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Types of reactors

Basic reactors » Suspended-floc
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Recycle of settled cells Recycle after settling Recycle before settling

Reactor arrangements

e Qualitative characteristics of runoff

W \J‘J" e Climatic operating conditions
Reactors in serics 1 * Number of processes involved
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Batch reactors

Mass rate of substrate accumulation in control volume =

rate}m%s in - rate Nout + rate of mass generation
=0 =0

While the microorganisms are consuming substrate, no substrate is added or removed
from the batch reactor. Thus, over this time period the mass of substrate accumulating
in the reactor equals the mass of substrate generated within the reactor. On the other
hand, the substrate is consumed or destroyed by the microorganisms, and generation
has a negative sign. ds

dt

Vr

ut

Commonly, the rate of substrate utilization is assumed to following Monod kinetics.
With this substitution, we obtain: - s
S
vE_y (— 4 xaj

dt K+S
ds_ s
dt K+S *°




Batch reactors

Mass rate of organism accumulation in control volume =

rate}m%s in - rate Nout + rate of mass generation
=0 =0

With u being the net specific growth rate of organisms, the dX
mathematical form is similar to previous equation: \% dta =V (uX,)
dX ~ S dX ~ S
V—2=V -b | X, = &= —b | X
dt (ﬂK+S j ¢ dt [ﬂK+S j ¢

In the absence of decay, the organism concentration at any time equals the initial
concentration, X.°, plus that which results from substrate consumption during that
time, Y AS, or:

X, =X’ +YAS or X, =X’+Y(5°-5S)

a




Batch reactors

ds _ —a—s[x;’ +Y(S°-S)]

One ordinary differential equation is obtained: |== =
dt K+S

This equation can be integrated to yield:
XO
t=1 OK 0+1 In(X7+YS®-YS)- OK . |nsoa—1|nx§
q\ X, +YS" Y X, +YS S Y

It would be desirable to have an equation that explicitly gives S as a
function of t, but because of the complexity of the equation, this is not
possible. There is a computer spreadsheet which can be very useful for

solving for S when t is known.




CSTR reactors with recirculation

Effect of recirculation in the system performance

QS°+Q'S=Q'S" and QX2+Q"X! =Q'X!

0 r 0 ry r
From which: (§' = QS +_Q S and X' = QX, +_Q Xa
i a QI

Now, if we do the mass balance for substrate around the reactor
control volume, we obtain for the steady-state case:

Also:

Q' =Q+Q'

0=Q'S' -Q'S+r,V

Then, by making appropriate substitutions and simplifying we obtain:

0=Q(S°-S)+r,V

Simple recycle for a CSTR does not change substrate removal compared with that obtained
without recycle. A mass balance on microorganisms can be performed similarly, and the result is
the same: Organism concentrations within the reactor and in the reactor effluent are not affected
by effluent recycle, since the same mass flow that leaves the reactor returns to the reactor. We
will see, however, that this is not the case with a plug-flow reactor, where concentrations are not

the same everywhere.
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Plug-flow reactors

Substrate AV AA—? =QS -Q(S+AS) +r,AV
. . . Axa
Active microorganisms AV Y QX, —Q(X, +AX,) + AV

Substrate at steady state

AS
Ta
. . . Axa
Active microorganisms at steady state u " = et

(A=AV/Az and u=Q/A)




Plug-flow reactors

PR

Substrate at steady state with Monod kinetics: U—=-— X
upstrate at steady state wi ono INetICS dZ qK-I—S a

Active microorganisms at steady state with growth and decay: | dX, =Y{ S X, —bX,
dz K+S

This series of equations cannot be solved analytically, and so numerical approaches must
be used. However, if we again ignore organism decay (b = 0), then an analytical solution is

possible. dx ds
U—==-uY —
dz dz
X, S
We cancel u and take integrals to obtain: o dX, ==Y o dS

Integrating gives: |X, = X2 +Y(S°-S)

A differential equation with only two ds .S
variables, S and z: -

uHZ_—qK+S[x§+Y@°—sﬂ 8




Plug-flow reactors

The ratio dz/u has dimensions of time and equals the differential time, dt, for an
element of water to move along the reactor a distance dz. Substituting dt for dz/u in

previous equation yields a differential equation that is exactly the same as for the batch
reactor.

0
2K D hnixesvseovs) | % |in2e_Linxo
UG XTHYsT Y X2+Ys® ) 80y

a

We obtain an expression for the effluent concentration from the batch reactor by

letting z = L. We also note that L/u is equal to V/Q, the hydraulic detention time, 3,
for the reactor. With these substitutions, the following solution, with U replacing t,

IS:
ey 0
6’=i %+£ In{X§+YS°—YSe}— OK - |nS>O<a—1|nx§
Gl X2+Ys® "y X0 +YS %Y




Plug-flow reactors with recirculation

0 r 0 ryr
gl o5 QS +iQ > and X;:Qxa;iQ Xa

and Q'=Q+Q"

It should be noted that X'=X¢ and S=Se.

For the case in which b= 0, an integrated form of
an equation relating the effluent concentrations as
a function of detention time can be obtained. In
this manner, the effluent concentration of X, can

be obtained: - 5 5 o
X =X2+Y(S°-S°)

With this, the series of equations can be combined and integrated to give:

Q G| X°+YS' Y

L:i _rk 1 In{X}+YS'-YS°}— K InS>_<6‘—£InX‘,jl
X +YS' s Y

Of interest is the impact of recycle on the performance R Qf
of a PFR. We define the recycle ratio R, as: B Q

and the detention time, 0, as:

_V{A+R)

g="
Q Q
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CSTR by sedimentation and biomass
recirculation

In order to develop mass balances for the reactor, we again need some simplifying
assumptions. Assumptions that we make here as a first exercise are: (1) biodegradation
of the substrates takes place in the reactor only, no biological reactions take place in the
settling tank, and the biomass in the settler is insignificant; (2) no active microorganisms
are in the influent to the reactor .(X,°= 0); and (3) the substrate is soluble so that it
cannot settle out in the settling tank.

Vv dc>i<ta =0—-(Q°X; +QWX§V)+[Y(—rut)V —bXaV]
. . . dS 00 ece wow
Likewise, a mass balance for substrgte gives: VE:Q ST—(Q°S*+Q"SY) +r,V

g XV
QXS +QMXY

We can rearrange the above equation for the steady-state case to give:

QX +Q XY _Y(-r,)
XV X

b
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CSTR by sedimentation and biomass
recirculation

This equation is general for a CSTR with settling and recycle and can be

1 = Y (=) —b applied whatever the form of the biological reaction, rut, may be. If we
& Xa assume that it takes the usual form of the Monod reaction, then we
obtain the following expression: 1 A
_y B __p
/ 9, K+S
1+b9

We solve this equation explicitly for S:

9 (YG-b)-1

The final equation is identical with equation, which was developed for the
chemostat without settling and recycle. So then, what is unique about the CSTR
with settling and microorganism recycle? The answer is that the retention time
of the microorganisms in the system (9,) is separated from the hydraulic
detention time (J). Thus, one can have a large §,, in order to obtain high
efficiency of substrate removal, and at the sanle time have a small 8, which

translates into a small reactor volume. 19



CSTR by sedimentation and biomass
recirculation

X, =9, )
1+b9,
o QOSO _QeSe _QWSW
ut V

For the CSTR, we see that the substrate
concentration in the reactor, S, is equal to the
concentration in the effluent S® and in the
waste sludge line, SW, since no reaction occurs
in the settling tank. Also, through mass
balance, Q¢ + Q¥ = QY With these substitutions
into previous equation, we obtain:

. _QE°-9)_(5°-9)
ut V 9

This equation is another general
representation, this time of the
utilization rate in terms of reactor
characteristics and performance.

v _% Y(S°-S)
® 9 1+b8

% =solids concentration ratio
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CSTR by sedimentation and biomass
recirculation

At steady state, the mass rate of active biomass production (r,,, M/T) must just
equal the rate at which biomass leaves the system from the effluent stream and the
waste stream:

o = Q° X, +Q"X




CSTR by sedimentation and biomass
recirculation

For those who are still troubled by this concept, we can develop another equation
without using U, as the master variable. We proceed this time by considering the control
volume around the reactor. At steady state, a mass balance for substrate leads to:

If Monod kinetics apply

dS

V—=Q'S'"-Q'sS+r,V =0

dt

and then subs%—

GS _Q'(s'—9) - |
K +s 2 \V; We can define V/Q' to equal the hydraulic
detention time in the reactor itself (J,)
Si SO
S = = = = (S << K)
1_|_ qxalgr 1_|_ ar19
K K
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PFR by sedimentation and biomass
recirculation

We can assume X, to be constant Xathroughout the reactor, making integration of
previous equation for the steady-state case much easier. The result is:

dsS . S 1 S! .
S __ X G == [KIn(—)+(S'—S)J
dz qK+S a gXx S

a

We would like to relate treatment efficiency to J,, since it is much easier to
control 9, than it is to measure X,. We construct a mass balance for active
microorganisms around the entire reactor, which provides the same results as for
the CSTR with settling and recycle, repeated here for convenience:

1 Y (_rut )
9 X

X a

b

16




PFR by sedimentation and biomass
recirculation

1 _YQ(S°—=s)
9 XV
Recognizing that ¢, = V/(Q° + Q" ituting

this value into equation, solving for )?a V, and
then substituting this previous equation give:

9, =—=

[K In(%i) + (S! —S)J

1 _ _4avY(s°-s) .
L2, (S°—-S)+eK
in which

e=(1+R)In| (S°+RS)/(A1+R)/S |

When R < 1, e approximately equals In(5°/S):

1 GY (S° —9)

G

0]

x (SO—S)+KIn%

— b, R<1
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Xpnuotodotnon

To apov ekmaldeUTLKO UALKO €XeL avarmtuxBel oto mAaiolo Tou
ekmaldeuTikol £pyou tou dLbaokovra.

To £pyo «Avoikta Akadnpaika Madnuata oto MNaveniotipio ABnvwv»

EXEL Xpnuatodotioel povo tTnv avadlapopdwaon Tou EKTOLOEUTIKOU
UALKOU.

To €pyo vAomoleital oto mAaiolo Tou Emxelpnotakol Mpoypapupatog
«Ekmaiidevon kot Ata Blou Mabnon» kot cuyxpnuatodoteital omo tnv
Evpwrnaiki Evwon (Evpwrmaiko Kowvwviko Tapeio) kot oo eBvikoug

TTOPOUC.
ENIXEIPHIIAKO MPOTPAMMA
E EKMAIAEYZH KAl AIA BIOY MABHEH 3= EXNA
YNOYPFEIO MAIAEIAL KAl BPHIKEYMATQN \ME

Evpuumaiicé Ko $Tapelo Me tn cuyxpnuartodotnon tng ENMadag kan tng Evpwmaikrg Evwong
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2 NUELWLOTO



2NUelwpa lotoplkovu Ekdooewv Epyou

To apov €pyo amotelel tnv €kdoon 1.0.0.
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>NUElwpo Avadopac

Copyright Navemnotipo Natpwv. AvanAnpwtn¢ Kadnyntng, MuyanA
Kopvapoc. «MeptParlovtikr) Biotexvoloyia». Ekdoon: 1.0. Natpa 2015.
AlaBeoipo amo tn diktuakn dtevBuvon:
https://eclass.upatras.gr/courses/CMNG2145
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>NUelwpa Adelodotnonc

To tapov LALKO StatiBetal pe toug 0poug tne adelac xpnong Creative Commons
Avadopd, Mn Eumopwkn Xprion MNapopota Atavopn 4.0 [1] A petayeveéotepn, AleBvig
‘Ekboon. E&atpolvtal ta autoteAn £pya Tplitwy m.x. pwroypadiec, Staypappata
K.A.TT., TOL OTIOLOL EUTIEPLEXOVTAL OE QLUTO Kall Ta oTtoia avadEpovtal pall e Toug
OpPOUC XPAONC TOoUC 0To «2ZnUeilwpa Xpriong Epywv Tpitwv».

OE0)

[1] http://creativecommons.org/licenses/by-nc-sa/4.0/

Q¢ Mn Epmopkn opiletal n xpnon:

e ToU Sev mepAaPAVEL AUECO 1] EUUECO OLKOVOULKO OdEAOC arod TNV Xpron Tou €pyou, yla
To SlavopEa tou Epyou Kot adelodoxo

e Tou Sev mepAapPavel olkovopLkry cuvaAlayn wc tpolnoBeon yla tn xpron n npoocfaon
OTO £pyo

e Tou bev nmpoomopilel oTto SlavopEa Tou €pyou Kal adelodOX0 ELUECO OLKOVOULKO OPEAOC
(rt.x. Stapnuioelg) arod tnv npoPfoAr Tou €pyou o€ SLASIKTUAKO TOTIO

O SwkatoUxo¢ pmopel va mapexel otov adelodoxo Eexwplotn adela va XpnOLUOTIOLEL TO €pYO YL
EUTTOPLKN Xpron, epocov auto tou {ntnbeL.
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