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LECTURE 26

Computer Methods

: . v for solving oxy-
Lecrure overview: [ review some Computer-oriented mhtfhg::;(';))'r-;ﬂw Si'“em
gen balances with the computer. sl devclnp 'l]'|L‘n [ provide an intro-
response matrix for the Streeter-Phelps lrumgwur}-‘ gt ketonnd T e
duction to the QUAL2E model. After some historical dL] Fp R
its underlying structure. Then I illustrate its use by applying
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SOD.
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RS =) LR

o showed how each element of [A]™" provides the change in conce

we .(iduc 1o a unit load change to segment j.

we now 1llustrate how this idea can be expanded 1o BOD/ox

T . ; YZen modelin
«« we limit our analysis to a one- Gk s (G 28 g.
o do this we | ) one-dimensional system with carbonaceoys

g0D and oxygen. The approach can be easily extended to multidimensional sys-

ems, NBOD. or lincar representations of nitrification. A steady-state mass balance
orCBOD in segment i can be written as .

ntration in ele-

0= ‘VIJ + Q'—H(ul-l.f[-i-l 2 B,‘-l_,'L,‘] = Q((r“*ll‘, + Bl'.l'* |Lr*l)
+ Eii(Lici — L) + Ejjy (Lisy — L) — kriVil (26.2)

Writing this equation for an n-segment system with appropriate upstream and
downstream boundary conditions gives

[ANL} = {W,} (26.3)
with & solution
(L} = [A]”{Wy) (26.4)
Now the coefficients of [A] bear scrutiny. They are
aij-1 = —aj- -." i — E;
M : 'Q 4 =i (26.5)
Transport
Qi = a11+10i5+1 — Br-1.i0i-1i + E,'_ + E’.t’ + knVi :
o IL 2 ] / '%L{ | I.I i L _,_J (26.6)
Transport Kinctics
GBiiz1 = Biis e 5
U= Bris1Qyis1 — Ef 4 (26.7)

Tran sport

A] . . » ~
A Ithe termg marked “transport” would be identical regardless of the pollutant. Thus
R [ : = : -
4] matrix can be divided into two parts, as in
' ? 3
[A] = [T] + [&V] (2052
‘hc o » . ~ e .
'flnu [T] is g “transport” matrix identical to matrix [A] but containing only the
S - Sl 3 ey 7
“w*l.jpun terms, and [k, V'] is a square diagonal matrix containing the terms &7, V; on
it Iz & . -
“8onal and 0 elsewhere.
$IND a <o ,
ing “u“g dsimilar approach, we can write mass b
lem cller 1987). However, because such an approaciis
ha© SAluration is variable (recall our discussion in Lec.
dlance
0

alances for deficit (see Thomann
h can lead to errors for sys-

21). we write the
Mg

r()l' Ox)(gcn‘
2 ‘vm T Ql Lil@j—,i0i-1 b'; 1Li0t) — L)r.x LIRS K + ﬁ'.-"l("' 1)
= L“""" l"

TE Lil0i—y = 0;) + E| ;41(0i+1 ;)
¢ : o (26.9)
| & A”'VI‘(‘)\‘ - Ul) Tr [’/ "Iy 20 Rl“l ‘\H:\” d
. . - 1ale res an
Gy ml,ng this equation for an n-segment system with appropriate upstream

Sty
len vy -
hUllndury conditions gives

/ ! s 2610
IBI{U, = (H",,} + {PV} L4 {R\"'} - {Sl'i“\‘} - (k._\ Oy} (A,[\ 1:‘ (26.1U)
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where

| . we can writ
By collecting terms. We can Wr

S

d Oxygen and Pathog

cns

(8] = [T] + [kaV)

e the resulting system of equations as

(Bl{o} = (Wi} — [kaVILL}

where {W/} is a matrix o

w'y = (Wt + {(PV}

External Direct Photosynthesis

SOUrces loading

gun

(26

(26,13,

Jtaining all the external oxygen sources and sinks,

—  {RV} — {SpA} + {k.Vo,)

Multiplying both sides by the matrix inverse of [B] yields
. (o} = [B)"Y{W.} = [B] '[kaVIIA] {Wy]
or (o) = [B]""{(W.}—[C]I{W;}

1x that relates oxy C 1on to BOD
where [C]~" is a system response matrix that relates oxygen concentration to B

loading,

9

Respiration SOD Reacration '“013)
loss loss gain

(26.14)

(26.15)

(€17 = [B] '[kaV]IA]™

(26.16/

EXAMPLE 26.1. MATRIX APPROACH FOR OXYGEN. A one-dimensions! &

tuary has the following characteristics:

Flow = 1 X 107 m* d"!
Width = 1500 m

Depth =S5 m

Dispersion = 1 X |07 m?2 ¢!

BOD decay = 0.2d '
Reaeration = 0.25d
Saturation = § mg L.~

' : oW
The estuary is 100 km long. The boundary conditions at both the upstream ang(;l)t‘
Loadings of BOD and oxygen of 300,

stream ends are L = 0 and o = )

100,000 kg d ! res
used to approximate space.
(a) Calcul
10 km,

(b) Determine the BOD 1o
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(5) The minimum DO is 2.84 mg L', Thus, 1o bring this value u

qust increase the DOby Ao = 5-2.84 = 216 ma L! This v PlOSmgL" we

alue can be translated

1) 10 2 load change by using the appropriate valye from the matrix inverse,
[1.64E-08 2.66E-09 3.25E—|0 3.53E-11 3.61E- 2
12) .33E-08 1.8OE—-08 2 84E-09 343E-10 3.71E-1]]
R.I2E-09 142E-08 1.81E—-08 2.85E-09 3.44E- 10
442E-09 858E—-09 1.42E-08 L8IE-08 2.85E-(9
13) ICI-' . 225E-09 4.64E-09 8.60E—(9 lL42E-08 |.81E-08
LIIE-09 236E-09 4.65E-(9 S.60E-09 |.42E-08
5.281%— 10 1. I_6E =09 236E-09 4.65E-09 8.60E—-09
247E-10 5.51E-10 1.16E-09 2.36E—09 4.65E-09
. 14) .LI4E-10 2.57E—-10 S551E-10 1.16E-09 236E-09
19 [S.00E-11 1L14E-10 247E-10 528E-10 LI11E-09
0D 3.54E-13 3.38E-14 3.17E—=15 2.92E—16 2.56E—17]
378E—12 3.70E—-13 3.53E-14 3.29E-15 2.92E-16
ra 3.72E-11 3.78E-12 3.70E-13 3.53E—14 3.17E-15
g 344E-10 3.72E-11 3.78E—12 3.70E—-13 3.38E—14
e 2.85E—09 3.44E-10 3.72E-11 3.78E—12 3.54E-13
I.81E-08 2.85E-09 344E-10 3.7IE-=11 3.61E-12
1.L42E-08 |1.81E-08 285E-09 3.43E-10 3.53E-11I
8.60E-09 1.42E-08 I|.81E-08 284E-09 3.25E-10
464E—09 S8S58E-09 142E-08 1.80E-08 2.66E-(09
2235E-09 4.42E-09 8.12E-09 [.33E-08 l.(‘)-'lE—(JSj
10\.\'“{! _ﬁThe needed value is in the fourth row and the fourth column: ¢,y = .81 X
0 an 10°% (mg L-! (g d~'). (Remember, the column location is dictated by the position
were ;‘ilhc loading and the row by the location of the resulting concentration.) This value can
- Usec 5 - i
s ed to compute
216 mg LU R kg i 7 ke d!
5 . £ _(—==—]= 119,337 ke d
1 cor AW, meL-! (lu()()g,
.81 X 10-8 ———
3 gd
alunce n >
s the BOD load must be reduced by 40% to mecl the oxygen goal.
\
] ; . : > o IS 18
e e rhc Matrix approach is predicated on having a linear model. Although this 13
Or lhc R ; g . recent oxyegen models include
Ynline Classic Strecter-Phelps framework, more rece A S s T e
lhe mu;r lerms that preclude the matrix approach. Consequently itmig u. see | Wh-V
by o Outlined in the present section is obsolete. There are three reasons wi
: ecessarily :
—tr . F‘Ln I Jitue: hanisms are
00 “Ven | : / s of the new mechanisms are
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lon g ¥ nonlinear, Consequently some mech
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The needed value is in the fourth row and the fourth column: ¢,

[|.64E-08
1.33E-08
R.12E—-09
442E-09
2.25E-09
LITE-09
5.28E-10
247E-10
I.LI4E-10

5.00E-11

2.66E-09
I.8OE—08
I.42E-08
8.58E-09
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1LI4E-10
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4.64E-09
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3.25E-10
2 84E-09
I.8§1E-08§
.42E-08
8.60E— 09
4.65E-09
2.36E-09
LLI6E-09
5.51E-10
247E-10

3.38E-14
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3.78E-12
3. 72E=1]
3.44E~ 10
2.85E-09
|.SIE-08
1.42E-08
8.58E—-09
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3.53E-11
343E~-10
2.85E-09
.8IE-08
.42E-08
8.60E-09
4.65E-09
2.36E-09
I.1I6E-09
3.28E-10

3.17E~-15
3.53E-14
3.70E-13
3.78E—-12
3.72E-11
3.44E-10
2.85E-09
.BIE—-08
1.42E 08
8.12E-09

g this value u
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3.61E~12
371E-11
J4E-10
285E-09
I.8IE-08
I.42E-08
8.60E—09
4.65E-09
236E-09

LIIE-09

292E-16
3.29E-15
3.53E-14
3.70E-13
3.78E—12
3.71E-11
343E-10
2.84E-09
I.80E 08
[.33E-08

2.56E-17
2.92E—16
317E-15
3.38E—-14
3.54E-13
3.61E-12
3.53E-11
3.25E-10
2.66E—-09
I.64E—08

= |.81 X

10* (mgp [ - W(g d'). (Remember, the column location is dictated by the position
of the loading and the row by the location of the resulting concentration.) This value can
be used 1p compute

216 mgL™" (

1.81]

mg L
108 ———

d-!

o3

K& ) _ 119337 ked™!
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) The mimnimum DO is 2.84 mg L', Thus, 1o bring this valye

qust increase the DOby Ao = 5-284 = 216 S upto S mg L' we

alue can be translated

A1) o108 load change by using the appropriate valye from the matrix inverse,
3 [1.64E-08 2.66E-09 3.25E-10 353E-11 361E-]2
-12) l.3.:E—0§ I.SSE—OS 284E-09 3.43E-10 371E-11
8.I;E-—8; l.-}-E—OS I.8IE-08 2.85E-09 3.44E-10
-:.-:_E— S.DSE—O‘) L42E-08 [.81E-08 2.85E—(9
13 ' = 225E-09 4.64E-09 B.60E-09 |.42E-08 I.81E—08
LIIE-09 236E-09 4.65E-09 8.60E—09 . 42E-08
5.28E-10 I.I_6E—09 236E-09 4.65E-09 8.60E—09
247E-10 5.?IE-IO LIGE=09 236E-09 4.65E—-09
.14) [LI4E=10 2.57E-10 S51E-10 1.16E-09 2.36E-09
5.15) S.00E=11 1L.14E-10 247E-10 5.28E—10 L. 11E-09
0D 3.54E-13 338E-14 3.17E-15 2.92E-16 2.56E—17]
3.78E—12 3.70E-13 3.53E—-14 3.29E-15 2.92E-16
e 3.72E-11 3.78E-12 3.70E—13 3.53E—14 3.17E-IS
: 344E-10 3.72E-11 3.78E—12 3.70E—13 3.38E-14
S 285E—09 3.44E-10 3.72E—11 3.78E—12 3.54E- 13
I.81IE-08 2.85E—-09 3 44E-10 3.71E-11 3.6l1E-12
1.42E-08 |1.81E-08 285E-09 3.43E-10 3.53E-1I
8.60E-09 1.42E-08 1.81E-08 284E-09 3.25E-10
4 64E—-09 S8.58E—09 142E-08 1.80E-08 2.66E—-09
225E-09 4.42E-09 S.12E-09 [.33E-08 1.64E—08
10“'“‘; _)Thc needed value is in the fourth row and the fourth column: ¢y = 1.81 X
ULl ";' (mg L=")(g d~'). (Remember, the column location is dictated by the position
were ;’i'hc loading and the row by the location of the resulting concentration.) This value can
A used 1o compute
2. 16 mg L™ kg _ l
n- e = = —— = Ilq,xxlkgd
i =il e L (luong,)
.81 X 1078 ————
> d-!
qlance n 5
WS the BOD |oad must be reduced by 40% to mecl the oxygen goal.
\
The mayy; : ks : ah this is
e e g ul]n-llnx dpproach is predicated on having a linear nu?qﬁl;n!\,,l:::itlc\ oot
"linggy (C‘CIZMIC Strecter-Phelps framework, more recen O:l\] Tti( might seem that
(e Megh, lmnsllhal preclude the matrix approach. Con'.\u]utl’ s [hrcc\rcu\ﬂﬂ.\’ R
i gy ,: Outlined in the present section is obsolete. There are s .
o | “Cessarily (rye: _
100 Yen | of the new mechanisms are

0 . ,, :
01 |y ) Ugh nonlinearities appear in m
lgp Via ) Nonlinear, Cun.\cquvnll}'

aT: g ,
b°cm | aylor-series expansion,

yed Without mncurring major errors.

adels, some

some mechanisms i |
For such cases the 1oregoing

1S iare amenable to lineanza-
approach could



1024 x 7+

4 ' “ I S ) \ ( 'og H (l ' c'".h(“’_cns
' :' \‘ttl]] p(ls‘\‘ec il is -"lill l]j‘ |||I

» Streeter-Phelps m
2. Although the Stre are to be evaluated. Such manage

mary and secondary treatment :

1 eenr in developing countries. :
still occur in developing € .l ‘
The eeneral approach outlined here 1s ll.\cl.ul for other problem coneyy beyong
n\yt:cn For example many of the anchng I.ramc\\vorl.\.s used 1o assesg toni
s‘;lb:l'mccx are linear. Hence the matrix solution techniques are POsSible g

useful.

S COntey,
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26.2 THE QUAL2E MODEL

The QUAL2E software package is presently the mosl‘wfdcly u.scd computer mode!
for simulating stream-water quality. It is capable of simulating up to I35 .
quality constituents (Table 26.1) in dendritic streams that are well-mixed laterally
and vertically. Among its many capabilities it allows for multiple waste discharges
withdrawals, tributary flows, and incremental (that is, distributed) inflows gnd
outflows.

QUALZE has its roots in the QUAL-I model developed by F. D. Masch and As-
sociates and the Texas Water Development Board (1970). In 1972 Water Resaurces
Engineers, Inc. (now Camp, Dresser and McKee), under contract with the U.S. Es
viromncnml Protection Agency, modified and extended QUAL-I to create the firt
version of QUAL-IL Over the ensuing years the model was upgraded several times
(for cx;nllllyl.gs Roesner et al. 1981qa, 19815). The present version (Brown and Ban-
well 1987) is k.nown as the “enhanced QUAL-II model” or QUALZ2E for short. I
IS currently maintained by the EPA's Center for Water Quality Modeling in Athess
Georgia, &
™ i: i:lhuuld lj'*',f""c"l that QUAL2E was originally developed using punch car

put media. As the software moved to tim »-sharing svstems and then e
sonal computers. the Input files to run the m c : Marng oyt S
(be PRt e e .n the mndgl nn'nnun.ncd the .(l.lld struc 5
and viewing the results of Ql:' ‘\‘l ‘:;:r‘_lrlcll(l!}- interface for entering the ”']plbc"?‘-'
distributed (Lahloy ef al. I‘)()ﬁ-ilTl‘f- - Stmulations has been developed and T \a
widespread application of 1}1;\ .n L;\ e ace should further enhance the ulf “;-llv:.
spreadsheet-like inpy_ iy Still re 1odel. "\“hnllgll the interface employs L‘i_lsj‘"“ i
hlc version. Thus this lecture ‘Ltllllrv\ precisely the same information as for ,"_K'»m
In Lec. 36) uses (he ﬂul-tilctl" = \.\lc“,n‘\ later descriptions of QUAL2E “p.PhLJ(rh[he
neW interface, our inpy f) .\-Un."d_'.‘ 30 whether you use the original version®
inform e ’L panc 4 concise representation of all the ne
& Model simulations with QUALZ2E.,

TABLE 26.1 i
The 15 constitye

v - - ‘c‘\’\l'
auon for pe c

nts that ¢

an be sim
Simulated by - <
l)l\\\'l\ctl OXYgen I)) L)l I.\ l‘2IL /

Biochemic; An : —
¢ cal oxyeen de Monia : y
T“'”I\'r'uu;' *8¢N demang Nilrite g¢ \tj\ ) Coliform bacteria c.\t‘-‘“ﬂ*'

TR L vl ve

¥ . vall

"\'g"l' as Chluu;m“.” i\llr\uc as N Arbitran nonconse 7
()' vy » o ()' : . (.“”‘c'\dll\v L‘.n\ultll-
JERani mtrogen as N LTS |,|,,‘.\ph“m\ as P s |

S )

e ISsolved
e C ' :
= sl thhl.nru\ as P Conservative Ll.,,‘uuunl =

——— -
—

— Conservative constl
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Tributary

Mainstem
river

17

18

19

20

21

22

Reach

24

25

(a) )
TURE 2.1

e i
" basin ang (b) a QUALZE representation as reaches and elements.

%2 . :
! Spatial Discretization and Model Overview

3 < ollect " reaches, each
L‘“'“gphlkd in Fig. 26.1, QUAL2E treats a river as a collection of .rc‘l.d].Ll |L'
N g - )
“-Cncs Mogeneous hydrogeometric prupullu Fach reach, in turn, Is divided int
of o
Am Lq“dll""&ﬂlgnnlpuhulunllglcnuJu\«n control volumes. -
: l onstituents histe
hblc 2| balance s used (0 keep track of the water-gus ality ¢
his balance can be written gene arally as
- L f."(_'
de alA.RZE ) |
Ues : ( == x d(A Uc) v d_g 3 .
g R s —~ dx - —,——cl_lf 7T
WLy ax A i it
nululmn Di pe : \dvection Kinectics External source INAS
Spersion 2 C n,
4 (26.17)

Irunsport
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2. The Manning equ

ge Pathogens
Dissolved Oxygen and Pathog

where V = volume

. = constituent concentration
A = element cross-sectional area [
If” — longitudinal dispersion coefficien
x = distance
| = average velocity | O |
L xternal sources (positive) or sinks (negative) of the constigyey,
el S :

: 2 SHRRERINE ate on the three terms on the right-hand i,
In the following sections we elaborate on U g d side o
this balance.

26.2.2 Transport

As in Eq. 26.17, transport consists of two components: advection and dispersion, The
former specifies the movement of the constituent with water as it flows downstream
The latter relates to the spreading of the constituent that occurs primarily due &
shear.

Advection. The QUAL2E model assumes steady, nonuniform flow. The tem

steady flow means that flow does not vary temporally. The term nonuniform fox
connotes that it varies spatially. For such a characterization a flow balance for ele-
ment ¢ can be written as

.. % |8

Qr—l —(_)l..'_Q-' =0 &

where Q, | = flow from the upstre:

Qi = outflow from the element

Qi = lateral flow Into (positive) or out of (ne

Once the floy balan

geometric chargege

depth, and Cross-se

other hydrogeome
Lec. 14):

im element

gative) the element
cels established. it
sucs for each clement
ctonal areg my St be ¢
tric Clmmclcrislicx Lo

: : dro-
IS necessary to determine the otherlll) 5
- g . e | of \‘l !
In particular the resulting water Vel o
' q 2 ~ : " > eleme
stablished. The relationship of the thlll‘(i
- . . ayvs L
Its flow rate is handled in two ways (f
[. Powe

FEquations cap be used 1o rel

ale mean velocity and depth to flow,

: v(,,l"'
U = (IQ” -
and

262V

o dete!
i

H = a QP
where H = megp depihy

. : and g p , e santethatt
mined from Stage-disch. rpe r ll “ and £ are empirical constants th
- &€ raling ¢
the Cross-sectional ng cu

. - > ‘ ‘(c
: rves. Once velocity has been d€
an be ¢ 3

alculated from the continuity equation
.o
) \»
4'1‘ = (-

areg ¢
||

. 1 J".;
atlon Provides

- 4 d ']] » e 0 B > - l,lrl
flow. In metric units. ~40s 1o relate channel chari
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parameters needed to uniquely defie

the geometry. B, = bottom width; s,
and s, = side slopes.

] 23
— A pUcIR
0 = ".\rR Ay (26.22)

where R = channel’s hydraulic radius (m) and S, = slope of the channel’s en-
ergy grade line (dimensionless). Note that since we have assumed that flow is
steady and cross sections are constant, the energy slope is equal to the channel

dope. QUAL2E assumes that the channel has a trapezoidal cross section (Fig.
26.2), so the cross-sectional area and hydraulic radius can be expressed as a func-
tion of depth. If @ is given, this means that Eq. 26.22 is a nonlinear equation
that can be solved for depth numerically. Depth can then be employed to de-
termine the area, which can be used to compute velocity with Eq. 26.21 (recall
Example 14.5).

Dispersion. The QUAL2E model uses the following relationship to compute

dispersion as a function of the channel’s characteristics (Fischer et al. 1979),

E = 3.11KnUHY® (26.23)

#iere £ = longitudinal dispersion coefficient (m*s')
n = channel’s roughness coefficient (dimensionless)
U = mean velocity (mps)
H’ = mean depth (m)
K" = a dispersion parameter (dimensionless)
“hined a¢

i (26.24)
HU®

= shear velocity (m s '). Equations 26.23 and _?6.2-1 represent circular
Thus they differ from Eqs. 14.15 and 14.17, which calculate dispersion
However, once K 1S established it pro-
onuniform flow conditions.

K =
Where [+
TCJSUning.
Pure)y
. '3 as e A :
Hles g 4 function of channel parameters. ‘
o omula o compute dispersion as a function of n

||g mn .
"Wis way that K is used in QUAL2E.

&,

r %3 Kinetics

0 kc(.p thi , :

g n leCture simple we limit the discussion 1€

d“{)layc [.)(CBOD) and dissolved oxygen. The kineli€
din r:ig- 26.3 and can be rcl)rcscnwd llmlhcmullcull_\' by

di _ -K\ L - KL
di

y TWO constituents: carbona-

cs for these constituents are

(26.25)

—-)&E//ém.fae.
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A trapezoidal channel showing the three

‘
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Atmospheric
reaeration
K
- ey Ke Sediment oxygen
.i ORG-N | 3, demand (SOD)
< D
| s |5 CBOD
. | N\
NH—:]< s 0
[Maj\, [ r
. : v
: :
' | Pr———
. | ORG-P |«
NO. o Soke !
X e N
), - Y 4
4, : G it
NO, | E <[ DISS-P |
5l N ‘
| L 1=/
X tal | | ’ s . u
s e N T — .
"1 Chla [*

' ALGAE ’

FIGURE 26.3

OUA - : : '

T dﬁi:&”i‘ ¢s. Note that the highlighted constituents and processes

diqcus:io °c and modeled in this lecture. We will extend our
—ooontethe remainder of the diagram in Lec. 36.

and do K,

-d"— = A:(U. O)y="K: L= /; G
where [ = carbonac
g B.(rhmmuous BOD (mg L 1)
K, = : )D Llccmnlm.\uiml rate (d—!)
} = |'()D settling rage (g- | )
@ = dissolved ¢ .
s AYEZen concentrar; :
— e Az L' ; |
K= reaeranon rate (¢! ) e e
05 = dissolved oy
OXYEen saturar:
K= sedime Yeen Saturation concentrat; L~
: | ent oxygen iy - ation (mg L. °)
o yg Cmand (g y 2 d— 1)
: hal a 1€ rates (the &1 X |
he Kg) e corrected for temperature by
wh : K = K ,U" () &
Vhere K - rate atl lk‘”lPCl'illurL‘ r _
K = rate at 20°C
U = atemperature COIrection 1y !
dCLOr
All the rates in | ) '
ates in Egs. 26.25 2 i
I R ‘"](I ~(‘_2() can h(' L'nlL'l‘L'd d“*c'\‘[l\' {1 Ql"\L:l:.IIt [.I
> el

CVer, the regerar
) dacriation rate ¢ , & ;
n]“lll\. ,l.hc\ i ' C Ol ‘”.\“ hL “l((-lnd“\ \,,“L.“l,” > l using Clghl L“'}
€ lormulas are summarnized jp bl %n:
avle 26.2
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LE 262 .
jon formulas in QUAL2E. Note that some of these formulas (2, 3
S L) ﬂnd 4)

4 a( : :
Rf’:: dightly from the versions in Lec. 20 due to rounding errors

dmm
K (d "at20°C)

aption uthor(s)
/""I\-—— Y Units
| User-specified value
, 2 Churchill et al. (1962) 503 /0% "
) : ‘Hlfﬂ_\ U(mgl)
: H (m)
l 1 0'Connor and Dobbins 2 Uos nl
(1958) “QSH_L« Uims')
H (m)
4 Owens ct al. (1964) post A
S..'NH—.“ U(ms™')
‘ H (m)
| §  Thackston and Krenkel a+ JFw :
(1966) Y (ot 4 ol F (dimensionless)
| .H Ww(ms')
‘ where £ is the Froude number, H (m)
= “:‘f: Ums")
» \’.'ll:H
and «” 1s the shear velocity,
e —_— ‘."’" ,‘li’
U = J ,Ib.g N
H 4
b Langbien and Durum U
(1967) ~ > l"}{_i'“ ﬁ(“" '
% Ums')
' Userspecified : b
: power () Y (e
function Qe @ (cms)
) 5 (o
= T-\(';t:glnu and Wallace AH ¢ (m')
| MR {
Tsij e Iy AH (m)
(l‘)'f% ou and Neal where AH 1s change In water-surface elevation ¢, (d)
116) in the element, ¢ is the flow time in the element,
(26.20) and ¢ is a flow-dependent escape cocfhicient:
c = 0.36for 0.028 = Q = 0.28 cms
s { 0.177 for 0.708 = Q = 85 cms
%24
Numerical Algorithm
Wihat we
G5y hOWL have an understanding of the major components of QUALZE, we can
iy '“' the model obtains solutions numerically. To do this, Eq. 26.17 can be
Y volume and written as
(‘76,27)
_)( { 1_(7(')
a AL — :
dc S 5 Uc) S
gc; - ax ) _ r?g\._'._ +re+p+ v (26.28)
( a - T Adx A
‘]bScn.e lh k
AL2E- Ho r. 4 we have divided the kinetics into (Wo separate (erms,
jifrerent
de (26.29)

b ol 29 4

a4 dt
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Flow
; s . FIGURE 26.4
TR i +1 QUALZE elements.

-1

The first term on the right denotes those reaction.x lhat‘ are linearly dependen;
ntration, and the second term denolgs internal constituent sources and sinks (fie
example, benthic sources, nutrient loss from 3'.‘.—’“_' gm“:lh' elc.). Although some o
the latter are constants, others are nonlinear functions ol COHSU.IUCN Ct)qcenlmlign\
A general representation of the QUALZ2E clen'wm scheme 15 sh(.)\yn 1n Fig. 264
Equation 26.28 can be written for element i by using a backward difference, as iy

conce

"\ r(h') + "\ Eﬂ(.)
( CAx )i ( ax ) (A.Uc)-) — (AUc);

ac; R/
—-— s o -_.' J
of \.‘ V p
. In Out In Out
AL . - . e
g Dispersion Advection
Y
+ YiCi + Pi - -
‘s -
Vi (26.30)
First-order Intermal External
reactons sources/sinks sources/sinks

Thcn backward differences can be used o approximate the remaining spuli;ll denva-
aves, %

5

- Cy) ¥ ()I 1CI=1 = Q‘.(", + rici +lh+ ‘_

aec; 1_\(1 !Lq = Gr) (A, E)e, =)

at Vi Ax, TR — ,
: (2631
inally a backward difference can be applied in time to vield
S+ ! . %
L =(t; (A F ( A0+ : '
G WeBniCefl] — o) | (AE) il = o)
‘ | A \‘ ‘-' A \" l:o;:
2N | v .
- E!';;(L;! 2 ()Nf l §
v, — — treftie e s
i =4 /¢ ‘y
Equation 26,32 ¢; , X ; slel
| 7= CAN oW be reexpresse by collecting terms to yield a linedf 2
= et 4
Mg Yorar B
Al + fich*! 4 gicnt 4
where
{" - = "‘\n IL‘.‘ i é{ } g)f i ’ ! ‘:0-“
\vl A U, ‘l ol 1
14!
| b (A R : 16>
(= 1HAE) |+ (a.p) AL | Q8L _ |
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Ar
P = A E fr——
5 {( )i V.A.r,] (26.36)
S At ’
¢ gt () + V" 15 pl '-\’ (26.37)

These equations form i tridiagonal system that can be solved efficiently for con-
centration as & function o.f time. Ntwlc lhal. the external sources and sinks (the s; terms)
e treated as constnn}s in this Ior‘mulalmn. As noted previously, some of these are
ponlinear functions of qlhcr constituent concentrations. Thus the QUAL2E solution
gleorithm handles nonlinear terms by treating them as constant contributions to the
forcing function that are updated at each time step.

Two forms of the solution are implemented in QUALZ2E:

Steady-stare. The model 1s run until it reaches a steady-state. This is the con-
ventional implementation mode for QUAL2E. Thus the time-variable algo-
nthm is a means o an end——the steady-state result (recall our discussion of
the backward-time implicit approach in Lec. 13).

Time-variable. The model can also be run in a normal time-variable mode. At
present this type of implementation is limited to diurnal simulations.

Now that we have covered the basics of the QUALZ2E software package, I'll pro-
vide an overview of how it is implemented. However, before doing this I'll introduce
iproblem context where we will apply the model.

225 QUAL2E Application

Figure 26.5 shows a river that receives a sewage treatment plant effluent at Kilo-
meter point 100 (KP 100) and a tributary inflow at KP 60. Note that the channcl
S trapezoidal with the characteristics shown. The deoxygenation rate for CBOD is
ual 1o 0.5 d~! ar 20°C. For 20 km downstream from the treatment plant there 1s a

tH0D settling removal rate of 0.25 d~'. In addition there 1s a \’L‘\llllldl‘]l oxygen dc
( the O'Connor-Dobbins reaeration

mand for 1k s - ‘
'and for this reach of S gm =d ' Assume tha : :
h Values for the channel’s geome-

“Mula holds and that the stream is at sea level.

* 4nd hydraulics are listed in Table 26.3. Kinetic parameters and temperatures are
“Marized in Table 26.4.
TABLE 26.3
“ngcuuwlric parameters
| \ B < 60
Parameter Units KP = 100 _I\l' [ln;—(.u) KP < 6
Dep T 2 | 41
Depth m | 19 | __j s
{It) (3.90) (4.07) H“_R
/\lL‘il Ill‘ 14 7 |§\_\0 T‘“,T
Flow m? s-! 5787 6.2 | AT
m'd! 500.000 540,000 3
(chs) (204) (221) (c‘.'wl."
cls . ;
Vel Iy ms ' 0393 0403 i
d! 33,955 34,819 ”.1;‘
ll'lP | (1 ) ‘|7_3:| —
. S - S ree o
. e S0 ke s el e, g

- Ql_ll.
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’
o
C, =
Q =
T, =
7
100 km
Channel slope 0.0002
Side slope 2
Bottom width, m 10
Roughness 0.035
Channel slope
Side slope
Bottom width, m
Roughness
FIGURE 26.5

A stream receiving BOD 1o

TABLE 26.4

lemperatures ang Kine

Parameter :
—  KP> g
276) T =

20

o, (mgL"!

k. (d” . Y.002

_.'“, X 1,902
S , 0.500

e (d ) e
k(4" U.S5(X)

| | ]

Al 0.0

5(”)15 m d ") 0

0,000

nd Pathogens

2mg L™’

75mg L™’

5.787 cms

20°C
L. 200 mg e
c, = 2mg L=
Q, = 0.463cms
T, = 28°C

0.00018
2
10
0.035

adings from a point s

lic cncflicicnls

KPP 100-80
20) 59
8.9K7
1.842
0.767
0.514
().254

3.175

L,=5mglL"
c, = 9mglL"
Q, = 1.157 cms
T, = 1§°C

. 20 km

ource and a tnbutary

20.59
8.987
|.842
0514
0514
0000
()OULR)

KFP 80-60
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The first step .in using QUALZE i.s to develop the spatial

. (he system being n.lodeled. Th!s nvolves dividing the s

fo qant hydrogeometric characteristics. These reaches.

u'»ng.‘h computational elements.

lgn.A segmentation scheme used for the present case is de

opve that we have divided the system into six

MS-HEAD

\S100-MS080
VS080-MS060
MS060-MS040
MS040-MS020
6. MS020-MS000

The names for each reach are at the user’s discretion and merely serve to iden-
ufy each reach. We have chosen to use the abbreviation “MS” to designate that
we are simulating a “main stem” of a river with no tributaries modeled explicitly.
Also notice that we have used distance in kilometers to identify the extent of each
reach. However, we have also reversed the sense of the distances. That is, we have
measured distance upstream from the downstream end of the system, rather than
downstream as in the original problem statement. We have made this modification
make our scheme consistent with the way in which distances must be entered into
QUAL2E.

Next, inspection of Fig. 26.6 shows that our scheme consists of 2-km elements.
Ihe elements that make up the reach must be numbered in order from the headwater
0 the most downstream point in the system. In addition the type of each element
must be designated. There are seven element Lypes:

Segmentation scheme
ystem into reaches of
In-turn, consist of equal-

picted in Fig. 26.6. Ob-
reaches that we will call:

wn 4. Gdd Ryad' = o=t

i. ?fadwulcr element
;- Ellandurd.clemcnl :
.~ ement just upstream from a junction
- unction element
stelement in system

(
. Input elemeng
" Withdraw

]n : *he firs ansl lac 5
. the Present example we use only four of these types. The first (1) l‘:nd |¢l_\f (hl)
:Tlcm'\ are type | and S, respectively. Elements 2 and 22 are type 6 lu;mx l:_\
J A rve ! o ot | . > > ¢l .; ’ 2.
ceive point inflows, The remainder of the elements are the standard type

al element

e : e can create a data file to run
(JL'/(\ n§L the system segmentation is defined. we can ‘-'l:‘m ‘l_ndll.:‘: 26.7. Note

<k » i i > DTASE »m 18 shown in Fig. =0./, &
thy E.The file that conforms (o the present proble

as shown (minus lines and shading,
AN 77. Thus each line ol
lerives from the punched

e rcsud l'w this file must be typed cxactly in FORTR
inyy ""rré 1S 1S because QUALB!; 1S wrnlsr}: Snehans
Cangs Used *Ponds (u‘;m 80-column input-card [Ors

Lsh 1 carly FORTRAN programs. e nrinting. a user-friendly interface
| Cr(ij:i.dl:m noted that at the time ol ltln.\ hno:l-‘ f;:l:lmi\ available (Lahlou et al.
s e nput file and viewing the resulls BEEEE as in Fig. 26.7. Thus.
-.g‘tkﬂ)l‘c. Cinterfyce requires precisely the same |nl.nr|11rz’l_.ll|$\ [1 A e DL
“Suidc l';“m “Mploy the original version or lh.t‘ new '.n“_d ;" |i|is lecture.

T Performing (he QUAL2E simulatuon outline

'l}r



/024 x 7

: g
rgen athogens
496 pagt v Dissolved Oxygen and | g

Reach no. Element no. Element ik

Reach name

MS-HEAD 1 :

MS100-MS080 2

@Qﬂmm“wndl

1

6

2

2

2

2

2

2

2

10 -
11 2
12 5
13 :
14 >
15 -
MS080-MS060 3 . 2
17 5
18 2
19 J
20 2
— 21 2
22 -

23 :
24 2
25 B
2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

5

MS060-MS040 4 =
27

28
29
30
| 31
32
33
34 |
a7
38
39
40
| 41
42

<

43
a4
MS020-Ms000 6 15

46
47
48
49
50
[ 51

89Mentation sep,
6.5 on scheme conforming to the river
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g oF JUNCTION : )
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DAY OF YEAR ETART TIME : 0,
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DEATAL
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10l | ) 3.2 riag fleld dacza
’ Bateh . . e B I B v 5 pe (Gata type &)
- g ) 1 -
DOATA I
TTRT 2 ) pdrasliice 2ata
BACL 1 - ) (data typs %)
R " ]
’ T i : |
n ASut
—
Ta5A
T - - T and 20
2 ' reactlon
A= 5 Kate cometants
) L poeie . (data type §)
- ¥ N -
=ne
T - Initial conditicme~i
TIAL coumy 1. OB { ‘ (data type 7]
o )
Brara: -1 NCH '
\
S
By 1y sporesantal loflow -l
T ey b4 {data type )
Y. T o L |
.y " -
e ., " t 1
w3 gl '
Qi o M- 1 -
m
Ay
k Neadwater scurces-i
i T . (daca tyge 10)
X :
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Title data. These specify identification information for lhs run dnd set the cop.
stituents that are to be simulated. Notice that we have typed “YES™ for BOD 44

dissolved oxygen.

Program control (data type 1). These consist of i rT(":C f.’lrﬁ‘l'dcﬁncs
the program control options. The second sets the ‘characlun.\uluuf)" I C Sldrfflm SYs-
tem configuration as well as some of the gqurqphucql/melcum ():'l(.c.l 4'.0'n' .IllOns for
modeling temperature. Most of the information lsﬁscll-e.xplanalor). If data is not pec.
essary ilbis omitted or set to zero. For example latitude Is [ml nc‘eded l?c'c“ausc We are
not sfmulaling temperature, The “MAXIMUM ROUTE TIME (I:IRS) entry bears
additional explanation. When performing a steady-state compultation, l.h.lS entry sets
the maximum number of iterations of the numerical method. This way, if the solution
does not converge it will be halted. [ have found that a value of 30.0 works well for
the applications I have developed with QUAL2E. However, for other systems some
adjustment of this parameter might be necessary.

Reach identification and river mile/kilometer data (data type 2). The cards

as el
in this group identify the stream reach system by name and river mile/kilometer. The Secu
latter is done by listing the stream reaches from the most upstream point (o the most
v -~ p
downstream point in the system. Observe that the river mile/kilometer data must be l
in descending order. ith
Withe
Computational elements flag field data (data type 4). This group of cards solve
identifies the type of each computational element in each reach. With
= . ~ elemg
)dfsth(‘S data (data type 3). Because we specified “TRAPEZOIDAL liVely
Cl:l.»\.\JNF,l,S In card 5 of data lype |, we use the Manning formula to deter-
!mnc the hydrogeometric characteristics of each reach. ('nn.\cqucnlh’ these cards \
include the purgmclcr\ necessary for the Manning coefficient calculation (that 1s,
channel slope. side slope, roughness, elc.). B Hy(
. °
BOD . action rate cone : Re;
B II.' ‘.’|n(-’ DO reaction rate constants (datx type 6). This group of cards in- ° w'd
Clude ftdt L intormation on the BOD decay rate cocfficient and settling rate, sedi- a >
ment oxygen demand, and the method of computing the reger tion coefficient Dis;
= deration coetncient.
Initial conditions—] ( Th A
=1 (data type Y i
lishes the initial valucs of - ype 7.). Fhis card group, one card per reach, estab- QUAL
v > - & b C \\’ - » Ay - e I .
the three conservative mi x \u;m tor temperature, dissolved oxygen, BOD. and
¢ UIIEE conservative minerals. [nitial conditions for te 53 ified . H¢
whether it is simulated or no . : NS 1or temperature must be specifie diffe,.
tial conditions are use " Present case, when it is not simulated, the in! Wh; 5
dl condrions are used 1o determine the temper: : : ) q(e dal |
onstants, Other values o PEerature correction factors for the ra 1D
constants. ¢l values can be seq gy zero for steadv.« _ e mj
“ady-state applications. A
Incremental inflow-| (dl:
: la type 8). Eye ~ - incre-
« Even though we w : ate Incre
mental inflows, these cards myg; be included, As i u,bh ol mmlld:t t\. can Whic
be sel to zero. F o A our example, all the value: Ch ¢
Headwater sources—1 (dl; , :
. - : ta type O -
o ‘]c“n ; l . ‘ ‘ 3 L) & )pt “”. lhl\ L.“d gr“up. one L‘i"'d ')cr hcild\\d
» CS l )L ”(‘\\, [L ”"’(rl.lurc_ [ll\\(\l\-c(l ‘)\ fOYes ’ ‘IJ,
concentrations of the headwate N Y&en, BOD, and conservalve R !
y « NCUCEWALCE Note that the headwater numbers are not the same Ch }
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16 CBOD

Saturanon

Oxygen

-20 20 ) 100
Distance (km)

FIGURE 26.8
Comparison of QUAL2E output with analytical solution.

s either the reach or element numbers. Rather the headwaters are numbered con-
secutively (starting at 1) from the farthest upstream headwater.

Point load—1 (data type 11). This card group, one card per point source or
withdrawal, defines the percent treatment, inflow or withdrawal, temperature, dis-
solved oxygen, BOD, and conservative mineral concentrations of each point load or
withdrawal. Note that the point load numbers are not the same as either the reach or
element numbers. Rather the point sources or withdrawals are numbered consecu-
tively (starting at 1) from the most upstream (o the most downstream.

Model output. The output for this run Consists of

* Hydraulics summary

* Reuction coefficient summary
s W.aler-qualil_v variables

* Dissolved oxygen data

A plot of the QUAL2E output for CBOD and oxygen is shown in Fig. 26.8. The
UAL2E results generally follow the analytical solution. i &
~ However, notice that there is a discrepancy at KP 100. This is due to the hinte-
lifference approximation used in QUAL2E. Let us [oolt at{GBOD) o ind=inge
Mhat is happening. Recall that in the analytical solution, @ ITRSS balance is made at
MiXing point,

Q"[‘f + Qn'Lw =3 (Qr ks Qw)LO = (
Whi
lich cap pe used to calculate (Fig. 26.9a)

40.000(200) + 500,0002) _ 16667 mgL "’

" Lo = 540,000
i
Ch thep decays downstream according 10
05 4+0254,
L = 16.667¢ s

a_ﬂl-ll.
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Z

(a) Analytical mass balance (b) Numerical mass balance
at point input al point input

FIGURE 26.9 _
Comparison of mixing schemes at point sources for (&) analytical and (b) QUAL2E

mass balances.

Thus at | km the value of BOD will have dropped to

L = 16.667¢ 34319 = 16.304 mg L. ¢
O . . C
In contrast, for QUAL2E, the loading is introduced into a well-mixed element o
(Fig. 26.9b). Therefore a mass balance must now include the sources and sinks for b
the volume.
al
QL+ QL. — (Qr + O\)Ly - (Ky + K5)VL =0 2%.3. U
which can be used to calculate 9
; 40,0000200) + 500,000(2) :
V= Tanrom  —————————————— . — S.98 me
540,000 + (0.76)31.01 < 107 _ 1298 mg L
Thus. there 1s a discrcpuncy bcc;xusc. of the finite discretization at the mixing point. 0
As dlbcu.\\cd.lll more general terms in Sec. 11.7. care should be taken to ensure that T
the clement size is small enough that such errors do not haye g significant impact on !
the application of the model for decision making. o
In summary the QUAL2E model provides 2

MY, a convenient tool o implement oxy-
gen balances in .\lrc.nn? networks. We will revisit the software in later lectures when
we turn (o the eutrophication problem in Part V.

PROBLEMS F|G
. : : |
= Ibl:P[Nl\Q that the following data are available for a vertically stratified estuary (Fig
)-—().I': Y - . oAl =
Qoi =4 % 10°m’ s Qun =25 x |0 Q21 =25 x 10° Oy = 6.5 x 10° a'8u
Ly =0m’ s RS2 X0 R S 55108 o ml e 108 N:(:
- > .l‘ e

Determine (he steady-stale system TeSponse matrice
deoxygenation and reaeralion rates are (). |
CES 1o determine how much BOD '“ilding C

s for BOD and oxygen il the
and 0.2 4!, respectively. Use the matn-
an be discharged 10 segment | if a level of
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4 mg L' must be maintained in all segments. Assume that segments 0 and 3
win negligible BOD and are at saturated levels of DO (0, = 108,::; L") In adcnc:i):,;

segment 2 has an SOD of 0.1 g m~2 d~! and a surface area of 10,000 m?.
_v 11 ]
— .
e I I ---------- : <
)
2 -
River Estuary Ocean  oGURE P26.1

26.2. A waste source (Q, = lems, L, = 25mg L', 0, = 2mg L', T, = 25°C) dis-
charges into a stream (Q, = 10ems, L, = 2mgL .0, = I0mgL~', T, = 15°C).
Downstream the stream flows through a rectangular channel with roughness = 0.03,
channel slope = (.0005. bottom width = 20 m. and a side slope of 3. Use QUAL2E to
calculate the profiles of both BOD and oxygen downstream assuming the BOD decays
atarate of 1 d™'. Determine the value and the location of the maximum deficit.

263. Use QUALZ2E to determine the profiles of BOD and dissolved oxygen for the following
sea-level stream:

@, = 1loms g‘ - :oc.(,:,.;
r,=25C )= 2
L,= S0mglL"! L,= 10mglL-"*
r=d g 3
g’:l;‘(‘j“ ! o, = 2mglL! l o,= SmglL"!
’,' = 5 mn L-l —— Y
0= TmglL-!
H (m) 3 | s :4
U (mps) 0.8 : 0.2 | y
0 30 I\'m~ 60 km
FIGURE P26 3

 Withdrawal at KP 70. At a distance of 150 km, the Strea enfem © '&"Bﬁ(f;"‘i'nﬂ.v.ﬁf,
OI¢ that the channel is trapezoidal with the charactenstes sho'wn. e )l'i o)
fite for CBOD s equal to 1 d~" at 20°C. For 20 km downstream [? is a sediment
Plant, there i o CBOD settling removal rate of 2d”'. In uddl‘l:on(;l ;rrt hl{"n r:;cral;on
OX¥€en demand for this reach of 4 g m 2 d~'. Assume thiy B8 = A
L ispersi nstant 1s ,
Mula holds, that the stream is at sea level, and thal "::cnd‘_'(;‘:’l":;‘:"c‘;:
% QUAL2E 1o simulate the levels of CBOD and 0Xyg

sl
[ &

> N XY SRRy [
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{ L =2mglL”’
c, = 75mg L=t
04- = 4cms
T, = 20°C
0 km

Channel slope 0.001

Side slope 2

Boltom width, m 10

Roughness 0.035
Channel slope 0.0008
Side Slopc 2
Boltom width, m 10
Roughness 0.033

150 km

FIGURE P26.4

A stream receiving BOD | nt s
é C oading from int s 5 an
bty 9 a Point source and a loss of water




