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e importance of mixing in the
chemical process industries is
often overlooked. Many causes of
process problems, for example,

poor conversion and selectivity in large
plant reactors and fluctuating composition
out of continuous flow blending vessels,
can be directly related to inadequate mix-
ing (7). A designer assuming that a contin-
uous reactor is well backmixed or that a
plant reactor is blended as rapidly as a
small laboratory or pilot-plant reactor
could be making a critical error. At times
the problem is caused by a lack of data; at
other times it’s because of a lack of train-
ing. Sometimes it’s due to scale-up prob-
lems. Very few colleges or universities
offer a course in mixing, and the only
eXposure an engineer gets to mixing is typ-
ically about a chapter in unit operations. In
their defense, our academic collcagues
don’t have the luxury of exposing the stu-
dent to as much engineering as they’d like

and must often settle for one-week intro-
ductions into various areus,

The rate of mixing can influence the
time required to reach a given degree of
uniformity, or, for batch systems, the reac-
tant or product concentrations at a given
time. Equally, for continuous systems,
mixing can affect the uniformity of efflu-
ent or the reactant or product concentration
of the effiuent. The following discussions
are intended to provide insight to the
designer that will guide in determining the
role of mixing in a tank or reactor and
allow quantitative analysis for certain
blending problems.

Because most agitators used in the
chemical process industries are operated in
the turbulent regime, the discussions are
primarily restricted to dynamic turbulent
mixing.

Turbulent mixing is defined as mixing
where the impeller Reynolds number, & "
is greater than or equal to 5.000.
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The effect of higher liquid viscosities on
the rclative blend time is shown in Figure
1. When impeller Reynolds numbers fall
below 5,000, blend time increases com-
pared to Reynolds numbers greater than
5,000, wherc the blend time remains essen-
tially constant. This technique for express-
ing mixing time is only somewhat modi-
fied from previous techniques (2,4,6).
Figure 1 can provide an approximale indi-
cation of how blend time increases below a
Reyuolds number of 5,000. This refation-
ship is roughly accurate £30% for most
common industrial impellers in the transi-
tional range. Methods will be presented
later for calculating the blend time for the
dynamic turbulent regime ( Re > 5,000).

A targe number of chemical processes
involve Newtonian or near-Newtonian flu-
ids. Therefore, only Newtonian fiuids will
be discussed, and non-Newlenian fluids
will be considered to be outside the scope
of this article. Non-Newtonian fluids are
often more difficult to process than
Newtonian fluids. In handling such fluids,
proper expertise should be utilized.

Other restrictions include reasonabie
impeller-diameter-to-tank-diameter ralios,
0.15 to 00.55, and reasonable liquid-
height-to-tank-diameter ratios, 0.5 to 1.5,
and will apply only to standard baffied
{5}, single impeller systems operating at

an elevation ol one-third of the tank
diameter off bottom.

Vendors and other specialists can often
be of great help with problems beyond
one’s expertise.

The mixing process

Khang and Levenspicel (3) observed that
the concentration of material to be blended
into a vessel with an agitator behaved as a
sinusoidally damped response, Figure 2,
and that ar any time () all possible concen-
tration values would fall within the enve-
lope formed by a pair of oppositely signed
exponential curves. Then the maximum
concentration variation at time (¢#) {rom the

Table 1. Time to achieve
99% .uniformity.
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final concentration can be shown to
be £A/2, where A/2 can be found
from an equation of the form

A_ I
D=¢ 2
) (2)
where
w—C = C
A= C i . peak) (2a)
2 (Cou—-Cy)

k is the mixing rate constant, time!,
and ¢ is the mixing time.

A/2 has been defined here to pro-
duce a dimensionless form such that
atr=0,A/2 =1 and that at { =0, A/2
= 0. Because A/2 can be viewed as
the fraction of non-uniformity, the
fractional degree of uniformity can
then be expressed as

U=(1-4)=1—c® 3
2

and the percentage uniformity can be
expressed as

U%:(l—%)xloo )

The time it takes to achieve a given
fraction of uniformity can be deter-
mined from Eq. 5, a simple rear-
rangement of Eq. 3:

_n(1-U)
k

(3

ty

If the time it takes to reach 99% uni-
formity is defined as 7, then ratios
of Eq. 5 will produce

tr =-0217xIn(l U )xtgg (6)

where 1, is the time to blend to uni-
formity U.

This equation can be used to pre-
dict the time to blend to a uniformity
level other than 99%. Table 1 pre-
sents relative time, or the time it
takes to achieve a desired level of
uniformity compared to the time it
takes to achieve 99% uniformity.

Mixing to a uniformity of 90%
requires only one-half the time of
mixing to 99%, and mixing to a uni-
formity of 99.9999% requires three
times as much mixing time.
Industrially, there are processes for

6 Bladed disc turbine

4 Bladed pitched turbine

Chermineer HE-3 Turbine

4 Bladed flat turbine

Marine Propeller

M Figure 3. Marine propellers are included because they are often the most cost-
effective impellers for vessel volumes less than 1000 gallons and for impeller

diameters less than 14 inches.

which 90% uniformity is perfectly
acceptable, but there are also pro-
cesses that require much higher lev-
els of uniformity. Determining the
required level of uniformity requires
careful analysis of the problem and
often requires experimental work.
The implications of requiring more
or less uniformity can easily be
determined from Eg. 6.

Determining the mixing
rate constant

The dimensionless mixing rate
constant in standard baffled tanks,
k/N, is a function of Reynolds num-
ber and geometry.

Kk —f (Ng,, geometry) (7
N

where,
Nr. is the impeller

2
Reynolds number, pND

N = impeller rotational speed, p =
fluid density, p = fluid viscosity. The
most important geometrical parame-
ters are D/T, T/7Z, and impeller type,
where D is the impeller diameter, T
is the vessel diameter, and Z is the
liquid height.

If the impeller Reynolds number
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is greater than 5,000, the mixing rate
constant is not a function of the
impeller Reynolds number.
Approximately 80-90% of all agitat-
ed chemical processes operate at
impeller Reynolds numbers greater
than 5,000. Therefore, expressions
that do not depend on the Reynolds
number can be applied for many agi-
tated chemical process operations.
The turbulent mixing rate constant
can then be expressed as

k=a xN QV’MO'S @®)
'ERVA

The constants a and b depend
upon the impeller style. Five com-
mon impellers styles used for indus-
trial blending operations in vessels
are shown in Figure 3. For larger
volumes where the impeller diame-
ters equal or exceed 14 in., pro-
pellers are not the economical
choice. A turbine (HE 3) is often
used instead. The constants for these
impellers are shown in Table 2.

It should be noted here that the
mixing rate constants calculated
from Table 2 are based on adding
material to the tank on the top sur-
face with axial flow impellers pump-
ing down. Adding reagents just
below axial flow impellers should be



avolded because the mixing rate
constant decreases, which
increases the blend time. It is
also worth noting here that the
constants for the Chemineer HE-
3 impeller may provide signifi-
cant error i used for other types
of high-efficiency impellers. The
designer should use care in
applying these constants to other
high-efficiency impellers.

Determining blend time
Equation 6 relates the blend tme

for any uniformity level to the time

required to reach 99% uniformity, a
commonly used design criterion for
blending applications; thus, the first
slep 1s predicting 2, from Eq. 3.

!y = 4.605 (%)

Substituting for & from Equation 8,

b[z}o.i (10)

When sufficiently high fluid viscosi-
ties drive the Reynolds number down
below 5,000, the blend time will
increase. The viscuous effecls in
Figure 1 allow the estimation of
blend time for Reynolds numbers less
than 5,000 (the last part of example |
calculates blend time for such a con-
dition). For sufficiently low Reynolds
numbers, streamline flow will occur
and the blend time, for the nenprox-
imity impellers considered, will be

prohibitively long. The impellers,

described herein are normally not
used for Reynolds numbers below 10

Table 2 Mixing rate constants.

Impeller blending efficiency

The fairest possible comparison
of the blending efficiency of two or
more impellers is to compare them
on the sume basic machine loaded to
the samc¢ horsepower. A basic
machine consists of a motor, gear

reducer, mounting adaptor, seal (il

required), and shafl. With this basis
of comparison, the operating costs
(related to horsepower) and capital
costs (related to machine size) are all
essentially constant. For example,
this could be done on a 10-hp agita-
lor operaling at 84 rpm where the
actual shaft horsepower draw from
the impeller is 8 hp. One simply
necds to size each style of inpeller
to have an actual shaft horsepower
draw of § hp. Under {ully turbulent
conditions, an impeller's diameter is
nversely proportional to the power
number to the one-fifth power (2):

DaNP"’-‘ (n

The power numbers for the five
impellers discussed previously are
shown in Table 3 along with the
blade-width-to-impeller-diamcter
ratio, W/D, selected as well as the

"Table 3. Power numbers, blade-width-to-impeller-
diameter ratios, and relative impeller sizes
based on Eq. 9.

.
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relative impeller sizes based on
Eq. 9. Because the power num-
ber of highly axial flow
impellers will vary somewhat
with the impeller-to-tank-diam-
eter ratio, care should be used in
extrapolating the power number
shown below for the HE-3 and
sqquarce pitch marine impellers to
other impeller-to-tank-diameter
ratios.

If the impeller-to-tank-
diameter ratio is set for the six-blad-
ed disk impeller at 25% so that all of
the above impellers all within an
impeller-to-tank-diameter ratio of
0.15 to 0.55, then the other impeller-
to-lank-diameter ratios can be lound
in Table 4.

Table 4. Impeller-to-
- tank-diameter ratios.

By using Eqs. 3 and 8, the ratio of
1, of each of the first three impellers
to 1., for the HE-3 impeller can be
used to determine the relative blend
time for each impeller where the rel-
ative blend time for the HE-3
impeller is 1. These relative blend
times are shown in Table 5.

The advantages in blending effi-
ciency of a high-efficiency impeller
are evident from Table 5. By com-
paring the different impellers on the
basis of equal horsepower and equal
speed, one can compare impellers
fairly for blending efficiency.
Industrial applications often have
other criteria that must be satisfied.
These other criteria can often be con-
trolling in tcrms of the most appro-
priate impeller that should be used,
and the designer must often select
the most appropriate impeller by
considering all process design
requirements. The high-efficiency
impeller isn’t always the best
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ble 5. Relative blend |

impeller to use for such processes as
liquid—liguid or gas—liquid disper-
sion, but it is the mosi cost-effective
device for turbulent blending in
plant-size process vessels.

Practical biend times

The range of agitators generally
applied to & given volume will give
about an order-of-magnitude blend

Practical Range

r o épeed {rpm}

_Table 6. Comparison of different agitatc

1000 -

Sgain

time variation {rom the smallest agi-
tator used in that volume to the
largest used in that volume, Figure 4
{5); this range 1s called the practical
range in Figure 4. Agitators are the
exception; for a given volume they
can be made both larger and simaller
than covered by this range. From
Figure 4 and Figure 5, one can readi-
ty see that modestly sized machines
will give reasonable blend times
even in large tanks.

For example, a 20-hp agitator fitled

pitched turbine).

B Figure 4. Practical sizes for agitators in turbulent regimes (for four-bladed
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with a 457 pitched blade impelier wili
blend a 100,000 gal vessel in less than
5 min. Thug, for most simple blending
applications in the turbulent regime,
the costs of providing adequate blend-
ing are modest, and the only other
important considerations are 1) know-
ing the blend time and planning sam-
pling and vessel pump-out iiming 10
allow for adequale blending, 2) realiz-
ing that high liquid viscosities can dra-
maticaly increase blend time, and 3)
being aware that fast chemical reac-
tions, especially acid-base necutrafiza-
tions, ofien require blend times of a
few seconds to minimize undesirable
byv-product formation. The second
articic In this scries (scheduled to
appear in December's CEP) will deal
with feed blending in chemical reac-
tors. Required biend fimes that arc less
than the lower end of the practical
range may require custom design,
Figure 4 is based on the use of the
four-bladed pitched impeller because
its performance is somewhat in the
cenfer of the range of impellers dis-
cussed previously. Blend times for
other impeller styles will vary only
about +25%.

The horsepower anomaly

Blend times are often associated
with horsepower or horsepower per
unit volume. Horsepower or horse-
power per unit volume is, however,
not an effective method of predicting
blend time. Six different agitators
are shown in Figure 5. These agita-
tors are characterized by horscpower
and impelier shafl rotational speed
and arc provided as a guide as to
what particular horscpower and
speced combinations can  do.
Particular attention should be paid to



the fact that horsepower alone is not
a very good indicator of blend time
performance. Most of an agitator’s
purchase cost is determined by the
torgue transmitted to the impeller,
and torque is proportional to the ratio
of horsepower divided by impeller
shafll rotational speced. Agitator
machine sizes are based on {orque,
and three ol these basic machine
sizes are represented in Figure 3.
Both the 2-hp, 45-rpm agitator and
the 10-hp, 230-rpm agitator represent
the same machine size. The same is
true for the 20-hp, 30-rpm agitator
and the 100-hp, 155-rpm agitator, as
well as the 200-hp, 16.5-rpm agitator
and the 1,000-hp, 84 rpm agitator.
This comparison is shown in tabular
form in Table 6.

Because each of these sets repre-
sents a nearly constant torque, one
observes that torque is a much better
indicator of blend time than horse-
power or horsepower per unit vol-
ume. Attemipts should not be made to
predict blend times on the basis of
horsepower or horsepower per unit
volume. In addition, care should be
used in making blending efficiency
comparisons solely on the basis of
horsepower becuuse it only relates to
the operating cost of the agitator,
and an accurate comparison should
also include the capital cost of the
agitator. The practical consequences
of this “horsepower anomaly” are
that the purchase price of an agitator
lo handle a blending job will be
aimost independent of horsepower
but the low-speed machine is
[avored up to the point where the
impeller-to-tank-diameter ratio
becomes too large because the pow-
er requircment—and thus operating
cost—decrcases as the speed is
reduced.

Uniformity in continuocus
systems

Khang and Levenspiel (3) have
revealed that the process of mixing
is a first-order rate process.
Equation 3 is analogous to an inte-
grated first-order reaction rate equa-
lion. This analogy can be extended
to continuous mixing systems as
well as to multiple-rale processes

[ 10Hpat 230 rpm

2 Hpat 45 ipm

400 Hp at 155 rpm

200 Hp at 16.5 rpm

20 Hp at 30 rpm

1000 Hp at 84 rpm

L

Curved based om}?
T=ZS=104 3

- » Agitdted Volume, gallons a f-";*_

3

0,000 1,000,000 10,000,080 -

pitched turbine).

such as mixing and chemical reac-
tions or mixing, mass (ransfer, and
chemical reactions. The uniformity
in a single-stage continuous system,
Figures 6 and 7, can be represented
by

U= ki,
1+k%¢,

where the residence time is

& Figure 5. Blend time for various sizes of agitators (for four-bladed

(13)

where Vis the vessel liquid volume,
{2 is the volumetric {Tow rate into the
vessel, and the fraction uniformity
for a continuous system is given by
=1-_ (Cos— Cin B Cp_(’(.'k)

(14)
(Cr)m - Cin )

Time

B Figure 6, Typical discharge concentration for an agitated continuous stage.

CHEMICAL ENGINEERING PROGRESS & OCTOBER 1991 o 61



FLUIDS/ SOLIDS HANDLING

Cada Qo

B Figure 7. Continucus flow system.

and where C,,, is the bulk mean out-
let concentration

Cour :a{ Q_a{l_d
ot
(15)
+ n &
Q(’Ml‘

Refer to the nomenclature for the
meaning of terms in Egs. 14 and 15.

The vessel inlet must be at or near
the surface, and discharge flows
should ideally be located diagonally
opposite the inlet on the bottom.

The first-order reaction analogy
can also be extended to equal-vol-
ume tanks in series. For a multiple-
stage continuous flow system with-
out stage-to-stage backmixing, the
uniformity exiting the last stage can
he represented by

u=1- - '— (16)
(+ ke

where j is the number of stages.
Example 1. Given: A batch tank
320 in. in diameter with a {lat bot-
tom has a liquid level of 256 in.
The (ank is to be agitated with a 20-
hp agitator operating at 30 rpm uti-
lizing an HE-3 impeller. The
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impeller should be stzed to draw no
more than 16.3 hp. The liquid in the
tank has a viscosity of 10 ¢P and a
specific gravity of 1.05. About
1,000 gal of a chemical additive arc
added to the tank, and it is com-
pletely soluble with the tank con-
tents and does not substantially
aflect the viscosity or specilic grav-
ity of the tank contents.

To determine the approximate
impeller diameter and the time to
blend the tank o 99% uniformity, pro-
ceed as [ollows.

1. The impeller diameter can be cal-
culated trom

D=hp /(655 % 10" %
Sex Nyx N2

where hAp is the impeller horsepower
draw, D 1s in inches and N in revolu-
tions per minute.
D=163/(655x 107" x
1.05 x 0.256 x 30° )
=128

2. Check the Reynolds Number—
it should equal or exceed 5,000.

10.75 ,ND*
Npe=—F




The constant 10.7 is for N in revolu-
fions per minvte, [ in inches, and p
in centipoise.

10. 7(1 05)(30)(178Y
(?\( R(J - O—
1

The Revnolds number is greater than
5,000; therefore, the turbulent mix-
ing rate constant provided can be
used.

3. The mixing rate constant from
Eq. 8 and Table 2 for the HE-3
impelier is:

f—()’)'/’JN(DJ] (ﬁ(ljl}.j
LT 974

where I/T = 128/320 = 0400, T/Z =
320/256 = 1.25; Z is the overall
height of the liquid. The mixing rate
constant is then
£ =0.272 (30) (0.400)"%
(1.25)"" = 1.98 min"'

4. The time to blend w0 99% uni-
formity is given by Eg. 3

7111( - U)

fog = — o
k

The mixing time is then

~In(l - 1.99)
1.98

1l
o]
98]
)

fyg =

If the viscosity in this example were
10,000 cP, N, decreases to 552.
From Figure 1. the blend time
increases to 18.6 min.

Example 2. Two waste streams
are to be biunded in a continuous
standard baffled 12-ft.-diameter
tlat bottom tank. The liquid level
in the tank is held constant at 18 fi.
The primary waste stream is
pumped through at a rate of 3,000
gal/min at a pH of 7. The sec-
ondary waste stream, pH of 3, is
added at a rate of 1,300 gpm. The
outlet viscosity is [ ¢P, and the
outlet specific gravity s 1.02. A
38-in.-diameter four-bladed pitched

,%

turbine at 30 rpm is operated 4 ft.
off bottom.

To determine the peak-to-peak
pH variation in the outlet, proceed
as follows.

1. Check the Reynolds number:

Nige=(10.7) (1.02)
(30) (587 = 1 x 10°

Because this is well into the turbu-
lent range, the mixing
rate constant can be determined.

2. The mixing rate constant from
Eq. 8 and Table 2 is

e LY

k =0.641N {Q

[

0
ZJ' =2.14 min"

where D/T = 58/144 = 0403, T/Z =
144/216 = 0.667, and N = 30.

3. The residence time from Eq. 13
is 1 = V/Q = 15.227/4,300 = 3.54
min, where V = (12)2(r/4)(18)(7.48)
= 15227 gal, and Q = 3.000 + 1,300
= 4,300 gal/min.

4. The uniformity from Eqg.12 is
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U={214)33534¥[1 + 2.14(2.30] =
0.883.

5. Concentrations are converted to
[H*] concentrations by [H*} = 10-°H,
where

Cm = 10_7

Cot = 1077

and from Eq. 15

Cop = 107 (1300 ] +

4300
107 (30000 — 302 % 107
V4300 /
where (0, = 3000 gpm, Q_, = 1300
gpm, £ =4300 gpm, and
Cout — Cin = 3.02 x 107
10 x 107 =3.02 x 10
6. With Eq. |4 rearranged, the

peak concentration 1s

Cpeuk = (C:JH(' - Fm)
T -U)(Cowr— Cin)

Cpeat = 3.02 x 107
# (1 — 0.883) (3.02 - 107)

then (C)H”.\ )f”k’h 3.38E-4, (C;;m.zk JJ'()H-'
=2.67E-4,
pH,, =347 andpH,  =3.57. [

S
J. B. FASANO, technical-director,
Chemineer, Inc.;, has 25 years.of
industrial experiancs, including
PPG Industries and'Air ‘Prodiicts
and Chiemicals; He:is. also adjunct:
professor of chemica engmeer—
-ing.at the Univ. of Davton )
{513/454-3200); L
W. R..PENNEY, professor of cherm-
cal engineering and: consultant. is -
with the Univ: of Arkansas (501
§575:5681). He; has 25 years of
experience; inclading process
development and design with
Phillips Petroleum, Monsanto, A.
E. Staley, and Henkel.Corp., and-
am adjunct professorship at
Washington Univ. -







