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LONGITUDINAL DISPERSION IN SINGLE-PHASE LIQUID FLOW : SRR
THROUGH ORDERED AND RANDOM PACKINGS , © = - . = ..

o

Gabriel L. Jacques, Alphonse HEnnico, Joon Sang Moon;ifﬁiw
- and Theodore Vermeulen : .

1Step-function injection and purging of a salt tracer in ﬁ

water has been used to measure. axial dispersion in sphere- and

ring-packed columns The product of packing Péclet number and -

void fraction is found to be 0.8 to 0.9 at Reynolds numbers corre—ifa'?f
” sponding to the turbulent (eddy) flow range, but only 0. 20 in the o

laminar (filamental) range. For spheres, similar results were .

given for random packing and for ordered arrangements.v It,isg_uvfjﬁkfﬁ_

believed that multiparticle dispersion, or channeling,; was 1argeiy_7fﬁ;ﬁ

absent in the present work. The higher laminar-range Péclet numberef_?*

obgserved by others for gases is perhaps«explained by the differenceitlif'
in Schmidt numbers. | | | | | o a .

1

A. 'Introouction
~ The extent of axial mixing in columnar equipment can most
easily be evaluated quantitatively by unsteady-state tracer~
inJection techniques 1ndependent1y of mass transfer between phases
A_tracereamount of avcomponent is 1njected in a patternpapproaching

one of several kinds of idealiZed disturbance,-and the concentra- -

. .«

tion history (or "breakthrough curve") of tracer at a fixed
distance downstream from the ingection point is measured. The
characteristics of the experimental,breakthrough ‘or response curve

may then be.compared with the forms predicted by a mathematical



mixing model "The value of the mathematically calculated mixing
parameter that gives the best fit to the experimental curve is
designated as the value.characteristic-ofuthe.system. '
Several different methods of analysis have been used
to measure the breakthrough or response curve. These include
ionization-current counting of radioactite tracers, electrical
conductivity or electrode potential, and absorption of ultraviolet
or visible light. Three different forms of input disturbance are. |
commonly used: a sinusoidal variation, a delta or pulse function,;“
and a step function. ' The present study utilizes the response to
an inlet step'function Experimentally this is carried out by
flowing a solute-free 1iquid and a tracer. solution successively ‘
through a fixed bed, and determining exit concentration as a
function of time. Special care must be taken to obtain a sharp
uniform step-function at the Inlet. As tracer, a solution of NaNoa
is Injected into the system,. and the breakthrough curve 1s measured

by electrical conductivity.

Previous Studiles

_ _Since 1953 severalhexperimental‘investigations have been R
made to determine the nature and the magnitude of the axial

, dispersion‘mechanisms}_‘Invone of_the'first'studies,vbanckwerts
made eeveral.measurementstor flow_of water through beds of S/Sfin;
' Raschigwrings.7 Later,.uSingdthe response to a sinusoidally -
varying input' Kramers and Alberta investigated.axial dispersion
in water flowing through a column packed with l-cm. Raschig rings,

15

at Reynolds numbers of lOO and 200.”" Their phase-shift data

yielded disperSion coefficients differing by 50 to 100% from the -



‘values based upon amplitude, the discrepancy was attributed to
"trapping in the interior of the rings.¢ |

McHenry and Wilhelm have reported axial-dispersion data for
' gas flowing through a bed packed With S-mm. spheres.18
a sinusoidal-input signal, and determined values of the axial- B

“ dispersion coefficient from the amplitude change. A value of the

Péclet number (defined as UGd /E, with Uo the superficial velocity,_

.dp the equivalent-volume sphere diameter, ‘and E the superficial
axial-dispersion coefficient) equal to_about,zrwas found in a}_-'
Reynolds~-number range of from 26 to 1000.

' Ebach and White reported the results of 1iquid-phase

longitudinal-dispersion studies for beds of glass spheres, Raschig -

rings, Berl saddles, and Intalox saddles over a Reynoldsénumber<
range from O'l‘to 160. 8 They also investigated the influence of
viscosity in a column- packed with l-mm. spheres for a flow rate
corresponding to a Reynolds number of 0.25 for water. In this
flow region a change of viscosity from: 0. 95 to 27 centipoisesdid

. not influence the axial-dispersion-coefficient values.‘ In compari- ti’;i

‘sons between the different packings, the product of Peclet number
and void-fraction was found to be nearly constant. In their
experiments, both. periodic and transient input signals were used
and the detection method was that of light absorption‘due to avdye
tracer in the Water stream. 'Carberry and 'Bretton5 employed pulse;
inJection techniques very similar to those of Ebach and White, and
obtained dispersion coefficients at various flowrates in systems
of 0.5, 1, 3, and 5-mm. spheres and 2 and 6-mm. Raschig rings, in
a 1.5-in.-1.4. colu.mn |

'They used o

-



Strang and Geankoplis studied axial disoersioh through beds
of glaés beads, porous alumina spheres,’and Raschig rings by>the
frequency-response technique, using Z-naphthol as a tracer.23
" Their investigation,‘carried out over a relatively short Reynolds-'
number range in the laminar region, gave results similar to those |
of Carberry and Bretton and Ebach and White. Calrns and Prausnitz_ -
investigated longitud;nal-mixing properties for a water strea& : |
flowing through a 2-ih. column packed'with 2.3-mm. glass spheres,
over the Reynolds number range of 22 to 450053 A step input wee,:‘
:used in their experiments, with NeNos;solution as the-tracer.‘ _
Jacqges and Vermeulen investigated the axial dispefeion during S
flow of water through beds of_ceramic_spﬁeres, Raschig rings, and'

Berl saddles.t*

The present work is a oontinuation of that study; 3

and certain of those results will be inoluded.below. |
Although these'1nvestigation5vhave,reeulted in many date

concerning the axial mixing of liquids in packed beds, serious

discrepancles (aé'pointed out‘by Hofmannls)Aexist between the

results reported for low Reynolds numbers. Further; ho sfudx of

the influence of viscosity has been found in the 1iterature for -

Reynolds numbers largef than 0.25.

B. Apparatus

l. General Specifications
| Specifications for the experimental equipment were based
upon the following obJectives for single-phase breakthrough
‘experiments.' |
| (1) To develop thevoptimum experimental conditions foﬁ_
determining axial-dispersion coefficients. The varlables to be: .



considered were the concentration and proportion of tracer, the"

RSP S

direction of injection (top or bottom of the column), and the‘c.:‘i o

sharpness of. the _step input. -Electreolytic conductancevwas selected“fffjl

- as the measure of tracer concentration. _ ‘

(2) To study the influence of viscosity on the axial—dis~-
| persion.coefficient. Whereas the gas-phase axial dispersivity :
appears to remain nearly constant over a wide range of}Reynoldsi'-
numbers (for reasons to be discussed later in this article),'the
liquid phase 1s believed to ‘show a transition from a "1aminar" to

5,14 coincident with changes in slope of

"turbulent" flow regime
the friction-factor and mass-transfer J~factor curves.

(3) . To investigate the influence of different packing-

particle types, size, and arrangements upon axialvdispersion,,over BRI

a range significant for predictions on industrial-scale paeked— co
tower apparatus.r Ordered arrangements of sphere packing were

- included so as to determine the possible occurrence of packing-

orientation effects in axial dispersion, and to obtain a controlled l;h

variation of packing void-fraction.
Apparatus was designed for sbudy over a wide range of flow
rates with various sizes and types of packing, as shown in Fig. 1.
Experimental needs led to the following specifications" _ |
(a) Owing to the labor involved in packing a column and in
installing conductivity probes and an inJection head in any chosen .

arrangement, a column once packed was kept intact for repeated

experiments. Gonsequently, different column sections were designed

and bnilt, corresponding to the different packing arrangements

choSen forninvestigation. 'For each column the packing was locked
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between retaining grids of’suitable design. Table I lists the

columns and their corresponding specifications.

(b) - In order to avoid an expensive duplication of the .jjgg7f§;

accessories, everything except the packed column. sections was a -

single installation, while the packed columns ‘were interchangeable..

The upper and lower column heads with their accessories (level _
control, pressure taps, and nozzles) were . mounted permanently on

the frame in a manner that permitted rapid exchange of the packed

" sections. A hand-wheel-operated sling supported the head for lifting

or 1owering, so that one could substitute any of the different
colunn sections. Metallic flexible hoses were connected to the

inlet and outlet manifolds for both the top and bottom of the,;

column. The packed sectilons (weighing approximately 100 1bs.) were'

transported between the column frame and the storage bench by a. "_'

holst supported by an overhead rail.

ol i L T LY e D e e e T e UL i it it e

H

(¢) o meet the flow-rate requirements for one or two mainvf'“'"

phases plus a tracer-stream, a complex assembly of valves, pumps,_c
and rotameters had to be used. |
(d) To provide the needed flexibility in breakthrough-

curve measurements, conductivity cells in the individual columns

were manifolded through switches into a plug connection;‘this plug |
was Joined by a cable tova reccrding potentiometer'throughia second f‘i'

set of switches on the maln operating panel.

. 2. Column Bodles

. The adoption of.regular‘as welllas random packing‘arrange-
ments placed many limitations upon the column_design. First of -

all, the:triangular and square arrangements chosen necesgsitated .
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Table 1. Dimensions and packing of experirhental columns
>lumn Packing Effective Equivalent Arrahge- -~ Distance Fra_.ctien Column Useful Cross-
unber ' diam (in.) diam (in. ) ment between of voids. “"height =~ height sectional
- : layer (in.) (%) (in.) (in.) area(in.?)
1 Spheres. 0.75 0.75 Tetragonal  0.53 32,0 . 26,9 236 30.3
2 Spheres 0.75 0.75 Ortho- - 0.65 38.0 25.8 23.0 30.3
‘ thombic-1
3a Raschig 0.25 0.22° Random 0.29 73.0 26,4 26.0 30.7
rings : ’ '
42 Pellets 0.25 0.23 . Random 0.21 35.0- 26.4 26.0 30.7
5 Spheres 0.75 0.75 Random 0.71 41,2 26,0  25.0 - .30.7
6 Spheres 0.75 0.75 Ortho- 0.75 39.5 26,3 24.0 30.6
- : ‘ rhombic -2 : »
7. Raschlg : 0.75 0.65 Random '0.88 64.8 26.3 23,6 30.7
nlngs . . ) .
8% Intalox 1.0 0.72 Random 0.96 74.0 26.4 26.0 30.7
b “saddles R : o C P : o '
9" - Berl . . 1. 0 0.76 Random. , —_ 68.6 26.4  25.0 30.7
b - saddles L L v . - S o
10° - Spheres 038, .- . 038, Ramdom 035 42.0 2.4 250 307
11P Spheres '0.0058 0.0058  Random 0.0055 40.0 26.4  19.0  30.7
... lglass) ' ‘ ' 23.5
Packlng used. only by Jacques”‘

Ceramlc

except whe re stated

bPackmg used only in the present 1nvest1gat10n E

7
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‘flat sided columns; thus, hexagonal and octagonal columns of -
,calculated cross section were built, in order to simulate as

closely as possible a cylindrical symmetry. Considerations of j""

‘eorrosion resistance, minimum weight, cost, and_deformatlon during'7,1~'

the needed weldingjoperation led to the choice of aluminum rather”
than stainless gteel for the projcct.‘ Specifically, 3/16-1n 618T
aluminum sheet (alloyed with 0.25% copper, 0. 6% silicon, 1% mag-:

neslium, and 0.25% chromium) was used.-.cylindrlcal columns of_the:

same material were built for random packings. 'Fins were welded'cn -f;,}

- the sides of'each column for}étrengthening and to facilitate L
- handling. Further, the design of each of the grid8>that lockéd
4 the packing inside: the column had to be selected according to the

-packing geometry.

The PhOtOSPaPh in Fig. 2 shows Golumn 1 (see Table I), before' o

packing and before drilling for the introduction of conductivity
leads and sampling_tubcs._ The bottom’ grid is attached to:the body;_:'

the top grid and %he corresponding spacer plate are removed. There L

are two rings of bolts at each end; the inside rings are used for _).-i

locking the grid to the body, and the outsidevrings_to'attach the

column to the permanent head and bottom;_thé four'slotslin-the,

grid were cut out for the bolts attaching the bottom to the frame. . -

O-rings provided-leakproof seals between the flanges. AFinally,

3/18-in. reinforcing plates were welded on to provide'heededithickf“’”*

ness for installation of the sampling outlets. These outlets were
 placed at nominal distances of O, 3, 6, 12, and 18 in. from the
1evclrof the injectioﬁ manifold, the spacer‘plate corresponding too
24 in. The holes in the fins are fof 1nser£lon of the lifting ‘
‘hoist. | | - | |
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| S.' Column Packing

The ordered arrangements of uniformly-sized spheres

correspond to known types of crystallographic 1attice.< Fer such -

arrangements in packed columns, one nust seleet two parallel planes ’
through the lattice that will represent the ends of the column,_and,

several planes. each perpendicular'to these:that_will constitute'the”

column walls. The different lattice strucéures:for spheres, each
available for columns in one or more orientatlons,;have.beenl |

10 and maztin, MeCabe, and Monrad.:

reported by Graton and Frazer,
In the present investigation, three different regular
»packing arrangements of spheres were used: tetragonal sphenoidal
(Column. 1), orthorhombic-1 (Column 2) and orthorhombic-z (Column 6)
Spheres 0 75=- in. in diameter ‘were obtained as over-sized ceramic j

balls with rough surfaces. They Were wet—ground in a ball mill

with granular alundum, and classified between 0. 740 and 0. 76@ 1nch;V

Because of the geometry,of the ordered packing, a boundary problem l*

barose: as fhe design called for the spheres in one laYer to be’

tangent to the wall, some of the spheres in ﬁhe neéext layer'would

have to be either omitted or cut. This difficulty was avolded by -

1nsertion,.in alternate layers, of spacers’between.fhe walls and‘
the balls. Wall spacers for the second layer for Column 2 are
shown in Fig. 5._ (The second layer is drawn in 1ight lines, the
first layer in heavy lines ). _ B
Column 1, also equipped with wall spacers, was originally :
intended to have a rhombohedral arrangement (25.9%% voids). |

appears to have been packed somewhat 1oosely, as 1ts measured void- o

-l

(W)

a.t?

fraction was 32%. If this packlng density is uniform, as indicated -
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First layer
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3. Arrangement of packing and spacers, column 2
(orthorhombic-1, octagonal),
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by the nonoccurrence of shifting when the cclumn is inverted, ‘the .

racking corresponds to the tctragonal sphenoidal structure;lo 17

hence, this designation is used for Column 1. From Fig. 3, we see -

that each sphere in the second layer is astride two in the first . lﬁﬁ:;

layer, and that these three spheres fornfan equilateralitriangle :

perpendicular to the ends of the colum. The tetragonal sphenoidal

and rhombohedral structures are .very. similar, with each layer again

in a square order, but with the equilateral triangle tillted so o
for the former :

that the upper spherealies more deeply in the hollow center of

the sguare in the first 1ayer. In the tetragonal structure, the

| angles of tilt (from the vertical) are 30 deg and 26 deg, 34 min;

-.and in the rhombohedral structure, 30 and 30 deg.

o

The lattice structures ef Columns 2. and 6 are identical, but f.':‘

the arrangement of Column 6 1s perpendicular to that of Column 2.
In 001umn 6 the triangles are. parallel and the squares perpendicular
to the ends of the column. Table I gives detalls on all the types
and arrangemente~of packing used for the 1nvestigation. S
' | Thevrandomly packed columns Were.stacked by pouring the
packing into the column with attendant-éhaking of. the bed. vThey'
included not only spheres of 0.75-in. and 0.38-in. diameter,.but
also O. 75-in. and 0 25~ 1n. Rasehig rings, 0.25- 1n polyechylene
pellets, and 1-in. Berl saddles and Intalox saddles._w

4 The void»fraction € wvas '~ found for all packings by
measuring the amount of water necessary to f£1l1 a eolumn of known
dimensicne‘to a well specified helght.4 The void—fraction of
rrandcmly.packed spheres ie generally close to that for the orderedv
rhombohe@relverrangemencs. ‘For packinge other than spherical

balls, several different “equivélent" diameters can be defined.



The most common one 1s the "equivalent spherical diameter,"

(a.) , 2,16 which corresponds to a sphere having the same volume
v : ‘ :

as the packing unit®.. Prattzo introduced an "equivalent hydraulic

‘diameter," (d ), The diameter of a sphere with the same

surface-to-volume ratlo as the packing particle,(dp) "has also
19

- been used. Another property of packed beds is the sphericity (¥)
of the particle. This is defined as the area of a sphere having
the same volume as the particle, divided by the area of the particle.
We note that (dp)a = ?(dp)v.

The values used for the above-mentioned parameters in this

study are given in Table II.

4. Conductlvity Probes

The tracer used was a sodium nitrate solution, with tap wéter
as the main streamg the detection method was that of electrical |
conductiviéy. In the concentration range used,'the electricél
condﬁctance'of the adqueous salt sqlﬁtion was proportiona1<to;the
concentration of the salt. Therefore a knowledge of the.conductahce
of the mixed stream containing the salt tracer allows the direct
determinatioh_of-the concentration behavior in this strean. !

h The probes used to measure conductivity were constructed of
two spherical sectors of 3/4-in. Bakelite balls connected by a pair |
of rhodium~p1a£2§f§i;s, as‘shown in Flg. 4. They were Installed at ,
different heights in the column (nominal 0, 3, 6; 12, 18 and 24 in.)v'v
. with the plane of fthe probe belng in each case perpendicular to the ' |
main directionvof the fluild fl@w.‘ Originally the equipment_was |
also used}for"the study of radial dispersion, and thus several“

conductivity prbbes were_installed at different radial positions,l4




L e

0.33 -

- 16
. Table 1I. - Packing charécfer_iStics.
' e ' 1), d) . (d a, _
Packing € (dp)v ( p)h ¢ P)a 2 P32 Y
(in.) (in.) (in.)  (ft7/ft7) (f£/£t7)
3/4-in. Raschig - _ - ! ’ e
rings -7 .0.648 0.67 . .0.47  0.28 80 ~ 66 - 0.42
1-in. Berl | - - Co :
saddles ~0.686 0.76. 0.42 0.25° . 78 77
1/4-in. Raschig ' g _ o
rings 0.720 0.22  0.16 0.079 240 216 - 0.36 -
1-in. Intalox. . L o . E :
saddles 0.740  0.70 = 0.40 . 0.24 78 89  0.34
<
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In the present investigatlon, only longitudinal dispersion was fv-r”"'q

studied, and only the conductivity probes at the center of the

cross- section were selected for use.

5. Iniector 5vstem

 The injectlon device consisted of several tubes (0.0625- in.

0.d., O. O31-in. 1.d.) connected to a manifold.v At the end of each
injection tube an aluminum ball, 3/4 in. in diameter, was affixed.frgflx,
For the central injector, the aluminum ball had 6 holes (0.059- 1n.:_lc'7

diameter) drilled 60 degrees apart, around a horizontal circle .

(perpendicular to the injection tube, here vertical) _ The arrange-l;f’

‘ment and the number of injection tubes (normally, 8) were dependent"' 

~on the form of the cross-section. The end of each off-center
injector was anchored in the bed by being run through a'3/4-in.
aluminum'ephere. - In Column 7, eaech such alumlnum sphere wasfrv '
provided with six outlets. v | l

A small pump continuously recirculated the traoer solution.
A 3-way solenoid valve Installed near the column-allowed a very
rapld action for elther starting or stopping the flow of the
injectant (tracer) into the test sectlon. The pressure drops in
the injection path and in the recirculation path were equalized-

by means of valves in each 1ine'adjacent to the solenoid valve.'

6. Column Heads

Expanded'erd‘seotions, identical in  construction, were'

connected above and belowfthe'particular packed section'in use

(Fig. 5)1 _As the‘columns were designed to operate in both:upWardvﬂ |

and downward flow (see Figs. 1 and 5), the same accessories were

adopted for both upper and lower end sectione: twolwindows for

- L e T R e ke S e e
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visual observation,vao6.—in.~diameter iniétdn0zzlefwith_1neer;;;__'w.~~

changeable'orifice;plates designed_to giveva.velocity profile_ee

flat as possible (see Fig._G), two symmetrically placed;outlets;e R

and a iiquid—level control probe for subsequent two-phase
experiments. '

7. Circuitry _ ’
The baslc electronic circuit used to measure the cenductivity

consisted of four parts. an amplitude—etable oscillator, a low-  f]':

impedance voltage_ecurce, an amplifier, and a_selffbalancing '

_potehtiometer ﬁhich feeds the strip-chart'recorder.' A 1000~-cycle

oscillator cireuit was employed, of bridge "T" type, with thermal

nonlinear-element ebabilizaticn.'vThe output of the oscillator waecf, -

fed into a power ampiifier consisting of a cathode-coupled pha8e4;_
inverter'driving a push-puilloutput stage, In series Wlth the o

probe was a resistor across which a voltage developed, proportional

to the current drawn,by the probe and thus also prcportlonal to.thevffaﬁ

conductance of the probe., This voltage was amplified and }
transformer-coupled from a cathodenfollower to the detector, whose
output was fed to the recorder. ”hrough the use‘of.manual '
potentiometric span control onvthe input tOfthe recorder,.and
of galn controls, a range of ccnductance'frcm 10'5'be 1of1 mhev,7’
could be monitored. ' v

A panel board for wiring was attached- to each column body.
All the conduccivity-cell leads of the column were connected to a-
rotary'switch on the panel, corresponding to-up to five combinations
of ' six electrodes. Six‘doub1e~pole double—throw switches on thev

column panel allowed the selection of any cell for measurement.

vy
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| 7 in—f—

————— el - 2125-in,

~—l-in.od. | |

O0.75-in. i.d.

L Side view -

12 bolt holes,
3/16-in. diam <
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Fig. 6. Detail of nozzle construction.
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'Finally, an eight~wire~cable,plug‘on_the_panel board_provided‘a;L.f

separate connection to the electronic measuring and'reeording‘sjfx11§e;2’“

system.

8. Layout and Accessories

As noted in the spec;fications, che design and constructionii
of a complete pilot—planu unit with extensive manifoldlng was neededé,.*

The flow arrangement is shown in Fig.LT._¢A set of five pumps, five

tanks, and'six rotameters made it possible to feed and meter three oegg'g

different types of liquids at the same time for- a range of O. 005

gpm to 40 gpm. . v _
Water for the experiments was provided from a 15®~ga1 s
constant-head tank mounted on the roof of the building, about 25 ft

above the column

The rotameters were each callbrated by weight~flow of water.”'fﬁ57

Flow rates were corrected by essuming uhat_equal-weight flow'rates i

gave equal readings for liquids other thanrweter. The working

ranges of water flow through the six rotameters were 0 to 40 gpm,r_:“v;>'

O to 6 gpm, O to 6 gpm, O to 0.8 gpm, O to 0.3 gpm, and O to™; -
0.005 gpm. -

c. Experimental Heasurements

1. Determination of Optimum Conditions

- The equipmenu as designed allowed the inJection of tracer
solution at The "top or at the bottom of the eolumn Theoretically,
1 the seme_result should be obfained for eithervinjection or shut-off.a
_of the tracer for either end of the’column} however, it was foﬁnd;
experlmentally{that for low flowratee large differences in behavior-

could oceur. It thus beeeme neceesary to find experimentelly
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" the operating condltions that- would minimize these diffcrences.‘?'e'

The smoothness of the breakthroughrcurve, and the proper cerre- |

spondenee between the calculated and measured stoichiometric times

determined in two different ways (that is, by dividing the measured

flowrate 1nto the column void volume, and by integrating the

experlmental.breakthrough curve) were aiso used as criteria fcr‘

satisfactory'eperacicu. | | | |

| Prelimlnary studies were @herefore made of two columns with | _

different packings: Column 1 (3/4 inogspheres, tetragonal arrange- e

ment) and Column 7 (3/4n¢n. Raschig rings)  With water as the

‘main stream, for injection of NaN@s solution at the top of the'

column, it was found that the purglng curve after the shutting ~off ‘ .

- of 1njection gave more uniform breakthrough curves than the start-up f:,-

- of a step input of tracer. For the latter, che empirical =~ g(_;S},i

stoichiometrie point was‘much higher than the."exact"dvalue."For' |

injection at the bottom the start~up of tracer 1njection was better.v"
o These experimental findings were believed to be caused by

a hydrodynamic instability, resulting from the density difference

between the main streamvand the tracer soluﬁion,'which may cause

a:preferential but irfegular downward"flow,of the denser fluid (er'

upward flow of the lighter one).» Sueh>an effect‘is.weil kncwn in '

diSP1§¢€ment'ﬁrocesses;s’lz’zz’zs

the boundary between adjacent e i
dissimilar bands of liquid can become peculiafly distofted by :
having "fingers" or "channels" of the displacing liquid 1ntrude"
deeply into the 1iqu1d being displaced._

' In_principle, phis gravity effeeﬁ'may be partially or even

completely. offset by a viscosity effect, although viscesity seemsl
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to have had very little_influence in the present study.,‘bisplaceé
ment by the more viscous liquid favers stability of the boundary,
whereas displacement by the less viseeus one favors instabiliﬁy;-'
The vlscoslity effect has beeh deseribed by Helfferich in the

12 wpye to packing irregularities, the displacing

following terms:
£1luid 1s the less viscous, the flow resistance 1ln The bulge_is*r'
smaller, and the flow larger than'elsewhere; fhus,the fingers grow: g
On the other hand, if the displacing fluid is more viscous than the
liquid being displaced, the flow resistance ie 1arger‘ih Tthe bulge
than next to it, and thus the channels vanish." |

This tendency toward instability could explain why "top-out“‘

: and "bottom-in" run conditions give the better breakthrough curves,. . =

The curvesvcbrresponding to the reverse conditions (indicating _
unstable behavior) show an unusual breakthrough shape, with e'vefy:v
fast response at the start followed by a very long btail which.
eventually approaches saturation; such a shape can‘fesult'from
the presence of "fingers." | |
In our experiments it was also found that by reducing the -

salt concentration from 1 N to 0.05 N, ‘the shape of the curves was '

.1mproved the’twe stoichiometric times showed bettér agreement, and =

a good match was ebtained between equivalent tracer-in and tracer-

out runs except at flowrates smaller than 0.3 gal/min.

,2' Procedure_ S ; |
As a reSult of the preliminary runs, the following eXperi—'

mental conditions were adopted: For flowrates smaller than 0.5 |

gal/min, 0.05 N NaNoa solution was injected at a rate eorresponding

in all cases to less than 5% 1n volume (in most cases around 1 to
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'2%),_ For hlgher flowrates, the amount of tracer injected was less:  ;f f
than 1% in volume, but the salt concentration was increased to 0.1 .

N. The injection was made at the top of the column-for.nearly alld};-}c"
experiments. Boﬁh injeetion~ and purge-breakthrough curves were-v
recorded, in the 1ov»flowrate reglon, when the two curves did not 1d
agree, data were taken from the tracer-out or purglng curves. .

The experimental procedure for typical runs was as follows:-c
,Pfeliminary experimenes determined the input."span“.“o the recorder'
and ﬁhe amplifieregain setting for a‘specified salt ingectlon@ .The |
electrical measuring unit was tested for 1inearity by fepiécing the'}.>
conductivity probe by a pouentiometer, for- all the runs this error
was within 1%. The run was started by flowing ‘tap water through '
the column‘at a chosen flow rate. The tracer (NeNOs) solution was.' -
started through‘the recirculation line at the appropriate flowrete
(usually around 1 to 2 volume-percent of the maiﬁ*stream), ahd.the o
pressure drops in the injection line and the recirculation line.
were equalized by means of two manual valves adjoining ﬁhevsolenoid
valve. '

After a flnal check of the flowrates, tracer injection 1nto
the column was started by opening the solenoid valve, with the
starting time for injection marked electrically on the recorder |
chart. The voitages recorded during each run‘were proportiooal:tov _'v;e‘
the conductance of the main -stream, and thus, ae noted previousiy;f
proportional to the concentrations of the injected componenf.

Tracer injection was stopped after a constant reading was reached
on the chart, the conductivity was again followed as a funetion of_d‘x
time to give the purging-breakthrough'curve, The recorder resulte‘:f

were then analyzed as explained below.
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3. Calculation of Data

From a critical review of the different mixing models;ll it
was concluded that for low flowrates'thefdata woﬁld be analyzed -
both by the random-walk model (which is'praétically equivalent to
the diffusion mcdel with finite boun@ary cond1tions) amd_by the
segmented-lamiharvflow model with quartic'veloeity profileg‘ ?or
“high flowrates the daté would be analyzed-solely'by the random»walkv
model. | | R o 4" |

Cutput conéentrations measured by‘the recorder werelpletted_;'
as’pefcentages of The total concentration«increment range, against
the logarithm of relative tiﬁe, t,/%sg, where the reference time
,'ﬁso_ corfesponds to the 50% céncenﬁr@tionApoint.~ The experimentall
breakthrough'curVe'waa then compareﬁ with theoretical breakthrqugh
curves predicted by the mixing models.? This graphical method has
the advantage of comparing entire’curves; and thus shows whethep
the theoretical model used is predieting the right overall shape.
Once the theoretical models were shown to be applicable, it was
found'more eonvenien@ to compare experimentai slopes for different
values of colwm Péclet number N. | |

For the ranéom»walk model, the dimensionless slope 8 was.

‘econverted to a column Péclet number by the relation

-

N = 47s® - 0.80 T - (1)
(The numerical constant 1s an effective average of derived values;“
which range from 0.87 at N =1%o 0.75 in the upper,limif.ll) For
the segmented-laminar-flow médel,’the column Péclet number was |
obtained from a graph.giving the‘theoretical slopes for differént |

10

values of M.t Finally, the packing Péclet number (P) was found
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by multiplying column Péclet number (N) by the ratio of packing
diameter to column height ,(dp/ h). |

D.. Results and Discussion’

The variables affecting axial mizxing which were 1nvestigatedo

were viscosity, column length, paekingicharaCﬁeriStics,'and liquid S

| velocity. As ihdicated aboﬁe; the expefim@ntal-br@akthrough curve
can be analyzed either by curve matohing on iogafithmio-time '
coordinates, or by taking the midpoint siopé on linear t//t5o'
coordinétes; Full results as obtained from 60 fun ooﬁditioné .
(approximateiy 400 separate breaktnrough curves) are givean in the

original report.ll

1. Effects of Viscositg and Veloci@g

To study the effect of varying the visoosity, breakthrough

curves were measured in three different packingsa columns 2, 5 and_'.

e e

7. Aqueous solutions of glycerocl were used to obt&in a kinematic e

' viscosity of 5 to 6 oentistokes, In Fig° 8 the results are given .

and compared with those obtained from pure water (v = 1.0

:?‘

.centistokes) under the same eyperimencal conditions. All runs

were made at ambilent ﬁemperature,,sa + 2°F. The figure shows that

for the viscosllty range considered, there 1s a definite variation
in axial dispersion as the velocity changes. .The Péclet number
for pure water and for water-glyceroi solution are found %o be

equal for the same Reynolds number.

2. Effects of Packing-Particle Characteristics

Various types of packing were investigated to_determine,the
effects of particle shape and packing arrangement,.as listed in,

mw
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-3 T l T - T !
88 Spheres, random (0.75in., e = 41 %)
2 - D& Raschig rings (0.75 in., € =65%) -
oo Spheres, orthorhombic -l (0.75in,,e = 38%) -
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Fig. 8. 1Influence of viscosity. {(In the legend, the
-symbols on the left are for glyerol-water mixture and
those on the right for water alone) :



~ Tables I and II. Empirical shifting of the plots 1n»Fig§f8 has
shown that the points'can be consolidated into a single eurve;f

1

. provided the ordinate (Pecl@t number) is multiplied by the void--u
fraction ¢ to give ' -
' eP (= cd /:,)'
and the abscissa (Reynolds number) is divided by (1-e) to give
N U 4

1-¢ (l-e)v. D

where
€ = veid fraction,

d. = particle diameter (egquivalent spherical diameter S
P for nonspherical partleles),

2 = mixing len@th _ v
UO = superflcial velocity, and -
vV = kinematic viscosity. _
The dependence of axial mixing upon the factor Nﬁe,/(ll-e) was ‘

adopted from Blake'ls, Canman's .and Ergun’s WOrk on pressure drops i'\

in packed beds.l 4,10

volume of particles to the area per unit ﬁolume of packedﬁb@d.7“1nf

Ergunts correlatlon thé Reynolds number was not based upon the‘.

The factor (1 -e) relates the area per unit

equivalent spherical-diameter,.as here, but'upon*the diameter (dp)a;‘~*’

of a sphere mﬁpﬁh'the same sufface-ﬁo—volume ratio as a packing
. particle. Quite possibly a more complex funection of ¢ and of ¥

(the sphericity) is involved, which we were not able to dévelop'

from data only on high-¢ 1ow-e packings and low~v highne paekings. B

"

“w
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3., Effect of Bed Length; Choice of Theorstical Model

' A érﬁeiallfaetor'in determining allongitudina1~disperaion
coeificient ié.the selection 6f the proper {theoretical model for
Interpreting théiexperimental data. A% least three experimental:}
eriteria are availablé'for choosiné frem’ambng gseveral different '
theore%ical models, in order to determine whieh model_providesfthe'-
most accurate.measure of dispersion_ behaviér. These are: |

(1) The shape of the experimental‘breakthrough cur#e, in
relation to the shapes predicted by the #arious models. |

(2)' Related to the shape criteribn, the agreement between
the observed and the empirical stolchiometrlie times. '(The.empiﬁicalv
time is obtained by matching the.experimental breakﬁhrough curve |
to one of a family of theoretieal_@urves,.with observatioh of the
point on the actual time scale that matches the stoichiometric
point given by the theory.) | |

| (3) Constancy of the Péclet number, or mixing length, for
“different bedlleng%hs. The different theoretical models all
postulate a constant mixing length for the entire éaeking‘

To measure the effect of the bed length, one column unié
(Column 10; packed with 0.38-1in. eeramic,épneres in random arrangé- f‘-
ment) was used: to stgdy breakthrough shapes both at its center -
(12.-in. level)‘and at the downstream end. Experiments in this
. column were conducted at four different flowrates; the results are

 summarized in Tables III and IV. The values calculated from the
random—walk.model indicate no effect of bed length, confirminglthev

3,8

observations of other investigators;“’" whereas the values given by

the segmented-laminar-flow model do vary with the bed length.
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Table /111, Effect of bed length; data analyzed
" by the random-walk model ' '
Flowrate . Ny N N P P
(gpm) =€ 1236 1in. L=12.0 in. =236 in. T=12.0 in.
0.3 9.6 36.2 15,5  0.595 0.526
0.5 16.3 . 36.3 - 17.3 . 0.605 0.586
1.0 32,0 . 46.3 23.4 0.774 - 0.794
2.0 - 640  61.0 31.4 ~1.020 1.040
Table = IV. Effect of bed length;data analyzed'_by
the segmented-laminar-flow model {quartic)
Flowrate NRe N ] N o P P
{(gpm) L=23.6in. ~L=12.0 in. L=23.61in. L=12.0 in. .
0.3 9.6 34.9. 8.5 . 0.576 0.288
0.5  16.3 35.0 10.0 0.579 0.339
1.0 32.0 ‘ _ 17.3 ' 0.585
0.980

2.0 640 IS 29.0
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For:axperimental runs, usually both models repreéent the‘
experimental data equally for fractional changes between 0.30 and
0.70; outside this range, the experimental curves lie beﬁwe@n the
theoéetical predictions for segmented laminar flow with.a quartic
velocity profile and for the random-walk model.

In all cases, the<segmented—1amina:—flow.model,shbwed*:
-stoichiometric times about'lo% higher, relative to'thé randbm-walk
and material-balance v&lues. _Thié'diserep&noy, accompanied by the .
fact that the Péglet number calculated by segmented laminar flow
does depend upoh column length, indlcates that the random-walk |
mbdel is somewhat moﬁ@ satisfactory even in the laminar-flow regilon.
At the same time, the segmented-laminar-~flow model, based as it is
on the filamental nature of laminar flow in packed beds, should be
viewed as a necessary step in the development of a better under-
standing of axial-dispersioniphenemena. Its partial failure may
- well be due to the velocity profile selected, and to the_partieulaﬁ-
methods it involves of averaging the properties 6f the flow.

4. Graphical Correlation of Results

Using the modified diﬁemsionless parameters Just discussed,
we have plotted all the experimental points of the present étudy
- (on 1ogarithmic.coord1nates) in Fig. 9. The data clearly show the 'fékl
predicted laminar- and_turbulent«ﬁloﬁ_regimes; with a well-defined: -
transition region occuréing, for an Nﬁé /(1 -¢€) of from 25 to 1000.
The data given at high flowrates, for Ny ,/(1 ~€) about TOO (and |
only these) are from a previous investigation in the same apparatus.;é

The points at abseissas below 1.0 are. discussed below.

Fig. 10 shows the data eorresponding to the laminar-flow
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Fig. 10, Experimental results analyzed by segmented

laminar flow.
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regxme and part of the transition region, for a 2-£% column length,
analyzed by the segmented~laminar=flow model with a quartic velocity
profile. It 1s seen that the Péclet-number values thus obtained -
are appreciably smaller at 1ow flowrates than those given by the

o

randomawalk model, whereas at higher flowrates they are more nearly
' equal. As already shown, however, the laminar-flow Peclet values )
obtained from the scgmenbed-flow model apnear to depend upon column
. length. If points haﬁ been shown at different 1engths, it would

not be possible to represent them by a siﬁgle-eurve.

5. Comparison wlth Other Studies

a. Liquid phase. . The experimental fesults‘of'the present

study are compared in Fig. 11 with the data of seV@ral éarlier_:‘
investigations.‘veollectively these data confirm the presence of av |
transition effect between lower and higher vélueé of Reynolds'number;; 
Beyond this general feature, the.reproducibility ofvmeasurements  |
within any one~s@udy seéms much better Tthan its agreementAwith any ;f'.
other one. | | _ ', | | .

'_ Strang and @eankeplis?s used a sinusoidal'input of dye,ffor L
0.23-1n. glass. spheres and 0.27-in. Raschig rings in a 1.65-in. -
dlameter column 22.5-in. in height.

14 sre from a preliminary study using %the

Jacques's data
presently described apparatus. Subsequent to that stuéy,-improve- |
ments were made in both the reeording and the 1n3ection systems,'
‘and the trace*~concentration level was greatly reduced.

Cairns and Prausnitz used 0.125-1n. glass spheres in‘a;columnv
2.0 in. in diameter and 24 in. high.® A step-function input was |

gselected with upward injection of NakOs tracef'solution, and
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purging-~step curves were used foﬁ’bhe &nalyéis.

| Ebach and White used sinuso;dal 1n3ection and also pulse
injection in a 2 Oain.adiameter @olumn 2.0 o 5.0 £t high, with
glass spheres 0.0083, 0.04, 0.13, or 0.27 in. in diameter and
0.25-in. (nominél)wRaschig,rings, Berl saddles, and Intélox' 
saddies.® - | | o "

Carberry and Bretton used pulse injection of.dye*traééf»in_~‘
'a 1.5~in.-diameter column at various bed 1engthé, with spheres ,;
ranging from 0.0z to 0.20 in. in dlameter, 0.08-ln. doﬁghnut rings, -
- and 0.25~-in. Raschig rings.s' | | ' - |

To compare these experimenté, aunumber of possible soufeés

of error must be kept in mind:
| (1) - Hyérodynamic inStability
(2)- Adsorption of tracer on parﬁiele surfaces
(3) Instrument 1ags
(4) Inaeccion end-effects 3 _ |
7(5) Flow irregularities in traeer—injectian system N
(6) Column wall effect and other channeling '

A possibili Y exists that @he correct plotting functions
.havevnot yet been found, and that the dlfferent curves of Fig. 11"
ére in better agreement than this p1ot indicates. However, it WOuld
be difficult to reconcile the different results for.smali'glass |
 spheres on any such basis. B | | o

The present results vere obtained on. the 1argest particles
used in any study. Wall effects could have occurred in the randomly
" packed columns,,but not in the ordered ongs,(celumns 1, 2, and 6).

.f

Injection end-effects could oceur; but both the close agreement of
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the stolchiometric times observed from the input and the output,
and the good agreement between 1-f¢ and 2-ft column lengths,

suggest that such end éffects are minimal. The possibility of

“hydrodynamic inétability, which clearly interfered with our repro-

ducibllity at higher tracer-concentration 1evels,.has been almost .
entirely execluded by the agreement between'injection and purging

TUuns for both upflow and downflow operatlon.

b. ¢as phase.. Meﬁenry and Wilhelm have reported the only
thdrough study of gas-phase longitudinal dispersion in packed beds,
with sinusoldal input of hydrogen or ethylene into a nitrogen

18 Their measurements were made with 0.127-in. glass

stream.
spheres'in a c¢olumn 1.94 in.-in diameter, with several diffePent
bed heights. With some evidence for a dip at Ng, = 250, their data
led to a P value of 1.88 £ 0.15 or a <P value of 0.73 £ 0.06 over
the range of NRe from 20 to 1000. They, and also Carberry and -
Brettqh,s have reported a few values for the finé-par%icle low~

flowrate region. Taken together, these results indicate that the

gas-phase Pé&clet-number values are essentially the same in the

turbulent and the laminar regimes, but that at sufficiently low
Reynolds numbers molecular diffusion predominatés and causes the

Peclet number to decline.

as already noted, the 11QUid*phase valuel from both this and .

other'investigations tend to Jjoin McHepry's gas-phase data in the
turbulent region, but then decrease to a le§el one-fourth to one-
third of this value in the laminar region. 'It appears 1ikely that,
in gas-phase laminar flow, lateral molecular diffusion in the void

spaces compensates for thé Segregation due to velocityfdistribution,
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and maintains_thegindiﬁidual voids 1n.an a1most entire1y mixed
eondition.. o | _ » | 4, N

Figure 12 has been drawn to e?amine ‘and illustrate thev L
logical consequences of th@s_assumpclon. Except for axial molecular
diffusion,.the range of possible modified Peclet‘numbers eppears_toe;'
be bounded by a segregated-flow value of 0.205 and a<void-cell?'
mixing value near 0.8. The actual gas-pheSe pbehavior is indicated
by dashed 1ines, and the known and postulated 1iguid behavior is‘_‘
1nd1cated by solid 11nes.

6. Theory of the LamineraFlow Liquid ~Phase Behavior

G. I. - Taylor has shown for laminar flow inside pipes that
the segregation of residence times (resulting from the velocityvV 
profile) ean be represented by an effective axial«dispersion
("”aylor-diffusion") coefficient. 24
appreclable, 1t serves to reduce the apparent axial coefficient;vjf«'
‘for this region, in a tube of diameter’dt; in'ghich the average .
£luid velocity is U, the longitudinal-dispersion coefficient is E
and the melecular—diffusion coefficient is D, Taylor derived the

'relation

E __1 Ud
Udt 12 D

t,., | : o '. _v (3)

- For a column randomly packed with spheree we may assume a "tube"

diameter equal to half the particle diameter. Then, with e = 0.40,

- .Wwe have

’ d | | o
= 5 v
_ Uodp. 123 D

As radial dispersion becomes_e"l
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where U, is the superficial veloeity (= Ue). Introduction of the

dim@nsionless'groups, v 5.4
P'=e1>=z—%ﬂ, - (5)

! U.d

. Re O p : : '
No = = . 6
Re (L-¢) v(l-¢) * (6)

and Ng, = v/D, provides the relation

P ! = N_"'—z OTSJ"'," ™ ° i E ( 7 )
Sc  Re :

Thus, for any given Schmidt number, reducing the Rayndlds number |
should eventually increase thé Péclet number from the lower curve
to the upper curve. The lines of constant NSc rising from right

to left correspond %o the behavior indicated by Eq. (7). With gases,'

having N,, =~ 1, the rising curves are inﬁersected'almost before the

Sc
fully turbulent region is departed from (McHenry's curve does show
a relatively narrow dip at Née = 250, of perhaps 15%).

| With liguids, the rising curves apparently are not reached

within fhe usual range of chemical engineering measurements, i.e.,

- at N'e values of 1 and greater. Raimondi et al. used pﬁlse injee- -

R
tion of radioactive tracer in a l,éZwin.-diameter column 35.4 in.
high, with glass beadé OfOOQS, 0.0214 and 0.0256 in. in diameter.ZI
Their data led to & P value of 1.45 % 0.2 (or eP of 0.575 £ 0.07) . .
over the range of Née from 0.015 o 0.28. Altnough}%his Péclet
number value is lower than the upper 1imitv(or P’ = O.TS),YWhich"
might be causéd by ehahneliné, it is much higher than thé lower
limit (P’ ~ 0.2). This one experiménﬁal finding is in favor of
the 1idea that Taylor diffusion can cause a rise in the Péelet

number for liquids at Née < 1l. The ﬁeason that P values seem not
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to exceed the values found by McHenry and Wilhelm may be that the

- local V@locities are always much higher in the channels between

the voids than within the voids. Within each void, boch axial and

 tr&nsverse mélecular‘diffusion ocecur at comparable rates, so that

the voild is reconverted to é'nearnperfect mixing cell;'

At very 1ow-f16wrates,.molecular\diffusion in the axial
direction becomes predominant. This effect 1s.ihdicated by the
lines of consbant Ng, that fall off to the left in Fig. 12. In
this region, the effective diffusivity is D/V2 , the faector V2
being commonly. adopted as the torbtuosity of the bed. The mixing
length, or ratio of effective diffusivity to linear velocity, is
(D/v/m)(e/ﬂo)° Hence the modified Peclet number P yill be given

by ' -
‘ }?(m eUOd /E)—\/ Ud /D . ] (8)
The same definitions for ﬂﬁe and Ng, as aboVe then give the relation
P’ = 0.85 N, N& . o A(9)

Se “Re

The gas-phase data cited above, for low flowrates, £all in the
range of molecularndiffusion‘curves shown here. 7
A series of supplemental experiments was conducted $o

measure the Péclet-number behavior in the region of very low flow

‘rates. Use was made of Column 11, packed with 0.0058~inch-diameter =

glass beads (Minnesota Mining Mfg. Co.) held by 200-mesh stainless-
steel screens. As shown In the dbtteduline region of Figol109 the
modified Peelet nunbers remained constant a2t 0.20 £ 0.02, and the
predlcted rise did,no; occur down to the lowest Reynolds number
studied.

This experimental result casts some doubt upon the foregoing
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explanation for the differences in gas and liquid dispersion.
Nevertheless it remains possible that the transition postulated to

occur at low Reynolds number may in fact depend upon a2  higher power

 of Schmidt number due to the nonparabolic velocity distribution.

10a

Moreover, recent studies of Green, Perry, and Babcock indicate

that the laminar liquid-phase he&taﬁransfér Pécletsnumber has the

higher value characteristic ofnlaminar gasephaS@ mass tranSfer; in
general,‘the'Prandtl number for liquids has a considerably lower
value than the Schmidt number, so that thermai conduction within
packing voids should occur more readily than molecular diffusiomn.
Hence Fig. 12 may provide a‘qualitative, if not entirely quantita-~

tive, explanation. =
' o ‘'E. Conclusions -

The experimental results from this invéstigation~1ead ﬁo the

following conclusions fbr'liéuid fiow through packed beds:
| (a) . The data show separate constant values for the Péclet _

number in the laminar and in the turbuient‘fegion; and the existence
of a fairly sharp transition curve betweén these two regions.

(b) The segmented laminaraflow model,; derived to provide a
physical model for laminar-flow conditions, was found to give a
poorer fit to experimental data under such conditiqns than the
random-walk model. ~ |

(e) Experiments using wacer-glycerol solutions indicate that :
viscosity has a large effect on axial dispersion over the range in-
vestigated. The Péclet numbers for pure water and for water-glycerol
golutions are found to be equal for the same Reynolds number°

(d) Axial Péclet numbers may be correlated as a functioh~

of porosity and of Reynolds number. A plot of modified Péclet
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number (eP) vs. a modified Reynoldg number Np /’(1-—e), shown in
Fig. 11, applies %o the whole range of experimental results.
(e) HNo effect of packing arrangement was obgerved in this_r_ !

. study: regular and random packing give ldentical resulfts for the
deme porosity. | | | | |

; (f) An elementary derivation chows that the differcnce
between gas and liquid Péclet numbers (in 1aminar~flow conditions)
can be explainea by moleeular diffusion in che paeklng volid spaces...
However, the rise in liquid-phase Péclet number predicted for

=3

values of NRe,/(l-e) between 1 and 10 ° has not been observéd,
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.F. Notation

Surface area per unit volume

Concentration

.Concentraticn for perfect m1x1ng

Par‘clcle diameter

Equivalent diameter [defined by Eq. (2)]

.Equivalent hydraulic diameter

Equivalent spherical diameter | defined by Eq. (1)]
Tube diameter 7

Molecular diffusivity _ ,
Effective diffusivity within a packed bed

Superf1c1al dispersion coefficient

Height of bed

Mixing length ‘
Column Péclet number (h/f)

Schmidt number

- Reynolds number

Modified Reynclds number [NRe/(l~e)]

Periphery of packing

Packing Péclet number: (dp/f)
Meodified Péclet number {¢P)
Midpoint slope (based on O scale)

Midpoint slope of breakthrough curve (pased on t/'c50

Midpoint slope (equals [ N/(N+1)] * s)
Time | |
Time corresponding to X equals 0.5
Dimensionless time

Intersticial velocity or mean linear velocity

~ Superficial velocity, equals Ue '

Dimensionless concentration (c/co)

scale)
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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