PH\SICAL TECHNOLOGY

Non-Newtonian Fluids — Agitation

Tiitresduction

LTTHIRIGH tivere is o nepgativ.
i the  name, the - foss
MNewtonjan  fluids  sre veny

comiman; 20 much so that we caniss
spend our daaby lives withowt constam
v comving scross theme sasting from
butter, honey, kerchup, iaking through
mt of our  liguid  catables, e
eosmetics, Hqued medicines and cven
the wrsting k. Yes, so many bouids
are non-MNewtonian = in the sense tha
they are not MNewtonian, They do oo
follow the simple Iewton's law wheee
the v is direetly proportional to the
Prowessing of oo0-Neweonian
flubds b in itsel an involved Lo,
Here, 1o introduce our readees to ohe
subgect, we ahall bricily deéscribe the
process of ‘Aglmuion” in o rather gon
erdl way with an idea o beiig our
sy ol nhwe rrscial i 'tﬁ,lh:liHH
this chats of fuids

force

MNon-Mewtonian Nuids

"Wincosity™ 18 4 pavameter that ds e
Amed ax a ratic between shear stiess
anal ehear rate, when & Newonian 5
quid 1 sheared in o prociseiv defined
shear Mo, Non-Mewtomian |I|.'|u-1|1'- o
ot have o condand viscosity, Daffcr
el tvpees of non-Newtopnan fusds gre
briefly deseribed below (the details
ety b pefeercd to in any test ook -on
"Rbworbogry ")

F'l'i'rfJ.IIJJ"FIl:{I.'IF.'-L e SKireae  Hienng
Thiadeds

lor these wypes of il the viseo-
sty docreases as shear rate increnses
(Fuyz 1 oand 2L Polymer  solutions,
melts, preasts ained swme pharmaceut
cal preparation: are prewbaplasiic

k+: |

. b VAN

Byilarant ar Sheer thickeniong iy

For theae types of Auids, the visco
sity increases with increasing  shear
rates, Saech \.m-r-'-nin-u;._ Fum sialui-
FEOTIA, BEUSOUS Suspciissm of tiranium
deoxide, ete, show a ditatant beha
WHILF,

Fluids with yield stress

Thore are cerfam materals which
do oot fow unless the stncss Ju[l|.-|5ln|
eaceols cortan mdnimum. vahse, This
mactirmam sbiess s callod ":. 1wl stress”
and  pederally w ebnneced o the
soruetine of the fluid, Fig 2 comgmares
thee bchavinue of sach Muids with s

4L1:1i:|!.'.|r aoid elilataier flusde,

Tooeh [rasie, emunlsicn, paints, inks,
elleys,  feomenianion  Droth, preas,
fiomed preparavions, and blood exhibat
viehd strose

Thixotropic Fluids

These fhikds exhibit & reversible de-
creags in shear streas with bime at a
constait mate of shear and fised tem-
siress  will, o
conrsy, apprusch some Bmiting value

perarure The shear

Ehlwell drilling mods, some palym-
er mehts, fomate ketchup oo
wher food preparation, somc freascs,
ete.,, shovw this type of behaviour

BT

Viscosity

Drifatant

Newlonian

Pseudoplastic

Figg. 1; Usploal visgoinl curmes,

Shear rate
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Shear steess, Ty;t

\

Fluids with a yiald stress and
a nodlingar flow curve

Bingham plaztic

Pseudoplastic

MNewtanian

Dilptynt

=

Sheas Rate dufdy

Fig. 2: Flow carves un asilhmetic soond imates
T variois 13 pes of Hmeindependent Nabd,

Riseapestic Filnlas

These exhibat a reversiblie increase
m shear stress with time 3t 4 constnt
rate of shear at o frved temperatire.
Thiese matenabs ane relatevely less in
number. Matenals which show this be-
bavious arc bensoiite  clay suspen-
siong, W, susponsions, gypsum su-
spensions, dilute suspenusons of am-
franiuem oleate, etc.

{If stress b emeasured, when shear
rate b stewdily increased from zero o
a maximum value and then mmecdiare-
Iy decreased sesdily towards zero, a
ymeresis loop would be obesined =5
shown i Fig,. 3%

Viscoelastic Flukds

Fluids which show partial elastic fe-
covery upan the rensmmal of 3 deform-
hmg stress and exhulin process proper
tics of Ixdh liquids (visco-) and mh:h
(elaseac) fall into this catepgry.

These Ausds exhibai the properiies
of 3 viscous MNuid and elasie wlid, Tnoa
ourcly Hookean solid, the stress corre-
sponeding 10 3 gven strain s indepon-
dent of time, wheress, for viscoelastic
fluicls, whe spress will pradually dissi-
pates L thee caher hasndl, i conrrag go
vk visoous fuids, viscoclastic fuids
fose when sulgected to uress Tar o
part of their deformarion s pradually
recerviered upon remin al of the strcs,

Dhic to elasicity, those Ausls show o
miarkerlly shifterent behaviour, The rod
climbing effect or Welsenberg effcer
or repeiling tendsncy or thread formn
tion are all due to eluste properties.
These fluids cothibit normal stecss dif-
ferenoes. How: the simpler -situations
are dealt with is given below,

Flow of Non-Mewtonian Fluids

The use of rheologieal midels hasod
upn thecemaltic dais help i decicling
the mnge of shear ites of throughpats
over which the applicabitity of dexign
cquations may be valid, Thus, it s
enouph m know the viscosity @l one
shear rate, (e should always have the
values of visocosy i the vicinity of
shear mte of interest

et us consider the lorie power cals
culations  for  pipe  line  transpor.
Usually onc plots wall shear steess T,
= & p oapinat By where "V 1
41, (]

fivcar averape wvelocity. On & large
scale, iF the Pow remaina lminar, then
one has to read 1, from the graph o
caftulate the wall shear rae and esi-
mate comopanding T, Since dis-
mcters are differenr pressure gracient,
& pdL wll be diffrent

For pipe Do the weall shaar rare is g
ven by

¥y By [Jn . 1-::1
(¥ 4il

For power-law type of Buad

DAP a1, =K iy 9._{2}
4l D Iq
The alewe equation shows that, if n
= (15, the pressure drop would go up
by n factor of 14 if the fiow i3 dou-
Bded. Bt if no= 13, the pressure drop
would incresse by 3 facoor of 246,

Flow patierns and velocity disiri-
bulion in agitated vessels

The rhenlogical complesities asso-
ciated wurth the biquid bemg aguated
cin wvery significantly influcoce; the
fow patterns and vebosivy. distribution.
The nature of the deological comples-
ity will, of course, povern the aet -
NMueniee oo the hydrodimamies, The in-
flucnce of shear dependent viscosity s
mowt easy 1o understand and analyse
For tmwaney, one woukl expoct that,
firr  prewdoplastic  {shear  thinning)
fluichs, ihe apparcat wiscoy of the
flukd tn the near  mpeller  eopion
shiould be rather boow aml inerene jaeo-
pressively ax one moves awar from the
imgselber. Thiis will eonsequontly resili
in high velopitics and veloeiy pra-
decs i the acar apelicr region,
wiich will die away rapidiz from the
impelber, The early photographle sta
dace il confirm this. The singularly
important result which were able to
obeain on the basis of ther veloeay
dhisaributson measurement was that the
averge shear e i the vesel was
limearly propamional ta REAM. We shall
see later that this resule plays an ex-
tremely mpartant role in the predie-
vion of power requitements o on-
Mewtonian fuids B shoshl be noted
here that near soludification of & dila-
vant faid e che region of the anpellcr
it observed. The size of this core ki
creases rapully with potateisl speal
The effcer becomes particularh impor-
it as the ratio of the tank diameecr
tor ihe agnator dismeter s ncrcasol
The angular velocity distriluion mea
surements made on anchor apiators
are also i agrecinent with the trencds
il rvied h].' l:-l,ml.'iq,kuu!. Hxrer vicdo-
ity prodiles. for g shear thdnning il
{1 pomparnot 08 Newtoman Tul
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Fhael elasiscmy can very sgnscanthyf
influenee the Now pamerns around ag-
tators. In Faer, 3 fundamental sppeasch
1o the understandimg of vohoay diste-
bution  arouwd  apitarors may be o
anidy the enatsial ows seoused sim-
ple bodies, such as spheres and discs
The advantage here i that, a2 beast, the
shape eomplexities of the agiators
l;'l-‘:h-lh PIHM the [lll.iibilil}' of arvy
theoretical sowdy) are avoided and the
veloctey distribution can be viewed
from & thenretical angle,

If one considers 3 third order vis-
eoelactic flosd which portrays the char
acteristics: of a finite shear thinalng

_viscosity and elasticity {mumifesting if-
self in the form of finite normal stecss
difference in viscometric fows], then,
for a sphere rotating at 1 given angu-
['u vdm‘;itr. EMBC Car calculate the velo-
city profie

The projections of strcamifines oa a
plaie contaming the axis of rtation
have been shown in Fig 4 I i3 ewi-
dent that different flow sianions will
arige for different values of the mio of
merthal stfesses o Aormal o stiesscs,
This rareo plays an important part in
determining the flow field  areund
sphcres, and o5 likely 1o play an oqually
importen part in describing the dow
ficld arerandd aginators, and comsequent-
Iy in desermining the cireulation and
mixEng tifne.

In fact, such a Mow reversal has also
been i the case of & dic rocaring in
viscoelastic fluids. The changes in flow
patteras dise 1o the intcraction of cls-
ticity and inertid in the cose of com-
meecial sginaiors. and foound qualis-
tively similar flow pamemis

An extensive  mvestigation of the
influgnce of rheclogical properties on
flow patterns, especially with a view 1o
mwestigate ity implicacions in bulk po-
lymerising sfyrene o polustyrene, s
undertagken, Spheres. discs and - tur
banes are wsed 38 agdators. The ol
served flow  pamerns are in o good
agreement. A scrow.propeller agitator
i alvo waed. In Newtontan fuids, the
actinn of the sorew propelier s fo
pash the fluid vertically in ife fank: ln
the case of viscoelustic fulds, it was
found that normal stress effecis cene
forced the screw propubion mechin-
fsmm. When fow patcerns during bulk
polymerization of syrene were ob-
mw,v], it weak founed thae, st low con-

Shear strass. T,

Thixotropic

Rhoopectic

Shear Rate, dufdy

Fig. X Flow cinves far thisalropis and rhropectis Neldy
bt sligle costinissin cuper monts.

SCrsania, the ﬂl;ml Fn.lu:lu: wround lh:
spheere and other agitaters invobved a
primary axisymmetcic fow and secon:
dary Aow, consisting of a flud being
drawn in ar the poles awially and ex-
pelled ar the equator. As the conver-
sion imereased, the wecondary  flow
ficld wround o sphere divided inbo two
regions, one adpoent 1o the sphere
condnting of cloasd ciroulating mio-
tioes i the sceond ot larger dis-
tances - from the sphore, Stmilar flow
patremns are observied with other agnta-
tors.

The implicatiens of such changes in
the secondary flow patters on the
pertormance of 3 mixing vessel shoukd
be clearly apprecinted. The photogrs-
phic study is panticularly imporant in
this connection. Their velocity distri-
bution mearurements 0 viicoclastic
flusds showed quiie clearly that, alth-
ough ithe secondary flow paiicrns can
be changed quite significantly, the pari-
mary Flow remains practically  enaf.
fected Since the major contrbution 1o
the shear stresses in the vicinity, of the
refating body comes from the vana-
tion of the primary flow velocity com-
ponent wirth radial distance, the power
consumption appean 10 be relatively
uniffectedd by the modifications
browght 0 due o elasscity, However,
the m-ul;l_-,' o pattcens will have
& slgnificant effect on residence-time
divinibution, modecular-weight  disiri-
bution (in the case of polymerization
reactors), mising. times, ciroulation
times and celsted kinematically con
trolled processes,

The inflience of (T flmic:[,,- A

the \tlr.u:'ll'p d.l.dnh.tlnn i ll'l.“.lﬂ:'l
stirredd with' helscal agetator has nol
been extensively studicd. Some qualita-
tive observations showed  that, for
highly clustic lhguics srwf atlesst for
some peomctrenl configurations, the
angular fow ncreased, wheress the
axnl flow wa damped considerably,
The detatled velociy distribution siu-
dies support thi Fig. 5 shows some
typical data obexined For & 27 CMC
sobhution  (which showed negligible
elasticaty), the strong axil upflow and
darien fhoar fmeti ] be clp.rh." SOEL, “'I'Iﬂ-
eas, for a 18 PAA solution [which was
steonghy chastic), the axial flow cn be
seen to be sipmificintly damped, The
mechanisms responiible for such a
phenomenon sre not quite clear, Ho-
wever, it is supocted that the poculiag
behaviour of clastic lquids in kinena:
tic fields of rapidly chanpmg deforma-
tion 1% sexponsible,

Discharge rutes, circulation capaci-
ties and circulntion times

From the velocity measurements, an
impomtant mtegral  hydmodynamic
quantity ean be easily obtpmed. It s
the overall discharge rate or the aver-
g time clapsed botween ihe sooces:
sive pasies of & fuld element through
the impcllee. A ive sum-
mary I8 given tn the Bterature of the
investigarion of turbines and peo-
pellers where the cabeulationy foe e
overall radial and adal flow are done
feom the velocity measurement,

Such miormation, however, pemains
w be > 105 e, for rerbulent condi.
nons. The cirewlation nukbes on the

40

CHEMICAL DUSINESS

MAR IO~ AFR &, 1990



basis of equal power consumption i
then compared. The rofating dise re-
quired about 306 fimes more cnergy to
give the same discharge raie 33 an
exght-bladed turbsine. “The cirealation
numbers for propellers were rypecally
in the repion of 0.4 ta 04, whereas for
tarbanes they were i e region of 06
to 2

In the literature, crrculation capucine
{and times) for hugh viscosily bouid
agitstion with helical impellers have
been well summarized, The circulstion
number vancs botween 04 10 | for
sibbons and between 001 1o 05 for
screws in adraft tube These are inde-
pendent of Reynolds number (for Ke
< or Re < 50) but are sirongly
influenced by the geometrical confi-
guration. Studies with a farge number
of purely viscous Neuids rovealed tha
circulation numbers were oot t all in
fhecnced by shear-thinning charcreris-
ticx The olmcevations with srongh
clastic liquids, however, showed that
the circulation was dampsed a% 3 result
of clasticity and the circulation mumb
ers wene lowered quite sipnificamly, A
correlation which adequarely describes
the dara for purely viveous fuids and
method to correlate the data oo elastc
liquids for a geven peometrical confi-
guration is provided The peculisr flow
reversaly and the two rone velooiy
distribution regions anising our of the
prescnos of elasticity should steongly
influenee the circolation times The
enhaniced vertical circulation m clastic

amdd for anchor agitated vessels
and for propellens would imphy tha
the circulation numbers moy increee
on account of elassicity mather thas de-
crease s in the case of helical apta:
tors,

Specitic comments need o be made
concerning the influence of circulation
tirnes and circulation thme disrrbunions
m polymeriztion eeactors, An wier-
cating stusdy i thas contest s men
iloned with specific referenee 0 con
densation  polymerization . of bifanc-
tional polymers. The sy is with a
specific reference to o turbine impelicr
which produces circulation loops of
the polymer. The viscosnics of the po-
hmer mass arc 5o high that materal in
the cinculation leops remaing segnega-
e The water of conloination i -
mived by diffusive transpon 10 the
surface of the polvmerizing mass, The
contribution of dhe diffusive proces w

the rate of reaction s approximated by
Assurming thar the warer concentration
b propertionil to the circulation time
of the segrepated (huid elements. The
effect of mixing upen the prodhuct
mideeular weight distrburion has been
foamnd and it has been shown thar the
mssumed mixing pattern  significantly
aleces it Indecl, if the circulation time
i bow at the end of polymerkztion,
the polymer may be expecied o have
prsor uniformity. This example chearly
illustrates the rale of carculation loops
in batch palymerzation syslems.

Power Consumption

The space availalde here b too b
mited 10 cover the enormous power
consumption data which have been
published over the years, nor it the
purpose of this review. The published
revicws give a pood appraisal of such
informazion, Ar present, one can make
2 reliable extimate of the power com.
sumpeinn for vanious impeller designs
and for a number of peometrical ar-
mngements for Newtonian lgoads A
grean deal of informarion = also availa-
ble on ponNewtoman liqusds  and
mubtiphase spstems. We will present
here a viewpainr, so thar the dats may
be eritecally analysed before the use for
design,

Since power consumption wis firs
measured for rotating impetlers in the
laee I'th century, the data have often
been correlated using dimensional an-
alysds, It may be expected o be a func-
tion of the following saribles

(1) Geomerocal Yarables lmpellce
duimeter (), tank diameter (1), Ligukl
depth (h)

{ify Marerinl Properios: Density (P
Viscoshy(u)

{1} Process  Variables Rotational
Bpeed of the impeller (M), gravication.
al acceleration {g)

The relanonship can simply be wrinen
as,

Pl Do Poneg L, 0

Dnmenssonal analvsis gives

RO

Where K v a constant for particular
sct of peometeical varaliles and could
Bse ebwained as

RE@) ()%

dimensionbiss
{de"ﬂlﬂ [t 2Py and {mifg] :n:
known ax power number {Pa), Reyne
oldy mumber (Re) and Froude number
{Fr), respectively,

The alowve analysis b valid only
uncer  the following  conditionse (a)
cither & single liguid or twa miscible
liquads having. dimilar propenics. arc
present in the vessel, (k) the tempera-
ture changes due o energy dissipation
are so il thar varation in fukd pro-
periies becawse of the  femperature
changes is negligbde, (o) the Now be-
haviewsr of the ligeid ean be character
ized by o vingle parameter, ie. vinoo-
siry, Thus the lguid 1 Newrostdan.

The values of K, e, and ey have
beeq determined by many for several
different geometrical varables e as-
sumics different values in the range of
=1 o [ depending ypan the operating
range of Heynolds numbers. 1t has
leen found 1o hase a value of =1 be-
lew 3 cortaim ontical value of Reyn-
okle mumber. This critical Reynolds
numiber vares between 10 o 10K and
it seems to be influenced be the geo-
meiry of fe sysem. At 2 very hagh
Reynolds number, (Re = 10 power
number  becomds  independent
Reynohls number. The tegion whore
ey is =1 ts commonly undersiood as la-
mimar e The effecr of Frowde
number on the power coisumption
wonld be apparent only when some
power s consumed in producing sig:
nifbedat waves on the surfice of the -
guid or 0 sustaming o vostex i I'il,]u'n'!
aroun] rhe impetier shafe. I s fognd
thar, for unbafflod vessels, these effects
are neghyible below Reynolds pumber
af 3L This Hmit (s excceded for Be
= 10% when the haffle systemn s ade-
guate or when the impeller i suitably
off-cemteed. The cffect of Froade
number s 20 negleille a8 o be inde-
terminate, except by a very accurate
dyeamometer. When such effects are
present, a practical methed of analysis
15 available. Por standard desipns, K
and e, in equation (4) can be gasily
l'ﬂ.'ll'u.il'u:tL Hanwr, Iu-pl.q:m! A gEnera-
ieed coreelation, o series of experi-
mwnis with wicke vanatios in peom-
ctricul variables will be required,

Thee fiese antempe o nconpoeate the
paramcters which describes the devia:
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ton of any inclastic Ausd from the
Mowtonian: chamctensies invaolve the
uwse of resuls obeained in @ pipe fow.
Thas anabopy was (st suppested amd o
has Been shown that such a Reynokls
number does not give a wnique power
curve for a wide range of Mow fcha
wveour index. Inoie stated thar this = nm
a failure of the analogy bur of the
power-law approximation. It s sug-
pestedd that an aleernative method -
volving the use of models has conclu-
sively shown that, even wirh such -
dels, pipe flow anabopy docs nee offer
F un'rqur curve, cveit i the rminar re-
i,

In order 1o oldain & pweT cormels
tion in terms of the rheological para-
mters, the knowledpge of shear rares
{atleast in the mediste viciniey of
the impeller) b necessary, In an ea-
wremely  cignificant  conpribution, the
averape shear rate o the vensel can e
sesmed to be direetly propomicnal 1o
the rotational specch atleast i the la-
minar eepon. This shiar rate can be
oluninad as follows First, o i neces-
sy o odein the plot of Po-Re for
Mewtonian uids for the sestom under
conskleration. Then the power numixr
iv calculatedd frony the power dars for
the noi-Mewtonian ligrids, For this
poweer  number  the  corresponding
Reynodds memlbuwr could be obtained
from the Newtoninn plot. The averape
Ylﬁmﬁdl}' gaven by the Revnolls numb-
er would give the corregrading shear

rane feom the viscomernic daga A rela-
tionxhip such as

Av,Shearrate =k N ... (6)

bas been olsained for varous impellors
wrnl the values of &, have been repostod.
For the apitation of pecudoplastic
ligguicds by rurbines, propeliers and pad-
ables L' assanes a vilue between W0 aad
[} For dilatant liquids o Jinear
relation {urrtn n= I.,'fl:l is obtaincd The
valitity of the linear relationship
ecantion (€} wis sulwequently cuab-
lesheeel. From che awilable mformation,
it appears thar one can pccept a bincar
relationship under crecping Aow con-
chitboris: However, there s sime uncer-
taisty  abesmt the  extension of rhis
methiond for higher Beynobds number
and also abour whether k can have a
universal vahee even in the low Reyn-
olds number range. The results on Tur-
bine shoow vhae the gendealized Reyn-
olils number Re = d°N, (Where i,

i
correxponds 1o a viscosity at 'k N} can
pive a unigue curve upto Re = 160
{l aminar egon cods at Re = 10} wit-
tim = N per conr. owever, this is
not obscrved 0 every case, that such
extensbon 15 nod justfied on account af
wsufficicnt evelence. The constant of
proportimality, k.. con otherwise be a
constant fie 3 particular. paeodoplastic
liaguich el geomerrically similar sys-
teri I owther words; l,=I shoubd e gen-
cralle & funerion of peomatny and

rheology, The probdem can hest e
avereoime by considening a power-law
relstionship, In crecping-flow (or L
manar) repion odae can obiun 3 rela-
pioaship

Py s Efx,ji'“($r_.....m

From experimental data on power
consumpiion on. Newtonian and ine-
lastic ]h.;‘l.:ll.l.'l- and from the Dow curve,
l."_ can e measured (38 described ear-
Teer}, Also, the range of shear rares will
Be known 1o give b amd o0 & s ob
tained 0 this way and related o the
geomerry and rheology,

After knowing the operating ot
teonal specds and the values of L, from
literature an approximate edimate of
the shear rates can be olsained, When
k, 3% dependane on on, & rrial and error
procedure may be needed 1o estimare
k. However, a 1ough extimanon could
be possible from the previous informa-
tice 1 samilar siuanon. Thus, for ox
smple, for helical Enpellers, k_ varics
frem 10 to DO, then f regational
speeds range from (L1 o 10 zec™! then
a range of shear rares of 1 oo 1000
wec™! may be appropriate,

MNore thar equation (6) does nos give
an average shear rate in the cotire veu-
sel in all the rogimes, The shear rares
thviss olgaincd can only characterize the
Now near the impeller aid that too

-
-

(a)

Flg. & Suenmtiay ow srosmnd o sphets eatsting bn @ sisosalastic laid,
(@] Sasrmal Farves dumlnarbage, (b Cemilagal s dambiabinge,
b Semnal amil € emtrifngl feroes onimpsable
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i 5 Al velindty diisar bt im o rilbon sgitmivd veasd,

oy i the laminar repion. Bven i the
kiminar regron, the shearorares st the
tip of the impelier are as much 2 se.

ven times higher than those given by
equation  (6). A higher  Reynokh

rumbers; the maximom: shear mbes in

the vortiees helifod the. biede. have
bcen found to be of an onder of mag
nitude higher,

The miluence of Mukd elastieny on
prorwer gonsumpton i negligpble wid-
er ercepang, flow conditions. At higher
Reynolds numbers, however, # ap-
pears that clasticiny suppuesses the se-
pondany Mows mnd one abtams a re-
duction m power consumpion in
comparison o a purely viscous laquid
Symbaols (Mot given in the text)

& P = Pressure drop
I. = Length
i} = Pipe or vessel duaneter
K = Consawiency lodex
= Flow Indes
k, = Apmation Srearaie conuant.

Conciuding Remarks

Proceas Development, Process Tin-
gineering arel Design of  Equipment
are fast developing Mo s requirement
of Chemical Engicering practice in
this eoantry. Thin in our atempe 1o
updare  the  "Physical  Technodogy™
background we are introducing such
topics, The information given here i
bre v macans exhausive, However, il is
a “refresher”™ 1o the practising engin-
eers, ard also a remimder to many for
fat’ getting intoo! oo without proper
enformation, It b hoped thar this pus
e would be served. [
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