Lecture 11 - Reoctor Modeln;\fj and Activated S(ud%a. Treatwent

Why model ASTe ?

To construet good mass balances over treatment
systkems for dcstng ond operahons

Example = activated sluclgc Hreat mend -
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Alonzo W. Lawrence and FRerry L. McClarty,
1970, Unihed bosts for biolegical treatwient
d%lgﬂ and opera'hbn. Journal of {lhe go;m'z'ury
F’;ng'mx.crthg Division, ASCE. Vol. 96, No. A,
PP - 77-7186. Jone 1970.
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Cell 6roqu
4x (
— = X - k ) - Qx (4)
o ¥ Mg o X
change in @rowHﬂ death outFlow
biomags (endogendus
. recpnfwhon\)
(NoFe Mg = M Reynolds € th,!/xo,vds)
aX
— = 0
For steady state - dt
Q X
X -k, X = =X = = (2)
Ma ¢ ¥ £,
Note - /“37( = - N Feu (2)
ey = sobshate ohlization
rate [ M subskate /TJ <0
Y= cell \'/(e,ld [M cells /M qubs&o&c]
4 ~ Y g,
‘_f:g = Mg’ke - = - Kg, 64\)
Aso mberested ‘in solds retention time or
slu age - time solde (sludge) spend (n
‘f”(/wdg;yé{cm 82
5 B total mass of solids in system
c cate of solide removal from system
X o
6 - e — —_— - ‘t/ 5
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from above, we hove tp = B,
nd N
@ "bR. = Ns - te
o i - /..‘mu 9 . kG (@)
-ER Stk

This 15 solved or S 4o y'teld
Kg ( {'f-tgke.) (.7)
tp_(/umax "ke) - 1

5 =

Ke . Ks, Mmax ave dhovactevishcs of
biolegical populotion and thevefore fxed

Equaﬁow T Hievefore makes efflvent
concentration (the design gool) a fonchon
of the retention time (the design varable)
(but rot of &)

We con alsa look of anobher design -/a,\-r(abtc, the
specific substvale ohlizahon rate

T Fsy mass of substrate used /onit Fime
X mass of cells (o)

(U 15 called €Good-to-microbe raho -E 1 b:ch)

Mq X

Note Hhat G5 = - _Y_,

= - u
SAmax %+Ks \r



R . S (4)
b S+Kg |

This can be solved for S
KUY

S = {(10)
Mmax ~ Uy

As with Eq 7, kg l0 3I‘Ve,s effloent conc as a
fonchon of biolo%im( populahon characterishcs

(/Mn"ax and K_L;) and & d@;':taﬂ varro.lpfe) .
the &:\od-+D~m1c.voor5amsm ratio

Whether 40 vse 6. or U ae +he dests'n
variable s a maler of prefervence.  Most

de%tgmk’s use 6B.. since (+ 15 easier +0 measure
ond contrel

Another lrnpor+an+ parameter s the +treatment
G,Fﬂc.temcy'-

e Ea— ()
Sin
= frochon of mfluent conc.
removed by treatrment (Lsuvally
expressed 11 To
Using &q. 1 for S

E = (‘ _ ks (Urteke)/Sin (12)

te (Mmax —Ke) = 1




we mtﬂ(n‘[” aleo want to Lunow Haz blowass concentrahon X.
We can devive an expression from e mass balance for

cubstrate S -
ds _ - —

W = =3 & Sn as i1 \/I‘SU (13)
change ( nflow  outflow substrate comverited
5ubstva bt mass fo cells ( sy < O)

45 A \
oo v (e - D ()

1

- _ _ M ‘
€, (s1a-3) — X ()

Consider steady stafe, ds =0

=~ S = /J__E- )4 O‘)
tr ¥

|
Erom Eq. 4') ,US = %-R+ Ke

Ao, Eq. T, G1ves an expression for S

Subshfute Huse into Eg. 16 and solve for X =

Sin .‘
X = Y ‘t_ - - 0r)
{r Ke R /ul‘naxtg —C{'FK&th)J
. Note +hat concentraton of "bugs” de pends an mfluent

substratt conc -




Simple wample - Kg = 400 mg/l/
S = 200 mg BoD [L
Mmax = 5 dah/"
Ke = O (Mg(td’/ deattn endogenovs msp.)
For ‘bg < = & hr ) £ = 50%

QC'
tp_‘-éc = b hr. 5 E : 86%

- Efficiency 'S5 Imﬁhly de,pemde,n+ on residence {,—,M
for woaskwater (tp_) and colids CQC)

Note the opecial case in which the reactor
achieves zevo 4reatinent and S = Sin

From E:?. 6 I 4 _ S
L5 8 T Mmoo ke
W(‘*’h G = S(n
{ 1 Sin
—_— e = /("max —ko (l&)
tw 9(:,W S|u+K5

1f  this 19 subshfuted into Egq. 47, Tt predects -

X = O no "bu39“

This 16 Enown as +he "“wash-ovt ' condibon —
bacteria are wWashed oot of +Hre reactor
before they can grow



6’1/0‘?‘/\ on pgq 8 shows S, X, and E

V5. b,L:QC
for +\/pma( paraume bev values:
Ks = 40 wq coD/ L
Ke = 0.4 J,A\/-‘

Mmax = b day_'
Sn o = 250 mgCop[L

0.4 wqVss/ mg COD

—
=

Obsevvahons
tw = 049 days - no treatment,

no blomass

'FOF {’/g < "/w

Efficency continves to improve
with 5 | bot wmprovewrent

IS margma( after tpv 1 day
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What f cells aet recycled 7 _________ S—— _

e

] . O N
S ’ . _Aerahon X_‘_i- _
X | lexs ek

_ setled m secondavy clavifier - whatever sobshate

g Imphc.s all solids are cells

I - I L
s wacs I S __%uavléa.q«_
| 8rQy . _lck clarifie r

—— &.%5
recycled slodge

:_ - wasfcd ducfge. -

X =__cell co'r'l_cdc_nﬁra»h-:?ﬂ- (_4 W‘gﬂ\‘ﬁ‘i/b) & 7-“’""

%= _substrate cone. (e g,._rr_n}CQD/L.) ~ _ Z220. "‘.‘ﬁ_’l‘.’f
Xe. ™ A5 mgvssfi X, = 4000 - 12000 mg ViSLL._-_.

 Aove c.gmep_tua-[ mode( ::IS5_UP'£1_S that owl’y cells X ave

S 1% la{:‘t 15 _soluble and does not settle

 Overall mass balances = S S

- CRw Ry

OO0




once agomr, we want an expressian for sludge age

mass of solds (cclls) I system

ea
rate of solids vopoval Gom System

- SR (21)

MK
QuwXy + (&-Q.) Xe (z2)

{1

Alter nod 'Nef\/ , recogmize that solds produchon (cell
3row“n) in system must equal cells removed during
s+eady- otate condihons

e, = ¥X (z3)
5
M (/uma‘ Sk #k'ﬁ)x
{
- =
E A @
Note +hat &, F tp Sludge oge has

beein decoupled
'ﬁem hydvau\u.:
residence +Hime

Ec,uoc!'\on 724 can be (6AYFQM3¢d +o solve for S
K, (4+ 0 ke) (25)
er_ (/umm( —k&> -1

Eg 15 15 idenhcal to Eg 7 Rr the flly-mixed tank
except  to 15 veplaced by &




!Zeplcxcma te with S, 15 & S(Sv\l‘F\CaV\‘}' chom%&

One can now desigh for a large 6, to get
mgh efficency of substrate removal (1€
low 6) independently of tank volume

Tank volome s UKpENnSIVE ;. SO ac-fzva*ec!
slodge recycle can save money

Typteal designs = 5.

n

4 4o (O days
’\‘;E 4 +o 1O hovrs

[

— 24 -Cold SaVMﬁs |.n +tank ‘.S}ZC
Note as w\(“’\ FMT, S s not a (g‘_)hc:‘hém of Sin

Con aga\‘n detevmine U - subshrate ofilization rate

substrale used fov cell avow-“'\ /ont 4'|Wu:
U _

onid mags of cells

. & (Sin-5) S-S (26)
¥ X ] tg X
Ov chrna‘\’NU\{)
I >
v o= aa Y ﬂmax( Ks+5> X
X
- Mmax (5 > _ ﬁ C'L7)
Y KatS Y
Unite for U T.i‘fﬁ‘f e.g. g cob
M cellg - T

g VSS - day



Ea 21 can be used 40 And © as fnchon of U:

UY Kq

= T O Cee)

lon also determine Food : Microorgamem CF{M) Vc:x'ho, bod
rote confosiov n Literefove reﬁardlnj

=

Iy
Reynolds 3 RQichards define [_F';7 _ substrote removal
Mj omt mass cells - time
_ @ (5n-S) U o
X

Metcal £ } Eddy define [F] sobstrate n€low

M Unit mass of cells - time
Mg
_ & Sn - Sin (30)
X tg

(sm—s)
aince £ - —_

S H (»1)
= M R/R

Most relerevces Lse the Metcal€ 3 eddy formoula
(&g ?:O} for F=M




. Some addihonal equathons for O. ave usefol for _deilaw'-

From p.r.;mf'.. .fcci_u:r:hcm_s‘r___we.-_hayﬁ_:___.___.___...._ i m——

o i R = S N _
& - = Mmax —— = 24
'B(_, # “.u____._CD.p.K __e_'_._ L EEREE smiEgerestngimess EE, T _C)

mak S o B
A I

[ B Bl '
. ) 5. etk

Also, by definthon of B as sludge rekwhon
_____ . _time, we can define slud%z produchon rate P

p= X _ mass of cells wn ysh  (24)

SEESATIAEY il 9& mass of cells i syshem ,
rake of solids r-.‘.rﬂwm'_ﬁim Fyshem

. The .cenaﬂ.’rmhonQL_E;{#};L&C?.5i_udga, Xr, 15 o property

B g s of .Hac_.“;lud%e derermed by a (@b fest for +he
. - 5£uci9,v.. density index  (2pL) er sludge volome index (svi)

P G




One of Hie factors (n destén I lhow mouch s{udge
% racycled) QR

Cowelder +he mass balance over +he Seoowdarx,
cloribrer only

(e +@r) X = Qe¥Xe + QuX, t QK¢ (25)
thlow eludcy. w; waste d re.cydcd
effluent sludge sludge
Define recyecle raho = Gr
@l
Qe Xe + QAu Xy = CG.'PGr)X - G Xy
ReXe + Qi Xy - (44-r))< —- rX, (%@)
QL
From Eq 21 g, = pited (2!)
@wxy"'@e KC
% _ X
. =
Q[(i+r)X - v %, ]
= tr
(27)
1+r —r (Xe/X)

By mansging v and Ky /X

ec ke -b‘a and

sy mPle FMT

Nok: R/R use & =

1373

we con aclieve

improve Hreatment ovev

te applies to avation fank only




Equahon for X comes Rom mass balance Cor S:

a7 ZE = QS"” - @S + ’v“r‘su = O Ffor S{'Co.cl'y
stafe
(same os Eq 12 Gy FMT)
SR (g, *© /L_:?. a sbstrate vtilizahon rale
( Maq
_ g, -
'('/P_( I S> -?-X
= fMmax __9’_' % (33)
From Eq. 24
S {
Mmax res = a8t Ke
c
! X I ) (39)
— - - — —_— K
by (Sm S) I ( 60*' e
-5 6. .
) (Y (Sim )J c E 0 BS) ey
{;z ‘_ 1+ 0. Ke tp
Eq. 26 gwes S for subshtuhon v Eq 40°
QG Y eln K‘b _\
X2 | Tek T et - (k) |
(41)
Eq. 40 and Eq. 24 give 5\udéz produchon rate
P = Sh (Sm'g) 642)

1 + QOKQ.



Noke +hat Eq 41 helps explown how &+ & Hheat S
can be independent of i -

The “trick” 15 that X 15 not independent
of S, bot ncreases linearly with Sy,

In essence, X gelf adJus{-s 4o cl/\ange.s w1
Sm such that, for a given 6, S
1S Uv\changed

Washout condihon {Hr EMT wikh recycle

Subshiule S = S ko Eq 24

( S
. - /(A tn _ 2
B Max S ke (43)
At IIMI+) S > K
|
) = Mmax = Ke (44)
ch lim
Another limib s very long ©
Take l(md of Eq 25 as B¢ —F D
K .
g = ke’ S tor 8. » 0 (a5)
Mmax ~Ke

Effloent conc (s fonection only of buss



Comparison of FMT and AST:

FMT AST  (EMT with re::.yde)
tr te = ¥/@ tp = /@
& O, = -\}/62 =t 6, = "
SAwXp + CQ—QW) Xe
= -{:E
thr - v (Xr/)‘()
9 6 = Ks(""tgkC) 5 = K5(1+'9¢,|4¢)
tﬂ (FMaKﬂkE)—i ec C/Uma,c -Kc)-’[
U v = MWCIK. S U - /umam =,
Yo ks T SeKs

X X=Y{_2n_ _ Ke | Xz Gy | o _ K
{+Ketp /urﬂnxtp_" (4+ket32) %—g friebe /uma.xgc- C“’Kcea)



Evaluation of assumphons :

No bro(og(ca.( reachons (v eé,comdary clarfer

In ofher words, should & = Froackoy ©F
Vo= 'vcvcac-(or + ‘Vc(anal;v

?

Answer - f 4(3m@¢am4 veochons were pccurrvg

!avger v should be used

In foct, buologecal actividby n clavifer
15 (imiled and only a &achon of

claribevy volowwe condribukes

Can ac!Jus+ b\/ Qg(})ﬁ Nz V"CGCJ‘OV‘

. Ke Q_F.( - [(e V;-COCJ'OY+‘VChY‘-6‘\-QIV‘
]

reactor

0550 MRS av\dogencus respwa)f\on bUoF rot
6row“ﬂ continves in clarifev

Bﬁthv;a are pve sent wac.kwoukv, vot 6V\.-.'*CV(-C
backria, not the bacteria that deﬁvade. wastes,
50 this v & vald ascomphon

No sobatralte selles in clariher

ok 1F O, 5 long enough 4o hydrolyze
suspended erganic mafrer In wasle

‘ &, 7 7 days



[es lghn

Usual(x/ have W,gu[a-\'or\/ olandard for evther S or E
(eq. S< 20 mg BODS/L
E > 85%

Dee(gn needs to PrO\}ldL SQ‘H’\/ fackor (SF) +o

ensure regulahons ave met

ec, design

QGW)(

N

tm

Typ(ca.( values (n praahc.z

Convenhonal AST - gfz10- g0
Htgh—nﬂ'e AST 3 -40
Low-raie AST > 80

Htgt’l -rale - c\os&l\/ monitored by
sklled operators

Low-rate - "Padcaga. plants” for
amall mnmstallahons wiHa
imded operator ahtenhion

Characierishcs of system +hat ave
specxﬁec{ as part of +he destgn are:

Solids retention fime | O

Mixed - l(quor sus[pcvuciec.i solide conc., X%



2a /

2olide yedernhon time offects properhes of
MLss  (Figure 6.7 from WEF, 2005 - pg ZI)

f 6. 1= 400 9|nor+) sludae. Hbull_ﬁnﬁgu oCCLYS
either due fo tvo much =lime (viscous
bul!(mﬁ) ar Srow-l"n of Alamenrntous
bockeria ( Frlbmentous bul(Cms)
6fuclﬁe does riol seHle well and sludge
con be carvied +o clavifer efflucut
(e, X s htgln)

If €, 15 oo long, e(uﬂgl; is "Aispersacin
or "PIIH" foc
‘Jlucigﬂ. parhc{.f.c are 4oo small and do
not seftle well

Typléal 5RTs =
(Note - plants typically operale well aver ravge of ec)

Typical 2-5 days
Warmer climates (1&+o 7—566) {-3 days
colder climates (lo° C> 5-l days

MLSS  concentration offects freatment efficiency,

oxygen onsfer efficiency, solids ee-H-h'ng)
solids recycle ratio

Typical values ove shown n Figore 6.4 from
WEF , 2005 on page 22

. ' vesg
T'\,fpfcal valve of X = 2000 T3

Nole +hat actval slu aleo includes

Inert (non—bwmass) sohde which are

considered in more sophisticated medels
X__ % 1500 M

Bal —_—

L




21/

EFFECT OF SOLIDS RETENTION TIME, 6., ON THE SETTLING

PROPERTIES OF ACTIVATED SLUDGE

2000 mg/L-MLSS

B Stirred
[ Unstirred

| | | | |

20—
Y
=
fam
2 16 —
S
2
g 12+
o0
8
T 8
(]
N
2
1S) 4
N
0
0

4 6 8 10 12 14
Solids Retention Time (days)

Figure by MIT OCW.

Adapted from: WEF. Wastewater Treatment Plant Design. Alexandria, Virginia: Water Environment Federation, 2003.
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TYPICAL OPERATING RANGE FOR ACTIVATED-SLUDGE SYSTEMS

6000

(9,
S
S
=)

4000

3000

Aeration Tank
MLSS Concentration, mg/L

2000

1000

Common
— operating range

SVI =50

SVI =100
SVI =150
SVI =200
SVI =400

0 1 2

Return Sludge Ratio, R:Q

Figure by MIT OCW.

Adapted from: WEF. Wastewater Treatment Plant Design. Alexandria, Virginia: Water Environment Federation, 2003.




Use of models in des_::gj_a-._ . - o

o Q, S, ave qwen ——

T gt 3 - " . __S. - - ==
2. Ecg,uiahoms Qﬂzscﬂbc C.» or_ E- _E = _,6"'1 = \)_

.&M-sql_a_&@_u& gwa 1 }SH k,;,Jr }u.‘c,.,m,ﬂ,,__Jf SHI o ]

_._{n__.. 6'['- Cor 9;) ;md ‘.-< are. J’it&lﬂﬂ_ paramﬁ?‘s

chosen up fomt

5.(_ ) 4/(,um e,, SF - [Bew)

Cdcecussed  next JJBCJU}*C-J__

fo. Solve Bq- % for r: 6.z te

. ¥ r-r (xr_,;g_)_
LR "-_'-c;lxr;_ Eq. _2.5 for: Xe - -

P (0-QW)%e + _wa_,.' .

2. Selve for Ogﬁmnncl (dlicusscd i next. Lc;i*.u:e)
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