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SCALE-UP OF FLUID MIXERS
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Mixing processes can be described in relation to the pumping capacity
of the impeller and various shear rates existing in the tank. These
shear rates have both a macro-scale and a micro-scale characteristic.
Using geametric similarity causes changes to occur in relationship be~
tween many of the pertinent mixing variables. The use of non-geometric
relationships allows control of some of the key components involved.
Same guidelines for looking and the qualitative and quantitative effect
of scale-up on process results will be presented. Comments and rela-
tionships on pilot planting and scale-up in the mixing area, covered by
preceding speakers, will give a summary of where the scale-up tech-
niques will be in the future. In general, there is considerable lati-
tude in the choice of mixing scale-up parameters as long as they are
used for correlation and not forced to be constant without experimental
of theoretical adjustment
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SCALE-UP OF FLUID MIXERS

James Y. Oldshue*, Vice President, Mixing Technology
Mixing Bquipment Co., Rochester, N.Y., U.S.A.

The design of a fluid mixer almost always involves scale-up from a different
configuration on which data are available. Each mixing operation-usually has its
own individual process performance characteristics, so scale-up relationships for
several different kinds of mixing criteria are often involved in final selection.

: The characteristic of modern-day scale-up techniques is to evaluate the change
on scale-up of different kinds of process requirements and to use the variables of |
impeller geametry and tank geametry to give the type of process characteristics de- .
sired.

; Asastaﬂmgpomt,letusdefmemofthechametensﬂcsofmxerscale—|
up. Itlswelltorefreshmmmamryﬂaattherearetmbasicallydlffere:mtypes '
of process criteria which differ in measuring techniques and requirements for fluid ,
mixer relationships. One criterion involves uniformity of one or more camponents §
in the mixing system. Examples are the description of solid suspension in a tank, :
blend time requirements, or physical characteristics of a liquid-liquid emulsion. ]
: The other process characteristic involves mass transfer, heat transfer and
chemical reaction. In these cases we are dealing with quantitative observations of '
changes in composition of one or more phases in the tank and can often express the
results in quantitative mass transfer relationships. The relationship between fluid
mixer variables is quite different in each of these two ways of evaluating process :
result. !
‘ Table I lists five basic pairs of materials, then points out that each of them
has these two different process objectives making a general category of 10 separ- |

f.fatemmgprocessoperatmns |

There are many different parameters which can be examined in looking at mixing -
scale-up Table II lists a mumber of these and shows the camparison in going frama’
~ small scale tank to a large tank seven times the linear dimension. It is also
* based on gecmetric similarity.

o PararetershstemeableIaretrepmercmsmptionofthempeuer,P,im—,
.. peller diameter,D, impeller speed,N, power per unit volume,P/V, pumping capacity of
ﬂnnrpeller,g,gmpmgcapamtyofthemlpellerpermtvohmeoftmmzﬂc,the ;

_ﬂuﬁwrdvehc;ty,theflmbtlwunpeller&ndedbytheareaofthetaﬂc, {
perlpheralspeegofthempellerm,keymmm,%,rmudmmber,ﬂﬁ,
Weber number,

"[ The properties of the fluid remain constant on scale-up. For comparison pur-
~ poses, sanre of these parameters are held constant successively and reference is

= made to the other parameters to see how they change on scale-up. All these para-
= meters are given an initial value of 1 to examine the effect.

W The first colum for the scale-up mixer uses constant P/Vol. Same of the key
-+ characteristics when this is used are that the operating speed drops; the flow per
.- unit volume decreases; the peripheral speed increases and the Nge increases.

bl The pumping capacity per unit volume decrease indicates that blend time and
circulation time in the large tank will be longer. The operating speed decrease :
says that the maximum impeller zone macro-scale shear rate will decrease. The peri-
pheral speed increase says that the maximm impeller zone macro-scale shear rate !
will increase. The Npe increase says that we will move out on the Npe-Power curve
. toward the turbulent region. These characteristics will normally change the way
the full-scale mixer performs in the process.

.'.,- Itoftenhappensthatthemxerpmcessre@ondsboatmde-offofth%emny;
kmdsofvarlablesandtheprooessresult:.nthelargeta:ﬂcwzl}.bethesameasob—
_servedmthepllcttarﬂc

o On the other hand, there are a larae number of processes where these chances .
_ will markedly affect the process result. ;
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- makes the correlation much simpler.

- peller.

- ing for the forces on boats, structures, airplane wings, etc., and fluid force
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Usually there will not be sufficient data on every poss:.ble change in the mixing
‘regime, so experience and approximation must be used to arrive at a satisfactory
toverall design and installation.
; It may be that only a general qualitative evaluation of these effects is pos-
Es:blearﬂﬂieconseq;emesofthatontheamacyofﬂxeprmessremltmbe
‘achieved must be assessed. {
E In the second colum we have maintained equal pumping capacity per unit volume.
Th:.snomllyrequlresthepowarpermutvolmetogoupwimthesquareofthe
tank diameter. This does achieve similar blend time and circulation time on the
ilargersystem but power consumption is much higher than would be practical for
:most installations, so this particular technique is seldom used.
* The third colum shows constant impeller peripheral speed. This has the char-.
factenstlcofdecreasmgtmpowerpermitmlmemmverseproporuontothe !
itank diameter. This means that circulation time will increase in direct proportion'
ito the tank diameter. This particular criterion, in my experience, is a very
‘risky procedure and can lead to serious underdesign of mixing equipment on full
iscale. This particular criterion is also the same as equal linear velocity of the
'fluid. Two points can be made from the above:
: 1. Keeping one particular parameter constant normally changes many others.
i 2. Is there a constant scale-up parameter for every one of the several thou- !
: sand mixing processes handled every year? i
! IheanswermquestngEthatltlsmdzmreratmnalandrehabletothmk
:of these parameters as correlating parameters and let them change on scale-up if
‘need be to accomplish certain types of process results and to let them be a part
'‘of process correlations without the restriction that they must be constant. If it
tumsoutthatsareofthanareomstantsmpartlcularapplicatmns then it

A correlary phencmenon in Table II is shown in Fig. 1 in which the various
nacm—scaleshearmtesmthetmﬂcaresmwnasafmctimofequalpwerpermt
volume and gecmetric similarity. The macro-scale shear rates, which operate on
particles of 500 microns and larger, tend to have a greater variety in the larger
tazﬁc,smcethemammmvaluesgouparﬁtheaveragevaluesgodawn

The micro-scale shear rates in the tank, operating on particles from 200 mi- |
‘crmsandless,donctchangeveryumchatthlspartlcu]arpomrlevel The ques- |
‘tion of scale-up then involves having sufficient data, correlations and experience |
tohavethenghbrelatlonshlpoftheparametersforallofthemnytypesofmm-
mgprocessestobeoons:.dered
{ USE OF GEQMETRIC AND DYNAMIC SIMILARITY

The principle of dynamic similarity says that the mtio of each of the four in-
dividual fluid forces, inertia, gravity, viscosity and surface tension, in the mod- :
el and the prototype must be equal to a common constant ratio, Table III. This ’
cannot be accomplished in a mixing vessel without changing the fluid properties. _

There are four- dimensionless ratios which are suggested for these fourforces,
eachmeofthanimolvmgthemputinertlafomeofthemdlmdedby, :
turn, the opposing forces of viscosity, gravity and surface tension rasult:l.ng in
the Reynolds number, Froude number and Weber number shown on Table IV. It also can
be seen mathematically that only one of these groups can be maintained constant if
fluidpropertlesaremtchanged There have been many attempts made to use these
kinds of correlations in process design. One of the oldest, well-known and ex- :
tremely satisfactory is the Reynolds number/Power mumber curve. This works so well
because these forces are the ones which determine the power consumption of the im=

i
‘
'

This often holds true in other engineering fields in which we are often look-

ratzos are the ratios which give us the information we want.

: In a mixing vessel, however, the fluid force ratios may describe the fluid
mechanics of the vessel, but the particular requirements of the mixing process, of
which there are many thousand different variations and requirements, do not lend
themselves to dimensionless groups.
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‘There are two pr:icess c:orrelat:.ons, however, which have worked out very well. One |
‘is heat transferl., We say to ourselves that the heat transfer coefficient divided |
';bythethemalconductw;tyofthefluldmthamtherlengthtenntomJ.td:l.mm,
‘sionless, would be a logical relationship to describe the process performance. Fig-
‘ure 2 shows this as an excellent correlation over different tank sizes and fluid
‘properties.

Another correlation is blend time2, in which blend time multiplied by the oper-
:atmgSP&dofthemmrsmmsouttobeagoodcorrelatmggzmpasshomin
F:LgureB.

However, therelsnowaytodaytomteprocessgroupsaromdthemnynmbers'
of mixing applications, such as polymerization, crystallization, nitration, aer-
Iat:l.on,orrnan},'oth.e-.rtypesofsusl:>ens:.onsandre:actlons,.«.c:wnen‘usi:1c:c>]~:f-‘:.u:t:v‘!:hii':f-‘
‘techniques.

! The major goal of a pilot plant or plant study is to find out the way the pro-
cessrespondstoachangemmxmgvarlabl%sowecanevaluatethe:leorl:antpar—'
auretersontheprocess. This means two things: 1) that there will be same data
taken; and 2) that they will be sufficient to describe important parameters on the
mixing process result. Flgure4sl'nowstheeffectofachmgempowa:onpmcess
result showing several different possibilities. Power is most conveniently
changedbychangmgthespeedofthempelleratcmstantdlameter When we do
ﬂus,wechmgetkeflwr&teandﬂieshearratearﬁ:imcreas%mbothofﬂuese;
_domtcauseachangemprooessresulttherelsl:.ttlel:.kelilnodthatcthervar:.—:
ables will. It is always possible, however, that an increase in flow rate might
helpandanmcreasemshearratemghthurttheprocess,sotheynartrallzeeach
other and there is little effect of power on the process. To be absolutely sure a
'study needs to be made with a different impeller diameter to see whether it was
_. just a peculiarity of the particular combination used in the first experiment.
fa: Looking at Figure 5, if the exponent on the slope is high, (3), that normally
2 means a mass transfer process is involved, and quite typically gas-liquid mass i
* transfer is the most sensitive to mixer power. Liquid-liquid mass transfer can also
bem:olved, but liquid-selid mass transfer usually has a much lower slope, more
1like that shown on Curve D of that figure. If the slope is zero, (E), it often is
caused by a chemical reaction that is controlling in which mixer variables are im-
portant. The jagged line shown on the left side of the curve indicates that the
power levels below those required to provide a satisfactory blend time in the tank
and process results may be quite erratic. i
Iftheslopesaresmsmeremthemddlerange,Oarv&sBandC,theren.sleSS'
ofaclear—-cnrtdeflmtlonastowhatthecontmllmgstepmayhe so either further -
— data must be available or obtained, or other things done in experimentation. ]'
SIZE COF PILOT SCALE TEST
‘ In general, thebladem.dthandtheoverallflowpatternmtheplantsmemlt
w:.llbermmhlargermsmzethmanyoftheparncl%, bubbles or fluid clumps en- !
tering into the reaction. !
\ If we are to get an exponential type relationship for a chosen scale-up para-
7. meter it is usually necessary for the impeller in the pilot plant scale to also be
larger in physical dimension than these fluid elements. The important dimension, :
- usually, 1strebladehe1ghtwh1dastwuldbetmorﬂ1reetmmeslargerthantheblg—
© gest particles and clumps in the process.
; You can certainly run experiments where this ratio is not maintained, but that
means that the interpretation of the effect of scale-up on the parameter chosen is
likely to be different in the small scale tanks campared what would be obtained in |
~apllotscaletankmmerethemtlosaremmtamed i
< EXAMPLE 1. GAS-LIQUID MASS TRANSFER ;
= It is quite typical in the pilot plant to vary speed over two or three levels
~andthenvarygasrateovertmorthreelevelsmeasurmgma%tzansferrateand :
- suitable concentrations in the gas and liquid phases. It is possible,then, to cal—
culate the Kpa from each run. A plot similar that shown in ;

P
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_ Figure 5 is obtained>- In general the same volune of gas per volume of liquid per :
= minute is suggested in both scales, and it turns out that this specification means !
the linear superficial gas veloc:l.ty goes up, which is the flow of gas divided by t the
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— to the 122 mm diameter impeller is not sufficient to affect the process result.

fic:.ent, it is possible to show that Kga required for the plant may be achieved at :
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cross-secta.on of the tank, increases on scale—up.
: Since this linear gas velocity has a marked effect on the mass transfer coef- i

- these higher superficial velocities at a lower power level for the mixer. Thisz.si;

ﬁrﬂmramancedbythefactthattIEgreaterllqulddepthmtrEfun-scaletam: !
 often results in a higher gas-liquid mass transfer driving force, which also tends
torequrre lower power levels at a given mass transfer rate. |
! Th:.smeansthep:.lctplantisoftenrmintheareastnwnmtherightofhg—l
iure 5, while the pilct plant unit tends to operate in the area to the left. The |
pilot plant should be run at a superficial velocity equal to the general area of
trasuperfmmlacpectedmtheplmt,evmﬂmwhthisismtrequiredforasat-
;isfactory pilot plant experiment. Also, we need to look at blend time, possible
-1.1.qu:.d-sol:.dmsstransferratesandoth.erttungstoseevmateffecttheywillhave'
‘mtheprocess In addition this higher gas liquid velocity will change the percen-
tageofgasheldupmthehqmdmdlmnandmllalsoaffectthefoanmgandgey-
{sering characteristics of the installation. The pilot plant study requires
.same evaluation both quantitative and qualitative, andpredictionsmde on what
‘that will do in the full-scale unit. Since blend time will increase anyhow on
‘scale-up, the reduction of power suggested by the mass transfer coefficient will
.further accentuate that situation. This must be very carefully evaluated as to
‘the effect that will have on concentration gradients, dissolved gas gradients in
‘the liquid and other characteristics important to the process. This will also af-
fect liquid-solid transfer coefficients and other parameters.

g - ZINC PURIFICATICN PROCESS

; In a process study made in conjunction with American Zinc4 'an illustration of
.interaction of manv variables in the process is shown. Intlilspart:.mﬂarpmcess,;
it is desired to retain-the cadmium at a high level in the purification process |
‘and to remove cobalt and arsenic. ’Ihepmcessnmlmadd;ngzmcdusttoasolu—ﬁ
‘tion from a leach system. There is usually a sudden drop in the cadmium as well as:
thecobaltandarsmm,anﬁthmifsuffmenttmisposs:.ble the cadmium seems !
;toberegmaatedmtheprocessandcambacktoacceptablereowexylevel

It was desired to see whether mechanical mixing can affect the time of this
ireactmnandalsoaffectthereoovexymthecadmhmandtherejectmnofthear—
sem.candcabalt.

Figure 6 shows the results in a 1016 mm diameter pilot plant study. In this !
study for any given run there were typical curves shown in Figure 6, and at a par-
ticular optimum horsepower level there was a good recovery of the desired cobalt
in the process. On that scale, Figure 7 shows that the 355 mm diameter impeller
was much more effective than the 230 mm impeller indicating that flow-to-shear
ratios are important.

Data were also cbtained on a 560 mm diameter scale and while similar process
profiles were obtained with power and time, ittumedoutthatthetmmpellerdla-
meters tested, 122 mm and 203 mm, gave the same result (Figure 7). ;

The interpretation here is that on the small scale, 560 mm, there is so much
extra pumping capacity and short blend time compared to 1016 mm diameter tank, and
of the full-scale tank in the plant, that any reduction in the pumping capacity due .

i
1

On the other hand, on the 1016 mm scale, any reduction in the pumping capacity

- and increase in shear can affect the process and it would be expected that D/T

RASEERS

would be an important ratio in going up to a full-size system. '
If it were desired to cbtain this kind of information on only the 560 mm dia-

- meter scale, it would have been necessary to drastically change the impeller blade

width ratio to markedly cut the pumping capacity down into the range where it will °
probably be in the full-scale plant to show us whether this pumping capacity in full

- scale will be a serious detriment to the process performance.

Plant scale data reported indicate that by using suitable D/T ratios in the

' élam:, plant scale performance was predicted by locking at the overall scale-up ef- ?

fect between the 1016 mm and 560 mm diameter tanks, and taking into account the
optimum D/T ratio needed to carry out this process. !
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Flocculation is a process which is extremely sensitive to mixing variables. i

" In a series of publications, Oldshue and Mady® showed that for two different impel-.

‘lers the G factor for the minimum twrbidity, which is a measure of optimm floccu~ |
;latzonperfomamedecreasedmthtankdlameterasstmmngures. The G Factor.
.is the square root of the P/Nol. divided by viscosity. The study found that this i
‘minimum value of turbidity, which corresponds to optimum process performance,oc- |
curred at a particular impeller speed; speedsaboveardbelwthlsgavepoorper-}
 formance. Flocculation particles are increased in tank size by fluid shear rate !
‘which gets particles from various parts of the tank together, but the particle size
mre&wedbytheshearsuesswhlchresultssoﬂmrelsanoptmspeedforevery;
.particular gecmetry.

i Anoﬂmobservatimabwtmgtmesmthereisadecreasmgpwerpermtt
‘mlmerequlredastanksuemgsesmobtainthlsoptmmfbmlatmperfom-

 NOMENCLATURE

: D = :impeller diameter

: D/T = er diameter-to-tank diameter ratio

| GFactor = \/ (HP/Nol)/4

; hd/k = blend time number

_' KGa = gas-liquid mass transfer coefficient

: Nre = Reynolds number, NDZQ

Npy = Froude number, N2D NZD

; Nje = Weber number, N2D3e |

P = power |

| PNV = _power per unit volume |

* Q = pumping capacity of impeller per unit volume of the tank i

E T = tank diameter !
z = liquid level |
o = density |
G = surface tension '
< = viscosity ;
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