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Abstract

The measurement of residence time distribution of solid particles in solid—liquid suspension is experimentally difficult. Howexiersthem
approach is particularly suited for the assessment of particle RTD in flow systems as it allows overcoming some of the usual difficulties general
encountered in this kind of measurement. Twin system consists of two vessels and external piping in total recycle. Experimental results from
system can be evaluated using Z-transforms to derive particle RTD for subsequent testing of alternative flow models. Recently, the axial disper
model was applied using the “advection diffusion equation” (sometimes called the “diffusion with bulk flow equation”) derived thereof, which wa
solved numerically. This contribution presents an analytical solution of analogous equations, which enables direct and precise evalustions of
problem.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction tures such as by-passing, short-circuit, etc. These can be found
only by suitable experimentation, but this turns out to be much
Operations in which an important role is played by flow of more complex than for liquid phases.
solid suspensions in a liquid phase, often appear in industrial One of the methods to achieve such measurementssisihe
applications. Because the velocity of solid particles is generallyystem approach, which was suggested by Brucato and Rizzuti
different from the liquid velocity, the RTD of the formeris bound [2] and is described, together with the results obtained thereof,
to differ from that of the latter. As a consequence, itis importantjn several other publicatiorj8—5]. The twin system consists of
e.g. in the case of chemical reactors, to separately measure ttveo identical stirred reactors connected by external piping fitted
residence time distribution of solid particles in the apparatuswith a pump and a detector of traced particles concentration. The
which is often vital for accurate conversion calculatiftis An subject of interest is obtaining the mentioned characteristics of
easy to measure quantity in a real vessel is the mean partictesidence time in stirred reactors.
residence time, which, on the basis of the relevant theorem, is At the beginning, the two systems are filled with known

given by the following relation: and equal amounts of both traced and untraced phase and then
operated in a “self recycle configuration” (SRC) as depicted in
tig = K (1) Fig. 1a) with flow rates, agitation speeds and any other oper-
0 ational variable identical for the two systems. The detector is

whereV is the volume of particles held-up in the vessel gnd placed approximatgly !n the _middle, between the stirred vessels.
is the volumetric flow rate of solid particles. Unfortunately, this After homogenization is achieved, the two halves are connected

quantity cannot provide information on important real flow fea-atthe middle, such that both reacFors are now integrated in series
and the whole system operates in total recycle. The advantage
of this arrangement is the reality that to evaluate the differential
* Corresponding author. Tel.: +420 220390368: fax: +420 220920661. distribution function, tracer concentration measurement at one
E-mail address: cermakovaj@icpf.cas.cz (@ermakoma). point of the system only is required, as arises from @9.of
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Nomenclature

a dispersion number, reciprocal Peclet number

b reciprocal mean residence time, dispersion mod
parameter (31)

¢ concentration (kg m3)

c1 dimension concentration constant (kg

C dimensionless concentration

Da axial dispersion coefficient (fs~1)

E(7) differential distribution function (%)

fo(») dimensionless initial distribution of concentratio

L length of the system (m)

N agitator speed (mint)

0 volumetric flow rate (Ms1)

t time (s)

tid theoretical mean residence time (s)

T mean residence time (s)

v mean velocity of the solid particles (MY

v volume (n¥)

X spatial co-ordinate (m)
dimensionless spatial co-ordinate (m)

Greek letters

ay nth root of transcendent E¢12)

po(r) dimensionless input function, stimulus

o2 variance (3)

Subscripts

e refers to external pipes

i general index

m refers to a mixer

n refers tonth root of Eq.(15)

p refers to sum of two mixers and external pipes

W refers to all system

contribution[5]:

() = /0 [1—c(t — )] Eu(?) o’

)

el

A possible shortcoming of this arrangement with respect to
evaluation is the fact that, due to technical reasons, the volume of
external piping cannot be minimized up to becoming negligible
with respect to the volume of stirred vessels. In order to exclude
the external piping effect, the standard experiment was car-
ried out, in which the reactors were exceptionally bypassed and
the experiment reproduced with adequate amount of particles.
From the evaluation of such modified experiment, the unknown
function is obtained—the differential distribution function of
external pipingte(7). The desired functioBy(1), i.e. differential
distribution function of particle residence time in stirred vessel is
found by using another integral equation (convolution integral):

t
Bul) = | En()Eelt ~ 1) ©)
0

The solution of Eqs(2) and(3) was evaluated using the dis-
crete Z-transform, which leads to simple numerical procedure
[3-5], whichis however, somewhat imprecise, just like any other
deconvolution procedure (e.g., 48¢).

The recorded response of twin system was evaluated on the
basis of combined model concepts. The twin system, i.e. exter-
nal piping and vessel was considered as a combination of piston
flow and cascade of ideal mixers (tank in series fractional tubu-
larity model)[6], a combination of two ideal mixers cascades
[6] and tanks in series with backflojs]. Recently, the efforts
are underway to describe the response by axial dispersion model
[7], i.e. numerical solution of the “advection diffusion equation”
(see below Eqg(4)).

In this contribution, we also apply this equation, with the
difference being that we present its analytical solution (see also
[8,9]) for the initial and boundary conditions relevant to the
situation in the system.

It is assumed that the obtained shape of the function applies
to the mixers, to the external piping as well as for the whole
system, differing only in the values of the two parameteend
Djin Eq. (4) or parameters derived thereof. These values were
obtained by non-linear regression method, where differences
between experimental and theoretical responses are minimized.
In this way, use of the Z-transform and numerical solutions of
the partial differential equation, which may be a source of error,

In this integral equation, symbe(r) denotes measured, nor- is thus avoided.
malized tracer concentration ai,(¢) is the sought after dif-
ferential distribution function of particle residence time in one2. Theoretical

half.

The twin system scheme is reportedHig. 1 The situation
before the start of the experiment is called tb¥ recycle con-
figuration (SRC;Fig. 1a). Branded particles — traced particles —

I 7 are placed in the left half of the twin system. The concentration
i is measured at point M. At time<O0, it is equal to zeroL; is
2 L half a length of the external piping arig is the height of the
v mixer. During experiment the whole system is connecteds
mixed configuration (CMC; Fig. 1b).
We assumed that the system can be described by the following

2.

Fig. 1. Scheme of twin system approach: (a) self recycle configuration (SRC% + v% _ DaaiC =0 (4)
and (b) cross mixed configuration (CRC). ot ox Ax2



J. Cermdkovd et al. / Chemical Engineering Journal 117 (2006) 101-107

wherex denotes the spatial co-ordinatethe mean velocity of
particle,D, the effective axial dispersion coefficient ani the

tracer concentration.

Danckwerts boundary conditions are assumed for(£y.

ac

vc — Da— = ve1po(t)| =0
ox x=0+

ac

— = 0l,—

ax |x_L

and the initial condition as follows:

c(x, 0) = c1 fo(x)

where constant; has the dimensions of concentration and thus
fo(x), which determines initial distribution of particles in system hni =
andyo(7), which determines time dependence of concentration,
change on the beginning of system, are dimensionless. T

dimensionless concentration and longitudinal co-ordinate argmdan

defined:
C— C' _ X
o’ y= L;

Itwill be assumed, further on, that the system of @)}(8) is

103
o0 a:
. _ /(2a;) ! . . .
Cz()’v t) =2¢€ ;m P(y» (X,”)Q(blt, Olnt)
1
x [ / fo(y') e /@ p(y ) dy
(5) °
+ " gD g } [i=emw  (13)
Uni ——— — AT I =6 .
JO Q(T, O5ni)
(6)
where:
1 .
P(y, C(ni) = Upi COS@niY) + () Sm(aniy)
() 21
Q(bit, ani) = exp(—hy;b;t)
. 4”1'20‘51' +1
4a;
=e m,w] (14)

are the positive roots of the transcendental equation:

dajory;
4a?a?. — 1

i“'ni

tan@ni) = [l =em, W] (15)

(8)

The differential distribution function of particles both for

valid for parts of the system as well as for the whole system anéhe whole system and also for parts ofiitfe, m, w] can be
that for external pipind.e, for mixer Ly, and for whole system easy derived from the general E(3). Time dependence of the

L

whereLe is total length of external pipind,, the height of one

dimensionless concentration of particles at the end point of the
relevant system pary € 1) must be recorded with assumption
that all particles are present at the point of input Q) at the

) initial time:

Ei(t) = Ci(1, t)b;

[/o(y) = 0; po(r) = 8(bir)] (16)

mixer andLy, is the length of whole system. Other parametersyneres represents the Dirac impulse. It was specially demon-

b; anda; are introduced into Eq4):

v; 1

bi=—=— [i=emw]
L; Ty
D .

gGi=—2 =" [i=emw]
v,-L,- Pe,-

whereb; is reciprocal value of mean residence time in the appro-
priate part of the system anglis the reciprocal value of Peclet E;(1) = E;(t, a;, b)) =

number.
Eq. (4) can therefore be rewritten as:

aC  aC 92C

— —4i— =0 [C=C(y, 1),
bty Y2 [ (v 1)
O<y<l1 O0<1{]

The boundary conditiongs), (6), and initial condition(7)

(11)

(12)

strated (see pap€t0,11]or more detailed ifl12]) that the first
equation of Eq(14) can be simplified to:

(10)

P(L, i) = (=1)" Loy (17)

After substitution offo(y), ¢o(7), which are defined in Eq.
(16), into the Eq(13) and rearrangement we obtain:

i (—-1y'12q el/(zai)a;%i g hmibitp,.
1+ hni l
n=1
o0
= que b [i=em w] (18)
n=1

The last equation can be considered as definition of the term
gni» Which was introduced for brevity’s sake.

However, the arrangement under study does not make it pos-
sible to determine directly the functidfi(s), thus, the system

are transformed in a similar way. Fourier's method of solutionis in total recycle, one half is filled by traced particles and the
is used, where the unknown function of two variables is substisecond half is not (sdéig. 2) at the beginning. The end of the
tuted by a product of two functions (each a function of only onesystem ¢ =1) is considered as point M (as it is showrHig. 2).

co-ordinate)C(y, t) = P(y)Q(#). The general solution in dimen-

sionless form is presented by Kudrna efal]:

The initial and boundary conditions are defined with respect
toFig. 2 The functiongp(y), ¢o(t) from Eq.(19)are substituted
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c
)

Fig. 2. Dispersion model conception of twin system approach.

into the Eq.(13):

fo(y) = (19)
po(t) = Ci(L, 1) = C1(7)

The first integral in Eq(13)is readily solved when Eq15)
is utilized:

(20)

2
/ eGPy, o) dy
0

_ Yni (1 eXp(]/(4ai))> _ Qnigni
hni

- 2 COS(X,”'/Z) hni
Eq. (21)is simultaneously the definition of the tery.
After substitution of these relations into EG3)and concur-

[i=ew]  (21)

Values of mixer parameters can then be optimized by compar-
ison of the differential distribution function of the whole system
(i=w) from Eq.(18) and the calculated differential distribution
function of the whole system from E¢23). The resulting differ-
ential distribution function of mixer is calculated from optimized
parameteray, andby, by Eq.(18).

3. Experimental

The twin system is used to obtain solid residence time distri-
bution in a two phase stirred reactor. The twin system approach
(TSA) technique, formerly introduced by Brucato and Rizzuti
[2] may be regarded as a convenient alternative to the conven-
tional pulse and step disturbance techniques. It is particularly
suited for the assessment of particle RTD in flow systems, as
it allows overcoming some of the experimental difficulties (e.g.
instability of flow). As a matter of fact, the TSA technique has
already been successfully applied to the case of particle RTD in
a single-impeller stirred vess@] and in the system here inves-
tigated[5,7]. In plant practice (i.e. industrial operations), the use
of radioactive tracer technique has been well establifhled

Experimental set up is shown in thég. 1. The system inves-
tigated was already described in rf8] and it consisted of a
cylindrical stirred vessel, 100 mm in diameter, 300 mm in height,
provided with four standard removable baffles and stirred by
three equally spaced Rushton turbines of 50 mm diameter. The
firstimpeller was placed &%2 from the bottom, while the other
two were spaced at a distance equal'tvom each other. The
vessel bottom had a semi-spherical shape, with the slurry outlet

rently the sequence replacement of summation and integratigriaced in the middle, in order to help preventing particle fillet
we obtain the final relation for the calculation of total recycle build-up. The slurry inlet was through a hole located at the ves-

response:

‘ 00
Cli(f)=/o Cli(t/)ZQni g hmibi=1)p, df'
n=1

)
Eni __p b .
+ E Qni% haibit [l =6 W] (22)
p— ni

sel top cover. The measured volume of the vessel was 2380 cm
The volume involved in the portion of apparatus external with
respect to the investigated vessel was 63 ton each of the
twin system vessels, thus accounting for about 21% of the total
volume.

Experimental arrangement, method of detection and regen-
eration of particles is well described in papgts7]. The exper-
imental apparatus involved two identical stirred vessels, two

late theoretical values of concentration at the point of detectiorPulléys and a continuous on-line detector to measure the traced
Optimal values of parameters can be found by comparison d?artlcle_ fraction connected to adata acquisition system. In_order
measured and calculated responses from(E2) for external  © continuously detect the fraction of traced particles, the inex-
piping and the whole system (see E24)). Obtained optimum pensive pho_to-resistor detector describeddhwas adopted.
values ofz; andb; for the external pipingi e) as well as forthe ~ EXternal piping was almost wholly made of transparent PVC
whole systemi(= w) are substituted into E§18)and we directly ~ (i-d-=14 mm), sothatitwas possible to check that particle depo-
compute the differential distribution function of residence timesition in the external circuitry was avoided. Due to its volume
of particles for this arrangement. To extract the differential dis-S1Z€; the external circuitry contribution is certainly significantin
tribution function of mixer from system the relati@g), similar ~ the present case. This rules out the possibility of using the previ-
to Eq.(3) is used. Owing to the existence of two mixers in the Ously quoted, comprehensively simplified approach and implies

nal tubing during data analysis.

Different agitation speeds (400, 600, 800, 1000 and
1400 rpm) were explored while the total (liquid + particles)
external volumetric flow rate was always maintained at 6 I/min.
One experiment with removed baffles was made at agitation

E\(/:\[OH(L aW5 bW)

=/OtEm(t—t’)

t/
/ Em(t' —t")Ee(")dt” | dY (23)
0
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speed 600 rpm. Tap water at room temperature was used as the 1 .
liquid phase for all experimental runs. * expirement (e)
Accurately sieved silica particles (0.180-0.212 mm) were o8l ) |
used as the solid phase in all runs. The mass of solid particles
introduced in each twin vessel was always 0.175 kg.
0.6t .
4. Results and discussion 8 o
04} 1
Traced particle concentrations were measured at equidis-
tant time intervals£7= 0.5 s) and recalculated according to the ozl |
method described §5,7]. The theoretical respong&2\(r, a;, b;) '
was calculated from Eq22) by trapezoidal numerical integra-
tion for aptly chosen values of parametrandb;. The choice of 0 . . .
values for the parameters was made by graphically comparing 0 50 t( 1)00 150 200
S,

the theoretical response to experimental response. Optimized
parameters of the whole system and external piping differensig. 3. Experimental and calculated response of external piping obtained by
tial distribution functions were then calculated with the help ofdispersion modely=1.261,0=6I/min.

non-linear regression, where functiStu;, b;), defined by Eq.

(24) was minimized. The examples of responses are shown in

Figs. 3 and 4The response of external piping with by-passed

mixers is depicted ifrig. 3. The experimental responses of the

1 T 1 Y
+ experiment (w) « experiment (w)
— Egq.(22) — Eq.(22)
08 f b 0.8 1
0.6 | 06} {‘
T /\/-\.—__ T |
O o4} 1 9 o4l
0.2 0.2F 1
0 L + 1 0 N A i
50 100 150 200 0 50 100 150 200
(a) t(s) (b) t(s)
— — ext. pip. (8) — — ext. pip. (8)
— allsys. (W) — allsys. (w)
0.15 H 0.15
....... Eg. (23) swssens G (23)
== mixer (m) i == mixer (m)
i
g A —_ £ 1 A
o 0.1 'y il 01} fy\ 1
u o o L]
vy Yoy
Y B L
0.05 | Aoy 0.05 | y \ 1
S //M\\ I \
I .\ }( “-\\\‘ ’I' \ ] / \\\
0 / il R e 0 s A .
20 40 60 80 20 40 60 80

()

t(s)

(d)

t(s)

Fig. 4. Evaluation experiment/=2.741, Q. =61/min: (a and b) experimental and calculated response of external piping and two mixers together obtained by
dispersion model—(ay =400 rpm, with baffles, (b =600 rpm, without baffles; (c and d) differential distribution function: external piping, mixer, all system—(c)
N=400rpm, with baffles, (dy =600 rpm, without baffles.
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system with external piping and mixers are highlightellig 4a 0.1 , '
and b. In the case dfig. 4b, the baffles were removed from the i —__ N=400rpm
0.09 rem T N =600 rpm
vessels. AX — - N=800 rpm
N 0.08 f‘i’, 1 N N=1000 rpm |]
2 .. AR — N=1400
S(ai, bi) = _(C(t)) — C5¥tj @i, i)™ [i=ew] (24) 0.07 HELY L
j=1 0.06 [i} \ .'-.. 1
Infinite summations in Eq(20) were replaced by finite  —~ g5}, i "\\".‘ _
summation with 300 terms. We obtained optimal values of % i -"-!
parameterae andbeg, in the case of bypassed mixers as well as 0.04 i 5 i
ay andby, for the whole system. These values are substituted 0.03 i} "._‘ .
in Eq. (23), just as were the aptly chosen valuesigfandby,. 0.02 bt " |
Non-linear regression is used again to obtain optimal values of B |
these parameters, wheS&im, bm) was minimized: 0.01 g ]
N Ool 10 20 30 40 50 60
S(am, bm) = Z(Ew(t, Ay, bw) — E\(I:von(t, am, bm))z (25) t(S)

j=1
) . o Fig. 5. Differential distribution function#) effect of mixing agitation¥ = 37),
Thefirsttermontherighthand sideis calculated from(E8)  v=2.741,0, =6/imin.

for all system [=w] using parameters found from E@2). The
second termis calculated by use of a two-fold trapezoid numeri-  And from Eq.(27) we obtain the relations:
calintegration of Eq(23). The differential distribution functions
of external piping, of the mixer and of the whole system arelw = 2Tm + Te = Tp
shown inFig. 4c and d, wher€&ig. 4d relates to the situation with-
out baffles. The shape of the differential distribution function
of the mixer without baffles is sharper. The differential distri-  cgjculated values of these moments are presenteakite 2
bution functions of the mixer with baffles at different impeller The third column depicts deviations between them expressed
speeds are comparedfig. 5 The shape of distribution curves 55 percentages. It is evident that when we compared calculated
approaches the differential distribution curves of an ideal mixef,oments we found that deviations of first moment are upto2.5%
with increasing impeller speed. . and deviations of the variance are up to 6%, which are acceptable
The values of parametess andb; are presented iiable 1 from an engineering aspect. It should be duly noted, however,
with corresponding experimental conditions, as well as the sugyat values ofy, are always slightly higher and that assumption
of the squared differences be_tween (_experimental and _calculatg;l constant values af, andby results in a systematic, albeit
responsép and the mean residence tifie The mean residence acceptable imprecision. In pagé#], the concentration depen-
time is thg reciprogal va_Iue of parameberValues of the single dencycw(7) from the twin system approach was approximated
parametric numerical dispersion model from pajpérare also 4 relation derived from the Laplace transform and it is shown
in Table 1 The values herein and from pag€ are similar, but
not identical because of the differences between the double aq%ble 1
single parametric models. The mean residence fimecloser  \;yes of optimized parameters
for high impeller speeds. —
The disadvantage of the model designed lies in the fact thaf’ ™"
while postulating the validity of E(3) for the whole system as Evaluation of external piping € €)
well as for individual parts of system, we assume in each case 00281 006  1.55E04 16.7
a constant Peclet number. The discrepancy in such an assertibluation of experiment € w)
lies in the fact that assuming a unigue Peclet number in either 600, without  0.0222 0.0311  8.00E07 32.2

(28)

0g = 20m+ 05 =0 (29)

a; bi(sY) Si(s®) T;(S) ap=1/Pe T;(s)

of the mixer or the connector systems eliminates the existence Paffles
f ified Peclet number for the whole system. We estimated 00367 0.0264 ~ 1.60D4 37.8
orauni / Y ' 600 0.0458 0.0273 1.20D4 36.6
therefore, the errors of the assumption of a constant Peclet num-ggg 0.0600 0.0275 4.10803 36.4
ber or mean RTD for the whole system. This was made on the 1000 0.0720 0.0260 155802 38.5
basis of the Laplace transformation. 1400 0.0750 0.0260 1.46802 385 Scargiali7]
It can be readily shown (proof if13]) that for the first two  values of the one reactor£ m)
moments of the distribution we obtain: 600, without  0.1510 0.1280 1.60E05 7.8
1 baffles
Ti== [i=emw]| (26) 400 0.2840 0.0919 1.5084 10.9 0.472 85
b; 600 0.4730 0.0968 2.208D4 10.3
) e 800 1.0100 0.0976 2.40684 10.2 1.111 10
»  20j—2af(l—e M) 27 1000 15200 0.0882 21684 113 1587 111
[i =emw] (27) 1400 1.8600 0.0883 2.0084 11.3 2.564  11.6

or =
12 blz
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Table 2
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