The Tanks-In-Series Model

Chapter 14



* This model can be used whenever the
dispersion model is used and for not too large
a deviation from plug flow both models give
identical results for all practical purposes.

* The dispersion model has the advantage in
that all correlations for flow in real reactors
invariably use that model.

* On the other hand the tanks-in-series model is
simple, can be used with any kinetics, and it
can be extended without too much difficulty
to any arrangement of compartments, with or
without recycle.



PULSE RESPONSE EXPERIMENTS AND
THE RTD

FPulse in Exit tracer curve,
the RTD, the E function
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For the first tank

Consider a steady flow y m?/s of fluid into and out of the
First of these ideal mixed flow units of volume V.

At time t = 0 inject a pulse of tracer into the vessel which
when evenly distributed in the vessel (and it is) has a
concentration C, .

At any time t after the tracer is introduced make a material
balance, thus

of tracer rate rate
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Since the area under this C/C, versus t curve is f,



« It allows you to find the E curve; so one may write
1 E =e""

For the second tank : where C, enters, C, leaves, a material balance
gives
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« Graphically these equations are shown 1.0 ,




Properties of the RTD curve for the
tanks-in-series model
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Comments and Extensions

Independence. If M tanks are connected to N more tanks (all of the
same size) then the individual means and variances (in ordinary time

units) are additive

ey =ty TIy- -
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Because of this property we can join incoming streams with recycle streams.
Thus this model becomes useful for treating recirculating systems

One-shot Tracer Input. If we introduce any one-shot tracer input into N

tanks, _
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Model for vessel




Closed Recirculation System

If we introduce a o signal into an N stage system,as shown in Fig.
the recorder will measure tracer as it flows by the first time,

the second time, and so on. In other words it measures tracer which
has passed through N tanks, 2N tanks, and so on. In fact it
measures the superposition of all these signals

d-input signal Output signal
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Recirculation with Throughflow

« For relatively rapid recirculation compared to throughflow, the
system as a whole acts as one large stirred tank;

* hence, the observed tracer signal is simply the superposition of the
recirculation pattern and the exponential decay of an ideal stirred

tank.

Output

Y

I
where Co is the concentration of tracer if it is evenly distributed in the
system



« This form of curve is encountered in closed recirculation systems in
which tracer is broken down and removed by a first-order process,
or in systems using radioactive tracer.

« Drug injection on living organisms give this sort of superposition
because the drug is constantly being eliminated by the organism.

Step Response Experiments and the F Curve The output F curve from
a series of N ideal stirred tanks is
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The F curve for the tanks-in-series model
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CHEMICAL CONVERSION

* Thus for first-order reactions in one tank
Cao 1+kt; 1+kt
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All Other Reaction Kinetics of Microfluids

« Either solve the mixed flow equation for tank after tank
_ Cﬂi—l B CA:'
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Graphical method of evaluating the performance of N tanks in series for
any kinetics.
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Chemical Conversion of Macrofluids

« There is rare use for macrofluid equations for homogeneous
reactions

« There is rare use for macrofluid equations for homogeneous

reactions
C‘a‘ — ‘Nw _ jm (_E‘.‘i':_) . IN—]E.*EN.'T dt
CAU (N - 1}! "Ly 0 C,ah[r batch

MODIFICATIONS TO A WINERY

A small diameter pipe 32 m long runs from the fermentation room of a winery
to the bottle filling cellar. Sometimes red wine is pumped through the pipe,
sometimes white, and whenever the switch 1s made from one to the other a
small amount of “house blend” rosé is produced (8 bottles). Because of some
construction in the winery the pipeline length will have to be increased to 50 m.
For the same flow rate of wine, how many bottles of rosé may we now expect
to get each time we switch the flow?
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How many bottles?

sketches the problem. Let the number of bottles, the spread, be related

too. Original: L;=32m o,=8 oi=064
Longerpipe: L,=50m o,=7 o}="7?

But for small deviations from plug flow, from Eq
o <« N or o = L.
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‘o L, 32

—_— J%=§§(ﬁ4)= 100

-0y, =10, . . or we can expect 10 bottles of vin rosé




FLOW MODELS FROM RTD CURVES

« Let us develop a tanks-in-series model to fit the RTD shown in Fig
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As a first approximation, assume that

all the tracer curves are ideal pulses.

We will later relax this assumption.
Next notice that the first pulse appears

early.
This suggests a model as shown in Fig




wherev=1and V, +V, +V;=1.

In Chapter 12 we see the characteristics of this model, so let us fit it.
Also it should be mentioned that we have a number of approaches.

Here is one;

Look at the ratio of areas of the first two peaks

A, 1 R
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From the location of the first peak
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From the time between peaks
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Since V; + V, add up to 1, there is no dead volume, so at this point
our model reduces to Fig. Now relax the plug flow assumption and

adopt the tanks-in-series model. From Fig.
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FINDING THE VESSEL E CURVE USING A SLOPPY TRACER INPUT

Given C;, and C_ as well as the location and spread of these tracer
curves, as shown in Fig estimate the vessel E curve.
We suspect that the tanks-in series model reasonably represents the flow

in the vessel. _
r=220s

. with
n o? = 100s2

= EE‘GS
a? = 1000s2

Cout With

Find the E curve for
the vessel



Formula
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A(o2) = 1000 — 100 = 900 s
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For N tanks-in-series we have
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14.1. Fit the tanks-in-series model to the following mixing cup output data to
a pulse input.

t 0-2 2-4 4-6 6-8 8-10 10-12
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13.13. Calculations show that a plug flow reactor would give 99.9% conversion
of reactant which is in agueous solution. However, our rector has an RTD
somewhat as shown in Fig. P13.13. If C,, = 1000, what outlet concentration
can we expect in our reactor if reaction is first order? From mechanics
o’ = a’/24 for a symmetrical triangle with base a, rotating about its center

of gravity.

from mechanics

2

A ol = ;—4 ... for a symmetrical triangular distribution

14.5. Repeat Problem 13.13, but solve it using the tanks-in-series model instead
of the dispersion model.
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14.7. Fit the RTD of Fig. P14.7 with the tanks-in-series model.
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14.9. Strongly radioactive waste fluids are stored in ‘“‘safe-tanks” which are
simply long, small-diameter (e.g., 20 m by 10 c¢m) slightly sloping pipes.
To avoid sedimentation and development of “hot spots,” and also to
insure uniformity before sampling the contents, fluid is recirculated in
these pipes.
To model the flow in these tanks, a pulse of tracer is introduced and
the curve of Fig. P14.9 is recorded. Develop a suitable model for this
system and evaluate the parameters.

At injection

Pass 1
’/_

Final value
e Pass 16 \

Y



.9

For 1 Eanks i 2onas fgff;‘ ocalien g fhe o
Fia 258 4931 .'.-‘all-u,:}:!u:s‘l[%.mf W oed Ly
hg ﬂ h +4| ﬂe. ulr-'rﬁa f:{ he curge ol (Elep
W "'lr LEE WA H.mPE.E"
EN n-v..cl: a voler wdly v scole aud o keen 2ye we Pudd from Fiq Pal
S b2
'F’-'ﬁ‘f' ! ‘fm""‘- Htpuﬂ = {4 4(?:""‘ ) \OU famkes oo K= o h“j“;ﬂ'rﬁm:
,t-:l o S . t
P‘“" = P‘?“"j"’ hlﬂ Fﬂ*¢¢‘1“1+ “'-’1(;_'—{:") w02 fanke ooer N o= 0 ﬁ‘»&a[m
o 22 goale - N 1R P 101 Fauke ]
o B pealt Bosten ™ {-':4'.'\“3“—{'“; 204 bz - e N = 1D rau.hs:f’_[,,,ﬂ
£ ab 1 i
Podbpul Ny wl+a(E Fasetiads o o297 fubije,

These yaloes rm:‘r-imf-:‘_,!ei to N = WO fanbs /'E:ﬂvﬂ e

WOG banke

Geur),
o’ WMEADEE o)
| r‘-Pﬂ'.u_Jﬁ TR
l ¥ ] - u—:_‘.Lt:xL—.:

} [
B, ¢

ﬁ'gﬂﬂl S Madel j



14.11. A reactor has flow characteristics given by the nonnormalized C curve in
Table P14.11, and by the shape of this curve we feel that the dispersion
or tanks-in-series models should satisfactorily represent flow in the reactor.
(a) Find the conversion expected in this reactor, assuming that the disper-
sion model holds.

(b) Find the number of tanks in series which will represent the reactor
and the conversion expected, assuming that the tanks-in-series
model holds.

(c) Find the conversion by direct use of the tracer curve.
(d) Comment on the difference in these results, and state which one you
think is the most reliable.

Data. The elementary liquid-phase reaction taking place is A + B —
products, with a large enough excess of B so that the reaction is essentially
first order. In addition, if plug flow existed, conversion would be 99% in
the reactor.

Table P14.11.
Time Tracer Concentration Time Tracer Concentration
0 0 10 67
1 9 15 47
2 57 20 32
3 81 30 15
4 90 41 7
5 90 52 3
6 86 67 1
8 77 70 0
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