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Abstract

The methods used to measure mixing times can be divided into two groups: physical and chemical methods. Theoretical and experimental
comparisons between these two types of methodology are presented in this paper. The theoretical hypotheses used to compare physical and
chemical mixing times were determined by the local mass transfer equations with boundary and initial conditions. In the chemical case,
stoi chiometric equivalenceis not achieved simultaneously at every point in theregion of scrutiny of the probe. Therefore, themeasured mixing
time depends on when the probe is considered to be under stoichiometric equivalence conditions. For a conductivity cell with an electrolytic
tracer, the same physical and chemical mixing times are obtained when, in the chemical method, the minimum conductivity measured is
assumed to be the equivalence point and a particular definition of deviation from homogeneity isused. Experimental measurementsperformed

in an agitated reactor confirm the theoretical results. © 1997 Elsevier Science S.A.
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1. Introduction

The mixing time is a useful quantity for measurement of
the blending of a phase. However, it is difficult to compare
the mixing times obtained by different researchers because
they are strongly dependent on the definition and method of
measurement of the system non-homogeneities, the probe
type, the device used to introduce the tracer, itslocation, etc.

Firstly, it is important to distinguish between methods
which reguire the presence of achemical reaction, i.e. chem-
ical methods (e.g. decolorization method, pHmetric
method), and thosein which areactionisabsent, i.e. physica
methods (e.g. thermic method, conductimetric method) .

In physical methods, the tracer isinjected into the system.
One or more probes in the reactor measure a quantity which
is proportional to the concentration of the tracer; in this case
the mixing time is the time interval from the introduction of
the tracer to afixed deviation from homogeneity.

Chemical methods use an instantaneous chemical reaction.
Reactant A, in stoichiometric excess, is introduced into a
system, in which reactant B is already present in a uniform
concentration; in this case, the mixing time is the time
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necessary to achieve equivalence conditions in the whole
reactor or adefinite zone. The equivalence point isnoted, for
example, by the colour change of the indicator (decoloriza-
tion method) or by measurement of the conductivity or pH
(the latter method has disadvantages such asahigh electrode
time constant).

The measured mixing time decreases asthereactant excess
increases. If the reactant excess increases, its concentration
in the system will be greater; therefore, under the same fluid
dynamic conditions, equival ence conditionswill be achieved
more rapidly.

A comparison of the two types of method has previously
been reported by other workers. Ruszkowski and Muskett
[1] have indicated that the chemical mixing time is shorter
than the physical mixing time, but no theoretical explanation
wasgivenfor thisexperimental result. Takaoetal. [ 2] carried
out an experimental study on the relationship between the
physical mixing and instantaneous reaction in a stirred tank
reactor. Their experimental results confirmed Kappel’s the-
ory [3].

Theaim of thiswork isto comparetheoretically and exper-
imentally these two types of method, in order to determine
the conditions under which physical and chemical methods
can be considered to be equivalent and to provide experi-
mental evidence for the theoretical results.
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2. Theoretical part
2.1. Mixing time and deviation from homogeneity

In order to define amixing time, we need to specify exactly
the deviation from system homogeneity. Several definitions
of non-homogeneity (see Hiby [4] and Kappel [3]) are
possible corresponding to different mixing times. Thefollow-
ing definitionisconsideredin thiswork for physical methods:

| CTs(ms; t) - CTOO')
Cr

d(NRg 1) = max( (1)

By fixing the deviation from homogeneity as 8, the mixing
time; is defined as the longest period of timefrom injection
of the tracer to when the deviation dy(.%, t) reaches 8. This
means

tss=Max (1) sothat dy(Ms 1) = 6= 155=f(N,,5) (2)

Definition Eqg. (1) doesnot consider the non-homogeneity
inside the region of scrutiny %.. Therefore, when the meas-
urement volume of theregion of scrutiny % isincreased, the
non-homogeneity isneglected for agreater volume, implying
a decrease in the mixing time. This effect has been studied
by Thynetal. [5].

2.2. Mixing time with physical and chemical methods

In chemical methods, by assuming a homogeneous irre-
versible chemical reaction and thefoll owing reaction scheme

VAA+vgB— v P

asinglepartial differential equation, suitablefor acomparison
between physical and chemica methods, can be obtained
from the local material balances of the two reactants (A and
B). If the molecular diffusion coefficients of reactants A and
B are equal, using the same method as employed by Toor
[6], we obtain

9Cch

P +7-VCe=DVCq (3)
C .
Con= —B=2 e, 1=0
vaCy

ﬁCCh-ﬁ=O xes(t) t=0
where Cqy, is

vaCg— VgCa

Cen (4)

VACiB

In general thetotal boundary surface S+ (¢) isafunction of
time (for example, when S;(¢) includes the surface of the
stirrer). Eq. (3) isalso valid in turbulent systems when the
molecular diffusion coefficients of thereactantsaredifferent.
In this case, the diffusion terms are negligible.

In the case of the physical method, from the material bal-
ance of the tracer at =0 and ¢ — o, we obtain

Ci‘rVT= Cro(Vr+Vy) ()
By setting
_ 1 - CT/CToc_ 8
Con=——1—5— (6)

from Egs. (5) and (6), we obtain

1=Ci/Cr.=8  Vo+5:Vq
1-5 Ve(1—9)

(7)

By replacing Egs. (6) and (7) inthelocal material balance
of the tracer, we obtain

aC o

a—tph+17-VCPh=DV2Cph (8)
Vot 6-Ve . .

Con= -2 zef: =0

AT

VCey-i=0 XES(1) =0

In order to obtain the same solution of both Eq. (8) (phys-
ical methods) and Eq. (3) (chemical methods), the partia
differential equations must have the same boundary condi-
tions. By imposing

VBCiA_VBJf'S'VA

== 9
vaCg  Va(1—-9) )
and by taking é from Eq. (9), we obtain

' vACRY,

CIAVA_ AVB B . _nste
e @

C:AVA‘FM nA+n§e_A

Vg VB

When =%, Fo=Rs (Vr=V,, Vo=Vg) and Eq.
(10) isimposed, the solution isthe samein both the physical
and chemical cases

C/(X,1) = Con(X,1) = Cen(X,1) (11)

By defining r*; as the maximum time a which
Co(#.1) =0, weobtain

tE=max(t) sothat Co(Nt) =0

Cro
- s (12)
CAS( 'RSJ) _ CBS( SRsst) (Ch |Ca| cas )

VA Vg

In the physical case, r* 5, corresponds to the mixing time
obtained by considering Eq. (1) without the absolute value
in the numerator as the definition of deviation from
homogeneity.
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In the chemical case, the presence of a finite region of
scrutiny % creates the problem of defining the achievement
of the stoichiometric equivalence point. When the reaction
rate is instantaneous, the simultaneous presence of reactants
A and B isnot possible; therefore two limiting situations are
obtained.

1. The stoichiometric equivalence is achieved at a single
pointinregion.%,, and reactant B is present at theremain-
ing points. In this case, C,s(%#4t) is poditive. 17 & is
defined as the maximum time for which this situation
exists.

2. Theequivaenceconditionisobtained at each point of %,
except at a single point of the region of scrutiny, and
reactant A is present at the remaining points. In this case,
C(Ft) is negative. r** 4 is defined as the maximum
time for which this situation exists.

Because reactant A isintroduced in stoi chiometric excess,
situation (2) necessarily follows situation (1).

The experimentally measured mixing time is between
¥~ s and r* T 5 and its value depends on the point of equiv-
alence used by the detection method; it may be larger or
smaller than the mixing time measured with physical
methods.

2.3. Mixing time using electrolytes

A conductivity cell allows measurement of the specific
conductivity of an electrolytic solution with very high accu-
racy. Asthe measurement isvery simpleto make, an electro-
Iytic solution represents a good tracer for the measurement
of mixing times using the physical method. In this case, the
mass transfer of ions, not neutral compounds, occurs. A term
describing the migration due to the electric field appearsin
the local balances of the ionic species. By imposing the con-
dition of electroneutrality, it is possible to obtain a local
balance of the electrolyte without the migration term from
the local balances of singleions [7]. We therefore obtain a
partial differential equation, formally equal to Eq. (8), where
Cpy, isthe electrolyte concentration.

In the region of scrutiny, the cell measures the average
specific conductivity of the fluid which, for dilute solutions,
is proportional to the mean concentration of theions. There-
fore, if the electrode is set in the most critical region, the
mixing time measured uses Eq. (1) asthe definition of devi-
ation from homogeneity.

Thereisnot asingle el ectrolyte in the presence of achem-
ica reaction, and therefore diffusion and migration terms
appear in the material balances. In this case, Eq. (3) isvalid
only if the system is turbulent and it is possible to neglect
theseterms.

In the case of a chemical reaction it is also possible to
employ aconductivity cell; the equivaencepointisidentified
asthe absol ute minimum of the average specific conductivity
in the region of scrutiny.

2.4, Mixing time using an acid-base reaction (NaOH, HCI)

Conductivity measurements using a chemical reaction
have been carried out by injecting a concentrated sodium
hydroxide solution into a system containing hydrochloric
acid. Theinjected reactant isthe hydroxideion OH™ and the
(already present) reactant isthe hydrogenion H*.

Inthis case, Eq. (3) isvalid if the system isturbulent and
if the initial concentrations are sufficiently high to neglect
water dissociation. As shown in Appendix A, the time nec-
essary to achieve the minimum absol ute average specific con-
ductivity of the solutionintheregion of scrutiny ispractically
equal to the mixing time defined in Eq. (12).

3. Experimental part

In Section 2, it was shown that, under certain conditions,
the mixing timesmeasured by chemical and physical methods
are identical. Conductivity measurements of mixing times
have been performed using both methodsin order to test this
correspondence. The region of scrutiny must be the samein
order to comparethe mixing times obtained from the physical
and chemical methods; therefore, the same conductivity cell
was used in both cases (V,=0.16 cm?®).

3.1. Experimental apparatus

The measurements were performed using the apparatus
shown in Fig. 1. The vessel dimensions and probe positions
aregivenin Tables 1 and 2. Thereactor iscylindrical witha
flat bottom. It has four baffles located symmetrically and a
stirrer equipped with two impellers (Rushton type). The
reactant or tracer was injected under the lower impeller. The
injection system consistsof atank T, and two electrical valves
controlled by atimer.

v, b

E

i % il
E, -
Fig. 1. Schemeof the apparatus: T,, tank; VV,, valve; E,, E,, electrical valves,
P, conductivity cell; C, conductivity meter; R, recorder.

Tablel
Reactor dimensions and probe position

Dg=3D
390 mm

H=5Dg/3 b=Dg/10 H, R,
650 mm 39 mm 440 mm 95 mm
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Table2
Dimensions and position of the impellers

D a=D,/5 r=D/4
130 mm 26 mm 32mm 98 mm

s=3/4D Hy=D H,=3D
130mm 390 mm

Thetank T,, containing the solutionto beinjected (approx-
imately 10 ml in both methods), is set to a pressure of about
7 bar by opening the valve V,. The electrical valve E; is
openedtoinject thetracer into thereactor. Theelectrical valve
E, closes after 0.8 sand the electrical valve E, is opened for
a few seconds. In this way, the injection tube is washed to
avoid slow introduction of the injected solution.

3.2. Physical method

Several millilitres of a concentrated solution of KCl were
injected into the reactor containing demineralized water. Spe-
cific conductivity vs. time curveswere obtai ned on arecorder
and mixing timesat different § were measured. Themeasured
mixing times were averaged assuming anormal distribution
of errors (eight measurements for each set of experimental
conditions). An example of the normalized conductivity
curve obtained with the physical method is shown in Fig. 2.

3.3. Chemical method

About 10 ml of an 8 N solution of sodium hydroxide were
injected into a dilute hydrochloric acid solution contained in
the reactor which was prepared by introducing aknown vol-
ume of concentrated 2 N HCI solution.

According to the theoretical findings, the mixing timewas
calculated by considering the minimum of the recorded spe-
cific conductivity curves.

The injection device did not alow the reproducibility of
theexact quantity of solutioninjected during theexperiments.
As a consequence, the stoichiometric excess of injected
sodium hydroxide solution was measured by making a back-
ward pHmetric titration of the solution contained in the reac-
tor at the end of the test. A hydrochloric acid solution, with
an exactly known dilution ratio to the initial 2 N solution,

1,0 ~
08 |-
06 |
X5 Xse

04|

02 |

0,0 I I ! I I 1 )
0 5 10 15 20 25 30 35

t(s)
Fig. 2. Normalized conductivity vs. time (physica method, N=200
revmin—1).
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Fig. 3. Normalized conductivity vs. time (chemical method, N =200
rev min—*, §=0.250).

was used for thistitration. Theinjected volume V, was neg-
ligible in comparison with that of the system (V, < V5g);
under these conditions, Eq. (10) becomes
g _VE

na Va

13

I

(13)

Therefore exact knowledge of the hydrochloric acid solu-
tion concentration was not necessary. Theevaluation of §was
reduced to the ratio between the volumes, and the only cause
of error in the determination of & was the volumetric
measurements.

An example of the conductivity curve obtained using the
chemical method is shownin Fig. 3.

3.4. Experimental measurementsand results

All thetestswere carried out at 200 rev min~—*. Thesystem
is turbulent under these conditions, so the diffusion term is
negligible compared with the convection term.

In this situation, the migration term is also negligible,
because its magnitude depends on the diffusion term. By
making the current intensity vector equal to zero, we obtain
the potential gradient of the migration term as a function of
theion diffusion flux [ 7]

Vo= EZ,-Z,-( —D,VC,) (14)
X

If the diffusion and migration terms are not negligible, the
mixing time measurements will depend not only on the sys-
tem fluid dynamics, but also on the diffusion coefficients of
the compounds employed in the test.

The conductivity cell was placed abovethehigher impeller
in order to obtain high mixing times. The mixing timesmeas-
ured using the decolorization method in this zone were at a
maximum.

The two impellers between the injection and detection
deviceswere chosen to dampen the concentration oscill ations
in the region of scrutiny; this simplifies the comparison
between the mixing times measured using the chemical and
physical methods. As shown in Section 2, in the case of the
absence of oscillations
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Fig. 4. Mixing times obtained using chemical and physical methods vs. &
(N=200revmin~1).
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From the measurements obtained using the physical
method, it was verified that this condition was satisfied. The
results obtained for both methods are givenin Fig. 4.

Fig. 4 shows that the correspondence between the mixing
times obtained using the two methods is satisfied within the
limits of experimental error. This result implies that, in the
chemical method, the mixing time corresponding to the min-
imum specific conductivity coincides with r*; the effect of
non-homogeneitiesin the region of scrutiny istherefore neg-
ligiblewith respect to the measurement error. The satisfaction
of this condition provides useful information. The mixing
time measured using the chemical method correspondsto r* s
only when the region of scrutiny can be considered as being
perfectly mixed (in this case, Eq. (8A) is the same as that
obtained using a point measurement). As a consequence, in
the region of scrutiny the effect due to non-homogeneitiesis
not detectabl e using conductivity measurementshbut ishidden
by other experimental errors which have a major effect on
the measurements. The increase in the mixing time obtained
by reducing the volume of the region of scrutiny isno longer
experimentally measurable. Therefore, thesimil arity between
* 5 values, measured using the chemical and physical meth-
ods, shows that a reduction in the volume of the region of
scrutiny does not lead to ameasurablevariationinthemixing
time.

4, Conclusions

From this experimental and theoretical study on thediffer-
ent methods of measurement of mixing times, it is possible
to draw the following conclusions.
® The mixing times measured using physical and chemical

methods refer to different definitions of deviation from

homogeneity, and both measurements are influenced by
the volume of the region of scrutiny.

® |n the chemical conductivity method, the time necessary
to achieve the minimum absol ute average specific conduc-

tivity of the solution in the cell corresponds to the mixing
time defined in Eq. (12) if the volume of scrutiny of the
cell can be considered to be perfectly mixed so that Eq.
(6A) isvalid.

® The correspondence between the chemical and physical
mixing times r* 5., measured using the same conductivity
cell, implies that a reduction in the volume of the region
of the scrutiny does not lead to a measurable variation in
the mixing time.

Appendix A
TheNa™ ionsinjected into the system do not take part in any
chemical reaction. Thisimpliesthat Eq. (8) isvalid; therefore
_ 1 - CNa+/CNa+:>C_ 6_ CH+ - COH_
1-6 Chai

By substituting Cpa+. With ChaonVa/V in Eq. (1A) and
solving for Cy,+, We obtain

ClxClo [ v —Con |

iNaOH + CiHCI

G (1A)

CNa* =

Hal
=a—B(Cy+ —Con-) (2A)
with
CiNaOHCin B= Q‘
Chison + Chia Chai

o

From the electroneutrality condition of the solution, we
obtain

Cai- = Cna+ + Cpy+ — Cop-
=a+ (1-B)(Cy+—Con-) (3A)

In dilute solutions, the specific conductivity isproportional
to the concentrations of the ions present, so that, at every
point of the system, we obtain

2

.. F > >
Xx(X1) ZE(DH+CH+(XJ) +Don-Con- (4,1)

+ Dnar Cnar (%,8) +Dgy-Cg- (%,1)) (4A)

By substituting Egs. (2A) and (3A) into Eq. (4A), and
calculating the averaged integral in theregion of scrutiny, we
obtain

2

F
XS:H(KICH+S+K2COH*S+K3) (5A)

WlthK]EDH++'y KZEDOH__’Y
Ky=a(Dya+r + Do) y=Dg- — B(Dya+ +Dgi-)

From the ionic product of water, using the second order
Taylor expansion of the reciproca of Cy,+ in Cy+g, and cal-
culating the averaged integral in the region of scrutiny, the
second term becomes equal to zero and an equation formally
equal to the local expression is obtained
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kw
Chivs

(6A)

COH*S

By substituting Eq. (6A) into Eq. (5A), and by imposing
the time derivative of y equal to zero, we obtain

dXS F2 ( kW ) dCH+5
As_—_|k,—K —=_9
d RT\' T°Cy. dr

(7A)

Eq. (7A) implies that the time derivative of the average
specific conductivity is equal to zero in two cases:

1. when the hydrogen ion accumulation rate (dCy+¢/df) is
equal to zero, meaning that in the region of scrutiny, the
inlet net flux of hydrogen ionswill be equal to their con-
version rate;

2. whenthevaueof Cy.isequal to Cfi.

K
Ciive= ;'kw (8A)

2
The vaue of Cf.;isvery closeto \/a , and therefore the
average specific conductivity hasachieveditsminimumvalue
and C,s=0. By considering the concentration values used in
Section 3, with the diffusion coefficientsat 18 °C, we abtain

Co=0.7%10""eqdm 3= Ce=—04x10"7=0

(9A)

Appendix B. Notation

a blade width mm

A reactant injected, in the
chemical case

b baffle width mm

B reactant not injected, inthe —
chemical case

Cen seeEq. (4) —

Chs see Eq. (8) mol m~—3

C, concentration of substance mol m~3
J(J=A,B,.)

Cye average concentration of mol m~—3
substance J in the region of
scrutiny (J=A, B,..)

Cr. asymptotic concentration  mol m~3
of substanceJ (/J=A, B,..)

Cen see Eq. (6) —

C, seeEq. (11) —

Cr concentration of tracer mol m~—3

Cys average C,intheregionof —
scrutiny

(o} initial concentration of mol m~3

substance J in the %/,
region (J=A, B,..)
dy(Hg 1) deviation from —
homogeneity in the region
of scrutiny (seeEq. (1))

impeller diameter

D diffusion coefficient

D, diffusion coefficient of the
substanceJ (J=A, B,..)

Dg internal reactor diameter

F Faraday constant

H liquid height

H, impeller clearance above
the bottom

H, upper impeller height

Hp probe height

ke ionic product of water

K, K, constants, see Eq. (5)

K; constant, see Eq. (5)

N rotational impeller speed

nxc moles of A in excess:
N — Nas

nac moles of A equivalent to
moles of B initially present
in the system: vAC5Vg/ vg

R injected moles of A: CVa

P product of the reaction

v velocity of the fluid

r blade length

R ideal gas constant

R, distance between the probe
and reactor axis

s diameter of the impeller
disc

S+(1) boundary surface of the
system

T absolute temperature

t interval of time from the
injection of the tracer T or
of the reactant A

tss mixing time, see Eq. (2)

Fse mixing time, see Eq. (12)

7 s minimum chemical mixing
time

e maximum chemical mixing
time

Vs volume of the region of
scrutiny

v, volumeof %', (J=A,B..)

Vo volume of . %}

e volume in excess of the
solution of A injected:
nse/ Cly

o seeEq. (2)

B seeEQ. (2)

y see EQ. (5)

6 fixed value of deviation
from homogeneity

va, Vg and vp  stoichiometric coefficients
of A,Band P

X specific conductivity

m
m
m

2571

23—1

m

A smol 1
mm

mm

mm
m

2 —
eq” dm
m?s1
mol m—2
rev mn-
mol

6

S—l

1

mol

mol

ms~?t

mm

Jmol "tK™?
mm

mm

m2

n n n
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Xs average specific QO m?
conductivity in the region
of scrutinity

A (1) region of the system

K7 region of scrutiny

R initia region where the
substance J is present
(J=AB.)

Ry initia region without tracer
T
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