Future Design Techniques for Chemical Disinfection
Charles N. Haas
L.D. Betz Professor of Environmental Engineering and
Head, Department of Civil, Architectural & Environmental Engineering

Drexel University

Philadelphia, PA 19106

USA
Email: haas@drexel.edu

Introduction

Water and wastewater disinfection has been practiced in the US for more than 175 years.
This is particularly noteworthy since the understanding that infectious diseases are transmitted by
microorganisms only dates back about 120 years following the important work of Pasteur and
Koch. Over the years of practice in disinfection, there has been an evolution in the techniques
used for design of disinfection processes. This paper will provide a historical summary of these
methods, and present an approach for the next stage in process design.

Historical Evolution

The earliest disinfection “design” guidelines were based on dosing for the purpose of
deodorization (in accordance with the miasmatic theory of disease). Following the
understanding of bacteria as pathogenic agents, and experiments in the first decades of the
twentieth century, it was recognized that dose and time were required to achieve bacterial kill in
accord with the quality of the water or wastewater (demand) being disinfected.

During the 1930-1970 period, there was increasing development of rate expressions for
disinfection, and recognition that the disinfectant residual combined with the contact time (also
as functions of pH and temperature) were crucial predictors of disinfection efficiency. The work
of Fair et al. was particularly noteworthy in calling attention by careful kinetic analysis to the
direct relationship between the acid dissociation of HOCI and the efficacy of free chlorine as a
function of pH.

In the late 1970’s, with the development of the US EPA Surface Water Treatment Rule, it
was recognized that the non-ideal hydraulics particularly during disinfectant contacting needed
to be incorporated into design and compliance calculations. The empirical use of the tyo (time for
most rapid 10% of water to pass through a system) was an attempt to correct for this. However
many have recognized that this has severe limitations, as opposed to a fuller consideration of the
overall residence time distribution (originally set forth by Trussell and Chao).

Even the use of the full RTD in a design approach (generally termed the Integrated
Disinfection Design Framework) suffers from oversimplification of mixing conditions — and
further, if a system has not been built, the RTD cannot be experimentally determined. In
addition, there has been a greater understanding that as yet incompletely understood aspects of
water quality can influence inactivation kinetics. Therefore, a more detailed design approach is
called for.



Proposed Approach

The vision for a framework for modern predictive chemical disinfection system design
has the following elements:

e Predictive model of inactivation kinetics incorporating water quality factors
e Predictive model of continuous flow reactor (contactor) performance using computational

fluid dynamics (CFD) to directly describe disinfectant concentration and microbial decay
e Predictive model of disinfectant demand
e Predictive model of disinfection byproduct formation Kinetics

In the presentation, progress towards the first two bullets will be discussed, including a

proof of concept that CFD methods can be directly applied to full scale disinfectant contactor
simulation. It will also be shown that neural network models can be used to describe
multivariate water quality effects on disinfection. This provides encouragement that it will be
possible to develop optimal designs by computational efforts, given the (necessary development)
of more robust data sets on inactivation, disinfection decay, and DBP formation in a variety of
water matrices.
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Outline

¢ Continuing motivation for better
methods for design

¢ Historical evolution of design methods
¢ Vision for future framework
¢ What we have and what we need




Motivation

¢ DBP/Recalcitrant - process
pathogens (water) microbial cost
& Balancing for
competing risks
& Rational design to  gjyr
meet multiple criteria
byproduct

$ Wastewater risk

@ Balancing for
ecological effects (as
well as DBPs)

Disinfection Level

Early History of

Design Methods
¢ Miasmatic theory (1820’s-1900)

¢ Dose only (recognizing bacteria)
(1900-1930’s)

¢ Importance of residual, time (pH...)

leading to “ct” concept (1930’s-
1970’s)
&EPA SWTR




Recognition of a Problem

¢ Full Scale Disinfection Contactors
have non-ideal flow

Disinfection 2.5 (1980,
SWTR)

¢ Approximate contact time by tio
and use c*t = f(pH, temperature)

TABLE 1
CT Values for Disinfectants to Inactivate 99.99%of Giardia Lamblia Cysts
USEPA Guidance Manual to the SWTR
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Problems with 2.5

Ail have me:an=30 min
and t10=10 min

% Trussell & Chao

© Application of
chemical reaction
engineering theory

& Assumption of
complete segregated
flow

% Major improvement
over 2/2.5

% But there are still
problems

survival




Problems with 3
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Disinfection 4 - Vision

Given ¢ We need

© Water quality information

© Design dose

& Contactor geometry and

flow

Predict a priori

& |Inactivation performance

& DBP production
Optimize geometry, dose,
point(s) of application

© That minimize cost &

o Satisfy the multiple (and
increasing) regulatory
concerns

© Predictive model of
disinfectant demand

© Predictive model of
DBP formation
kinetics




Inactivation Model Incorporating
Water Quality
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Neural Network Model (in progresss)

Direct CFD Model -
Chlorination

¢Direct CFD solution
<Eulerian-Eulerian disinfection model

>Simultaneous solution of continuity,
momentum and mass transfer equations

$Accounting for reaction terms of disinfectant (1st
order with immediate demand) and inactivation
(Hom)

@Use of k-¢ model for turbulence closure
(small Reynolds number option)
>Use of commercial package (CFX)




Pilot Chlorine Contactor

¢ Three-pass serpentine reactor
=3 gpm (11.4 liter/min)

@ theoretical hydraulic detention
time=3hr

©NaOCI| was added to the contactor
through an in-line static mixer

& 8 intermediate taps

Funding - AWWAREF, Collaborators - Montgomery-
Watson

RTD Prediction (not fitting)

- Predicted Tracer Curve
& Experimental

Experimental and Predicted Tracer Curves for Pass 1
Monitor Location




Residual Prediction (not fitting)

6.00 -
5.00 -
4.00 -

3.00 -

2 =3 Bgll Run - MC
00 Willamette - MC
Bull Run - FC
1.00 A Willamette - FC

0.00 . .

0.00 2.00 4.00
Predicted Chlorine (mg/L)

CHLORINE
(mg/L)

Inactivation Prediction (not fitting)

7

7 -5 53 -1 il 3
In (OBSERVED) - In (PREDICTED)




Countercurrent
Pilot O; Column
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& CFD captures
gradual
consumption of
indigo

CFED images
provide greater
resolution of
bubble plume than
photographs
(averaging)

Bartrand, 2006

Full scale reactor - Alameda County Water T ——_——
___ District (ACWD) qengetaizony |

Ozone decays rapidly; H |
almost no residual | |
when water reaches the L&
third chamber

Degassing boundary at water surface
Water inlet

i A
(specified normal

T D
velocity and ‘ =
Cryptosporidium 3 Water discharge
parvum number, (specified
density) pressure)
Qy =9.5MGD
socd amm = VO

Gas inlet (specified

normal velocity and Q. = 180 scmh
O, concentration) ¢

Symmetry plane
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Predicted inactivation
matches gross
measurements made in
full scale contactors

© “Rough ” grid (700,000 O Firstorder Cryptosporidium
elements) parvum inactivation

O First order ozone decay O First order bromate formation
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Needs for Future R&D

$ More extensive tests of NN kinetic
model fitting
< Data gathering to fill in gaps (rich
spectrum of water characteristics)
¢ Exploration of NN for predictive
DBP and demand models

¢ Validation of CFD approaches in
full scale

Obtain kinetic
parameters,
decay, in batch
Kinetics from

expert system data
base

Run pilot studies
under different
conditions

Role of
design alternatives Metamodeling

¢ Simulation of many

Engineering

evaluation of /
performance,

reliability

.

Full scale design
and construction




Oh and by the way

¢ |f we can do this for disinfection ...

>Why not for
¢ Coagulation/flocculation
¢ Filter performance ...
¢ And we can build self-learning
treatment plants
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