0.64
700 2,000 44 42 45 47 45 3 0.56
900 2,000 47 54 45 52 50 7 0.62
1100 2,000 51 37 40 36 41 12 0.51
300 5,000 (25) 43 37 47 42 9 0.52
500 5,000 41 -36 35 40 38 7 0.47
700 5,000 42 42 40 49 43 7 0.54
900 5,000 42 29 38 35 36 11 0.45
1100 5,000 38 39 32 (52) - 36 8 0.45
300 8,000 51 37 40 27 39 17 0.49
500 8,000 20 19 28 36 26 24 0.32
700 8,000 44 28 40 34 37 15 0.46
900 8,000 38 33 45 35 38 10 0.47
1100 8,000 31 29 33 37 33 8 0.41
300 11,000 37 (15) 20y 37 37 0 0.46
500 11,000 42 17 55 22 34 43 0.42
700 11,000 40 39 25 28 33 20 0.41
900 11,000 40 38 39 ) 3 0. 49

*Numbers in parentheses indicate they have not been included in the final average,
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Fig, 17. Gas-phase Peclet numbers, 1-in, Berl saddles,
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Liquid-side data were analyzed by the diffusion model.
Some of the experimental breakthrough curves were first compared
with those predicted by the diffusion, random-walk, mixing-cell, and
segmented laminar-flowf} None of the models tested fitted the data
exactly; hbwever, the diffusion model came the closest.

| In determining midpoint slopes for the liquid traces, the
time scale was corrected for the dealy time of the sampler'; piston
flow between the sampler inlet and the electrodes, and uniform flow
distribution across the column cross section, were assumed in apply-
ing this correction. Compared to the time: at: x.= 0.5, this increment
was very small indeed. (The gas-sampler time correction was much
more significant, )

Column Péclet numbers. were determined by the midpoint-
slope correlation for the diffusion model as shown in Fig, 4. Essen-
tial data are summarized in Tables VII through IX of the Appendix,
An "R'" preceding a run number designates the red pen that recorded
the samplers at 30-in, normal level relative to the injection level and
a '""B" the black pen that recorded the samplers at the 60-in. level,

A sample calculation is presented on page 59 of the Appendix.

- Reproducibility of the liquid-phase data was poor and was
characterized by mean deviation of 30%. Part of the scatter w‘as un-
doubtedly caused by the difficulty of determining the slope of the
breakthrough curves Which sometimes fluctuated erratically in the
region of interest, reflecting the actual fluctuations of flow in the
column,

Semilogarithmic plots of Peclet number vs liquid flow rate
are shown in Figs. 20, 21, and 22, In contrast to the gas-phase
results, axial mixing decreases at increasing liquid rates, The quan-
titative effect of gas-phase flow rate is negligible compared with the
scatter of the present data. For the 1-in, Berl saddlves, a trend does
seem to be established in which the Peclet number increases with gas

rate, but this trend tends to be lost or reversed elsewhere,



TaBle VII. Summé.ry of liquid-data Peclet numbers l-in. bed saddles

L TG Samplers 26-in.downstream of injection Samplers 60-in.downstream of injection _136 % dev
15/hr-&t° To/hr-a T T z z 3 3 T T z z 3 3
2,000 : 01 0.058 0.061 0,045 0.025 0.024 0.036  0.027 (0.017)3' 0.053 0.039 0.057 0.057 0.042 28

2,000 .300 - 0.086 0.064 0.03  0.053 0.055 0.036 0.030 0.029  0.055 0.033  0.036  0.045  0.047 29
2,000 500 0.047  0.071  0.093 0.056 0.046  0.025 0.043 0.030 0.032 0.075 0.023  0.037  0.044 28
2,000 700 (0.109) 0.038  0.053  0.042 0.038 0,016  0.031 (0.012) 0.069  0.047 0,035 0.027  0.040 27
2,000 900  0.049  0.072  0.034 (0.100) .0.035  0.027 0,025 0,034  0.067 0.065 0.055 0.036 0,045 33
2,000 1100 0.071 (0.090) 0.057 0.057 0.043 0,042 0.033  0.038  0.045 0,041 - 0.053 0.033  0.047 20

5,000 ) 0.046  0.066 (0.020) 0,059 0,047  0.084 %35‘; 0.061 0,047 0,083 0,041 0,055 0,057 21
5,000 300 0.036  — 0.069  0.069 0.057 0.085 0,032 0.059 0.057 0.073 0.047 0.061  0.059 20
5,000 500  — (0.191) 0.051 -0.082 0,055 (0.137) (0.015) 0.051  0.059 0,079  0.053  0.053 0.060 17
5,000 700  (0.155) (0.137) 0.067 - 0.041 - 0.065  0.047 0.043 0.055 0,053 0,059 0,055 0,054 13
5,000 900 - 0.118 0,088 0,079  0.110 ©0.022 0.110 0.036 0,073  0.053 0.118 0.043 0.055 0.075 37
8,000 0 0.159  0.137  0.063  0.119 0.050 0,096  0.067  0.053 0.075  0.122 ' 0.061 0.079  0.090 34
8,000 300 0.200 (0.319) 0,066 %% 0.039 0,100 .0,079 0,111  0.063 0.130  0.099  0.063 . 0.101 33
8,000 500 0.100  0.178 0,123 (0.219) 0.091  0.096 0.042 0.069 0.073 0.111  0.079  0.083  0.095 25
8,000 700 0.118 0,150 0.155 0.178 0.052  0.100 0.044 0.103 _0.095 0,138  0.083 0.087 0.109 30
11,000 0 0.100 0.118  0.057  0.105  0.096  0.100  0.051 - 0.071  0.067  0.083 0,061 0,083 23
11,000 300 0.200 0,191  0.114 0,081 0.074 0.056 0,083 0,033 0.057 0,079  0.083 0.065 0.093 4l

11,000 500 0.132 0,141 0.114 0.100 0.118 (0.035) 0.075 0.055 0.099 0.091 0.087 " 0.087 0.100 19

a
Numbers in parenthese indicate they have not been included in the final average.
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Table VIIIL.

Summary of liquid Péclet numbers, 1-in. Raschig rings,

L G Samplers 30-in, downstream of injection Samplers 6$0-in, downstream of injection _P_ Pdev

Ib/hr-£t° 1b/hr-ft> 1 1 2 2 3 3 1 1 2 2 3 3
2000 0 0.055 0,044 0.058 0.025 0,044 0.024 0,031 0,025 0,046 0,038 (0.091)* 0,040 0.040 23
2000 300 0.023 0,032 0.030 0,032 0,030 0,048 0,022 0.037 0.050 0,037 0,060 0.042 0.037 27
2000 500 0.046 0.028 (0,084) 0,037 0,030 0,035 0,037 0,048 0.062 0,044 0,040 0,031 0.040 18
2000 700 0.032 0,053 0,030 0,044 0,030 0.023 0,017 0,055 0.035 0,049 0,038 0.044  0.037 27
2000 900 0.071 0,092 0,078 0.064 0,037 0,064 0.031 0,061 0.035 0,035 0,056 0.042 0.055 29
5000 0 0.025 0.038 --- (0,125) 0,022 0,053 0,061 0,076 0,070 0,103 0,022 --- 0.052 43
5000 300 0.025 0,062 0.048 0,100 0,029 0,062 0,064 0.062 0,070 0,101 0.070 0.066 0.064 24
5000 500 0.030 0,083 0,031 0,150 (0.019) 0.106 0,040 0,132 0.088 (0,194) 0.048 0.103 0,082 43
5000 700 0.118 0,076 0,058 0.138 0,062 0,083 0,066 0,101 0,070 (0,188) 0.058 0.110 0.085 27
8000 0 0.151 0.046 0,175 0,085 0,219 0.038 0,132 --- 0,113 0,208 0.163 0.062 0.122 40

, @72 ({132

8000 300 0.096 0.046 0,118 0.029 0,150 0,028 0.122 0,085 0.219 0.122 0,116 0.082 0.101 40
8000 500 0.126 0,053 0.182 0,065 0,113 0.037 0,157 0,091 0.251 0.175 0.150 0.107 0.131 35

' 6,144 o ' m _
11,000 0 0.157 0,044 0,182 0,035 0,094 0,032 0.219 0.076 0.239 0.182 0.175 0.088 0.127 52
11,000 300 0.108 0,036 0,144 0,076 0,150 0,044 0,107 0,107 0,200 0,232 0,110 0.088 0.116 37

#Numbers in parenthesis indicate they have not been included in the final average.
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Table IX. Summary of liquid Peclet numbers, 2-in. Raschig rings

L G Liquid samplers27-in, downstream of injection Liquid samplers 60-in, downstream of injection P idev
Ib/hr-ft°  1b/hr-ft” 1 1 2 2 3 3 1 1 2 2 3 3 .
2000 0 0.047 0,08 -— -——- 0,069 (<0,028) 0,084 0.93/8 -—— -— 0.131 0.062 0.077 29
0.{42 : 0,094
2000 300 0.152 0,064 —— ~--- {<0.028) (<0,028) 0,041 0,049 --- --- 0,034 0,058 0.066 42
2000 500 0,133 0.056 -—- --- (<0,028 (<0,028) 0.039 0,034 -—— -—- 0.043 - 0,060 49
2000 700 0.058 0,045 -—— --~ (<0,028) (<0.028) 0.039 0.020 ——— - 0.086 --- 0.051 36
2000 900 0.053 0,051 -—- --- (<0,028) (<0.028) 0,043 --- - - 0,066 0,083 0.058 21
2000 1100 --- 0.103 C--- --- (<0.028) (<0.028) 0,038 0.028 - -——- 0,088 0.069 0.066 39
5000 0 0,135 0,167 - -== (<0.015) 0.052 0,083 0.096 0,073 0.096 W 0.160 0.120 31
0.124
5000 300 0,122 0,225 -—— ---( 0,028) ( 0.039) 0.060 0,137 0.088 0.169 0.124 0.218 0.139 31
(70.030) i
5000 500 0.069 (0,304) -—- —— 0.092 0.081 0,066 0,122 0.161 0,062 0,193 0.175 0.103 41
5000 700 0.158 0,163 -—- --- { 0,045) ( 0,051) (0.049)0.069 0,098 0.058 0.169 0,150 0,120 35
5000 900 0.178 0.086 - --- ( 0,028) ( 0.030) 0,049 0,118 0.109 0.156 0.107 0.124 0.116 24
5000 1100 -—— 0.205 ——— --- (<0,028) ( 0.047) 0,161 0,077 0.084 0,124 0,131 0,175 0.137 27
8000 0 0,128 0,175 -=- 0.077 - (<0.028) 0,045 0.120 0,045 0,066 (0,019) 0.109 0.096 39
8000 300 (0.262) 0.122 -——- 0.081 ( 0.028) ( 0.036) 0.131 0,107 0.068 0,084 0.051 0.088 0.092 23
8000 500 (0.250) 0,128 - ---( 0.041) (<0.028) (0.024) 0.156 0.066 0.075 0,090 --= 0,103 28
8000 700 0.111 (0.257) -—- -—— 0,081 0.066 0.021 0,092 0.069 0,161 0.099 0.116 0,100 23
8000 900 0,081 0,152 --- 0.227 ( 0,028) 0,111 0.060 0,043 0,161 0,120 0,161 0.161 0.128 35
8000 - 1100 0.051 0,225 0.214 0.092 0.060 0,051 0.069 0.137 0.092 0,156 0.122 0.120 0.116 42
11, 000 0 (0.401) 0.272 - ——— 0.278 (<0.028) 0,237 0.124 0.175 0.066 0,250 0,111 0,190 37
11,000 300 0,214 (07%} --= -—- 0,088 0,077 0.379 0.064 0.250 0,084 0,124 0,150 0,173 54
11,000 500 (0.415) 0.133 -—— ——- 0.075 0,094 0,169 0.098 0.137 0,199 0,137 0.099 0.128 24
0.036)
11,000 700 0.077 0,05 0.274 -—-- 0.124 0.056 0,111 0,043 0,143 0,059 0.120 0.122 0.115 42
11,000 900 0.199 (1.17) 0,255 0,180 0,250 0,124 0,201 20

2Numbers in parenthesis indicate they have not been included in the final average.

- Ob—
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Fig, 20, Liquid-phase Peclet numbers, 1-in, Berl saddles,
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For all types of packing studied the dependence of liquid-
phase Péclet number on liquid flow rate was found to be approximately
the same. The following empirical representation of the data was

. developed:

for 1-in., Berl saddles,

-5
P = (0.033) 10%93%X10 "L, (14)
for 1-in, Raschig rings, -
493x10'5L
P =(0.038) 10°° ; (15)
and ' v
for 2-in, Raschig rings,
4,93 107°L
P = (0.051) 10" . - (16)

These hold for the range 2000 < L. < 11000 lb/hr—ftz, and 0 £ G <1100
lb/hr-ftzc

The straight-line relations drawn in Figs. 20 through 22
represent only one of the possible curves for fitting the data. In all
three packings, the slope of log Peclet number against L tends to
diminish with increasing L. A log-log plot of Péclet number against
L indicated that it would not be unreasonable to represent the re-
lation as a square-root dependence of Péclet number on L. This was
the form of correlation developed by Otake and Kunugita.

Another important conclusion is that the extent of mixing in
the liquid phase is much greater than in the gas phasen The Péclet
number difference is roughly one order of magnitude in the low flow-

rate ranges used in these experiments,



- In both phases, the Peclet number values obtained corre-
spond to axial-dispersion coefficients in the range of 100 to 200 cmz/sec;
the difference in magnitude of Peclet number between the two phasesis
offset by a corresponding difference in superficial velocity. Because
molecular diffusivity is in the range of 0.7 cmZ/sec and 10"5 cmz/sec
for the gas and liquid phases respectively, its contribution to the ob-
served Peclet numbers is negligible, - A sample calculation for the dis-
persion (eddy-diffusion) coefficient is given on page 62 of the Appendix,

A liquid mixing length (E/u) of approximately 7nominal pack-
ing diameters was computed for the typical run given in the Appendix,
This was slightly lower than the 10-to-30 ra,ngve computed from the data
of S’cemerding11 but of the same order of magnitude, Stemerding's

flow-rate range was considerably less than the one used in this study.
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APPLICATION TO DESIGN

Miyauchi and co-workers have developed a practical calcu-
lation method for extraction systems’in which NoxP-” the number of
over-all transfer units based on a piston-flow model (e. g., calculated
by the Colburn equations) may be related to Nox’ the true number of
over-all transfer units., Other parameters needed for this calculation
are the Péclet numbers for both phases and the extraction factor, A.
Results of this model will be described next, as applied to the general
case in which the mass-transfer resistance is significa.‘nt in both
phases,

The number of over-all dispersion units, NoxD’ was de-

fined by

L . (17)
oxP oxX oxD '

. A simplified regrouping of the independent variables was

shown empirically to be feasible, This regrouping involves defining

A 1
(PB), _[f B T fyPyBj| , (18)

and the number of over-all dispersion units may be approximated

numerically by

In A
N o = "Kn-—l o+ (PB)_, (19)
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where

N + 6,8A'0°5
oxX

£ = - h ' (20)
x -1.5

N + 6.8A

oxX

N+ 6.87° 0
fY = , (21)

+0. 5
N + 6.8A
oxX

and, tentatively,
- _ 0.050 22
¢ =1 A(PB)0.51 7O, (22)

Correlation is limited to the region where ¢ is positive,

Note that in Eq. (19),

N o ~¢+ (PB)Y as A~ 1. (23)

Solution of these equations for Nox from NoxP involves trail-and-
error procedures, One assumes a value for N;_)X and then computes

N . from Eq. (17) after evaluating N _4p from Egs. (18) through (22),

until agreement is reached. Important a].)ssumptions in this treatment
are that the packing Péclet numbers and extraction factor remain con-
"stant along the length of the extractor,

' The calculation method given was derived for liquid-liquid
extraction, In extending it to absorption the "X'" phase may be either

liquid or gas,
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For the special case in which A = 0, another technique is
applied. This condition exists in gas-absorption columns for cases
of vaporization of a pure solvent or absorption followed by a rapid
irreversible reaction, and this condition is also approached for ex-
tremely soluble and extremely insoluble gases for which the mass-
transfer resistance may be assumed to lie essentially within one phase.

Then it develops tha'c6

Nox(e'xz e M MeMe - e
N = Iln — , (24)
oxP . 1/2
P B (1+4r)
X
where
P B
>\l: —)2{ [1+ (1+4r)1/2], (25)
P B
_ X 1/2 :
and
NOX :
r: g (27)
X
This relationship is illustrated graphically in Fig, 23, where
NoxP.ls plotted against Nox for several values of PXB., A simple

empirical relation, equivalent to Eq. (24) but éxplicit:in“l\(l)x, has been

developed be Moon, 8

0,%(N. )2

- - _—__ OXp
Nox NoxP PXB + 0,63 ° (28)
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The data of Fellinger3 for ammonia absorption from air to
water were examined to see whether longitudinal mixing contributed a
. significant effect. Packing Peclet numbers for Fellinger's system
were estimated from the correlations of the preceding section.- Herce,
it was assumed that longitudinal mixing takes place independently of
any mass-transfer operation. The conditions of some of Fellinger's
runs are given in Table II, along with the results of the practical cal-

culation :method,

Table II. Mixing correction for data of Fellinger. Ammonia absorp-
tion in a column packedzt_o a depth of 25.5 in, of 1-in, Raschig
rings (L = 4500 1b/hr-ft“, x = air phase, and y = water phase),

G A PB PB N N, H,p H_

ab/h;r_ftz) R (ft) (£t)

385  0.0984  23.6  4.30 3,51  4.82  0.605  0.441
600 0.153 19.8 4.30 3.28 4.76  0.646 0,446
800 0.204  16.4 4,30 3,92 7.25 - 0.542  0.293

<D and the true HTU, Hox’

are shown as a function of flow rate in Fig, 24, There is an appre-

The apparent over-all HTU, Ho

ciable difference between these values, indicating that mixirig had a
significant effect on column operation for this case, The factor that
contributed most heavily in this particular calculation was the small

- liquid-phase Peclet humber.
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Fig, 24, Mixing correction for data of Fellinger,
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We also examined the data of Sherwood and Holloway; 10
they illustrate the application of the mixing correction to a system in
which mass-transfer resistance may be assumed to lie entirely within
one phase. These investigators have reported HTU values for desorp-
tion of oxygen from water by using various standard packings. In this
instance the liquid phase is controlling, as evidenced by the extreme
insolubility of oxygen in water. Essential data from one set of runs
are tabulated below, with the results of the mixing correction indicated

by Eq. (28).

Table III. Mixing correction for data of Sherwood and Holloway.
Oxygen desorption from water in a column packed to a 2
depth of 6.1 in, with 2-in, Raschig r1ngs (G=230 1b/hr-ft
and x=water phase).

L P _B N N H H

oxP - ox oxP ox

(Ib/hr - £t)° - (ft) (£t)
2000 0.519 0,627 0.956 0.810 0.531
4000 0.651  0.529 0,739 0.960 0.688
12,200 1.66 0.339 0,387 1.50 1.31

A graphical representation is given in Fig. 25, where H oxP
and H x are plotted against the liquid flow rate on a log-log scale.
L1qu1d phase Peclet numbers were computed by the correlation of Eq.

(16) developed in the preceding section,

Again, as in the preceding example, there is an appreciable
difference between the apparent and true HTU. In general, one would
expect the mixing correction applied to HTU data to be more pronounced
for liquid-phase-controlled diffusion than for gas-phase-controlled diffu-

sion, owing to the higher degree of mixing in the liquid phase,
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NOTATION

Packing surface area per unit volume (ftz/ft3)
h/d, '

Dimensionless concentration in ith phase
Magnitude of step concentration-change
Equivalent-sphere diameter of packing (in, )
Weighting factors defined by Egs. (20) and (21)
Eddy-dispersion coefficient of ith phase .(c.mz/sec)
Tangent-angle correction for gas breakthrough curves
Molar flow rate of ith phase '

Gas-flow rate (lb/hr—ftz)

Column height

True over-all height of a transfer unit (ft)

Apparent over~all height of a transfer unit (ft)
Bessel function of zero order, with imaginary argument
Mean free path
Liquid flow rate (lb/hrnftz)

Slope of equilibrium curve (mol fraction basis)
Column Péclet number

True number of transfer units

Number of over-all dispersion units

Apparent piston-flow number of transferdunits
Packing Péclet number of ith phase (N X Tp)
Over-all Péclet number defined by Eq. (18)
Volumetric flow rate of ith phase '(ft3/sec)
NOX—/ P B

Dimensionless midpoint slope of breakthrough curve
Time

Average residence time of ith phase (sec)

Dimensionless time
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Characteristic velocity of ith phase

Column holdup of ith phase (ft3)

Dimensionless concentration _(C/CO)

Midpoint ordinate of gas breakthrough curve relative to the
centerline of the chart paper

Dimensionless length of column along direction of flow of

the ith phase

Greek Letters

>
—
>

o

< T €

Void fraction

~ Defined by Eq. (25) and (26)

Extraction factor (thx/Fy)

Tangent angle of breakthrough curve at midpoint (deg)
Defined by Eq. (10)

Defined by Eq. (22)



-57-

APPENDIX

Sample Calculation for Gas Breakthrough Curve:Run 83 (see Fig. 26).

We use 1-in, Raschig rings,

5000_1b/hr-ft2,

L =
G =300 1b/hr-ft°,
CO = 6,0 chart units,

apparent t (x= O,n5)corrected for sampler dead time =19,1-4.5=14.6

chart units,

and apparent tangent angle at midpoint = 40,5° = Y.
A small correction is applied to the angle because the ordinate is not
rectilinear, rather it is curved with a radius equal to the recorder-
pen radius,

The correction factor, F, is

w/2

7/2 + sin” ! (Y/a)

9
where

Y = ordinate value where angle is measured relative to the
centerline of the chart paper,
and

a = radius of pen, 7.7 cm or 15.4 chart units,
For this case

Y = +0.4, therefore, F = 0,984,

Then we have

tan(FLJJ)XLxcz—O'—S) - 0,833><1—2-'% = 2.02,

0

_dc

de t(x=0.5) _
- & -

s X
C
0

N = 4ns? - 0.80 = 51,

and

d
N P _- 0.376 _
P—NX—h —51)(—60—-— = 0,32,
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Fig, 26, Typical gas trace-Run 83,
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. 27).

Sample Calculation for Liquid Breakthrough Curve: Run 84 (see Fig

We use 1-in, Raschig rings,

L = 500 1b/hr-ft2,
and _
G = 300 lb/hr-ftz,

A, Red Pen
In the run-inarked Red Fen on Fig., 27 we use:

Co = 82 chart units,

and
apparent t(x- 0.5)= 17.5 chart units;
Sampler dead-time correction:

2
- ml.5in) - 0,0123 #t?

sampler cross section = 5
4(144in.2/ft

5000 1b/hr- £ (0.0123£t9)16.4 cm>/in. (1728in

. 2/ft 3)

sampler flow rate = 3
3600 sec/hr (62.41b/£t”)

= 7,75:cm3/sec,

¢ sampler volume above conductivity pins = 3 cm”,

and ‘ 3

sampler deadtime = _dem’ 0.4sec =0,8 chart units;

7.,75cm3/sec

true t (x. 0,5)= 17.5 - 0.8 = 16.7 chart units,
tangent angle at midpoint = 74 deg = {,

and
_de tx=0.5)_ t(x=0,5) _ 16.7 _
s = FX-e—2'= tan P x—e—=' = 3.49 X —g5- = 0.710,

0 0
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.~ From Fig. 4, we get

N = 4,6,

and then

d.
P_ , 0.376 _
P=NX - 4.,6><————3O = 0.0576

B. Black Pen

In the run marked Black Pen on Fig., 27 we use

CO = 61 chart units, ‘
apparent t(x=0,5) = 36,5 chart units,
true t(x=0.5) = 36,5~ 0.8 = 35,7 chart units,

tangent angle at midpoint = 58 deg, tanq,u.= 1.60,

and
_ 35,7 _
s—léOX—m———0938
From Fig. 4, we get
fPi; 9.5,
and then

P = 9.5x 2276 = 0.0595
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Estimation of Eddy Diffusivity

Liquid Diffusivity:

Let the subscript x denote the liquid phase; then
eddy diffusivity is related to Péclet number by
d U
p = 2%

b4 E ’
b'e

where EX is the eddy-diffusion coefficient and UX the characteristic
velocity, The characteristic velocity Ux = h/(tr)x, where (tr)x' is
the average residence time of the x-phase, Residence time is related

to phase holdup and bulk flow rate by '

where VX is the volume holdup of the x-phase in the packing and q,
the bulk volumetric flow rate of the x phase,
Consider the conditions of run 84 where L = 5000 lb/hr—ft2 and

G = 300 1b/hr-ft, 2

t
Data:

From Eq. (15), P

. 0.0581,
h = 60in, = 152 cm,
dp = 0,376 in, = 0,955 cm,
Vx = 0,982 ft3(rneasured)9 ‘

and
5000 1b/hr-ft = 0,0700 ft/sec;

0
»
I
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therefore
0.982 ft> |
(tr x - 3 = 14.0 sec,
0.0700 ft /sec
and
dp | |
_ *h _ 0.955 cm(152 cm) _ 2
Ex —vPX(tr)x_ 0.0581 (14.0 sec) 178 cm”/sec.

The molecular diffusivity for sodium nitrate diffusion into water is on

the order of 10_5cm2/seca

Gas Diffusivity

Again consider the conditions of L = 5000 1b/hr-ft2 and
G =300 lb/hr-f‘c2 (run 83 for gas phase), and let the subscript y
denote the gas phase,

Data:
From Eq. (12), P_ = 0,436,
h =601in. = 152 cm,
dp = 0,376 in, = 0,955 cm,
VY = total volume X wvoid fraction - sz 9.75 ft3,
and
q, =300 1b/hr-ft% = 3.47 ft>/sec;
therefore
3
(t)). = ———————9°273ft = 2.67 sec,
Y 3,477 /sec
and

E =_2P _0.955 cm(152cm) _ 125 cmz/sec
y ~ P_(t. )y ~ 0.436 (2.67 sec) ‘

The molecular diffusivity for helium into air as estimated by the

equation of Hirschfelder, et al,, 12 is 0,687 cmz/sec,
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10.
11.

12,

13,
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