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Abstr=ct
Urdesirsd gravitaticnal effects such as convecticn or sedimenTtaticn In
a fluid can scmetimes ke avcided cr decrszsed kv tThe use of a closed charzer

unifcrmly rotatsd accut a herizental axis.

In a pravicus study (Rckerts, Xermzfaid ard Fowlls, 198%) we detarmined
the spiral corbits of a heavy cr kucvanc particle in a unifcrmly rotating
1uid. The particles move in circles, and spiral in or cut under the ccmicined
effects of the centrifugal force and centrifugal bucvancy. We alsc fermulated
aré solved an cptimizaticn prcklem for the rotaticn rat2 of a cylindrical
reactor rotated akcut its axis and containing distributed particles.

This repert is concerned with relatad studies in several areas.

We have upgraded a ccmputar program based cn cur analysis, correcting
scme mincr errors, adding a scphisticated screen-and-printar grapnics
capability and other cutpu- cptions, and irproving the autcmaticn.

We have supported the design, performance, and analysis of a series of
experiments with menodisperse polystyrene latex microspheres in water, to test
the theory and its limitations.

The theory was amply confirmed at high roctaticn rates. But at low
rotation rates (lrpm or less) the assumpticn of uniform sclid-bedy rotation of
the fluid became invalid, and there were increasingly strcng secondary motions
driven by variations in the mean fluid density due to variations in the
particle concentration. In these tests the increase in the mean fluid density
due to the particles was cof order 0.015%.

To a first approximation, these flcws are driven by the buoyancy in a
thin crescent-shaped depleted layer on the descerding side of the rotating
reactor. This buoyancy distributicn is balanced by viscesity near the walls,
and by the Coriolis force in the intericr. A full analysis is beyond the
scope of this study.

Secondary flows are likely to be stronger for bucyant particles, which
spiral in towards the neutral point near the rotation axis under the influence
of their centrifugal bucyancy. This is because the depleted layer is thicker,
and extends all the way arcund the reactor.
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Secticn 1
INTRCCUCTIEN
1.1 Backcrourd
The effects of carzicle cor ceil sedimentaticrn I a fluid can ke
minimized kv rcoctating the fluid centainer akcut a rerizental axis. The

cortainer itself nesd nct necessarily e axdisymmetric.

The tachnicue has keen used for experiments arc  for matarials
greeessing. It is useful alcre, and as a preliminary to microgravity
exgeriments in sgace.

If the fluid rctatas uniformly with its container, then individual
particles mcve in circular crbits, with the same rotaticn rate, about a center
displaced herizentally from the axis of rotaticn. For particles at this
center, their sedimentaticn velccity just cancels the upward or downward flcw
of the surrounding fluid. For particles denser than the fluid, the orbit
radius increases slcwly with time due to the net centrifugal force, so that
the particles spiral outward from their center. Buoyart particles spiral
inwards, due to the net bucvancy force.

Relative to rotating axes fixed to the container and fluid, all the
particles with a given sedimentation rate move in phase, in circular orbits
with a fixed radius equal to the separaticn between the axis and the center
described above. The velocity of every particle is its sedizentation rate, in
the current direction of gravity. This circular moticn is superposed cn a
centrifugal motion away from or towards the axis. Particles with larger
sedimentation rates move in larger circles.

1.2 Applications

The technique has been used in the following arplications, among
others:

Production of latex microsrheres of uniform size;
Study microgravity effects cn cells and tissue; and

Minimize gravitational low disturbances in  free-flow
iscelectric focusing.

Other potential applications include crystal growth (where convection is
scmetimes a problem) .
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The alternatives of microgravity precessing in space flight, in a
plare flcwn cn a parakclic flight path, or in a drcp tower, are generally
either too incornvenient ard expensive, or tco brief.

1.2 Recuirsments

Successfil use of this tachnique in ragard to parzicle crscaessing (as
for latex) impcses the fellcowing requirsments:

Keep par-icles from collecting at ceontaliner kcurdary kefers
preeessing;

Keep particles frocm collecting at contaliner kcurdary durirg
precessing;

Selective withdrawal of particles after prIcessing, to exclude
thcse that have intsracted (or interactsd excessively) with the
ccntainer beurdaries; and

Temperaturs ccntrol, whers cells, tissues, cr processes require
it.

In addition, it is necessary to determine and increase any upper limits on the
particle concentration that can be processed withcut saericusly medifying the
flcw.

1.4 Subjects for Analvysis

Experimental and theoretical study is needed in regard to the
folicwing questions, among cothers:

What happens to particles that hit the ccrntainer beundary?

Are non-axisymmetric containers useful? For cylinders, what
size and aspect ratio is arpropriate?

Can useful flows be established during initialization by
changes in the rotation rate? These spin-up and spin-down
effects are dominated by the Coriolis force.

How is the mean flow modified by the agoregate net weight of
the particle distributien? At what stage does this
modification beccme a prcblem? An exarple of a related study
is the work of Batchelor and Janse Van Rensturg on bidisperse
sedimentation (1986).
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1.5 Methcds of Studv

These prcblems shculd be studied using an arprepriata combination of
experiments, analytic methods, and canputer mocdels. A clcse interacticn
between these arprcaches is appropriate.

Analytic metheds include sclving ordinar; differsntial eguaticn
systems (as for orbits, cf. Roperts et al. 1989), or partial differsntial
equaticns (linearized calculaticns of rctating flcws using a bkalance of
bucvancy, visccsity forces, and pressure gradients).

Compeuter medels are generally required when the prcplerns are teoo hard
for analytic methoeds. Cur Atmesgheric General Circulaticn Experiment (AGCE)
ccmputer ccde, developed under MSEC sponscrship, has great flexibility in the
study of a wide range of rotating flcws, with or withcut temperature
variaticn, and has previcusly been applied to spin-up and to the iscelectric
focusing case described above. In the limited sccpe of this program, ccmputer
modeling was limited to orbit calculations.

Frequent interaction with labcratcry workers and invelvement in the
experiments should be a part of every such study. Cur practice has been to
maintain a close relationship with the laberatory workers, and to support the
design of the equipment, the choice cf the experimental procedures and
techniques, and the interpretation of the crsexrvaticns and results.
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Secticn 2

RESUITS

2.1 Twreriments with Polvsti rene Iatex Microscherss

We have surported the design, perZormance, ard ana’;sis of a series of
exreriments cn reactcr performance. Thes experiments werz dcne by Dale
Kermfald at MSFC. Cur contrikuticns included assisting in The imprecvement of
the cptical systems, and in setup ard perzermance of the difZerant tests.

The experiments wers deone with suspensicns in water cof mconcdisperse
polystyrene latex microspheres, with diameters from 30 <o 100 microns. The
particle concentrations were of order 0.1% by volure. The reactor was a
cylinder, with interior diameter 2.125 inches and length 3 inches. The curved
beundary and one plane end boundary were transparent. The ncn-transparent end
of the bath was a piston, moving in ard cut to ccmpensate for changes in the
fluid volume in the cylinder.

The reactor was set up with water, and allcwed to reach uniform
rctation. High-concentration latex suspension was then injected with a
syringe through the moving piston. The syringe cculd be cperated in and cut
with sufficient force to flush the syringe ard to create turtulence inside the
chamber, with thorough mixing. Within a minute of injecticn, cbservation
shcwed uniform particle ccncentration, with no apparent deviations from sclid
bedy rotation of the fluid.

The particles were illuminated in a darkened labcratory by a vertical
slice of laser light with thickness about a millimeter, entering horizontally
and normal to the chamber axis. Refracticn problems were rinimized by filling
the surrourding water bath. The particles in the illumiratad slice could be
viewed directly through the sides of the cylinder, ard thrcugh a rotoscope at
the end of the cylinder (which eliminated the rotation anc made the chamber
appear stationary). The light was strongest at small scattaring angles from
the incident light. The most useful results were cbtained using a video
camera, with a special cylindrical lens to make the image cf the illuminated
slice appear circular even though it was viewed at a small scattering angle.
This led to focusing problems; our only solution to date has been to use so
much light that the camera aperture was very small.

Until now, all our experiments have been done with latex particles of
density 1.05, heavier than the fluid which was water. Wwe are considering
using the same latex particles in a fluid with a density greater than 1.05.

The first group of experiments were designed to cocnfirm the rate of
centrifugal spiralling outward, and therefore used relatively large rotation
rates, of order 20rpm. At these rates, no secondary flow effects were
cbserved. The exponential decrease in the particle concentration with time
was measured, and was in agreement with the centrifugal settling theory.

B
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The secocrnd group of experiments used lower rotation rates, from abcut
0.6rgm to 2rpm. At these rates, the centrifugal spiralling cutward is
relatively minor, and the depleted crescent formaticn is in theory likely to
ke more significant. This was confirmed, with a visible crescent cn the
descerding side at 1.5rgm.

But at lcwer rotaticn rates, sTT seccncéary flcow effects became
arparent, with time and space variaticns in the par-icle concentraticn and
mcticn. The charge with decreasing rotaticn rate was quits akrupt, esgecially
at cur largest ccncentraticn of 0.3%. AT l.5rpm ncthing intsresting haprened
except for the crescent, while at 0.7rgm the secondary flcws grew rapidly, in
accut 10 minutss, ard mcved mest of the garticles to the walls, leaving thin
plumes of high concentraticn ascending at the ascending wall, and descerding
acrcss the chamber interior under their cwn weight. The patterns varied cn a
time scale of about 2 minutes. Iarce regions of the visible slice became
almost void of particles. The results at lrpm showed significant seconcary
flows, but they were not nearly so chactic as those at 0.7rgm.

The flow fields were three—dimersicnal; this is the cnly explanation
for scme abrupt changes in the local ccrcentration which were not advected in
frcm adjacent parts of the visible slice. And they were driven by variaticns
in the particle concentration.

2.2 Thecry of the Secondary Flows

We have analyzed the video results extensively. Particles with
specific density 1.05, at 0.3% concentrzticn by volume, increase the density
of the water by about 0.015%. Even at particle concentrations as low as
0.03%, the nomuniformities in the particle concentration clearly drive a
secondary flow, superposed on the uniform rotation, for rotation rates of lrpm
and smaller. The nonuniformities in the particle concentration can arise only
from the wall, since particle concentxation is conserved following a fluid
element, while decreasing exponentially at a low rate due to centrifugal

buoyancy.

From observation, once particles collide with the wall (or with the
aggregate of particles against the wall), only a small proportion are ever
resuspended. The secondary flows are driven primarily by the net buoyancy cof
the depleted crescent, and seccndarily by nonuniformities in the particle
concentration associated with resuspensicn. Thecretically, these flows are
proportional to the square of the thickness of the depleted crescent, which is
in turn inversely proportional to the rotation rate. If these secondary flows
become comparable with the solid body rctation, the theory based on uniform
rotation breaks down completely, and the flows and particle distributions are
quite different (and plainly three-dimensicnal in the videos).

The experiments make it plain that the lower limit on the rotation
rate, predicted in the earlier theory based on the approximation of solid-body
rotation, is not realistic for a concentration by volume of even 0.01%. But

-6=
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concentrations of up to 30% are used in typical recipes for oclymerizaticn of
mencmer-swollen latex micrcscheres. The rotation rate mustT be larger by a
factor of order 100, so that the depleticn layer thiciness is cnly 1% of the
diametar.

This statsment assumes that the r2actor has a lencth comparakls with

its diamerar. If the lergTh is very small comparsd with e diametar, Then
“e seccrdary flews will be limited py viscous inters wicn wiTh The ercs.

In a latax resacticn, the initial mencmer-swcl.en zarticles have a
relative density of order 0.9, and tarc o centrifuce imwards, away from The

walls. Thev incrsase in density as e arscrsed low—iensity mencmer 1s
pclymerized to high—density rpelymer, according to  a nen-linear conversicn
versus time curve. This bucvancy distriruticn will alsc establish its cwn

seccrndary flow, and the overall result is nard to pradict.

5.3 Computer Soluticn for Uniform Rotaticn

We have ccmpleted the computar program upgrace.

We reviewed two computer programs written by ctmers. The first,
FAST.FCR, was written by a summer student employee under the supervisicn of
William Fowlis, during 1987. It implements the analysis cf cur report, and
for given keyboard input parameters ccmputes the varicus resulting parametars
as described in the report. It also writes cutput files in a suitable form
for the commercial EnerGraphics program, which reads these files and produces
screen and printer plots of the spiral particle tracks.

The second program was written by Jchn Cleland, at the Research
Triangle Institute, NC. It 1is identified as KORN2.FCR, named for Cale
Kornfeld, who manages this effort at MSFC. This program is a similar
implementaticn of the analysis of our report, reading input parameters from
the keyboard, and computing the varicus resulting parameters. It also
generates simple plots of particles distributed at the computad concentratien,
at successive times, using the commercial Grapher software.

We chose to upgrade the second computer program and to add superior
graphics. Basically, the twoc codes perform similar functicns. The spiral
plots produced by FAST.FOR are not particularly helpful, since in practical
cases the thickness of the lines fills the figure. Similarly, it takes two of
the KCRN2.FOR particle plots to reveal a single concentraticn change factor.
And the use of the EnerGraphics and Grapher packages, in two stages, was
unnecessarily complex.

We corrected two errors in the KORN2.FOR program. First, there was a
minor error in the computaticn of the viscosity of water at low temperatures,
possibly caused by an error in transmission of the code. This is documented
in Apperdix A. Secondly, the approximate solution of a cubic equation for the
parameter as a function of was sericusly in error for larger values. We
implemented a high-accuracy iterative solution, as described in Apperdix B.

-7-
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We urgraded the data input for the program. It now reads its
parametars frcm a file containing the valiuves used last, and the user need cnly
enter charges from these wvalues. Each trodram executicn will ccompute cases
cre after the other, until the series ls terminatsd oV entaring a negative
time. Alsc, we implementad a variaple rsactor radius.

We have added cpticnal grachic gicts of the rssuts. These graphics
ars plctzed using the commercial scitwars package GrzcniC, from Scientiii
Endeavers Corgeraticn, of Kingsten, 1IN.  For each case, two plcts can ke
procucegd.

The first graphic is illustwatad in Figure 1. It displays a cress
section of the rotating rsactor, with the fluid in sclid-bedy rotaticn accut
the center O. There are two other concentric circles, centared cn the point A
where a stationary particle is just suppcrted against its weight (net of the
weight of the displaced fluid) by the viscous drag of the fluid flcow past it.
The interpretation of this figure is different derending con whether the
particles are heavier or lighter than the fluid.

For particles heavier than e fluid, the fluid flew is
counterclockwise in the figure, and is assumed to be sclid-body rotaticn as
described earlier. Particles at the peint A remain stationary; with the
downward force of gravity balanced by the upward buoyancy and drag forces. All
other particles move outward frcm A in counterclockwise spiral orbits, with
the radius increasing by a fixed and very small fraction cn each orbit.

particles which start in the crescent shape hit the lower semicircle
of the wall during their first orbit. Iceally they can fall off the wall in
the upper right of the figure, but cbservation of latex particle experiments
suggests that few do, and the crescent is cleared of particles in ten or so
rotations.

Heavy particles starting cut between the two concentric circles spiral
outwards during the fixed time pericd of interest until they cross the cuter
circle and hit the wall. As stated earlier, after one cor more such impacts,
they adhere to the wall, and do not fall away.

Heavy particles starting out inside the inner circle also spiral
outwards, until at the end of the time of interest they fill the ocuter of the
concentric circles. The particle concentration remains uniform during this
process.

For particles lighter than the fluid, the fluid flow is clockwise in
the figure, and is assumed to be solid-body rotation as described earlier.
Particles at the point A remain stationary; with the upward buoyancy force due
to the weight of the fluid displaced balanced by the dowrward gravity and drag
forces. All other particles move irwards towards A in clockwise spiral orbits,
with the radius decreasing by a fixed and very small fracticn on each orbit.



Rotating Reactor Studies Rcberts Asscoclates

Bucyant particles which start in the crescent shape hit the upper
semicircle of the wall during their first croit. In theory they can lift off
the wall in the lcwer right of the ficurs, but the cbservaticns of latsx
particle exgeriments (with heavy particles, as described akcve) suggest that
mest of them will acdhers to the wall, with the crescent clear=ad of particles
in tan or fewer rctaticns.

Light particles starting cut wizh unifcrm concentraticn insice the
cutermest of the two concentric circles spiral Inmwarts during the fixed time
pericd of intarsst. By the end of the ti—e interval, they are all inside the
inner circle, with their concentraticn still uniferm.

The seccrd grarhic prcduced for each case is illustrated in Figurs 2.
Tt shcws plcts cf the following three dirersicnless functions of the rotaticn
rate _(J{in rrm):

R N
r/r, = el )0 = ew(-g ; and
r/b = (L D ew(-ihi, )7 = (-8 ep-9) =

Here r; and r_ are the radii of the inner and cuter concentric circles, and b
is thelreactof radius. The other notation is as in the report in Appendix D.
We have chosen to maximize F, which is the ratio of the area of the small
circle to the cross section area of the reactor. Thus the cptimumm rotaticn
rate Ll corresponds to the peak value of the third function. It should ke
noted that the shape of the first two furctions is always the same, but the
form of their product depends on the relative values of in and 'ﬂ'max'

Ve

2.4 Report on Uniform-Rotation Theory

We have made changes to our earlier report "particle Orbits in a
Rotating Liquid" on rotating reactor theory, as requested by the referees, and
resubmitted it to the Journal of Fluid Mechanics. The report is attached as
Appendix D. This paper assumes solid-bocy fluid rotation, and neglects all
secondary flows. It is the basis for the computer program described above.
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""" RPM 2.0
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j \l Viscosity (p) 0.01L00
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Figure 1. Reactor Cross Section with the Inner and Outer Circles

Particles starting in the crescent hit
Heavy particles starting between the circles

’

Heavy particles starting in

the wall immediately.
spiral out to hit the wall.
the inmner circle spiral out to fill the outer.

Light particles starting in the outer circle spiral in to fill the inner.
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COTATION RATE orTlLAnATT

-/
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© DATA R=ZSULTS
2l Hours 10.0 \Vinimum RPM 0.073
. | Microns 200.2 \faximum RPM 0.354
= Reactor Radius 3.0 Cotimum RPM 0.194
£ Density Excess -0.100 Cotimum Fraction 0.463
[ .. N
'3 Viscosity 0.0150
L <

Figure 2. Sample Plot for Radius

Ratics as Functions of Rotation Rate
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RECCMMENTATTCNE

Rcker=s Asscciates

We | steerol recomrend  an  enrerimental  investicaticn O reacTor
gertormarce  with nTarmediata corpceEntsTlons of  fucvant garticlss. It s
likelv that seccrdary rIlcws will D18y 2 TCI2 IECr—art rocis in this case,
Fecause the derlatasd zone extards all wound the fourdary, anc 1TS Thickress
incroaces with time as the nar—icles centrifige inmwards.

We vacommernd eigarded aralvtic and  mamerical  STudles cf the flcws
driven kv thin derletad layers. We Zzelleve TNaT an aperc Imate anaiyTic
scluticn can ke crtained using the methceds of Exman laver aralvsis, includirg
erd effects at the cylinder ends. These scluticns can fe cenfirmed ard
refined mumerically, and with aprrcpriats measursments. Such a program would

prcvide a kasis for optimizing the rotating reactor systam ard

rarce of aprlicaticn.
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APPENDIX A

VISCOSITY FCRMUTATICN FCR WaTZX

The viscesity of watar decrsases IV & as the tamperatira
incrsases from frzezing to kolllrg. Tis irrermant, as scne
prccesses CrL biciccical intarsst ars gcre cw tamperaturss, whilse Tae

" » _ N

{l)
i

croducticn of mencdisperse  latex mMICYITSEh

70 degrees C.

Cur computar program raacs  the  tEmperatirs from The xevkcard, and
computas  the visccsity using Twe empirical formulas from Weast (1989, tased
cn data frcm the Naticnal Bureau of Stardarcs. me formulas arely to
temperature akcve ard belcw 20 degrees C, ard wers inclucéed in the procram
KORN2.FCR which we have upgraded.

In validating the feormulas, we discoversd an er—Tr in their ccde
implementaticn for lcw temperatures. Tre follicwing procram and listing
corputes the bad formula ard the two gocd cres over the whcle rarnge of

temperatures, and lists also the tabulated values frcm Weast (1S8%, .

The following two points shculd be nctad. First, the ccmputad
viscosity was too large by only about 1% at zero degrees, an insignificant
error. Secerdly, the formulas agree with the takulatad values for
temperatures belcw and above 20 degrees, except that the takulated values were

truncated to four significant figures apcove 20 degrees, instead of keing
rounded.

-14-
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NE3VISC.FCR Fricay, Januarv 11, 1991 3:20 pm

program nbsvisc

NATIONAL BUREAU OF STDS. FORMULAE FCR {20 JUSSCSITY . PCUSE,
CR 1 GM/SEC CM); CRC HANDBOOK OF CHEM. AND swvs,, S87= ID.,
PP. F-4% TO F-51.

0o o000

write(0,2)
2 format(' COMPARISON OF NBS FORMULAS FOR VISCISITY OF ~ATER'//
1TS,'TEMP',T13,'VISCO',TZS,'V[SC1',T3?,'VISC2',TLé,'VISC?-VISCZ'/)
do 1 temp=0.,100.,2.

c if (temp.le.20.) then
v=(1301./(998.333+8.1855*(tewp-20.)o0.33585*
1 ((temp-20.)*2))) - 3.30233
visc0=(10.0)**v
c
c PROGRAM XORN2.FOR AS RECEIVED DID NOT SQUARE THE SECCNGS TERM
c IN THE POWER SERIES
c
v=(1301./(998.333*8.1855*(tewp-20.)+0.30585*
1 ((temp-20.)**2))) - 3.30233
visc1=(10.0)**v
c else
v=(1.32?2*(20.-temp)'0.001053*((temp-20.)**2))/
1 (temp+105.)
visc2=.01002 * (10.0)**v
c endif
1 write(0,'(f8.0,412.8)") temp,viscO,visc1,visc2,visc1-visc2

end

GRIGTIRL T3l K
QF POOe MMIBLITY

-15-
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ZCMPARISCN OF NBS FORMULAS FOR VISCCSITY OF wATER

TEMR vIsco visct VISC2 VISCT-YISCZ TABLZ IN 22.7IC8 7L, 2AGE F-40
3. .01806736 .01786897 01776873 .ICQ70024 AT
2. .01685%966 01671371 .07563208  .IT308143
.. L015773%0 .01566859 01560318  .223C654:

s. L01479456 (01472047 107146908  .20005138
3. .01590846  .01385806  .09331871 20303935
. .01310437  .01307162 .07304250 .23082912 13LT
2. .01237263 .01235273 L01223220 . CIl02055
.. 0170497 01769405 .0°788064 . IC0013240
‘a. .0110%422 .01708921 .01°38161% .32300760
‘2. .01053416  .01053263 .01352965  .23200298
zl. .01001941 .01001941 .07002000 -.20300059 16Ge
22 .00954526  .00954526  .00954847 -.30000321
4. .00910757  .00910637  .00911137 -.J0000S00
s, .00870273 . 00869940 .0C870544 -.30000604
28. .00832754  .00832136  .00832778 -.J0000642
3C. .00797920 .00796963  .00797584 -.30000622 7975
3c. .00765520 .00764184 .00764733  -,00000549
34, .00735334 .007335%90 .00734020 -.20000431
3e. .00707162 -00704992 00735264 -.JC000272
38. .00680831 .00678223 .00678300 -.20500077
4G, .00656182 -00653130  .00452981 .30000149 8529
be. .00633075 .00629578  .00629176  .00000402
be .00611383 .00607444 .00606764  .00000680
L6, .005909%1 .00586617  .00585638  .50000979
L8, .00571797  .00566995 .00565699  .00001296
50. -00553708  .00548488  .00546860  .0C001629 5448

5Z. .00536640  .00531013  .00529039  .00001974
S6. -00520516  .00514495  ,00512163  .00002332
56. .00505267  .00498865  .004%96165  .00002700
58. .00690830  .00484060  .00430984  .00G03076
60. -00477148  .00470023  .00466564  .00003459 4665
&2. -00664167  .00456702  .00452854  .00003848
b4, .00451840  .00444048  .00439807  .00004241
66. -00440123  .00432016  .00427379  .00004638
68. .00428975  .00420568  .00415531  .00005037
70. -00418359  .00409665  .00404227  .00005438 4042
72. .00408241 .00399272  .00393432  .00005841
74, .00398590  .00389359  .00383115  .00006244
76. 00389377  .00379895  .00373248  .00006647
78. .00380574  .00370854  .00343805  .00007050
80. -00372158  .00362211 .00354759  .000G07451
82. .00364105  .00353941 -00346089  .00007852
84. .00356394  .00346026  .00337773  .00008251
86. .00349006  .00338439  .00329791 .00008648
&s. 00341922 ,00331168  .00322125  .000G9043
90.  .00335124  .00324193  ,00314758  .00009435
92. .00328598  .00317498  .00307674  .00005825
94.  .00322329 .00311069  .00300857 .00010212
96. .00376302  .00304890  .00294294  .00010596
98. 00310506  .00298949  .00287972  .00010977
100.  .00304927  .00293233  .00281878  .00011355

VISCO USES THE BAD T<20 FORMULA IN MY COPY OF KORN2Z.FOR (OMITTED * IN (T-20)*=2).
THIS MAY HAVE BEEN A TRANSMISSION ERRCR.

VISC1 IS CORRECTED, AND AGREES WITH THE 4 SIGNIFCANT FIGURES [N THE REFZRENCE.

VISC2 (FOR T>20) AGREES WITH THE REFERENCE, EXCEPT THAT THE REFERENCE TABLE
VALLES ARE TRUNCATED TO &4 FIGURES INSTEAD OF ROUNDED!

_16_
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APTENDIX B

SOLUTTICN OF THE CUBIC Z;ATICN FCR DELIR

The two programs FAST.FCR ard KOSNZ.FCR mede availapls tc us Icr

urorzde did not attampt to sclve a cubic szuaticen for é as a functicn of T,
which arises in cur analysis in the repcrz in Appendiv A o= the cptimizaticn
cf The rotaticn rata. Physically ard mathematically, & ircrsases frcm zerc 2
cr2 as Qincreases from zerc to infinity. The seccrd progran introduced thrse
arsroximats fermulations for ¢, ncminally valid in differsnt rarges ct . We
have replaced these with an efficient itarative scluticn. The fcllowirg
program  validates our soluticn algerizThm, ard ccmparss it with the
arrreximaticns.

The program takes a representative set of exact d values, and for each
cre it computes the correspending $. Withcut using the knewn ¢, it computes
“e three empirical approximations ard the first ive iteraticns. The results
1ist the exact value, the empirical approxirations, their errors, the ¢ value,
ne fifth iteration value, and the errors cf the first five itsrative values.

The following points should ke nctad. First, the empirical formulas
are reascnable for 43 values up to about 1.3, with errors in § of less than
103. Secordly, the first formula is bettar than the secend for § values up to
0.15, rather than the 0.05 in the surplied code. Thirdly, the empirical
formula is a disaster for larger 49 values, predicting an unphysical & value of
mcre than unity, and leading to program failure when a fractional power of 1-§
is evaluated.

_17_
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CCMPIRISIN OF CLELAND "CURVE FITTING' SOLUTIONS

SEL

.006C2
.31082

A3nAn
.2203¢

(=Y

OO GO T C
OO OO,
SO O )

EXACT
SOLUTION

DELC?

{ .00000
.01003
.02014
.03031
.04055

.05086 |

.0612s
0717
08228
.05287
.10357
. 15335
.21544
27516
.33787
60405
47425
.54924
.62996
IVTT3
.81433
.92234
.04566
. 19055
36798
.59976
.93899
.03061
.13513
.25658
.40110
.57870
.80706
.12175
.61035
.59517
. 76423
.96000
. 19099
.47019
.81880
27441
.91281
.92113
.$9000
.34812
.76356
.25460
.84920
.59291
56666
.93353
.09634
.54219

‘OﬂO\O\\J‘U\\nJ\#\&\WWNNNNNN—l—b—-‘A—I

OOOQOQ\A\A&\J\J\b&\WNNNN—A—*—-——A—A—s

DELCZ

.00000
.00923
.01843
.02767
.0358%4
.04626
.05364
06307
.074sT
.08412
.09374
.142%0
. 19400
. 24735
.36329
.36224
.42470
49135
.56302
.64088
. 72649
.82214
.93125
.05932
.21601
.42049
.71939
.80006
.89204
.99889
.12599
.28210
.48272
. 75900
.18758
.05025
.19820
.36948
.57151
.81563

12031

.51832
.07568
.95527
75766
.06937
.43087
.85804
37512
.02163
.86770
.05463
.93120
. 78364

DELC3

.0o000
.01246
.02236
.33263
.04205

951232

B SR
.06022
. 06309
.07785
.08653
.06515

gz ——

I3TT
. 18006
L22281
. 26643
.31133
.35794
L40675
.45834
51347
.57315
.63881
L7257
.79782
.90041
.03189
.22001
.27006
.32680
.39229
46962
.56384
.68376
.84700
.09632
.58629
.66895
. 76420
.875%7
.01021
.17659
.39211
.69076
. 15535
.08538
.24428

42714

64212
.90082
.22206
.63898
.21780
. 12000

CLELAND SOLUTIONS WITH
SOLUTION APPLICABLE TO
THIS PHI VALUE MARKED.

NOTE THAT DEL VALUES OVER

UNITY ARE UNPHYSICAL.

VOBV VIS PP WHIWNWNN = 2 s

DIF1

.300Q0
.00003
.00014
00031
00055
.00086
.0g12s
L0017
.3022E
.gozsv
.003s7
.00835
.01%44
02516
.03787
.05405
.07425
.09924
. 12996
16773
.21433
.27234
.34566
.44055
.56798
L74976
.0389¢9
. 12061
.21513
.32658
.46110
.62870
.84706
.15175
.63035
.60517
77323
-96800
.19799
47619
.82380
.27841
.91581
.92313
.99100
.34902
-76436
.25530
.84980
.59341
.56706
.93383
.09654
.54229

PARAMETERS LEADING TO PHI VALUES
OVER 1.6 CAUSE KORN2.EXE TO FAIL.

FOR JELTA WITH ZXACT WALUE AND SIMPLZ NEWTCN

DIFZ

.00000

-.00077

.J01s57%

-.00233

.303Cs
.00374
LO0435

-.00453

L0052
.00538

-.0062Zs
-.007°0
-.00602

ORI NN W NN = s s

DIFFERENCES

.00245
.003¢s
.01224
.02470
.04135
.06302
.09088
L 12649
17214
.231e8
.30932
.61601
.57049
.81939
.89006
.97204
.06889
.18599
.33210
.52272
.78900
.20738
.06025
.20720
.37748
.57851
.82163
.12531
.52232
.07868
.95727
.75866
.07027
43167
.85874
.37572
.02213
.86810
.05493
.93140
.78374

DIFZ

.000C0
.0024s
.0023s
.00zgss
.J0z208
L0072z
.0002z
-.00cs:
-.002°¢
.30347

-. 30438

.012z¢%

-.019%

L3278
.03357
.03867
.04206

-.04325

.04160
.03653
.02685

=019

.01257
.04782
.10041
.18189
.32001
.36006
.40680
46229
.52962
.61384
.72376
.87700
.11632
.59629
67795
.77220
.88297
01621
.18159
.39611
.69376
. 15735
.08688
24518

.64282
.90142
.22256
.63938
.21810
.12020
.93064 21.

OOV P DB WNNNMNRN — s ca

42794

BETWEEN CLELAND
AND EXACT SCLUTIONS

_18_

VNI P B WWRMNRI NN R -+ 4 s s

54219

PHI

Roberts Asscciates

Vo
[

. .
[V N oI N VRN

o
£
o)
N
o

E_
E_

' [ T R
GO0 0 WD W,

L Y I N RV R N S S N WY ]
mimmmmMmmmm
' P—

[SF IV}
m m
[
Co o
N0 ©

.1E-29
.1E-39

.0E-Q9
.9E-09
.SE-09
4.1E-09
2.7E-09
-1.56-939
-6.2€-10
-1.5€-10
-8.7E-12
-5.56-12
-3.26-12
-1.86-12
-8.7e-13
-3.7E-13
-1.2E-13
-3.0E-14
-3.9e-15
-1.1E-16
-1.1E-16
.0E+Q0
.0E+00
.0E+00
.0e+C0
.0E+Q0
.0E+00
.0E+00
.0E+00
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ERRCRS FOR FIRST THRU STH ITERATIONS

NCTE THAT THE FIRST ITERATION IS VERY
GCOD, AND THE THIRD IS EFFECTIVELY EXACT.
THE CALCULATION USED DOUBLE PRECISION.

DELIS SiF DIFi2
.36000 S, 0.3e-20
.J1CC0 -2 5.7E-T7
.32300 . 5.86-°7
23028 -2, - i)
3430C -7 S
REIVSHY CE-i4
2830CC -Z. LIE-3
J7CC0 -z T osel3E-T3
2é0Go -- o -1.3E-1C
2%0C0 25 s3.eE-02
700C0 -2 Se -7LFE-CE
15C00 -7..2-1% -ZUGE-10
20000 -...E-1% -Z.0E-29
25660 -t tE-l. -1.28-08
36000 -:Z. -5.3E-2
35000 -«. -1.3E-37
-3000 -s. -5.1E-07
45000 -1.%E- -1.28-35
50000 -1.5E-23 -2.9€-36
$3000 -2.:2% -S.%E-06 -
40000 -3.2e-13 -1.1E-0S -
45000 -«.3E-23 -2.0E-35
70000 -5.28-23 -3.2E-35 -
75000 -6.7€-33 -4.3E-35
80000 -7.2E-33 -6.5€-05 -
85000 -7.%8-33 -8.0E-0S -
%0000 -7.38-33 -7.7E-0S
91000 -7.2£-03 -7.3E-0S
92000 -6.7€-33 -6.7E-05
93000 -6.3£-23 -6.0E-05
§4000 -5.235-23 -5.1E-0S
§5000 -5 33 -4.1E-0S
96000 -4.32-23 -3.1E-05
97000 -3.5-23 -2.0E-05
SE -9.5€-06
2 -2.3E-06
A -1.8E-06
-9.3€- -1.4E-06
99300 -8.J8-04 -1.0E-06
99400 -6.7E-04 -7.2E-07
99500 -5.4€-04 -4.7E-07
99600 -4.7€-04 -2.7E-07
99700 -2.9€-34 -1.3E-07
99800 -1.72-04 -4.8E-08
99900 -6.9€-05 -7.9€-09
99910 -6.2E-05 -6.0E-09
99920 -5.1€-95 -4.4E-Q9
99930 -4.38-95 -3.0E-09
99940 -3.5E-35 -2.0E-09
99950 -2.7€-05 -1.2E-0Q9
99960 -2.08-05 -4.7E-10
99970 -1.42-05 -3.0E-10
99980 -7.88-06 -9.9€-11
99990 -3.0E-06 -1.4E-11
5TH
ITERATICON

ORIGHAL Pace 1
OF PUOOR QUALITY
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SCLWCUBC.FOR Friday, January 11, 1991 3:57 pm Page

PROGRAM SOLYCUBC
[MPLICIT REAL*8 (A-H#,0-2)

10 FORMAT(' CCMPARISCON OF CLELAND NeURVE FITTING' SCLUTICNS
,'ECR DELTA AITH ZXACT'

, ' VALUE AND SIMPLE NEWTCN ITERATICN SOLUTICN'//

16A9/)

[C2RNaN]

HRITE(O,?O)'DEL‘,‘DELC:‘,‘DELCZ‘,’DELCS‘,'DIFT‘,‘DIFE',‘CIFS'
1 ,'PHI‘,'DELIS','DIFIT‘,'DZFIZ‘,‘DIFIS','DZFIQ‘,‘DIFIS’

¢ SELECT A RANGE OF EXACT DEL VALUES 3ETWEZN ZEROC AND ONE

DO IDEL=0,90,10

DEL=1DEL/1000.00
CALL SOLVE(DEL)

ENDDO

DO 1DEL=100,850,50
DEL=1DEL/1000.00
CALL SOLVE(DEL)
ENDDO

0O IDEL=900,990, 10
DEL=IDEL/1000.D0
CALL SOLVE(DEL)
ENDDO

DG IDEL=991,999,1
DEL=IDEL/1000.D0
CALL SOLVE(DEL)
ENDDO

DO IDEL=9991,9999,1
DEL=[DEL/10000.00
CALL SOLVE(DEL)
ENDDO

END

SUBROUTINE SOLVE(DEL)
IMPLICIT REAL*8 (A-H,0-2)
DIMENSION DIFF(5)
THIRD=1/3.D0
PHI=DEL/(1-DEL)**THIRD

C THE PROBLEM IS TO SOLVE THIS EQUATION FOR DEL, WITH PHI KNCWN,
C (WITHOUT USING THE KNOWN DEL VALUE, OF COURSE).

C CLELAND "CURVE-FITTING" SOLUTIONS APPLY TO DIFFERENT PHI REGIONS
C AS INDICATED BY THE COMMENTS

c if (PHI .le. .05) then
DELC1=PHI
c else
DELC2=.89086*PH1**.99301
c if (DELC2.9t.0.60) then
DELC3 = .6854*PHI**0.8708
c endif

_19-
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endif
NEWTON'S [TERATION SOLUTICN

INITIAL APPROXIMATION IS EXACT SCLUTION CF THE SCUATICN
W1TH THE CUBES REPLACZD 3Y SCUARES

PHI2=PHI*PH]
DELI=(SQRT(PHI2*(4+PHI2))-PHIZ)/2

[TERATE

R iS THE FIRST RESIDUAL FORMULATION, AND RD IS ITS DERIVATIVE

USE S = 1-(1-R)**3, AND ITS DERIVATIVE SO, TO GiVE FASTER CCNVERGENCE
AND AVOID PROBLEMS FOR LARGE PHI.

Do 2 I=1,5
RCOT=(1-0ELI)**THIRD
R=DELI-PHI*ROQT
RD=1+PHI*THIRD*RCAT/(1-0ELI)
T=1-R

T2=T*T

§=1-72*T

SD=3*T2*RD

DELI=DELI-S/SD

SAVE DIFFERENCE FROM EXACT SOLUTION, FOR DISPLAY
DIFF(I)=DELI-DEL
WRITE QUT THE SOLUTIONS AND ERRORS

write¢0,'(9f9.5,1P,569.1) ' )DEL,DELC?,DELC2,DELC3
1 ,DELC1-DEL,DELC2-DEL ,DELC3-DEL,PHI ,DELY,DIFF

end

-20-

Rckerts Assccilates



Retating Reactor Studies Rckerts Asscciates

APFENDIX C

THE RCTREAC CCMET=R TRCGRAM

Fysel

The scurce procrams RCTREAC.FCR and  CFLIT.C o ars listzd con the
fcllcwing pages. The scurce programs, o2 executskle C.ZE (compiled
ard linked wizh Microsort softwars), and the commercial pachacs GrarhiC (with
‘ o der ard Cale

a single user license) have keen surriied tc Rcpert &. g

Kornfeld of MSFC. The executzble sheuld nct ke distrizuzad to any user
withcut a GraphiC license. The executaris RC REACD.EE was tacde using the
replacement dummy program CPLOTD.C, ard dces nct call the Grarnil packace; RAT

authcrizes the gereral distribution of this code.

The program runs cn IEM PC or AT corrpatibles, and can frocduce graghics
on a very wide rarce of displays and printars. Before rurnirc the pregram for
the first time, it is necessary to run the grogram EQUIP.EE, whnich ccmes with
the GraphiC scfiwars. This program allcws the user o selecz a display cption
ard printer opticns frcm a menu  of choices, and Wwritss a permanent
configuraticn file which is read each tize by the RCTREXC program. More
details are of ccurse provided with the scitware. The envircrment parameter
GPC should ke set to C:\GPC, or to scme cther DCS directery centaining font
files and the files written by EQUIP.EXE.

The program solicits keybcard input for each cf eight parameters
defining the prcblem. For each parameter, the default is the value used the
last time, which is saved in the file RCTREAC.DAT and used 17 the input data
is null. Once each case is finished, the program begins again, soliciting new
keybcard data. The sequence of cases is taerminated using Corl-Break (or any
other interrupt such as invalid data, Ctxi-C, power off, cr Alt—Ctrl-Del) at
any stage, or by providing a negative time in respcnse to the first preompt of
a new case.

For each case, the program writes its cutput to the screen. After
producing its text output for each case, the program produces graphs. These
are written both to the screen and to the graphics file ROTREAC.TKF. Printer
output is produced by respending to the beep prompt with the keys L or 1 (for
large full-page plots at high or low resoluticn), cr M or m (fcr medium half-
page plots at high or low resolution).

Once the run is over, the graphics file can be played back using the
command

PIAY ROTREAC.TKF

(where PIAY.EXE is ancther GraphiC program). This leads ©d the same beep
prompts as the graphs are displayed, with the sare printer ccticns. There is
little point in using this option, hcwever, since the ROTREAC program Iuns

..21-
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quickly, and can be run again to cbtain any desired graphical cutput. The
full list of beep options is kelcw.

Sample scrzen cutput (cktained using Ctrl-P) is alsc shown below.
File cutput is similar, except that the prompts and data entrv are not shcwn.
Ttams aftar the colons ars entarad frcm the kevbcard. The scurce Drograms ars
listed cn the fcllcowing pages.

The al'owable cheices are:
convert TKF file to anmother format

(2]

targe, 'ow -esolution plot
large, hign resolution plot
medium sized, low resolution plot

medium sized, high resolution plot

quit and close files
vary PostScript parameters
shrink picture to fit window

N X <€ 0T X 3 r ~—
Va0 Lo

zoom marked area to fill screen
CR --
space bar --

-=>

-=>

>

>

>

--> change printer selections

>

>

>

>

> go on to next plot
>

to return to picture

ENTER ANY CHANGES FROM THE BRACKETED DATA USED LAST.
ALWAYS INCLUDE THE DECIMAL POINT WHEN YOU ENTER DATA.
THEN PRESS THE ENTER KEY.
TOTAL TIME IN HOURS (NEGATIVE TO QUIT) [ 10.0000]
PARTICLE DIAMETER (MICRONS) [200.0000]

ROTATION RATE (RPM) [ 2.0000] :

REACTOR RADIUS (CM) [ 3.0000]

PARTICLE DENSITY [ 1.1000]

FLUID DENSITY [ 1.2000] :

TEMPERATURE (DEG c) [ 20.0000] :

AITERNATE VISCOSITY (POISE) (NEGATIVE MEANS USE WATER € T) [  .0100]

PROBLEM PARAMETERS:

TIME PARTICLE ROTATION RATE REACTOR DENSITIES VISCOSITY
(HR) DIAM(MICRON) RPM RAD/SEC RADIUS (CM) PARTICLE FLUID POISE
10.0 200.00 2.000 .2094 3.0000 1.1000 1.2000 .01000

SPIRAL ORBIT DESCRIPTION:

FINAL AREA XOFFSET BRADIUS SRADIUS REYNOLDS TAYLOR SPIRAL GROWTH
CONCENTRATION FRACTION (CM) (CM) (CM) NUMBER NUMBER PER RADIAN
2.01746 .21162 -1.0398 1.9602 1.3801 2.6E-01 2.5E-03 -4.7E-05

ROTATION RATE CHOICE:

OMAX OMIN PHI DELTA AREA ROTATION RATE

1/SEC 1/SEC FRACTION 1/SEC RPM

.354 .072593 .43850 .37493 .21447 .1936 1.8489
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Friday, January 11, 1991 4:25 pm

INTERFACE TO SUSRCUTINE 3GNPLOT [C,ALIAS:'_bgnpiat']
(MP,1SC, TKFILE?

INTEGER *2 MP,ISC

CHARACTER *20 TXFILE [REFERENCE]

END

INTERFACE TO SUBRCUTINE CPLOT IC] (TiMK,ADIAM,RFY, 3RAD,DRHO,VISCOS
,ARERAT, SPIRAL,3RADIUS, SRADIUS
,OMAX, CMIN,OMOPT, FCPT)
REAL *4 TIMH,ADIAM,RPM,3RAD,DRHO,VISCCS
ARERAT,SPIRAL, 3RADIUS, SRADIUS
,CMAX, OMIN, OMOPT , FOPT
END

INTERFACE TO SUBRCUTINE STOPPLOT [C,ALIAS:' stezciot']l ()
END

PROGRAM ROTREAC

ANALYZE ROTATING REACTOR PERFORMANCE
ASSUME FLUID REMAINS I[N SCLID-BODY ROTATION

IMPLICIT REAL*4 (A-H,0-2)
LOGICAL LEXIST

MP = i
IsC = 'g!
CALL BGNPLOT(MP,ISC, 'ROTREAC.TKF'C)

GET INITIAL VALUES OF PARAMETERS FRCM DATA FILE CR INITIAL DEFAULTS.
OPEN DATA FILE.

INQUIRE(FILE='ROTREAC.DAT' EXIST=LEXIST]

IF (.NOT. LEXIST) THEN
TIMH=20.
TEMP=20.
RHOP=1.05
RHOF=1.00
VALT=-1.
ADIAM=20
BRAD=3
RPM=1.
OPEN(1,FILE='ROTREAC.DAT',STATUS='NEW')
ELSE
OPEN(1, FILE='ROTREAC.DAT',STATUS='0LD")
READ(1,*'(/8F10.5)")
TIMH, TEMP,RHOP, RHOF ,VALT,ADIAM, BRAD ,RPM
ENDIF

READ IN CHANGES FROM DATA OF LAST RUN
FORMATS
FORMAT(1X,A,F8.4,'] :'\)
FORMAT(F10.3)
FORMAT(/' ENTER ANY CHANGES FROM THE BRACKETED DATA USED LAST.!
/' ALWAYS INCLUDE THE DECIMAL POINT WHEN YOU ENTER DATA.'
/' THEM PRESS THE ENTER KEY.')

CONTROL RETURNS HERE FROM THE END OF THE PROGRAM
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ROTREAC.

FCR Friday, Jamuamr 11, 1991 4:25 pm
33 WRITE((,32>
c READ TIME [N ACURS, STOP ON NEGATIVE. ICNVERT ~Z SEZCNDS
WRITE(D,30) *TOTAL TIME IN HCURS (NECA™I.E TO QUIT) [',TIMH
READ {0,31) TIMHD
IF {TiMKD .LT. 0.J) THEN
CALL STOPPLOT
syop ' ¢
ENDIF
[F (TIMHD .NE. 0.3) TIMH = TiMnD
TIMSEC=TIMH*2400.
[od READ IN PARTICLE DIAMETER I[N MICRONS
C COMPUTE THE PARTICLE RADIUS IN ZM.
WRITE(Q,30) 'PARTICLE DIAMETER (MICRCNS: [',ADIAM
READ(0,31) ADIAMD
IF (ADIAMD .GT. 0.0) ADIAM = ACIAMD
ARAD=ADIAM*0.0001/2.
c READ IN REACTOR ROTATICN RATE IN RPM AND CONVEZ™ "0 RAD/SEC
WRITE(Q,30) 'ROTATION RATE (RPM} [', RF
READ(O,31) RPMD
1F (RPMD .NE. 0.0) RPM = RPMD
ONE=1
PI=4*ATAN(ONE)
OMEGA=RPM*2*P] /40
c READ IN REACTCR REACTOR RADIUS (CM).
WRITE(Q,30) 'REACTOR RADIUS (CM) [',BRA2
READ(0,31) BRADD
IF (BRADD .GT. 0.0) BRAD = BRADD
c READ IN SPECIFIC GRAVITY (DENSITY IN GM/CC) FCR “HE FLUID
c AND THE PARTICLES.
WRITE(0,30) 'PARTICLE DENSITY [',RHOP
READ(Q,31) RHCPD
IF (RHCPO .GT. 0.0) RHOP = RHCPD
WRITE(O,30) 'FLUID DENSITY [', RHCF
READ(0O,31) RHOFD
[F (RHOFD .GT. 0.0) RHOF = RHOFD
c READ IN REACTCR WATER TEMPERATURE IN DEGREES CENTIGRADE (FOR VISCOSITY)
WRITE(Q,30) *TEMPERATURE (DEG ¢) [',6TEMF
READ(0,31) TEMPD
IF (TEMPD .GT. 0.0) TEMP = TEMPD
[+ NATIONAL BUREAU OF STDS. FORMULAE FOR WATER VISCISITY ( POISE,
[ CR 1 GM/SEC CM); CRC HANDBOOK OF CHEM. AND PHYS., 70TH ED., p. F-40.
IF (TEMP.LE.20.) THEN
V=(1301./(998.333+8.1855*(TEMP-Z3. )+0.00585*
1 ((TEMP-20.)**2))) - 3.30233
VISCOS=¢10.0)**V
ELSE
V=(1.3272*(20.-TEMP)-0.001053*({TEMP-20.)**2))/
1 (TEMP+105.)
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VISCOS=.01002 * (10.0)**V
ENDIF

PUT IN ALTERNATE VISCOSITY IN POISE {F DESIRED .:vD IGNORE TEMPERATURE:

WRITE{O,30)

READ(0,31) VALTD
[F (VALTD .NE. 0.3) YALT = VALTD
{F (VALT .GT. 0.0) VISCCS = VALT

WRITE CUT DATA (DEFAULTS FOR NEXT RUN)

REWIND 1
WRITE(1, ' (8A10/8F10.5)")
ITIMH, 'TEMP', 'RHOP', *RHOF', 'VALT', 'ADIAM', 'BRAC', ']PM!
,TIMH , TEMP , RHGP , RHOF , VALT , ADIAM , BRAC , RPM
REWIND 1

SPECIFY THE MEAN EARTH GRAVITATIONAL CONSTANT (G235 3/CM**2).

COMPUTE THE DRAG CONSTANT, CDRAG (1/SEC) WHICH (S THE RATE AT
WHICH MOTION DECAYS THROUGH DRAG FORCES ALONE. :” IS ONLY
USED MULTIPLIED BY RHOP; THE PRODUCT IS CALLED IIR.

COMPUTE THE OFFSET OF THE SPIRAL CENTER, XSPIRAL (CM) FRCM
THE REACTOR CENTER, ALONG THE X AXIS.

COMPUTE THE CENTRIFUGAL GROWTH RATE D (1/SEC) FCR THE SPIRAL RADIUS.

THE FINAL RADIAL DISPLACEMENT FROM THE SPIRAL CINTER OF ANY
PARTICLE [S DELR TIMES THE INITIAL RADIAL DISPLACIMENT.

THE PARTICLE CONCENTRATION STAYS UNIFORM, AND IS MULTIPLIED
BY CONC.

G=980.

COR=9.*VISCOS/(2.*ARAD**2)
CORAG=CDR/RHOP

DRHO=(RHCP-RHOF)
ADELRH=ABS{DRHO)

XSPIRAL=(G*DRHO)/(CMEGA*CDR)
AXSP=ABS(XSPIRAL)

D=(DRHO*OMEGA**2)/CDR

ETA = D*TIMSEC

AETA = ABS(ETA)
DELR=EXP(ETA)

CONC=1 / (DELR*DELR)

COMPUTE THE REYNOLDS AND TAYLOR DIMENSIONLESS PARAMETERS.
BOTH SHOULD BE MUCH LESS THAN UNITY FOR A VALID SCLUTION.
THE RATIO D/OMEGA (SPIRAL GROWTH PER RADIAN) MUST ALSO BE
SMALL FOR A VALID SOLUTION.

REY = RHOF*ARAD*AXSP*OMEGA/V1SCOS
TAYLOR = RHOF*ARAD**2*OMEGA/VISCOS
SPGRPR = D/OMEGA )
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COMPUTE THE RADIUS RSPIRAL (cm) OF THE SMALL CIRCLZ.

HEAVY PARTICLES ORIGINALLY 1N THE CIRCLZ 30 WOT SFIRAL CUT TC
HIT THE WALL IN TIME TIMH.

BUOYANT PARTICLES WHICH DO 5CT AIT THE WALL DURIANG THE FIRST
SPIRAL SPTRAL INWARDS TQ [NSIDE THIS CIRCLE IN TIME TIMH.

DELTA = AXSP/BRAD

BRADIUS = BRAD-AXSP

SRADIUS = BRADIUS™EXP(-AETA)
ARERAT = (SRADIUS/BRAD)**2

THE REMAINING CALCULATIONS (GNCRE THE GIVEN R0TATICN RATE

COMPUTE THE MAXIMUM AND MINIMUM VALUES OF THE ROTATiON RATE (RAD/SEC).
THE MINIMUM IS DEFINED SO THAT THE SPIRAL CENTER IS AT THE REACTOR RADIUS
THE MAXIMUM IS DEFINED ARBITRARILY BY ABS(ETA)=!, SO THAT PARTICLES
MIGRATE [NWARDS OR CUTWARDS CENTRIFUGALLY BY A FACTCR e IN TIME TIMH.

OMAX
OMIN

(COR/(ADELRH*TIMSEC))**0.5
G* (ADELRH)/(BRAD*CDR)

[

AN OPTIMIZED ROTATION RATE [S COMPUTED 8Y MAXIMIZING THE RATIC OF THE
AREA INSIDE THE SPIRAL RADIUS TQO THE REACTOR AREA.
FIRST DEFINE PHI. NOTE THAT PHI**3/2 = (OMMIN/OMMAX}**2 = (ARAD/AMAX ) **6

THIRD=1/3.00

PHI = {2.*ARAD**&*G**2*TIMSEC/BRAD**2)**THIRD
*(2.*ADELRH/(9.*VISC3S))

SOLVE DEL = PHI*(1-DEL)**(1/3)
DEL IS OMOPT/OMMIN = XSPIRAL/BRAD

NEWTON'S ITERATION SOLUTION

INITIAL APPROXIMATION [S EXACT SOLUTION OF THE ECUATION
WITH THE CUBE ROOT REPLACED BY A SQUARE ROOT. THE POSITIVE
ROOT IS CHOSEN, AND FORMULATED TO AVOID ROUNDING ERROR FOR
VERY LARGE PHI

PHIZ2=PHI*PHI
DELI=PHI2*2/(SQRT(PHI2*(4+PH12))+PHI2)

ITERATE

R IS THE FIRST RESIDUAL FORMULATION, AND RD IS ITS DERIVATIVE

USE § = 1-(1-R)**3, AND ITS DERIVATIVE SD, TO GIVE FASTER CONVERGENCE
AND AVOID PROBLEMS FOR LARGE PHI.

po 2 I=1,5
ROOT=(1-DELI)**THIRD
R=DEL1-PHI*ROOT
RO=1+PHI*ROQT*THIRD/(1-DELI)
Q=1-R

Q2=Q*Q

$=1-Q2*Q

SD=3*Q2*RD

DELI=DELI-S/SD

DELOPT=DELI
FOPT = (1-DELOPT)**2/EXP(PHI**3/DELOPT™*2)
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CMOPT = (G/(2.*SRAD*TIMSEC™(1-3ELCPT))) ™" HIRD

AN APPROXIMATE UPPER LIMIT ON PARTICLE RADIUS, aMax (CM), 1S CCMPUTED
3Y EQUATING OMAX AND OMIN. ALL OTHER CALZULATICWS JSE THE GIVEN SIZE.

AMAX = (9.*VISCOS/(2.*ADELRH})™=0.5*
(BRAD**2/(G**2*TIMSEC)**(1./6.3
DMAX = AMAX*Z0000.

WRITE(O,30)TIMH,ADIAM,RPM,OMESA, 3RAD, 327, RHCF  VISCTS
IF (BRAD.GT.ABS(XSPIRAL)) THEN
WRITE(D,31)CONC,ARERAT, XSPIRAL,33531US, SRADIUS REY, TAYLZR, SPGRPR
ELSE
WRITE(O,83)CONC,ARERAT, XSPIRAL, 3343 [US, SRADIUS,REY, TAYLCR, SPGRPR
ENDIF
WRITE(O,82)0MAX,OMIN,PHI ,DELCPT,FOPT CMC? ™, GMOPT*30/P1

FORMAT(//' PROBLEM PARAMETERS:',/,

' TIME PARTICLE ROTATION RATE !
' REACTCR DENSITIES VISCOSITY!',/,
* (HR) DIAM(MICRON) RPM  RAD/SEC ',

TRADIUS(CM) PARTICLE FLUID POISE',/,
F6.1,F12.2,F10.3,F8.4,F12.4,F9.4,F8.4,F9.5,//)

FORMAT(' SPIRAL ORBIT DESCRIPTION:',/,

' FINAL AREA XOFFSET BRAD!IUS SRADIUS ',
IREYNOLDS TAYLOR SPIRAL GROWTH',/,

* CONCENTRATION FRACTION (CM) (CM) (CM) v,
' NUMBER NUMBER  PER RADIAN',/,
F10.5,F12.5,F8.4,F9.4,F8.4,1P,2E9.1,E11.1//)

FORMAT(' SPIRAL ORBIT DESCRIPTION IMPOSSIBLE:',/,

' FINAL AREA  XOFFSET BRADIUS SRADILS ',

'REYNOLDS TAYLOR SPIRAL GROWTH',/,

' CONCENTRATION FRACTION  (CM)  (CM)  (CM) ',

' NUMBER NUMBER  PER RADIAN®,/,

F10.5,F12.5,F8.4,F9.4,F8.4,1P,2E9.1,E11.1//)
FORMAT(' ROTATION RATE CHOICE:',/,

' OMAX OMIN PHI DELTA AREA ‘

'ROTATION RATE ',/,

' 1/SEC  1/SEC FRACTION ',

'1/SEC RPM 7/,
F7.3,F9.6,3F9.5,2F9.4,//)

WRITE (0,*) 'ENTER N IF YOU DO NOT WANT A PLOT'
READ (0,'(A1)') CNO
IF (CNO.EQ.'N') GO TO 33
CALL CPLOT (TIMH,ADIAM,RPM,BRAD,DRHO,VISCOS
,ARERAT , XSPIRAL ,BRADIUS, SRADIUS
,OMAX, OMIN, OMOPT , FOPT)
6o 10 33
IT KEEPS SOLICITING A NEW CASE, AND STOPS ON A NEZATIVE TIMH VALUE

END

-27=
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crPLOT.C

Rcberts Assccilates

Friday, January 11, 1991 4:24 pm

1 #include graphic.h" /* Will include all necessary include files */

2

3/

4 CALL CPLOT (TIMH,ADIAM,RPM SRAD,DRHO,VISCCS,ARERAT

5 1 ,XSPIRAL,SRADIUS,SRADIUS

6 1 ,OMAX,OMIN,OMOPT,FOPT)

7 */

8

9 wcid cplot (float timnh, float adiam, float rpm, float brad, float drho, float viscos,
10 float arerat, float xspiral, float bradius, flcat sradius,
1 float omax, flsat omin, float omopt, float fort )

12 <

13

16 />

15 declarations

6 */

17 float brads,xs,bra,sra,rgrowth;

18 int i,nxdiv,nydiv,npts;

19 char buffer(99];

20 float om{3011, y(3011, z([301}, w(301];

21 float ymin, ymax, ystep, omaxd;

22

23 /*

24 first plot

25 %/

26 if (abs(xspiral)<brad)

27 8

28 /* CONVERT TO RADIUS 2.3 INCHES */

29 xs=(2.3/brad)*xspiral;

30 bra=(2.3/brad)*bradius;
kX sra=(2.3/brad)*sradius;
32 brads=2.3;
33 startplot(7); /* initializes each plot and sets the background color */
34 /* 0-7 are black, blue, green, cyan; red, magenta, brown, white */
35 font(3,"simplex.fnt", '\310' ,"triplex.fnt", "\311' "complex.fnt", '\312"
34 Sy,
37 /* loads your chosen fonts */
38 rotate(0);
39 page(9.,6.855); /* sets the output page size */
40 setscale(0);
41 /* this is the same aspect ratio as 4095 by 3119 */
42 /* cross(1); crossed axes if either axis goes through zero */
43 /* area2d(8.0,5.5); sets the area of the plot (drawing page) */
44 color(2); /* Green */
45 box();
46 color(5); /* sets color to magenta */
47 tmargin(.15);
48 ctline("\311ROTARY REACTOR CRCSS SECTION",.31); /* titles plot */
49 color(d); /* sets color to red */
50 dashf(1);

51 circle(2.7+0.,2.7+0.,brads,0.,6.3);
52 dashf(9);
53 circle(2.7+xs,2.7+0.,bra,0.,6.3);

54 circle(2.7+xs,2.7+0.,sr3,0.,6.3);
55 color(2); /* Green */

56 dateit('\310");
57
58 page(3.2,4.6);
59 pgshift(5.4,.4);
60 linesp(1.8);
61 setscale(1);
62 box();
63

_28_
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Friday, January 11, 1991 4:24 pm

lmargin(.2);

tmargin(.0);
ctline("\311DATA",.7);

tmargin(1.5);

sprintf(buffer, "%8.1f", timh);
rtline(butfer,.45);
sprintf(buffer "%8.if", adiam);
rtline(burfer,.45);
sprintf(buffer, "%8.1f", rpm);
rtline(buffer,.45);
sprintf(buffer "%8.1f" brad);
rtline(buffer,.45);
sprintf(buffer,"%8.3f" drho);
rtline(buffer, .45);
sprintf(buffer "%8.4f", viscos);
rtline(buffer, .45);

tmargin(1.5);
ltline("Hours", .45);
Ltline("Microns", .45);
Ltline("RPM", .45);
Ltline("Reactor Radius",.45);
Ltline("Density Excess",.45);
Ltline("Viscosity", .45);

tmargin(7.0);
ctline("\311RESULTS",.7);

tmargin(8.5);

sprintf(buffer "%8.4f", arerat);
rtline(buffer,.45);
sprintf(buffer "%8.4f", xspiral);
rtline(buffer, .45);

if (drho>0.) rgrowth=bradius/sradius;

else rgrowth=sradius/bradius;
sprintf(buffer, "48.4f", rgrowth);
rtline(buffer,.45);

tmargin(8.5);

ltline("Area Fraction®,.45);
tttine("Spiral Offset",.45);
ltline("Radius Growth",.45);

endplot();
]
/* END OF IF BLOCK ON XSPIRAL TEST. START OPTIMIZATION PLOT */

startplot(7); /* initializes each plot and sets the background cotor */
/* 0-7 are black, blue, green, cyan; red, magenta, brown, white */
font(3,"simplex.fnt",'\310',"triplex.fnt",'\311')"comptex.fnt",'\312'

’llll'l I);
/* loads your chosen fonts */

rotate(%90);
page(6.855,9.); /* sets the output page size */
setscale(0);

/* this is the same aspect ratio as 4095 by 3119 */
color(2); /* Green */
box();
color(5); /* sets color to magenta */

tmargin(.12); :
ctline("\311ROTATION RATE OPTIMEZATION",.25); /* titles plot */

_29_
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Friday, January ',

color(4);
dateit('\310');
ymin=3.;

ymax=1;
ystep=.2;
page(6.855,5.5);
pgshift(0.,2.7);
areacd(5.855,+.3);
color¢10);
grid(i);
fgrid(2,2,2);
frame(1,1);
cross(0);
fntchg('\310%);

omaxd=max (2*omax,5*omin};

for(i=0; i<=300; i++)(

1991 4:24 pm

. * sets coior to red ¥/

/* s27s the outgut page size */

/* Plot diminisions */

/* 3lack grid

Rckberts Asscciates

*/

/* Dottea line grid */

/* Subdivide the z.:t with tick marks only

/* Draw 3 frame around the piot
/* DO not cross axes
/* Charga fonts for axes labels

/* Make vectors to piot

om({i]=omin*exp(log(omaxd/omin)*i/300.);

y{il=1-omin/om(il;

z[il=exp(-(om{il/omax)*Com(i]/omax));

Wwiil=y{il*z(il;

>
npts=301;

xlog(omin,omaxd,"%-1.1f", ymin, ystep, ymax);

color(11);
xname("\310RPM"};
yname("\310Radius Ratios");
color(10);

curve(om, y, npts, 0);
calor(l4);

curve{om, z, npts, 0);
color(12);

curve(om, W, npts, 0);

page(3.2,2.2);
pgshift(.15,.15);
Linesp(1.8);
box();

lmargin(.2);
tmargin(.0);
ctline("\311DATA", .20);

tmargin(.38);

sprintf(buffer, "%8.1f", timh);
rtline(buffer,.13);
sprintf(buffer, "%8.1f",adiam);
rtline(buffer,.13);
sprintf(buffer, "%8.1f", brad);
rtline(buffer,.13);
sprintf(buffer,"%8.3f", drho);
rtline(buffer,.13);
sprintf(buffer,"%8.4f" viscos);
rtline(buffer,.13);

tmargin(.38);
Ltline("Hours",.13);
ltline("Microns®, . 13);
Ltline("Reactor Radius*,.13);
ttline("Density Excess",.13);
ttline("viscosity”,.13);

page(3.2,2.2);
pgshift(3.5,.15);

/* Size of the x & y vectors

*/
*/
* //

*/

*/

*/

/* Manual scaled om-axis */

Page 3

/* om-axis name */
/* Y-axis name */

J* Oraw curve with no symbols */
/* Draw second curve */

/* Draw third curve */

=30=-

e
bl TAGE IS

VE UOR DUALITY



i Rcberts Associates
Rotating Reactor Studies

cPLoT.C Friday, January 11, 1991 4:26 pm Psge
190 box();
191
192 lmargin(.2);
193 tmargin¢.0);
194 ctline("\311RESULTS",.20);
195
196 tmargin(.38);
197 sprintf(buffer,"%8.3f" omin);
198 rtline(buffer,.13);
199 sprintf(buffer "%8.3f" omax);
200 rtline(buffer,.13);
201 sprintf(buffer, "%8.3f", omopt);
202 rtline(buffer,.13);
203 sprintf(buffer,"%8.3f",sqrt<fopt));
204 rtline(buffer,.13);
205
206 tmargin(.38);
207 Ltline("Minimum RPM", . 13);
208 Ltline("Maximum RPM", .13):
209 Ltline("Optimum RPM", .13);
210 Ltline("Optimum Fraction”, .13);
211
212 endplot();
213 scrt(); /* text mode for interactive stuff */
216 )
Page !
Friday, January 11, 1991 4:25 pm
CPLOTD.C

i i d, float drho, float viscos,
void cplot (float timh, float adiam, float rpm, float bra o A e flost aradius,

1 rad
float arerat, float xspirai,

: flzat omax, float omin, float omopt, float fopt )

3 )

4 C

Z 3oid bgnplot (int mp, int isc, char * tkfile)

7 <

8 2

9

10 void stopplot (3

1<

12 2

-31-
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APPENDIX D

PARTICIE CRBITS IN A ROTATTNG LIQUID

An earlier versicn of the appended report, with William Fowlis as the
first author, was submitted in early 1988 to Prof. Owen Phillips at Jchns
Hepkins University, for publication in the Jourmal of Fluid Mechanics. A
favcrable report was received from the two referees, with only mincr
corrections required. Submission of a corrected versicn was delayed by the
increasing incapacity of Dr. Fowlis, who went on extended sick leave in the
sumer of 1988, later took medical disability retirement, and died at the

beginning of 1989.

With the concurrence of Dale Kernfeld and of Dr. Rcbert S. Snyder
(supervisor of Dr. Fowlis at MSEC until his retirement) Dr. Rcberts of RAT
agreed to become first author and to resubmit the paper. The new version
follows.
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Rckerts Asscciatss, Incorperatad
380 West Marle Avenue, Suite L-1A
Vierna, VA 22180-30616

(703)242-2115 cr (703)356-3620
(Washinctcon Metrcpolitan Arsa)

~>f. O.M. Fhillips

Jcourmal of Fluid Mechanics

ept. cf Earth and Planetary Sciercss
The Jchns Herpkins University
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Dear Prcfesscr Phillips:

I encicse a rsvised manuscript ICSr Cur parer "Darticle Crkits in a
Rotating Liquid". I kelieve this revisicn satisfies all the ccmments kcth of
referces A ard B.

Bill Fewlis died in Decamber, 1683. He had keen increasingly sick fc
three years, with what was ultimately diagrncsed as a form of Parikinscn's
disease. He stcpped working in the summer of 1983.

Dale Kornfeld and Dr. Rcbert S. Snyder (of Code ESTS6, MSFC, Tel.
205/544-7818 and 7805) have agreed that I shculd be identified as first
authcr, as reflected on the amended title page. Dr. Snyder is the contracting
officer's technical representative on my ccmpany's contracts, and is
Kornfeld's supervisor. He was also Bill fcwlis's supervisor uncil his death.

The original manuscript was lcst from the word-processor. You will
note that this manuscript is a photocopy, with the changes cut-and-pasted in.
I hope this is acceptable; it was easier than retyping the whele thing wculd
have been. I do not have originals for the figures 1 and 2; sO if you do met
have them, please let me know and we will get replacements to ycu.
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referees A ard B.

We have included the references menticned by referee A, and one cother
new reference. Also, we have corrected the Ekman numker definition; we thank
him for pointing out this error.

With regard to the first paragrarh of referee B, our process has been
used to make large spherical latex microspheres with quality and uniformity
aporcaching that of microgravity processing, as described in Section 1, at the
bottcm of page 3. And our analysis has been used in setting the rotation rate
range for new rotating apparatus designs; we have expanded Section 5 slightly
to clarify this.



We have mcdified the paper in respense to suggesticns 2 and 3 of

referee B. With regard to suggestion 1, equaticns (27) through (29) are
derived from equaticn (16), using the arrroximation (24), as statad at the
bottcm of page 11.

Suggesticn 4 1is answersd kv the wicle of Secticn 4, whera a sgeciil
cptimizaticn prcblem is sclved. We have mcdified the taxt on page iz to
emphasize that this is dere withcut using (33). A slightly differsnt
cptimizaticn prcolem micht have a slightly differsnt answer fcr the crtimum
rotaticn rate. Thers is nc strict upger limit cn the rotaticn rata; kut the
fastar the chamber spins, the mcrz rapidly the particles cen rifuge cutward to
the walls or inward tcwards the axis.

We have added Figqurs 3, to clarify the cptimizaticn prcilem solved in
Secricn 4. And we have added brief remarks on page 25 ccncerning seccrncary
lcws driven by the excess density distrikution due to variaticns in the
particle concentraticn. ‘

We thank the referees for their werk.

I apolcgize for the delay in returning this paper. This shculd have
been done much more quickly after Bill's death.
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Dr. Glyn O. Rckerts
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1. INTRODUCTION
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hecome so rapid that 1t IS5 B-- sossizls Lo Ke2z -ns carticl=2s N
susgensicn ~r propel CcIToIlDR stirrars
wi=nout rascrIing TS 2HISS3ILVE zgizztion TETEE. Thz ZToWLNG
particles ar=e softz and szichr, and im~wzazing ThE 3TLIILNT TEES
causaes mcre violant pa::;:ie—,a::_:Le ~nTligiznz, zesulting 1IN
fiscculation.  Since agLti3tios che carticles ac TEES nign encugh
5 prevent cresam-ng cCr sg=zling alsc ~agulos o Zlzccouzaticny 2
31 =22 - “ Y PSR } 3 = 3 T Aarmas = ———e Y
Gisferent method of agitzation aac -~ ne develcrpel TS DIOCUCE
these larger-size mMOnoOC.SDeTSS 1a=2x parzicles. =nTzast possizls

sclution was to put the carzicles In an envirsnmsnt in which no

stirring was neecded at zll. y
Because this difficulty in prciucing usanls guzntities of
monodisperse polystyrane 1z-2x parzicles 1n S22 z-=zater than

+~ determine whezher cr not It would be possiTls IO manufactours

tne nizhly BUCCESES-.-- vonodlisperse

Latex Reactor (MLR) Space Processing Experiment, w~izh has now

=5 =igsions. Tiel

r. John W. Vanderhofi of Lenigh Urniversity as tne orincipal

investigator, this MLR experiment nas successfullv produced
large-particle monodisperse polystyrene latexes us to 30 wym in

diameter with coefficients of variation of less thzn 2 percent.3

The 10 ym and 30 um microspherss manufactursd aboard the

Space Shuttle are currently beling zz-keted by the U. S. National

Bureau of Standards as s-ancard Resiarence Mate-izl (SRM) 21960
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N - ~ ~ ~ £33 = 3 -

and SRM 21961 respecilv2iY- ~nozs are the fIirst procuces evar
= 3 —— «-q’q -— 1. 5 2 ~:~ PR 4 D

mznufaczured in sgacs =2 Ye somme-cizlly mar<scsc OR Barth. ™!

- — [ . - - -~ T I [P, - - - - -
au-hors (DWM.K. = wiT I3 &-=~ Ni3: T2 vestigazor wizIi LTr.
T 3 ! =& T PN P - —— - R = - PR =
Tanderhcif cn ths MLR 2XD=I- 2n=) croposed thac, &S ceri Cci s
S 3 3 2 o~ — Y-S

sucporsing grsunc—-lassa r35zaToh, Tn2 SET2 S22o=- smols3lan

b -~ - —- - - ~— —\—.v - - — 3 - - - - 3
~olymerization racipes CurIEnc-l ~zing us2d 1n spaze 2-30 =°

+ 5 - = - oy e ~ee TS = : = -
rastad in a labocratafy ~stz-ing-cylinder I2actot. Z=2 than
2 3 3 = - 3 e b - ™ - [ - -
Gesigned and falDricztsc & ~-~=atvs2 ROtary Reactor {Figure 1) ©0

_i~imize gravitationel sett-2Ag ~~ Tarth Ior the c¢I2wW-ng latax
carticles.
I ClAafed~a T 3 i - =
In this apparatus & CY--DRGI--=- pc-}merlzatlon rzactor

chamber is rotated about i:=s horizontzl axis wizhin a watesr

ha-=h. The Rotary Reachtor is ¢esizned Lo meintain uniformity In
particle concentration and tsmperature profile with m- ‘nimal cr no
stirring. The particles arz2 kept in suspension only +arough the

rotaticn of the reactor, the slow -5tation of the entire chamber
during polvmerlz=tﬂon helps &to prevent the growing particles from
either creaming or settling. Once steady rotation of the seed
latex mixture is achieved in +his apparztus, there is no
acitation to cause the violant par:icle collisions &that result in
flocculation.

I+ has already been eszablis nad experimentally that larce-
size latex particles up to 100 pm ciameter can be successfully
suspended and polymerized at low rzactor rotation rates.
Particles magufactured thus far in this prototype rsactor have

exhibited coefficients of variaticn inferior to those produced in
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FOR R r= 3 - - ~ o~ _ -~
{mqorove as latex racipes a-a ootimized for tAS tyTe r2acior anc
. .. . . - . it an P o
c-timum rotation Ia-3s z-= dz=arminzd Zor eaca partizls sSiI2 2°<
lat2x r2cCide.
3 - hd - - = = —~ e A
Az menbionsd ezrllaT, T4 Gen~zizy C©I th2 s822 2o
~zr=igclas lncrzas=2s wWIh TITZy il ine U= conv2TrILIh C2 “ne LW
dznsizy styrene WONCOWMET fo=~ o—ne niznss IEnELTY colvsTomEneS
~olvmer, SO the ¢rowong car=isles onc2IIC 2 ~ons-znT Lncrsase Lnh
= < Sk =
2 S 3 = PR —~ Y T hl A <=
density throughout tns course of the rsactich. Wnile slowl.y
P - M - - h P b - == b
rotating in this manner the marilic_2s are stronglv influsncec oY
3 3 2 - e - &7 L Y faal!
visoous drag and tand O rotz-2 with the IT:iuid eCl i, Thelr
valatiyae t £ b asina T A 18 da&-:v—w'ﬂaf: H“v 2 “alaro2
mO\_-On hv—h‘l-lv-v @) a2 —D'\_:__A\: Tlaoold e Mo JEQSE @ Remp Y = Ja L2 -
=z hWeir Jon Ik 1 JE f et 2~ F ~e ik Ema UvisooUuS
of their gravitaticnadi and cen-rifugel Zorces wW--- Fhe VviIsSCOus
c e
. - - - - . ..
¢rag, and the sign ol the buovancy I2rces depencs cn ITne densilty

se centrifuged outwa=xd and

Rotary Reactor.

and will form a mass near the axis.

the reactor cylinder.

£or the rotation rate.
In this paper the part

dGetermined, and the optimiz

assumption that the particl

A lower limit on the

by the time it takes the particles ©2

:~le ordits in the Rotary Reactor are
ation problem is solved with the

.

e densizvy and radius remain fixed.

Section 2 contains the formulation and solution of the particle
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orbit problem and Section 3 contains the formulation and soluticn
of the rotation rats optimization problem. 1In Secticn 3 the
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principal conclusions



2. FORMULATION AND SOLUTICN CF THE PROBLEM FOR PARTICLE ORBIT

Basic mechanisms for the suspansion of heavy particles 1In a
rotating cvlinder of £luid we-2 discussed by Otto and Lorenzs,
but a formal solution was not cbtzin2d. A mors complste stucdy cf
the particle orbit problem wzs preszntad by Schat:,7 but the
centrifugal bucyancy was nct handled ccrrectly. Relatad studies by
pDill and Brennerg, by Nadim, Cox and Brennerg, by Acki, Shirane,

. .10 . 11 . N
Tokimoto and Nakagawi™ , and by Annamalal and Cole™ 7, addressed parts
cf the problem. In their later work, Annamalai and Cole12 obtained

an orbit solution essentially equivalent to ours, in the context of

pubbles. None of these references analyzed the optimization prcklen

studied here.

In this section the
particle orbit problem is corrsc:=ly sclved. The ambient fluid is

taken to be in solid-body rotaticn about the horizontal z axis

through the origin (see Figurs 2) with rotation rate Q. Then th

lyan DV

£luid filow in the (x,y) plane :s

18]

u=2axx= (-2y, 2x) . : (1)

The corresponding pressure distribution is

erz - gy) (2)

toj

=p_  + p:
p Ps pr(

where Po is a constant, o: is the fluié density and r? is

x? + y2, so that r is the cylinérical radius coordinate. The
gradient of this pressure balances the gravitational .and
centrifugal forces on the fluid.

The vector equation of motion for a spherical particle of

radius a, density pp, volume V, and mass M at position x 1is



whers the stISES forces exaried bY £ne fluid cn oSne parzici2 nave
been separatad 1nto a pressure £avz2 P and a c¢rag Zorce D.
The prassurs force 1S Gafined as
P = -[pcés , (L)
whers p is the fluid prassu=e givsn by =2guaticnh (2) acova, and
the intsgraticn 1s over the particle surzace. Tsing Gauss'
theorem,
2 2 =
P = pr(—n X, G=27y). (3)
o= 2
The g term is the familiar Archimedes buovancy Icrce. The Q
tarm is the corresponding inward pressurs gradlsnt which would
cancel the centrifugal acceleraticn of tae liguid whica the
particle heas ¢isplacsd. This tara was apparently omitzsd by
Schatz7.
slow—-£low

The drag force is written using the Stokes

approximation. In this viscous linmit

where n is the fluid viscesity.

motion of the particle relative to the fluid.

requires that the Reynolds number and the Taylo:

smaller than unity, where

number

be

The drag force cpDOsSes the.

The approximation

much



Re = o:aV‘/n‘ ' (7)
L -

a~ a1 (8)

of the eguation of moticn can D02 w-iz=2n as
" ' L=
x + ¢cx + — 2°x +cay = 0 (9)
" ' Pr 2 A
0
y +cy +— 0%y - cax = - o= ¢ (10)
p Dp

where the drag constant,

c = —1, (11)
2o_a
P

is the rate at which motion decays tarough drag forces alone and
Ap = p_ ~ Pg- The term on the right hand side of eguation (10)
arises from the particle weight less the Archimedes buoyéncy
force. The 92 terms on the left hand sides of the equations‘(9)
and (10) arise from the centrifugal pressure term in eguaticn
(5).

The coupled x and ¥y equations can be solved conveniently by

introducing the complex variable

w = x + iy. | (12)



n 1 p.".' 2 . Ao SN
w + oW F (= a4 - iziiw =T LT S. (12)
OD P
Tue generzl sciuzicn ¢l sguat-oon (13) is =r=z =um of a
~a-=izular intagral and 2 comolemsntary functico
W= W, oF Ay exp(nlt) + 25 ex;(mzt). (14)
F~r this problem the partlZu-2T intagral is the sonstant

he real and imaginary parts reprssant the eguilizr=i

>
o]
o]
-
i
0|0
~—
|
—
—
._‘
wn
~—

e
=
2 |
e}
0
]
-
fr
(BN
O
o]

of the particle in the x-Y olane. The complex ccrnstants mp and

mo are the roots of the quairatlic auxiliary eguaticn
[e )
f .2 .
m2 + cm + (— Q°F - ica) = 0. (1

The complex constants Ay and Ap are determined bv zhe initial

—l10ons

values w(0) and w(0) at time zero, using the e

WQ

vez=
- =

(o))
~

Al + Az = W(O) - W ’ (17)

o

mlAl + m2A2 = W(O)- (l

8)



These simultaneous equations can pe easily solved for Ay and Ajp-

N
i

) represents the superpcsition of

{8

The general soluzion

p N TRy -
srium pesiticn (®g» Vol

[

[

wo spiral motions about the egul

Consider the one scluzion

w = x +iy = Ale“:(mlt) ] (12)
where

A = aexp(is) (20)

Bers o is the pesitive amplitude of 3j and 8 is its phase, while

are the resal and imaginary part of my. The rzal and

m, and my

r

imaginary parts of w are

mrt
X = a e cos(mit + 8) . (22)

mrt - .
y = a € sin(mit + 8). (23)

m_t

. . .. . r f
The instantaneous spiral racius is ac e , and grows OrC decays

exponentially depending on the sign of m.. The phase angle mit

+ § determines the direction of the vector displacement (x,v) in

the x-y plane.

We now use the ineguality

10
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D
153

~

Q <LK Cc.

Ncte that for n ~ 10—2 gm,/sm s2C, o, < 1l zm/cc and a ~ 10—3 ca
{zorresocnding to a cdlametsz == 22 umy, o oiz o dlzox 19% sl
Tnus even for mush larger Tziil, TIIS asIumpLocn iz valid Zor a2
varvy wide range cif crzcticzl IooEtli rEZ2S.

Using this approximacicn, oo spirzl center (13) 1s ac

displaced horizontally £rcm tng ax-s of rotatizcn. At this peint
the drag force balancss th2 net weizht. Naturally, this point

must be inside the rotating rsact

(]
O
[a}
O
o}
o
5
1]
A
(@]
(22
[$1)
r
=
3
n

sid

ct

cu

will strike the wall. This puts a lower limit on Q2 3

C!Ao’ 2caTinn
Q > - 2
len bco Sz ’ (26)

whera b is the radius of &the rotating reactor. For
3 y 2 o
apl/p_ ~ 0.1, g ~ 107 cm/s=cC b ~ 3.0 cm and the above value

for ¢, a_._ is 7.4x107% sec™!, cf. Table 2.
min
Using the assumption (24), the two roots of the quadratic

eguation (16) can be approximated eas

ml=i52+d,

P T I T .
L S SR
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whera the growiil or dezay TEi2 far the fizst spirzl, 1in equation
(z7), s
A Q'?'
. _ Ap &
C———“C—"r (29)
P

which is rsal and much less Zhan Q. Nct2 that for the second
spiral, the r=sal par: is - ¢, so that the radius decreases

exponentially on the very short drag time scale, 1/c. Thus the

second spiral soluticn becomes negligibly small in a f2w drag

tima scales, for any rzzlisTicC inizial concitilns. Tha full
.
general solution thersfors c3n De approximated as
dt
x = x5 + o¢ cosliot + 8) (30)
it _. .
y = ce . sin(at = &) (31)

where a and 8 are detesrmined Dby the initial displacenent from the
center of the spiral.
Note that the racdius of the displaement from the spiral

dt
e

center is a , wherse & 1is much jess than @ and has the sign

of

Ap. The rotation rate of the spiral is Q, sO the particle
rotates about the center of the spiral at the same rate as the
£luid rotates about the axis. The exponent for growth or decay

of the radius during the experimental time T is

12 ORIGINAL pa
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! ;o
g = |GIT = . (32)
! p C
D
- T ‘-" - —_ —— —
Whetner Ao 1S ~neiziyve Cr Ne2gEt- =y w2 will noTmIzoLl “=oDU T2 ThET
+~e exponenc £ 13 ~f ¢grisr unltl CT l2gs, Zor o CTosSINL3E =l=-n=az
most of the partlif.ses s=i=-2l cut tO &ae poundarzy I The rzactol
Y h - - B - or —~— ey
or they spilrzi 11 until t<nhelilr comgenitraticon I3 sws=2sziv2.  Thus

el
N
D
+3
W
(V9]
N

For T = 107 sec, cr slighzly larger taan 2 iz, the uzcoer
liqmit for @ using the pravious sssumptions is 2.1Z2 sacl, .

Physically, the spiralling iIn or out i; czused by the
centrifugal force less the inward centrifucal crassure force.

That is why it has the sign of
drag force to determine the raz2 of spiralling inwaris oY
outwarcs.

By eguating the lower ané upper limits, (26) and (33},
for @, we can obtain an approximate upper 1imit £or the radius of

the particles for the rotating rzactor to be useiul,

Using n ~ 10_2 gm/cm sec, 1Ao| =0.1 ¢m/cc, b = 3 cn, g 7

cm/sec2 and T = 10° sec, as beisre, we obtain a_,, as 1.42 x 10

cm, corresponding to a diameter of 284 pym. This upper 1idit is

further discussed in the following section.

'
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4. OPTIMIZATION OF THE ROTATION RATE

From the pravious S2CTilhy rhe chcice of the rotaz:ion rate
jnvolves the following Gimensionless varlabDi=s
X l Q. 2
5 = l ol _ "min _ Z2ca ‘A:f (33)
=—% T~ —a ~ 9oar o7
é q .2 _ 2a°T |22
{ 2 2277 Aoi- -~
e = 5 = (g‘ ) = — (_}O)‘
26 max T
. X . 3
Hers we have introduced tae cdimensionless gquantlly o v
independent of the rotation rzt2, anc Gerived by the rslatlons
3 2
6~ = 2¢6 *
2
= 2(Q_. Q
( mln/‘max)
6
= 2(a/a
(a/2_,,)
6 2,...-2 3 -
= 228207 (2]ap]/o)7 - (37)
. e . 3 .
The definition using ¢~ , ancd tne factor 2, are for later
convenience.
The limit Q.. corraspcrnds to the strict raguirsment
(38)

§ < 1,

so that the spiral center 1s inside the rotating reactor. The

limit @ . correspnds to the locse requirement i
' ORiGIMAL PAGE IS
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" yosae inaeagnalitvy (330

Tn bo:h cases, &the arsa iqvolvad is a circle witi its cent=sr
at the spiral center. The ¢is=ance from the spiral center tc Lns
cylinder wall is (3—1&01). ~ne radius of the circle is ther=Zcre

The fractizn F iz the ratia OF

smallest circle in Figure 3) t2 the

largest circla). Thus

S 1 - )2 exp (- 83/ -

tne area of this

cylinder cross S

(41)
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set of rotating reactor parame:zs

(37), the optimum rotation rats 25 ¢-7

(43)

. .

Using eguation (42), with the definizions (33

be written as the alternative form

@ =0_ (1 - 5)'1/3 , (44)

where

£rEITL AT IS
OF {0 OUALIT
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;s independent of the particle cize and densi

e
prcpertles. For our exampls, wW-Ii g - 10~ cm/secz, b = 3 cm, and
T = 10° sec, o_ is 0.113 sac”* or 1.132 rom. The expression (23)
~-1/3 .
is useful, besczuse (1 - §) ~7~ deces not jacrease significantly
from unity until approaches unizy.

For the easy casz of very small ¢r 9_:p is much less than

Q oy The approximate analvtic solu-ion is
§ = ¢ 1
g = ¢/2‘, |
F=1- 3¢ . (45)
The corresponding optimum rotation rate for small ¢ 1is
Q = :(1 + ¢/3) (’47)

or approximately Qs. The rot-ation rate is independent of the
partidle and fluid properties sO lcng as they ensure that ¢ 1is
small.

The example introduced in the previous section leads to 2

very small ¢ value. Using those values,

OPIGIIAL PAGE IS
. OF 2007 QUALITY
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—_ R N
-4 -1
Q . = 7.4 % 10 secC '
min
-1
Q = 2.12 sac p
max
3 2 _ o oA 0=
= 4 = 2.4=2 X 10
® 2(Qm;n/qra<) !
8 = ¢ = 0.00823
€ = ¢/2 = 0.0C312 .
F =1 - 3% = 0.9813 (43)
The optimum rotation rate 1S accurzzely glven py eguatlon (47),
and is almest exactly fg- The spiral center 1S 2%
(49)

|x | = b8 = 0.019 cm

~entible disolacement from the rzackor axis.

which is an imper
£ar large ¢ is

18



This is the hard case of large particies;, with Qm41 much greatar
than @ . The optimum a is cenly slightly larger than 8_s.r and
. PRy

max

the particiss centrifuce so rapidly snat the fraction F is

expcnentially small, and the Rotary Rzzctor is in eIlf=2ct
useless.
- " . . - .3 - \ i -
Tor intermediate va_ues °- ¢ v 2s ¢iven by eguaz-ch (37),

the use of Table 1 may be prefarabdle D solving the cu
equation (42), particularly cince F is insensi:l
optimum value. The table shows optima

uniformly from zero +a one, wizh the correspending values ©

The table can be used, with rand interpolation, t2 detarmine
values for the other param srs, assuming an optimiz

rate, for any value of ¢ (or of € or F).

To illustrate the applic ation of Table 1, consider the
example given in the previous section for which the radius 1is

calculated using 9 =q . . This gives in succession
- max min

19



a = a = 1.42 x 10 cmly
max
173 -1
Q =qQ . = 2z q = 0.14%2 sac ’
max min s

§ = 0.77

2

3 { .\ 1/3 A 14829 -1
Q =8 . /3 =2 /11 = 8) = 2,19298 s=2cC .
min S
. , . 3 . .
Here 6 is cbtained £rzn ¢~ by interpclatlion 12 rhe tabls, and ¢
and F are then chtained frcm tne f~rmulas. The craction F of the
particles not niz=ing the wall is vwnzcceptably cmall, even at the

optimum rotation racdius.
To determine the largest radivs for which a fraction F of
0.5 can be obtained, we again look td the table, and cbtain

approximately,

20



From equation (37),
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5. CONCLUSIONS

:1inder of fluid rotz-ing about 1its

wepension. Such 2

counterclockwise rstation, a heavy particle spirz

around a spiral center Gisplaced to the right of the axis. A

s . . . - . »
light particle spirals 1nwarcs around a center displaced to tne

O
r
fu
r
._l
Q
o)
Al
fu
r
D

left. The spiral rotation rate is the same as ths T

th

o
of the reactor. The r=lative change in the racdivs, for each
spiral rotation, is very small.

Physically, the norizontzl displacement of the sciral center
fr-m the axis of rotatzicn is geterminad by the condition that the
net weight or buoyancy should balance the viscous drag from the
fluid flow past the particle. The spiralling outwards or inwarcds
is due to the centrifugal buocvancy (i.e. the centrifucal force on
the particle as comparsd with the centrifugal force on the fluid
it displaces).

Thers are two constraints on the rotation rate of the
reactor. It must exceed the minimum value (26), to keep the
spiral center inside the reactor. And it must not be much larger
than the maximum value (33), since either too many particles hit
the reactor wall or the particle concentration becomes excessive

(for 1ight particles spiralling inwards). ]
. ‘ '3,;: !s.-

J e e Friias
p e BT
ko Re ]
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For both cases, thers 1is 2 na-urzl optimiza

i

chocse the rotzticn ra

| “a o~ 21 4 = ~ . b -
cr~mgs secticon arsz wilch con-z2ins TETLICISS which elzther wl..l NCC
- - - 3 - - R - - -— = -
eoiral cub to the r=2acior Wa-- durInZ Lo e;per-re”val time, CcT
. e s

have spirzlled 1n witiout hizzing the wa-l.

s e 3 e s oy =1 T -2 2 ~ernA b Anro=— s ftne

The cobtimlzZalllon DI2oL=- w32S 3T _72C, 0 CeoT...- e The

t*m - -~ - - 3 b m o P -ttt olhibe e :wac—-AA V=1”° Z o g

CcD Tmum o rotactiZn Ia.T and ©Th2s CTOCTZ2z.-ie-aid s SR OROY aue, 2L

3. = - - bo} - - a - — F 3 -
any set cf paramelsrs. Remarizblv, =he cptimum rocation rats 13

Table 2 prasents the parameter values for the three examples
used in the text. The fluid properzizs, density diZfarance,

, and 117 ar=
coﬁsidered. The computed rotation rztes a-e pressntad in rpm
units for enginesering convenience. ~he cptimum rotation rate
maximized the success fracticn F of the reactor cross section
area. The spiral center displacements (£from the reactor axis)
are shown. The distance of eacﬁ parzicle from the spiral center
changes by the indicated factoer during the egperiment;l time.
For the first column, the particle éiameter was chcsen as a
typical value of interest. The minimum rotaticn rate is much
less than the nominal maximum, and a2 high success fraction is

obtained, with a small spiral center displacement and a radius

change factor close to unity.
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TIn the second column, th2 particle dlametsr <25 cnhcsan to
make the maxlimum 2néd minaimum rotatich rates equal. To2 cptimunm
rotaticn rzte 1S scmewhat nicher, t+hs spiral c=2ntsr IS near %the
reactor wall, the radlus changes by = facter of cuwar Zive, and
the success fractlcn 13 Very small.

For the thirzd column, t02 cartizle Giametsr wzs Incsen ©O
give a success fvaz=icn of a hall. ~he othar parzTElET values
ars shown.

The time T in tne Tac:32 i3 ro_znly 3ARDCCECLATE TS lanax

microsphers= processin Net2 that =he oprnimum £2

U

equation (449 and (4% vari=2s only with the one-znisi power oOF g, 27
and is practically indapendent of the particle rzdiuz and density,

-2 is close t._

(@]
o3
I
)

provided (37) is small. Thus the optimum rotati
rpom for latex microspheres, and is probably betwa2n a.t rpm and 1C

3

m foc & vaoy wiIe ra2ng2 oF misrszravity simuizziins.

Further work is raguired for a full applicazzicon of this
analvsis to the production of menoéisperse latex microspheres.
As deséribed in Secticn 1, the ~oncmer—-swollen szed carticles are
buovant in the ezrly stages, and ccnverge on the spiral center.
In the later stages, the particles shrink slightly and become
heavier than water, and the spiral center crosses the axis. The
heavier particles centrifuge out as the polymerizaticn approaches
completion.

The risk and extent of coagulum formation during this
process, and the deviations from a monodisperse size distribution
due to variations in. the particle éis ;rlbutlon; ar= unknown. It
can be expected that even if thé particles collide neazr the
spiral center as they centrifuge in during the early stages, the
forces between the pa*“*cles will be much smaller than for CTIGNAL PAGE
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particles crzamed to the top in

because the centrifugal accel ions

(V]

-

(t

=3

coagulum formation might be minimal.

a non--otating reactor.

ar
(-8

e

In the late stages,

extremely small.

as

particles centriiuge out and hi= the wz11l, thers will be further
particle collisicns, with again the gcssibility of czacgulum
formation or size dispersion. .
A further issue involves the besginning of przduction, and
tzmperaturs, with

the dynamics and thermcdynamics of rzising the

the polynmerization stage.

Finally, we azsumed that tne sc. . :Z

(1]

not disturbed by the presence cf

The stirring cculd also be cocntinued in

-bady

the particles.

rotation ©f the riuais iz

However, recent

experiments by Kornfald show siznificant seccndary flows driven by

concentration variations, for €.3% suspensions of EC micron latax
particles, at rotation rates beiow ! rpm. The dependence of this
phenomenaon on concentration is weak, while its dependence on rotaticon

rate is very abrupt; at 1.4 rpm there

from uniform rotation, while at 0.7 rpm
distribution are totally different. We

2tfect,

is

no observable modificzcation
the flow field and particle

plan further study of this
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move around A in circles, spiralli
inward. Partizles in the crescent hit %he wa!: on the
first cycle. Heavy particles initially bhetween the
concentric circles spiral ocut to hit the wa!l in time T
Heavy particles in the inner circle spira! out to fill the
outer circle. Light particles initially filling the gut=-r
circle fill the inn=ar circla after time T. [n both cases

we choose the rotation rate to maximize the aresz of th=

inner circle.
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