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This presentation is on BOD removal
Kinetics, and an understanding of this topic

LEEDS : ; o
BOD REMOVAL is essential for designi ng wastewater
scroot o (@ rginsing KINETICS treatment  works, especialy waste
stabilization ponds. All the equations can
be applied to the remova of other
T—— parameters, such as nitrogen and E. coli [or
faecal coliformsg).
BOD REMOVAL KINETICS
The dlide shows the basic ‘verbal equation’
Organic e N for the removal of organic matter in
g DI ¢ 0, =2 as bagfﬁ ial | wastewater. Oxygen is negeded for this and
Wastewatar bacteria use the oxygen to oxidize the
organic matter, and they do this to produce
new bacterial cells.
BOD REMOVAL KINETICS
It’s simply not possible to quantify the
Qrganic s o New organic matter in the wastewater directly,
SoMESiS o = T bacterial | ynless you have a Total Organic Carbon
wastewater meter, but these are very expensive and
e very few labs have one. Instead we

Impossible to quantify directly. Therefore we
express the concentration of organic
compounds in wastewater in terms of the
oxygen used to oxidize them.

express the concentration of organic matter
in terms of the oxygen used to oxidizeit.

If this oxygen is used by bacteria,
then this oxygen demand is termed
the biochemical oxygen demand or
BOD

+ Alternatively we can oxidize the
wastewater organics with a strong
acid (boiling acid dichromate solution)
- then the oxygen demand is the
chemical oxygen demand or COD

If this oxygen is used by bacteria, then this
oxygen demand is called the ‘biochemical
oxygen demand’ or BOD for short.

An alternative is to oxidize the organic
matter with a strong acid, usually a boiling
acid dichromate solution, and then we call
the oxygen demand the ‘chemical oxygen
demand’ or COD.




COD > BOD
Biodegradable and Biodegradable
non-biodegradable wastewater

wastewater organics organics

Both BOD and COD expressed in mg/l
(strictly, mg O,/l)

The COD of awastewater is always greater
than its BOD because the COD is due to
both the biodegradable and the non-
bi odegradable compounds present, whereas
the BOD is due only to the biodegradable
compounds. Both COD and BOD are
expressed as concentrations, usualy mg/l
or g/m*; strictly speaking, the units should
be g O,/m®.

First-order Kinetics

Fundamentally

important dL/dt == k,L
equation 1
/ Amount of BOD
Rate of BOD (organic cpds)
removal (= rate remaining
of oxidation of at time t

First-order rate
e constant for
For aerobic BOD I
reactors re"_‘fva 2
- 0, not limiting day

organic cpd's)

Most commonly we use a first-order
equation to represent BOD removal. The
equation in its differential formis:

% = —le
dt

where L is the BOD in mg/l; t is time,
usually in days; and k; isthe first-order rate
constant for BOD removal and it has
dimensions of reciprocal time, usualy
day ..

This equation, which isvalid for aerobic
reactors in which oxygen is not limiting,
basically saysthat the rate of BOD removal
(dL/dt) at time t is proportional to the
amount of BOD (L) still to be removed at
that time.

= dL/dt = - k,L Integrating this equation:
L = Lyexp(-k,t) | — also an important eqn
Amount of BOD att=0

(= ‘ultimate BOD’, BOD,))

y= L1 - exp(-kit)]

|— If t= 5 days, then y; = BOD; (ie, the
amount of BOD removed in 5 days,
= the amount of oxygen used in 5 d)

We can integrate this equation to:
L=Loe™

where L, is the amount of BOD present at t
= 0, often called the ‘ultimate’ BOD or
BOD.,.

If yistaken as (L, — L), wherey is the
amount of BOD removed at time t, then:

y=Lo(1- ")

and if t = 5 days, then ys is the amount of
BOD removed in 5 days or the amount of
oxygen the bacteria have used in 5 days.
This is a basic concept because when we
talk about BOD we are usualy referring to
the 5-day BOD, in fact at 20°C, or BODs.




These two graphs are typica BOD curves.

3 8T T The one on the Ieft is the y—t curve
. 3 / W showing how the BOD is removed, that’s
3 : the same as how the bacteria use the
8 g oxygen; and the one on the right is the L—t
VL I \ curve showing how much BOD remains at
any time t. The y—t curve starts at zero,
Time Time and the Lt curve starts at L,. The two
curves are showing the same thing, of
course, asy =L, — L.
i The ratio BODs/BOD,, or ys/L,, is given
, k= 0.23 day™! for raw
O. / domestic wastewater by
= [1 - exp(-k,t] ys/Lo= (1 — e!e*?)
~ 23 © 5days :
For normal untreated domestic or mun-
icipal wastewater k; is ~0.23 day %, so the
ratio is ~%. We normally measure BOD:s,
so we know that the ultimate BOD will be
~1.5 x the BOD:s.
, k= 0.23 day™" for raw . . . .
10. // domestic wastewater k]_ IS. redly ardleilm o beaaid a:tl\llty,
= [1 - exp(~k;t] 2 it will vay with teypaaue To
dexaibe this we ue an Arrheniustype
=~ 2/3 5 days .
equation, usually of the form:
'II'(EMP!ERA'_I'URE: _ kn = Koo' 2
grx]a;:‘eijswét:uﬂgﬂ?rat”re il where kym is the value of k; at T°, kyo) its
value at 20°, and ¢ is an Arrhenius
& = Arrhenius constant (often in the range 1.03-1.09) constant and’ for BOD rernoval’ it’S Often
in the range 1.03—1.09 and typically ~1.05.
The egtias weve devdgoed 0 fa ae
T g o o ot o

U Three hydraulic flow regimes:

1. Complete mixing
2, Plug flow
3. Dispersed flow

U Regimes 1 & 2 are ‘ideal’ flow regimes.
They represent the two extremes of
dispersed flow, and are never totally
achieved in practice.

they’re far agven vdure o wedenater
which recaves no nore wedenater ad
thaeés no dsdharge o treated wastewater
from it.

But wastewater treatment plants are
continuous flow reactors, not batch
reactors, as they receive an inflow of
wastewater al the time and there’s a
corresponding outflow of treated waste-
water.

In a reactor there are three types of
hydraulic flow regime: complete mixing,
plug flow and dispersed flow. The first
two are ideal flow regimes and are never
totally achieved in practice.




1. Complete mixing |

WEIl lok fird & conpleemixing With
this ided flow regne the ifluat is

12. . . .
Influent is completely and instantaneously conpady and indantanealdy mixed with
mixed with reactor contents the reactor contents, and this means that the
. reactor effluent = reactor contents . . . .
effluent from the reactor is identical in
Flow, Q Va every respect to the reactor contents.
(m¥d) - e
BOD,, L, Reactor B0Dawle | 5o if we have a reactor of volume V
(mg/l) o )
—— receiving an influent flow Q of wastewater
=g/m? ’ which has a BOD of L;, and if the effluent
BOD isLe, then ...
13. Mass Balance of BOD: we can do a BOD mess belance aorcss the
reectar, which Iandy says thet whet goes
IN = OUT + REMOVED inegquelswhet’ s been reroved +whet goes
out.
IfN[Li, afm?] * [Q, m¥day] ?I[E::‘Q/Erl:s dl % [V, m?] The BOD that goes in is LiQ g/day; the
= L‘rsg"""yf o . BOD that goes out is L.Q g/day; and the
e [EERINDE i =S el BOD that’s removed in the reactor is kiLsV
[ LQ=LQ+kLV| g/day. So:
LiQ=LeQ + kiLeV
[See Note at end of transcript]
14_ LIQ = LeQ + k1LeV . .
We can rearrage this equetion as Sown
L= L, anthedidg ad thenwitingVVQaso, the
* 7 1+ k(VIQ) ——‘ mean hydraulic retention time, we get:
1]
L= —i ViQ is the _ L
® 1+k,0 ) Le = i
1 me;rl:, gy;léfl';:llc 1+ k16
Another important equation | (symbol: §)
Theahe ided flovregneis ‘plug flon
15 2. Plug flow ad this can be visHised as avay lag,

« Long, narrow reactor (like a river)
« Effluent NOT equal to reactor contents

L,a—F T L.Q
Ve
0=ViQ
Plug flow: ‘packets’ of tewater
travel uniformly downstream. No . = Py
mixing between packets, complete | - Le = I-ie 1
mixing within packets

narrow reeda, like arive fa exande
ad far thistype o reectar the efluat is
not the same as the reactor contents as
these vary along the reactor length.

Another way of looking at a plug-flow
reactor is to imagine the wastewater in
‘packets’  travelling  discretely  and
uniformly along the reactor — as if on a
conveyor belt. There’s complete mixing
within each ‘packet’ but no inter-packet
mixing. Thus BOD removal in each packet
is just like removal in a batch reactor and
SO we can use the equation for L that we
developed earlier but write it in terms of L;
and Le; thus:

Le=Lie™




16.

3. Dispersed flow

+ Dispersion number &, where 0 <8<

Wehner-Wilhelm equation:

= (1+a)2exp(a/28) - (1-a)2exp(-a/2d)

L 4a exp(1/25)
L

where a = [+ 4k,008)

17.

Dimensionless product 4,0

‘Thirumurthi’
design chart
based on
W-W eqn
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18.

Chart appears to ‘
show that plug-flow
reactors are more \
4

design chart
complete-mix based on

reactors, but this ‘ W-W eqn
assumes that
k, PF = k,CM

efficient than ixing,

= unlikely!

Dimensionless product k0
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In redity, o coursg we don't heve ether
of these two ided flow regnes we have
wet's ddled ‘digpassd flov ad
dispersed-flow reactors are characterised
by a ‘dispersion number’ given the
symbol §. The value of & is between zero
and infinity. In a plug-flow reactor 6 = 0
and in a completely mixed reactor 6 = oo.
In dispersed flow reactors 0<é<c and BOD
removal is described by the Wehner-
Wilhelm equation shown on the dide. The
equation may look a bit complicated, but
it’snot really.

This dide dons the ‘Thirumuthi’ det
fa dgoasdflovreedas Onthey adis
we havethredmasoless proda kb and
onthexaxis onalog scde thepaoatage
BODravenng Fordugflow, i.e fars =
O wehareadragt line adfa dl ahe
vduss o 6 we have digtly aurved lines
Svad liness ae on the dat ad the
aregpodng dggadon b s
adjacent to each.

If we look at 20% BOD remaining on
the x axis and go up, we find that the value
of k0 is somewhere around 0.7 or so for
plug flow; and more or less exactly 4 for
complete mixing.

‘Thirumurthi’

This mgt suggest thet dugflow reedas
ae fa noe dfidat then conpddy
mxed reedas ad nogt psode hdd to
thisview. Isoatany trueif thevdue o
ki isthresarein bath types of reedar, bath
tregting of coursethe sarewedenater; bu
this may not generally be the case.

19.

For 8 <2 (and 2 is close to ©), second term in
the denominator of the W-W eqn is small and
can be ignored. The equation becomes:

L /L, = [4a/(1+a)]exp[(1-a)/25]
® measured from tracer studies ........
or, for WSP (simple equation of von Sperling):
6= (LUB)™

Pond length-to-
breadth ratio

For dgoadon nurbas less then 2 (ad
with dgoason nunbas2isactualy quite
close to «), the second term in the
denominator of the Wehner-Wilhelm
equation is small and can be ignored, so
that for most reactors the equation

becomes;
1-a
5 _ 4a eﬂ
L |@+a)

where a = (as before) [1 + 4k;05]”.




TRACER
STUDY

Inject
~ aslug of tracer
= in pond influent

Then monitor dye
. cong. in effluent
for 2-3 x (VIQ)

Dimensionless

plots of tracer
study results

Four plots:
8=0, 0.002,

0.2 and =
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We can measure 6 from tracer studies
or, just for waste stabilization ponds, we
can get an estimate of & from von
Sperling’s equation, which says that d is
the reciprocal of the pond’s length-to-
breadth ratio.

Traoa sudesaedoelikeths Att=0a
concentrated slug of the tracer, usually a
dye such as rhodamine WT, is poured into
the pond, as shown on the dlide for the full-

scale facultative pond at Vidigueira in
Portugal. Then the concentration of the
dyein the effluent is measured for 2—-3 V/Q
retention times. The results can then be fed
into a computer program to calculate 6.

With facultative and maturation ponds we
often find that & is ~0.4-0.8, i.e. roughly
half way between plug flow and complete
mixing, which iswhat you’d sort of expect.

This dide shows four plots of
dimensionless  concentration  against
dimensionless time. Dimensionless con-
centration is CJ/C*, where C; is the dye
concentration in the effluent and C* is the
mass of dye added in the slug divided by
the pond volume. Dimensionlesstimeiste,
the time at which C. is measured, divided
by the V/IQ retention time, 6. The four
plots are for complete mixing or 6 = oo, at
top left; for plug flow or 6 = 0O, at bottom
right; and for a high degree of dispersion, 6
= 0.2, a top right; and a low level of
dispersion, 6 = 0.002, at bottom left.

With comdeemixing GJC- =1at =0
thaedta the dye is waded au
eqpoatidly. In conpddee ocorad, with
plug flow al the dye appears in the effluent
at the same time and thistime is 0, the V/IQ
retention time when the dimensionless time
ratio to/0 = 1.

For the low level of dispersion some
dye appears in the effluent before ts/6 = 1
and some after, but most appears pretty
closetowhen ts/6 = 1.

For the high degree of dispersion a small
amount of dye appears amost
immediately; then it builds up to a peak,
after which it decreases, not quite




exponentially but amost so. This is the
type of curve we most commonly
encounter with waste stabilization ponds.

© Duncan M ara 2006

Note
Slide #13:
The BOD removed in a completely mixed reactor in grams per day is derived as follows:

1. The rate of BOD removal is dL/dt and this equals —k;L, with the minus sign merely
indicating that L decreases with t.

2. L isthe BOD of the reactor contents which, for a completely mixed reactor, is the
same as the effluent BOD, L. SodL/dt = —kjLe.
3. Writing dL/dt = —k;Le on afinite-time basis for the whole reactor:

ALIAL = —kLeV

4. Thusthe BOD removed is|[-kiLeV| = kiLeV g/day.




