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ABSTRACT

Removal of volatile organic carbons (VOCs) from contarninated ground water using air stripping
towers is a best available technology. The design of packed towers necessitates an estimate of
the overall mass transfer coefficient, K;a, which is usually computed using parametric models.
These models have been found to have several drawbacks and limitations. The main thrusts of
this thesis are a critical analysis of the literature and existing data, the compilation of a very

large, high quality database, and the development of an altemnative methods for predicting K a.

The thesis describes packed tower air stripping technology, including design considerations,
design procedures, and potential operation problems. It presents methods that are used to
develop mass transfer coefficient; including theoretical, empirical, and statistical methods. Also,

it investigates the collection and use of experimental data utilized for the estimation of mass

transfer characteristics.

For the purpose of investigating existing methods and proposing a new one, a new database that
is both comprehensive and representative of current air stripping applications has been
assembled. The database originates from 12 different studies, tested 19 modern packing types,
and investigated the removal of 22 compounds of interest to ground water remediation. The
thesis gives an overview of the data selection procedure and the data characteristics including the
methods used to estimate experimental mass transfer coefficient, physical characteristics of

water, air, VOCs and packings.

An evaluation of the well-accepted Onda correlations concluded that the latter systematically
overestimates K, a for packings that are typically used in full-scale applications. Also, the effect
of measurement errors of the variables involved in the calculation of both the experimental and
the predicted K;a values revealed that a large part of the observed difference between the
experimental and Onda predictions is due to a lack of fit of the Onda model. Thus, the
prediction quality of the correlations still can be improved. Also, experimental K;a values
obtained in this study varied with packing depth in contradiction with a basic assumption of

mass transfer theory, which states that K, a is spatially constant.

Based on the above and using the Onda model form, a new and improved Onda model was

developed. The new correlations addressed several of the shortcomings of the Onda model. The
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predictions by the improved correlations were superior to those of the Onda model. For the
validation database, the average absolute error of the improved correlations’ predictions was less
than 23% while it was 29% for the Onda model. The improved correlations also estimated well
the mass transfer characteristics of structured packings. However, the improved correlations did
not simulate well a few observed characteristics of mass transfer, namely the effect of gas flow
rate at high gas loading rates, and the effect of packing diameter. In fact, the analysis showed

that the predictions cannot be improved further without changing the form of the correlations.

To overcome the chronic limitations of the existing methodology, this thesis proposes a new
approach based on neural network (NN) technology. The NN solution can be divided in three
steps: .(i) architecture selection, (ii) weights optimization, or training, and (iii) validation of the
solution. The K a predictions by the NN were superior to those of both the Onda and the
improved Onda models. In the validation step, the NN model had an error of 19% which
represents more than 40% improvement over the Onda model predictions and more than 20%
improvement over the improved Onda model. The NN model addressed many of the
shortcomings of both the Onda and improved Onda models. The average absolute error for the
validation, as well as for the development data, is less than 19% with 68% of the data being
within a factor of 1.27 from the best fit line. The same parameters are 24% and 1.3 for the

improved Onda model and 29% and 1.39 for the Onda model.

The main achievement of the neural network model is not only the lower error of its estimates
through a better fit of the experimental data, but it is also its ability to describe better the
relationships between mass transfer and the operating variables. The NN model successfully
simulated the sharp increase in Kya at high gas loading rates that both the Onda and improved
Onda models were unable to simulate. Moreover, the NN model was able to simulate the high
non-linearity of the process, particularly the effect of packing depth, and liquid and gas loading
rates. Both parametric and nonparametric methods could not capture the impact of the packing

particles geometry via the packing diameter.
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The applied scientist needs to cope increasingly with the nonlinear world and the extra
mathematical sophistication that this requires. For that is where the rewards are. Linear
models are honest and a bit sad and depressing: proportional efforts and results. It is in

the nonlinear world that infinitesimal inputs may result in macroscopic outputs (or vice

versa). To appreciate what | am hinting at: if electronics were linear we would have no
fun with transistors and computers; we wouid have no TV; in fact you would not be
reading these lines.

Michiel Hazewinkel
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GLOSSARY

Vand 0 denote the gradient and the partial/total derivative, respectively.

IX; represents the multiplication of all X; terms.

p density of the liquid or gas phase, kg/m’.

O surface tension of packing material, kg/s’.

oL surface tension of liquid, kg/sz.

1 liquid or gas dynamic viscosity, kg/ms.

v liquid or gas kinetic viscosity, s/m’.

v velocity, m/s.

Ha the diffusion in the air at temperature T Celsius, Ns/m?.

UL, Mo dynamic viscosities in kg/ms for water and air, respectively.

PG gas density, kg/m’.

pL liquid density, kg/m’.

é the liquid film depth, m.

0 exposure time, s.

E percentage difference between Onda-predicted K, a and measured K, a,

AAE average absolute error, %.

AGE average algebraic error, %.

A Henry’s Law temperature dependence coefficient.

a effective interfacial surface area, m%m’.

a, wetted specific surface area of the packing, m%/m°.

a; total specific surface area of packing, m¥m’.

a’and b’ modification factors for the Onda individual liquid-phase and gas-phase mass
transfer coefficients, respectively.

b; parameters of a regression equation.

c the VOC concentration in liquid phase that is in equilibrium with the VOC
concentration in the gas phase, kg/m’.

c Gas phase Onda correlation constant = 2 if d, <15 mm, otherwise ¢ = 5.23.

c;and ¢y the VOC concentrations in kg/m3 the liquid at depths z; and z;,,

Ce the liquid effluent VOCs concentration which corresponds to depth Z, the bottom
of the packing media, kg/m’.

Co the liquid influent concentrations at z = 0, kg/m®

C packing friction factor.

C. the bulk liquid phase concentration, kg/m’.

d packing characteristic diameter, m.

d, nominal packing diameter, m.

D liquid or air diffusion coefficient, m%s.

D, diffusion coefficient of the contaminant in the liquid phase, m?s.

Dg diffusion coefficient of the contaminant in the gas phase, m%s.

Dt diffusion in water at specified temperature, m%s.

Dgt diffusion in air at specified temperature, m%s.

F linear transform of the log based standard error of estimates.

f, f functional relationships.

g gravitational constant m/s.

G the gas volumetric flow rate per unit cross sectional area, m*/m?s.

Gy gas mass flux, kg/m’s.

xiti



HT and Hzo

H
H;

Henry’s Law constants at temperature T and 20 degree Celsius, respectively.
the Henry's Law coefficient on a volume to volume basis, atm.
Henry’s law constant for component i.

Hp, H, H, H,, H" Henry's Law coefficient for different system of units.

HTU, H,
k

ko

ke

Ko

Kia,
K._a'

the height of the transfer unit, m

mass transfer coefficients, m/s.

chemical-specific liquid phase mass transfer coefficient L/T.
chemical-specific gas phase mass transfer coefficient L/T.
overall liquid phase mass transfer coefficient, m/s.

overall mass transfer coefficient (volumetrically based), 1/s.
the Onda and the corrected Onda mass transfer coefficient, 1/s.

Kiagps or Kiaesp and Kia,.: experimental and predicted mass transfer coefficients, respectively,

1/s.

the liquid volumetric flow rate per unit cross sectional area m*/m®s.
liquid mass flux, kg/m’s.

expected value of the dependent variable y at x.
molecular weight of the VOC.

observed total number of transfer units.

number of transfer units due to end effects.

net number of transfer units due to the packing only.
number of data points.

pressure, N/m?,

partial pressure of component i in the air.

total operating pressure, atm.

stripping factor, dimensionless.

universal gas constant = 0.0821 L.atm/mol.°K.

percent gas-phase control as predicted by the Onda correlations = kya/H kga
water solubility in mmol/L,

temperature in degree Celsius.

vapor pressure in mm Hg.

independent variables that affect the regressed quantity Y.
concentration of component i in water.

dependent variable.

observation at x;.

depth of packing media, m.

weight factor associated to the independent variable i.

Dimensionless numbers

Er

packing efficiency number, dimensionless.

Nf, NJ, N4, N are dimensionless numbers that depend on k, G, i and g respectively.

Mc
RCG
Re,_-
Fr, L
WCL
Shy,
Ge
SCG
SCL

= G/OL.

gas phase Reynolds number, dimensionless.
liquid phase Reynolds number, dimensionless.
liquid phase Froude number, dimensionless.
liquid phase Weber number, dimensionless.
liquid-based Sherwood number, dimensionless.
geometry number, the dimensionless.

gas phase Schmidt number, dimensionless.
liquid phase Schmidt number, dimensionless.
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CHAPTER 1

INTRODUCTION

1.1 MOTIVATION

Ground water contamination by trace levels of volatile organic compounds (V' OCs) has emerged
as a major water quality issue in the last two decades. Interest in VOCs in drinking water began
escalating in the mid-70s when it became possible to measure these compounds concentrations at
ug/L levels. Since then, it has been recognized that volatile compounds are finding their ways

into ground water, which is often used as the main source for drinking water.

The United States Environmental Protection Agency (USEPA) conducted a number of
surveillance programs such as the National Organics Monitoring Survey (EPA, 1983), the
Community Water Supply Survey (EPA, 1981), and the Ground Water Supply Survey (Westrick,
1982). The Ground Water Supply Survey (GWSS) included 945 community water supply
sources, and found that ground water contamination by VOCs is a common problem. Table 1.1

summarizes the main findings of the GWSS.

Table 1.1. Main results of the Ground Water Supply Survey.

random wells non-random welis

Number of wells 466 475
Contaminated wells 99 131
% wells with more than one 45 60
contaminant

VOCs are organic compounds with a tendency to migrate or diffuse from the aqueous phase

(water) to the gaseous phase (air), or vice-versa. They are generally "highly" volatile, with



Chapter 1: Introduction. 1.2

"low" molecular weight. VOCs are a widely used class of compounds employed in many types
of industrial, commercial, agricultural, and household activities. There are over nine billion
kilograms of this class of substance produced annually (DeMarco, 1983). These compounds
find their way into the environment through industrial and municipal wastewater discharges,
leachate from deficient, old waste disposal sites that received hazardous chemicals, illegal
discharges, and leaks from above or underground storage tanks and pipes. Contamination of
drinking water supplies may occur from any combination of these sources. In a given
contaminated site, one or two compounds will predominate at relatively high concentrations, and
several other compounds will be present at lower concentrations (Dyksen et al, 1982).
Trichloroethylene (TCE) is detected most frequently and at the highest concentrations
(Staudinger, 1986).

VOC:s are considered as a serious public health hazard although evidences of the effects of some
VOCs on human health are lacking. In recognition of this problem, the USEPA proposed
maximum concentration levels for many VOCs that are frequently found in ground water used
for drinking water supply. The USEPA estimated that 3800 community water supplies would
have to install treatment processes at a total cost of about US$1.3 billion to remove VOCs
(Westrick, 1982). Hence seeking an engineered cost effective solution and design are more

critical than ever before.

In the amendment to the Safe Drinking Water Act in 1986, the USEPA recognized air stripping
as a best available technology for VOC treatment. The designer of a stripping tower determines
the necessary packing depth Z that yields a pre-specified removal rate. The most critical variable
in this calculation is the overall liquid (or gas) phase mass transfer coefficient, K;a (or Kga). To
date, parametric correlations are the main approach used to estimate the value of K, a, because
they are easy to use and avoid costly pilot-scale tests. Existing correlations are not precise; yet,
existing designs generally perform well (Bolles and Fair, 1982). This is due to the fact that
designers include many different safety factors, some of which may be hidden from view. Bolles
and Fair (1982) indicated that the prevalent practice of compounding some safety factors and
hiding others has led to the common, but erroneous, impression that existing packed column
correlations are reliable when, in fact, they are not. Over the last fifty years, tens of empirically-
derived mathematical parametric correlations have been developed to predict K;a for packed

towers primarily due to the absence of a proven theoretical relationship.
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There is agreement in the literature that the Onda model (Onda et al., 1968) is the best model for
K,a estimation in air stripping applications (Staudinger et al., 1990; Roberts et al., 1985 and
Lamarche and Droste, 1989). The literature shows also that this model yields satisfactory results
for lab data. However, recent research reported 30 to 40 percent deviations from predictions in
full-scale and modern applications (Lenzo et al., 1990, Staudinger et al., 1990 and Djebbar and
Narbaitz, 1995). Narbaitz and Djebbar (1998) enumerated several factors that contributed to the
deviations. These are: (a) the extrapolative nature of the predictions; (b) the limited operating
conditions in the databases used to develop the correlations; (c) the parametric regression
techniques used to generate these correlations; and (d) the changing nature of mass transfer
relationships from one set of operating conditions to another, which are not well understood and
are poorly mimicked by current parametric models (Djebbar and Narbaitz, 1995; Bravo et al.,
1992). Therefore, several authors expressed the need to improve the predictions through

ameliorating existing estimation methods, or by developing new estimation techniques.

Recent developments in statistical theory have provided new modeling approaches using
nonparametric methods such as the nonparametric kernel regression and neural network
technique. Nonparametric approaches have produced excellent results in other domains such as
geology, hydrology, process control, and in market forecasting, especially for pattern recognition
and function estimation (Wen and Kung, 1993; French et al., 1992; Hirdle, 1989: Adamowski,
1985; Djebbar and Narbaitz, 1995). The author proposes a new approach based on neural
network technique to improve the prediction of mass transfer coefficient and to ameliorate the

understanding of mass transfer characteristics in air stripping towers.

1.2 SCOPE

While there has been vigorous research activities to evaluate existing methods and to develop
new ones using the traditional parametric modeling approach, there has been little, if any,
innovation in the approach itself. This thesis proposes a new approach for the estimation of mass
transfer coefficients in air stripping towers. Data used in most previous research are typical of
laboratory set ups and only a small part of it reflects current full scale applications of air
stripping towers. In contrast, this thesis assembled a data base that is comprehensive and

representative of modern application of air stripping towers. To the best of the author’s
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knowledge, this research is one of the first to examine mass transfer characteristics in air

stripping towers while addressing its two critical and impeding points: the data and the modeling

approach.

1.3 OBJECTIVES

The primary objective of the thesis is to develop a better estimation method for K, a for full-scale
air stripping packed tower applications. The use of a new database that is more accurate and
more representative of today’s applications provides a tool that was lacking, or at least
controversial, in previous studies. The use of a new approach to develop the estimation model is
expected to overcome some of the limitations of traditional parametric regression methods.

Specific objectives of the thesis are as follow:

1. Assemble a new database using full and pilot-scale studies that are representative of field
applications of air stripping towers. ‘
Evaluate existing methods currently used to estimate mass transfer coefficients.
Use the above database to develop a new K;a model based on the Onda correlations. The
development approach uses the traditional parametric regression method and addresses the
drawbacks of the Onda model.

4. Develop a K, a estimation method using neural network method

1.4 THESIS OVERVIEW

The thesis is divided into eight chapters. The first chapter is an introduction which defines the
problem and the study needs, identifies the objectives, and provides a summary of the thesis

content.

Chapter two presents air stripping technology for the treatment of VOCs. It presents a
comparison between alternative treatment technologies for the removal of VOCs from
contaminated ground water. It addresses VOCs characteristics as they relate to aeration
technologies, and gives a special emphasis on the Henry’s law constant. Then, it discusses air

stripping technology along with its main advantages and drawbacks. Following that, it covers
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state of the art in design procedures and operation of air stripping towers. Finally, it briefly

reviews mass transfer estimation methods.

Chapter three presents a critical review of techniques that have been used to develop mass
transfer coefficient prediction methods. It reviews dimensional analysis, which is frequently
used in air stripping studies, and investigates basic mass transfer theories and their applications.
Next, it covers the collection and use of experimental data, reviews empirical approach that is
used to estimate mass transfer components. Then, it presents new approaches to K;a prediction
based on nonparametric methods including neural network and nonparametric kernel regression.

Finally, it presents a review of existing mass transfer correlations and their limitations.

Chapter four discusses the data used in this study. It describes the selection procedure, presents
the characteristics of the database, and gives detailed explanation of the methods used to estimate

physical characteristics of water, air, VOCs, and packings.

Chapter five evaluates the well-accepted Onda correlations using the Narbaitz et al. (1998)
database. It investigates the Onda model’s ability to estimate the mass transfer coefficient in
modern air stripping towers. Also, it examines the effect of variables measurement errors on the
calculation of both the experimental and the predicted K;a values. Finally, it analyzes the
deviation between measured and estimated K; a values, and tries to evaluate the different sources

that cause the deviation such as variable measurement errors, and lack of fit of the Onda model.

Chapter six presents an improved Onda correlation developed using the parametric approach and
the database presented in Chapter four. It investigates alternative packing diameter definitions,

and addresses some of the shortcomings of the Onda model identified in Chapter five.

Chapter seven uses an alternative approach, a nonparametric approach based on neural
networks technology, to analyze and predict mass transfer characteristics. The predictive
abilities of this technique are compared with those of the parametric approach developed in
Chapter six. It investigates the neural network modeling of the effect of the main operating
variables, such as liquid and gas flow rates, packing diameter, and packing depth. Also, it
compares the predictions of the three models to established theory and observations. Finally,

Chapter 8 presents the conclusions of this study and recommendations for further investigations.
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CHAPTER 2

AIR STRIPPING TECHNOLOGY

This chapter consists of a review of air stripping technology for the treatment of VOCs,
including design considerations, design procedures and potential problems. First, a comparison
between alternative VOC treatment technologies is presented. It is followed by an exposition on
VOCs characteristics as they relate to aeration technologies, with an emphasis on Henry’s Law
constant. Then, packed tower air stripping technology is described along with a discussion of its
main advantages and drawbacks. Following that, the state of the art in design procedures and
operation of air stripping towers is discussed. Finally a review of mass transfer coefficient

estimation methods is presented.
2.1 TREATMENT OF VOC CONTAMINATED GROUND WATER

There are several types of treatment technologies that can be used to remove pg/L levels of
VOCs from contaminated ground water. These are: (a) advanced oxidation technologies, (b)

membrane separation technologies, (c) granular activated carbon adsorption, and (d) aeration.

Advanced oxidation technologies, like ozonation and UV/oxidation, are intended for the
destruction of organic contaminants (VOCs among others). On the other hand, adsorption, air
stripping, and membrane technologies are strictly separation processes that transfer the VOCs to

another phase or process stream, thus they do not totally eliminate the problem.

Results of VOCs oxidation using ozone showed that aromatic compounds, alkenes, and certain

pesticides are removed well, but alkanes are removed poorly (Clark et al., 1988). Cheuvront et
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al. (1990) found that the UV peroxidation system is less expensive than air stripping when the
exhaust air from the latter must be treated using vapor phase carbon. However, Topudurti et al.
(1993) indicated that UV peroxidation has some drawbacks. These include: (i) the oxidation
byproducts are not well identified, (ii) some organics are difficult to oxidize, (iii) oxidant is
consumed by side reactions with alkalinity alnd compounds other than organics, (iv) regular
maintenance of the system by trained personnel is required, (v) some compounds may be
oxidized to more toxic forms, and (vi) some metals may be oxidized to less soluble forms and
precipitate in the treatment unit. These potential disadvantages are common to all advanced
oxidation processes. Due to these drawbacks this type of process has been applied to a limited

number of sites.

Membrane based technologies, such as pervaporation, could be used to separate the influent
liquid into two streams: a VOC highly concentrated stream and a VOC “free” stream. Another
membrane process, membrane stripping, could potentially be used to strip VOC from
contaminated water (Zander et al., 1989). Though membrane technology has shown promising
results, more work is needed for its establishment and full characterization. The literature
showed no citation of field scale pervaporation or membrane stripping units for the treatment of
contaminated ground water. Membrane stripping showed promise for removing VOCs from low
pH and low chlorine waters, but it is incompatible with ozonated waters or waters with high pH
or high chlorine concentration. Also, membranes were found to be sensitive to temperature and
particulate matter (Zander et al., 1989, Castro and Zander, 1995). Membrane stripping like
other aeration processes produces a VOC laden off-gas stream; however, it has a much smaller

flowrate.

Granular activated carbon (GAC) uses its adsorption capacity to transfer VOCs to its large
internal surface area and produces a cleaner effluent. One of the main advantages of GAC
columns adsorbers is their ability to remove 100% of contaminants for a given period of time,
something that the other processes can not achieve. This is particularly important for very toxic
contaminants. Due to the less than linear adsorption characteristics, GAC is more economical
and competitive with decreasing contaminant levels. GAC adsorption has been widely applied
for the treatment of VOC contaminated ground water because it can remove most organic
contaminants, which are generally in the pg/L levels. However, it should be noted that GAC

removes some more efficiently than others, the removal of VOCs ranges from poor to good.
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Aeration technologies exploit the natural tendency of VOCs to migrate from water into air. This
natural process is accelerated by providing intimate and rough contact between the air and water
phases. Different types of aeration equipment can accomplish the contact between air and
water. They include bubbling air through a pool of water, spraying water into a stream of air,
whirling air and water together in a mechanical device, and forcing air to flow through a packed
bed wetted by a stream of water. Aeration equipment can be classified into three categories: (a)
water fall aerators such as spray nozzles, cascades, multiple trays, and packed tower columns;

(b) injection aerators, such as bubbles of compressed air through the water; and (c) mixing

aerators.

In addition to the removal of VOCs, aeration improves, directly or indirectly, other chemical and
physical characteristics of water for public and industrial usage. Improvements in water quality
by aeration include: (a) removal of taste and odor producing substances such as hydrogen
sulfide; (b) removal of corrosive substances such as carbon dioxide and hydrogen sulfide; and
(c) removal of substances that consume or interfere with chemicals used in subsequent
treatment, for instance, carbon dioxide before lime softening, and hydrogen sulfide before

chlorination (Dyksen, 1998).

Important features of an efficient aeration system include a high surface area of contact between
the air and water and a reasonable amount of turbulence to bring VOCs to the water surface
where the transfer occurs. These factors are maximized in an air stripping tower setting

(Treybal, 1980).

2.1.1 Comparative Advantages of Air Stripping Technology

The selection of a treatment option should be sanctioned by a cost effective analysis that is
based upon the volume and concentration of contaminated material to be treated, treatment
efficiency, discharge criteria and environmental impacts, total capital investment, and annual
operating and maintenance cost (Bouwer et al., 1988; Nirmalakhandan et al., 1987). Compared
to other aeration processes, counter current packed tower aeration has generally been proven to
be the best suited for treatment of drinking water due to its ability to achieve high VOC removal

efficiencies at low cost (Bishop and Cornwell, 1984, Lenzo et al., 1990).
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The Safe Drinking Water Act (SDWA) acknowledges that air stripping and GAC are the best
available technologies (BAT) for removal of most VOCs. However, only air stripping is
recognized as BAT for the removal of two weakly adsorbing VOCs: vinyl chloride and ethylene
chloride (Clark et al., 1988; Zander et al., 1989). The USEPA selection of air stripping as BAT
was based on the degree of treatment that can be achieved with this technology when it is used

for water contaminated with the most commonly occurring VOCs.

Flathman et al. (1992) performed modeling studies for GAC and air stripping processes. They
concluded that air stripping is a better technology because of the low adsorption efficiency of
GAC for methylene chloride and vinyl chloride. Also, they found that the additional cost of
transporting and disposing off of the spent carbon, or its regeneration, as well as the additional
cost of replacing the fresh carbon in the contactor cell makes activated carbon a more expensive
technology. This conclusion was based on three important factors: (i) the documented ease of
stripping of concerned VOCs from contaminated ground water in past emergency and remedial
field operations, (ii) the regulatory agem':.ies did not require the implementation of vapor-phase
scrubbing units, and (iii) the use of air stripping is generally maintenance free unlike granular
activated carbon, which requires regeneration and/or disposal off of contaminated media. Gross
and TerMaath (1985) found that the removal of TCE using air stripping costs ten times less than

using activated carbon.

Even with off-gas treatment, which is rarely necessary in order to comply with regulations,
packed tower air stripping is still very attractive in terms of cost, efficiency and operation (Ball
et Edwards, 1992, Cheuvront et al., 1990, Clark et al., 1988). Furthermore, air stripping is still

necessary for the removal of compounds that are difficult to oxidize and poorly adsorbed by

GAC.
2.2 DESCRIPTION OF TOWER AIR STRIPPING SYSTEM

A packed tower consists of a tower enclosure partially filled with a bed of small pieces of
material (packing). In counter current flow systems, air is introduced to the tower below the
packed bed and water is distributed over the top of the bed. Thus, the cleanest air contacts the
cleanest water at the bottom of the packed bed, providing an opportunity for water to reach very

low VOC levels. A schematic of a packed-tower air stripper is shown in Figure 2.1.
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Figure 2.1. Countercurrent packed tower.

Simply stated, air stripping towers are vertical columns which have been filled with packing or
devices of large surface areas. Figure 2.2 shows a cut-away view of a typical packed tower air
stripper. A typical tower includes a tower shell, packing support, packing, bed limiter, liquid

distributor, mist eliminator (optional), air blower, and water pump.
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Figure 2.2. Packed tower air stripping.

2.2.1 Tower shells.

For ease of construction and strength, tower shells are usually circular in cross section. They
can be made of wood, metal, acid proof brick, glass, plastic, fiberglass, or other material. The
recommended ratio of tower diameter to tower height is larger than 1:8 to minimize channeling
(Treybal, 1980). The tower shell provides a reservoir for water in the bottom of the tower and
may be equipped with an internal seal, or an external trap in the outlet piping, to prevent the air

from escaping through the water outlet line. The shell provides a space below the packing to
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allow the inlet air even distribution throughout the tower cross section before moving upward

through the packing.

2.2.2 Packing
Virtually any material that will promote intimate contact between air and water can be used for

tower packing. Material as simple as redwood slats have been used. At the other end of the
spectrum are a variety of highly engineered structured packings. The most common packings
for VOC stripping have been the random dumped packings. These include such nonproprietary
packings as pall-type rings and saddles available from a variety of suppliers, and proprietary
packing such as Jaeger Tripacks™, Glitsch Cascade Minirings™, and Ceilcote Tellerettes™.
The proprietary packings are claimed to be more efficient and offer lower pressure drop than the
nonproprietary packings. However, they have a higher initial cost. Random packings are
obtained by simply dumping the packing in an empty tower. To minimize damage to fragile
packing, the later can be dumped into the tower which was already filled with water. Table 4.2

in Chapter 4 presents a list of typical packings and their characteristics. Figure 2.3 shows

schematics of some random packings.

Nor-Pac

Raschig ring Hockette LANPAC

Figure 2.3. Schematics of some randon packings.
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Chemical engineering applications frequently use traditional packings, such as Raschig, pall and
partition-rings, Berl and Intalox saddles, made of ceramics with diameters that are smaller than 5
cm (2 in). However, current air stripping applications generally use 5 ¢m or larger diameter
modern and proprietary packings made of plastic. Packings with small diameters provide larger
specific surface area compared to packings with larger diameter. However compared to the
former, the later offer less resistance to gas movement. Compared to random packing, structured
packing offers higher surface area, lower void ratio and, generally, lower pressure drop because

of the defined uniform voids and higher surface area per unit volume (Billet and Bravo, 1989).

However, they are more expensive than random packing.

Some packings show a tendency to be arranged in certain patterns, which results in predominant
packing pattern in parallel, and/or in series. Patterns in packing promote channeling and reduce
mixing resulting in lower transfer efficiency (Hoek et al., 1986). Some types of packing, such as
Raschig rings, show neither in parallel nor in series patterns, while other packings, such as
Intalox saddles show both in series and in parallel packing patterns. Irregular packing shape will
permit a large number of mutual packing arrangement combinations. Hoek et al. (1986)
observed differences in performance of up to 60% in two separate hand-placement of the same
packing. They concluded that the reproducibility of results with packings that have virtually no
tendency to pattern pack is very satisfactory, while packings that show a pattern in pack cause a

significant variation in the transfer characteristics from one packing pattern to another.

Mass transfer in packed towers occurs at the interface between water and air, which is called the
effective surface area. The effective surface area increases with the increasing geometric
surface area. Most mathematical correlations for the prediction of the interfacial area consider
the geometrical surface area of the packing as the upper limit of the effective (interfacial)
surface area. However, recent work clearly show that for some packings the effective area may

substantially exceed the geometrical surface area at high liquid flow rates (Bravo et al., 1992).

Surface characteristics of the packing material affect the flow behavior inside the column and
the resulting effective surface area. It is conceivable that the solution will spread into films
more rapidly over one material than over another. Because of the obvious importance of the
interfacial surface area of contact, a, it has been suggested that anything that might affect the

wetting of the packing by the liquid should affect the rate of mass transfer. The wetted area is
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the packing surface area that is covered with water. The effective area is the interfacial area
between air and water through which the VOC passes from one phase to the other phase. These
two areas are intimately related, the greater the wetted surface area is the higher the effective
surface area will be. Different packing materials yield different wetted area. For example, using
two packings of equal specific surface area, the ceramic packing will lead to larger wetted areas
than the plastic packing. However, because of the change in the surface of the packing with the

age of the material, the importance of these factors tends to diminish (Billet and Bravo, 1989).

2.2.3 Liquid distribution

A liquid distributor assures adequate initial liquid distribution. After the packing, the liquid
distributor may be the most important and controversial device in the tower. Many more
instances of poor tower performance have been traced to poor liquid distribution than to
improper sizing of the packed bed (Harriott, 1989). A good liquid distributor will apply streams
of water to the top surface of the packing bed rather than fine droplets or sprays. Examples of
good liquid distributor devices include weir-through distributors, orifice-riser distributors, and
orifice-pipe distributors (Hoek et al., 1986). The liquid distribution quality and its effect on
mass transfer in air stripping tower are not well characterized. Perry et al. (1990) reported the
results of two identical experiments using two different distribution systems, a tubed drip pan
with 104 holes per square meter, and a standard weir trough type with 32 distribution points per
square meter. The tubed drip pan system showed 50% better efficiency than the standard weir
trough system. Harriott (1989), Perry et al. (1990) and Djebbar and Narbaitz (1995) found that
each packing has a natural frequency of distribution that will develop in any packed bed of
sufficient height. One should not take frequency in its statistical meaning. It is a terminology
used to describe the quality of the flow distribution of the flow distributor or the packings
themselves. A good liquid distributor is not critical at high liquid loadings (Harriott, 1989). At
loadings above 7 L/s/m?, a tower may tolerate some minor maldistribution without noticeable
impact on performance. However, at loadings less than 3.5 L/s/m?, the need for liquid
distribution is imperative. If just 2% of liquid runs down the wall of the tower without

significant contact with the air, the removal will not exceed 98%, no matter how deep the bed

may be (Harriott, 1989).
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2.2.4 Packing support
The packing support, or the bed limiter, is a plastic or stainless steel netting mounted on a frame

attached to the tower wall at both the top and bottom of the packing. The bed limiter has three
functions (i) it prevents the entrainment of packing into the liquid distributor, (ii) it ensures good
distribution of the gas and liquid into the packing, and (iii) it supports the packing atop. A
packing support is necessary at the bottom of the packed bed, but not at the top. Packing support
should have a large open area, with openings small enough to prevent the packing from slipping

through.

2.2.5 Mist eliminator

A mist eliminator is an option in an air stripping tower. It can be used to reduce the amount of
entrained mist that leaves the tower and form an unsightly plume at the air outlet. As moisture
greatly impacts the performance of activated carbon off-gas treatment systems, mist eliminators

are essential when such systems are utilized.

2.2.6 Column Hydraulics

Liquid in an operational column can be subdivided into moving liquid and static holdup liquid
(Treybal, 1980). On stopping the gas and liquid flows, the moving liquid drains and the static
holdup stays as pools in protected interstices in the packing. The latter is largely stagnant and
only slowly replaced by fresh liquid. In the transfer operation, the static holdup comes to
equilibrium with the adjacent gas. Therefore, interfacial surface area of static holdup does not
contribute to mass transfer, except as it is slowly being replaced (Shulman et al., 1955). As the
gas flow rate increases, the static holdup increases, and with it increases the pressure drop. The

flow rates and the pressure drop are closely related as explained below.

2.2.6.1 Flow Regions. As the gas flow rate increases, one of the following flow regions is
encountered successively (Treybal, 1980):
® Region A. The liquid contained in the packing bed (liquid hold-up) is reasonably
constant with changing gas velocity.
* Region B. Both liquid hold-up and pressure drop increase rapidly with gas rate; this
is known as loading.
* Region C. Also called the flooding region. As the gas rate increases beyond the

loading region, one of the following will occur: (i) a layer of liquid forms, through
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which the gas bubbles may start building up at the top of the packing; (ii) liquid may

fill the tower starting at the bottom, or at any intermediate restriction, or (iii) slugs of

foam may rise rapidly through the packing.

Most chemical engineering towers operate in the lower part of the loading region (region B) or
just below it. Air stripping towers normally operate at lower pressure drops of less than 400
N/m*/m, because the energy costs associated with the air blower are major part of the overall

cost. Eckert (1961) produced a set of generalized curves that relate pressure drop to liquid and

gas flow rates (Figure 2.4).
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Figure 2.4. Flooding and pressure drop in random-packed towers (Eckert, 1961).

2.2.6.2 Pressure Drop.
Pressure drop is an indication of the difficulty encountered by the air in passing through the

packing voids. Air friction in the column is frequently characterized by the packing-dependent
dimensionless air friction factor, C;, which expresses the air pressure gradient across the
stripping tower. The lower the air friction factor, the lower the air pressure gradient and, hence,

the lower the blower operation cost will be. The pressure drop of the air flowing through a
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packed bed is one of the major costs of operating an air stripper (Hand et al., 1986). The set of
general curves in Figure 2.4 (Eckert, 1961) relate the expected pressure drop that will result
from a set of operating conditions. Tables of packing friction factors for a variety of packing

shapes are available from the packing manufacturers, and some of these are listed in Appendix

Al.
2.3 OPERATIONAL CONCERNS

Some drawbacks are usually associated with air stripping technology. Many are associated with
poor design practice and they can be minimized through sound design practices. These
drawbacks include scale formation, fouling and poor flow patterns. However, it appears that air

contamination by air stripping off-gases is the main drawback.

2.3.1 Off-gas treatment
The exhaust air from a stripping tower carries the contaminants out of the stripper and into the

atmosphere where the volatile organics are dissipated by the velocity of the air stream and any
wind currents. Once in the atmosphere, these chemicals will gradually break down by natural

UV degradation. VOCs are implicated in ground level ozone air pollution.

In most locations off-gas treatment has not been required due to the relatively small mass of
VOCs emitted (Byers and Morton, 1985). Compliance with emission standards can be
controlled by the process stack design using atmospheric dispersion models, where plume
dispersion can be enhanced by increasing the stack height and the exit gas velocity. Another
alternative consists of vapor-phase activated carbon adsorption. Because of the low levels of
VOC emissions, a non-regenerable carbon system is usually sufficient (Byers and Morton,
1985). Byers and Morton (1985) indicated that vapor-phase activated carbon adsorbs about ten
times as much VOC per pound of activated carbon as the aqueous-phase activated carbon. Other
methods for VOC emission control are available, but are not competitive (Cheuvront et al.,

1990). These include UV-oxidant destruction systems and catalytic incineration.

2.3.2 Fouling and scale formation
Two factors are typically responsible for fouling, these are precipitation of scale forming salts,

and growth of iron-oxidizing bacteria (Ball and Edwards, 1992). Removal of CO, in air
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stripping process results in a shift in carbonate equilibrium, leading to the consumption of
hydrogen ion and an increase in pH. If pH is increased high enough, scale-forming salts,
including calcium carbonate, can precipitate out of solution and deposit on the packing (Ball and
Edwards, 1992). The saturation of water with oxygen during air stripping can also result in
oxidation and precipitation of certain metals: Ground water frequently contains significant
quantities of iron and manganese in soluble ferrous and manganous forms. Upon aeration, the
insoluble oxidation products, ferric hydroxide and manganese dioxide, can form and deposit on
the packing media.

In a survey that looked at 72 packed columns throughout the USA, Dyksen et al. (1$55) found
that only twelve columns experienced some type of deposition on the media. The build up is
made of iron, calcium carbonate, biomass or a combination of these three (Dyksen et al., 1995).
Hand et al. (1986) found that the precipitation does not seem to cause significant operational
problems in most cases. Hand et al. (1986) conducted continuous experimental runs in 2.5 and 3
m tall air stripping towers for four and eighteen months, respectively. The concentrations of
iron and manganese in the influent stream were about 1.5 and 2.5 mg/L, respectively. Only a
small amount of precipitation occurred and it did not increase the gas pressure drop cr affect the
removal of VOCs. If scale formation is suspected, chemical analysis is necessary to evaluate its
potential effect on the tower normal operation, as well as necessary pretreatment options to

avoid deposition.

In South Florida there are many air strippers that operate without pretreatment (such as lime
softening/sedimentafion/ﬁltration) and the local iron levels are in the order of 3 mg/L. In these
units fouling is an important problem. In Pompano Beach, two towers are periodically filled
with muriatic acid to dissolve the scale. Use of packing with larger size may reduce potential

plugging problems.

The presence of iron can also lead to the growth of iron-oxidizing bacteria. A prototype air
stripping column (Norton et al.,, 1991) used to treat water contaminated with BETX (benzene,
ethylbenzene, toluene and xylene) experienced fouling after two months of operation. The
removal efficiency did not suffer because of this, but, the head losses increased to above 10 cm

from the initial 1.5 cm. The fouling material behaved like a biofilm containing encapsulated
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hydrocarbon particles. The packing medium had to be cleaned by rinsing and agitating the

plastic packing in a cleaning tank.

2.3.3 Flow Maldistribution

In theory, the flow pattern in packed columns is assumed to be plug flow. However, this is
seldom the case due to several factors such as non uniform velocity profiles, short circuiting, by-
passing, channeling, velocity fluctuations due to molecular and turbulent diffusion, uneven flow
distribution, effect of contactor shape and tower internals, back flow of fluids due to velocity

differences between phases, or recycling due to agitation (Buchanan, 1971).

2.3.3.1 Axial mixing. The conception of an air stripping column is based on the assumption
that the gas and liquid flows follow a plug flow pattern. However, as described by the following
sentences, there are number of situations where the flow deviates from plug flow. Non
uniformity of packing and uneven distribution of liquid lead to channeling: regions where the
liquid flow is abnormally great. The liquid in the static holdup moves forward much more
slowly than the liquid in the moving holdup. Drops of liquid falling from a packing piece may
be blown upward by the gas. The downward movement of the liquid induces downward
movement of some of the gas. All these phenomena can be categorized as follows (Buchanan,
1971):

e Axial dispersion: is the spreading of the residence time in unidirectional flow due to
the departure from purely piston-type flow. The fluid particles moves forward, but at
different speeds. Axial dispersion is mainly due to molecular and eddy diffusion.

e Back mixing: is the backward flow in a direction opposite to that of the flow caused
by frictional drag of one fluid upon the other and entrainment of the liquid. Back
mixing may induce circulation of gas downward.

e Axial mixing: is the relative movement within each fluid, parallel to the axis of the
tower. Axial mixing is mainly due to uneven distribution of the liquid, channeling,
and it is further magnified by molecular or eddy diffusion.

Back mixing and axial dispersion create localized low values of the air to water ratio, which
decreases the driving force for mass transfer and necessitates taller towers to achieve the same
level of treatment. The effects of the above can be minimized by installing redistribution rings,

and packing support nets which help redistribute the liquid flow.
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2.3.3.2 Channeling. Liquid tends to move to preferred channels as it passes down the column,
where local flow rates may be several times the average flow rate. Porter and Templeman
(1968) estimated the wall flow to be 40-60% of the total flow for a column whose diameter is 20
times the packing size. These percentages decrease to 10-20% for columns whose diameter is 25
times the packing size. Channeling and wall flow change the local stripping factor by changing
the local ratio of liquid to gas flow rates. In columns with small diameters, there is a marked
tendency for the liquid to migrate toward the walls. This wall flow is considered almost totally
bypassed. Wall flow tends to disappear in columns with large diameter. Even though the
column to packing diameter was at least 8:1 and redistribution rings were placed at spaces
equivalent to three column diameters, as suggested by Treybal (1980), channeling was
significant in the Lenzo et al. (1990) experiments. Visual observation gave Lenzo et al. (1990)
the impression that up to 25-50% of the flow was channeled for 12.7 mm Raschig rings.
However, it was less important for 12.7 mm saddles and 6.35 mm Raschig rings (Lamarche and
Droste, 1989). Wall flow tends to occur more frequently in packing that has a tendency to

pattern pack (Harriott, 1989).

The drawbacks discussed earlier are common in air stripping towers because of poor design
practices. These drawbacks can be minimized when proper design and operation practices are

observed. The following section discusses some of these practices.

2.4 AIR STRIPPING FUNDAMENTALS

Stripping VOCs from contaminated water relies on the natural faculty of VOCs to migrate from
one phase to the other. This faculty is measured by the Henry’s Law constant of the VOC. The
higher this constant, the higher will be the driving force behind the transfer of VOC from water
to the air, and the more effective aeration will be as a treatment alternative. Byers and Morton
(1985) indicated that Henry’s Law constant and the diffusion of the compound in both water and
air are the primary variables that determine the rapidity of movement of the compound from one

phase to the other, and therefore, the mass transfer coefficient.

2.4.1 Henry’s Law
When air and VOC contaminated water are in contact, the concentration of VOC in the air will

eventually reach equilibrium with the concentration of VOC in the water phase. Aeration-based
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treatment technologies basically provide an environment that accelerate this process. However,
the concentrations of the two phases at the interfaces are expected to be in equilibrium all the
time (Lewis and Whitman, 1924). The equilibrium at the interface causes a concentration
gradient to take place between the interface and the bulk liquid or air phase as shown in Figure
2.5. The concentration gradient forces the VOC to migrate from the phase with higher

concentration, vis-a-vis the equilibrium state, to the other phase.
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Figure 2.5. Equilibrium distribution at the air-water interface.
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Inspection of the partition of VOCs between air and water as a function of the VOC
concentration in the liquid phase reveals two distinct trends at extreme VOC concentrations. At
both very low and very high liquid VOC concentrations, the VOC vapor pressure is proportional
to its mole fraction in the liquid phase, but with different proportionality constants (Figure 2.6).

At low concentration levels, the proportionality constant is called Henry’s Law constant, while
at high concentration level, the proportionality constant is called Raoult's law constant. VOCs in
ground water are predominantly found at very low concentrations, e.g., in the parts per billion

range, therefore Henry’s Law describes equilibrium conditions for air stripping applications.

Henry’s Law states that the mole fraction of any gas that will dissolve in any volume of water, at
constant temperature, is directly proportional to the pressure that the gas exerts above water.
Henry’s Law can be expressed as,

P = Hx, 2.1)
where p; = partial pressure of component i in the air; H; = Henry’s Law constant for component i;
and x; = concentration of component i in water. The partial pressure is typically expressed in
atmospheres. Liquid-phase concentrations are expressed as mole fractions, moles per unit
volume, or mass per unit volume. Chemists, chemical engineers and environmental engineers
use different sets of units; accordingly, they have expressed Henry's Law in a number of

different units.

Table 2.1 Conversion of Henrys Law constant from one system of units to
another using equation (2.1).

Conversion equation Unit of p Unit of x Unit of Henry’s Law
H, mol gas mg/L mg/L
mol air
H. = 1/H, mol gas mg/L 1
mol air mg/L
Hp = H, 55600 MW mol gas mol gas mol gas/ mol air
mol air mol water mol gas/ mol water
Hm = Hu MW mol gas mol gas / m3 rn3 water
mol air m
55600 MW kg/m’. kg/m3, unitless

"4.56 (T+273) mol/L, mg/LL mol/L, mg/L
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Table 2.1 shows some of these different units and how to convert from one system of units to
another (Cornwell, 1990; Staudinger, 1986). In Table 2.1 MW = molecular weight of the VOC,
and T = temperature in degree Celsius. This thesis uses the H form of Henry’s constant with the

unit of atm.

Factors governing gas solubility in water are temperature, pressure, and to a lesser extent,
dissolved solids in the water and the chemical nature of the gas (Haarhoff and Cleasby, 1990).
Because ambient conditions prevail in packed tower air stripping, the pressure can be assumed

constant and its effect is disregarded (Roberts and Levy, 1985).

Temperature has a significant impact on Henry’s Law constant. A 10°C temperature increase
may double or even triple its value. With the assumption that the enthalpy changes are negligible
over the expected temperature variation,. and given Henry’s Law constant at T = 20°C, (Hyp),
Henry's Law constant at T can be estimated by the following equation (Haarhoff and Cleasby,
1990):

293 PN L.
H,= Hzo(273 . T)lo (293 273+'r) 22)

where A is a constant. Values of Hyp and A for different VOCs are given in Appendix A2.
Haarhoff and Cleasby (1990) recommended the use of A = 4500 when the experimental value of

A is not available.

Many studies (Gossett et al., 1985, Gossett, 1987, Munz and Roberts, 1987) have concluded that,
practically, mutual effects on Henry's Law constants in aqueous organic mixtures is negligible.
Lamarche and Droste (1991) and Gossett (1987) suggested that there is no mutual effect up toa
total mixture concentration of 375 mg/l. Also, they indicated that the practical impact of ionic

strength appears to be minimal.

Reliable values of Henry's Law constant are often not available for solutes of environmental
concern. It should be noted that literature values for H may vary considerably for a given
compound. Lamarche and Droste (1989) determined Henry's Law constant experimentally and
their measurements had coefficients of variation that varied between 8 and 63% with an average

value of 34%. In the absence of direct equilibrium measurements, Haarhoff and Cleasby (1990),
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among others, recommended the use of water solubility and vapor pressure data using the

following equation:

H =132 vP 23
= L Ru(T +273) Sol 23)

where H = dimensionless Henry’s Law constant, VP = vapor pressure in mm Hg, Sol = water
solubility in mmol/L, Ru = universal gas constant = 0.0821 L.atm/mol.°’K, and T = temperature in
°C. Haarhoff and Cleasby (1990) indicated that whenever available, measured Henry’s Law

constants should be used instead of equation (2.3).

2.4.2 Design Equations and Procedure

Packed towers for air stripping are generally designed based on the change in liquid phase
concentrations and K,a. Using the Kavanaugh and Trussell (1980) and Treybal (1980) approach,
the packing depth element z, i.e. from depth z; to z (Figure 2.7), is given by:

L f dc

Kal oo (2.4)

<

where K| = overall liquid phase mass transfer coefficient, m/s; a = effective interfacial surface
area, m*m’; ¢" = the VOC concentration in liquid phase that is in equilibrium with the VOC
concentration in the gas phase (Figure 2.5), kg/m’; c; and c;,; = the VOC concentrations in the
liquid at depths z; and z,;, respectively, kg/m*; and L = the liquid volumetric flow rate per unit

cross sectional area (m*/m?s).
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Figure 2.7. Definition of tower parameters used in the analysis
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Air stripping applications are generally analyzed using the transfer unit model (Treybal, 1980;
Kavanaugh and Trussell, 1980). This model assumes that: (i) the mass transfer coefficient is
constant throughout the tower; (ii) plug flow conditions prevail; (iii) the volumetric air to water
ratio, G/L, is constant, i.e., the volume of the VOCs removed from the water is too small to
affect the volume of the air or water flows; (iv) Henry’s Law applies; (v) the operation is
isothermal, and steady-state conditions prevail. These assumptions are generally considered met
in current air stripping applications. Using these assumptions, equation (2.4) can be solved

analytically to yield:

zzl: L ]*I:RR Ln{c’ (1-1/R)+c, /R}J___[HTU]*[NTU] (2.5)

K, a -1 c, 1+1/R)+c, /R

HG
where R = —IT = the stripping factor, dimensionless; HTU = the height of a transfer unit, m;

t
NTU = the number of transfer units (dimensionless); ¢, = the liquid effluent VOCs concentration
which corresponds to depth Z, the bottom of the packing media in Figure 2.7, kg/m®; H = the
Henry’s Law coefficient on a volume to volume basis, atm; P, = the total operating pressure, atm;
and G = the gas mass flow rate per unit cross sectional area, m>’m’. The value of NTU indicates
the difficulty in removing the solute from the liquid phase, while HTU characterizes the mass

transfer efficiency from the liquid to the gas phase.

For the total packing height, Z, equation (2.5) becomes:

72 [KLLa]*[Rlian{"'/“u;_D”}] . Erotnm e

where ¢, is the liquid influent concentration at z = 0, kg/m®. This is the most frequently used
equation. The mass transfer coefficient K a can be obtained from either equations (2.5) or (2.6),

as

K, a= NTU 2.7

N

In a column with multiple sampling ports, when the section of the column being analyzed does
not include the bottom of the column, the gas phase concentration entering this section is not

zero, and equation (2.5) must be used to calculate Kja. Equation (2.6) is only valid for an

inflow gas concentration equal to zero. Rearranging equation (2.7) gives:
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z
NTU = K,a {‘E} (2.8)

During experimental studies including pilot scale tests, the liquid phase VOC concentrations are

measured at several packing depths. Based on these concentrations one can plot NTU versus
z
{E}' and if mass transfer is described by equation (2.8), it should yield a straight line with a

slope equal to K, a.

Many previous air stripping studies used estimates of Kya that are based just on an influent and
an effluent samples from influent and effluent lines so they include end effects. The transfers
that occur inside the column above and below the packing are called end effects. Spedding

(1988) indicated that end effects accounts for 10 to 36% of the total transfer.

2.4.3 Air Stripping Tower Design Parameters

The design of an air stripping tower is based on the determination and choice of: (i) tower
geometry, (ii) packing characteristics such as packing material, diameter, and specific surface area;
(ii) air and water loading rates; and (iii) contaminant characteristics, such as Henry’s Law constant
and diffusion coefficients in water and air. These parameters can be determined either directly
from data supplied by the manufacturer, experimental data, published data, or using existing

equations.

Most packed towers operate just below, or in the lower part of, the loading region (Figure 2.4)
with a packing pressure drop between 200 to 400 N/m*m for traditional packing, and 50 to 250
N/m%m for modern plastic packing. A packed column should not be operated above 1000
N/m*m (1.25 in HO per foot of packing height). Above this pressure gradient, the downward
flowing liquid becomes entrapped in the upward flowing air, resulting in poor removal
efficiency, and may lead to flooding. Typical design values for liquid loading rate range
between 0.4 and 2 m*m®s (10 and 50 gpm/ft?), and those for the volumetric air to water ratio
range between 10:1 and 60:1 (Bishop and Comwell, 1984). Various studies (Staudinger et al.,
1990; Kavanaugh and Trussell, 1980) indicated that the optimal design region lies between
stripping factor values of 3 and 7. Below a stripping factor of two, there will be a rapid increase
in the tower height for marginal increase in the removal. Yet, with an R above 7, there will be

little reduction in the tower height (Staudinger, 1986). The transfer appears to be less dependent
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on gas flow rate as the air to water ratio approaches the design ranges. However, recent studies

(Dvorak et al, 1996) showed that the transfer increase sharply at very high gas flow rates.

In practice, the tower diameter ranges between 0.5 and 3.0 m and the height ranges between 1

and 15 m. The tower cross section is usually determined based on the hydraulic loading.

As indicated in section 2.4.3, many instances of poor tower performance have been traced back
to poor liquid distribution than to improper sizing of the packed bed. It is generally considered
necessary to provide at least five points of introduction of liqﬁid for each 0.1 m? of tower cross
section (Ter Veer et al.,, 1980). The liquid re-distributors are placed at intervals varying from 3

to 8 tower diameters, but at least every 4 meters to minimize wall flow and channeling.

Selection of an appropriate packing includes selection of the packing shape, material of
construction and a nominal packing size. Selection of shape and size involves a tradeoff
between minimum head loss, and maximum overal] rate of transfer. Selection of material of
construction is influenced by the cost of packing material, its weight and the durability of the
material under all possible operating conditions. In most water treatment applications, plastic
packings are desirable because of low density, low cost and high durability. Larger packings are
less expensive on a unit volume basis and allow high water application rates and, therefore,
smaller tower diameters for a given water flow. Also larger size packing may be desirable
because they would not foul as easily and they have lower pressure drop. On the other hand,
smaller size packings provide larger mass transfer coefficients and smaller tower height. If a

high degree of removal is required, smaller packing may be more economical.

Because of the uncertainties associated with the different design parameters, a safety factor is
often used. The definition of an adequate safety factor is associated with the level of risk the
designer is willing take. It depends on the degree of certainty in the values of the variables used
in the design. The following table presents the findings of Lenzo et al. (1990) as to the

necessary safety factors to produce safe designs when using the Onda correlation (Onda et al.,

1968).

The design parameters indicated in the above paragraphs are just guidelines for optimum design

and are an excellent starting point. Ball et al. (1984) found that the operating cost has a strong
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influence on the optimum design conditions. Towers with larger diameters are preferable due to
their lower headloss, an important operational and cost consideration. Also, air flow should be

high enough to produce an optimum stripping factor.

Table 2.2 Safety factor for air stripping tower design.

to account for % of points Safety factor
68% 1.30
99% 1.75

There are several approaches to design an air stripping tower (Kavanaugh and Trussell, 1980,
Ball et al., 1984, Treybal, 1980). Ball et al. (1984) proposed the following steps:
1. Select packing, air to liquid ratio (G/L), stripping factor, and tower diameter
2. Select air pressure drop from the pressure drop curve (Figure 2.4) and determine
blower requirements.
3. Estimate K, a from a correlation equation.
4. Apply equation (2.6) and determine the required height of the tower.

This procedure is repeated until a satisfactory, i.e., a cost-effective design is obtained.

A given removal efficiency can be achieved by different combinations of the design parameters,
i.e., height of packing, air to water ratio, hydraulic loading rate and type of packing. Tower
sizing is, therefore, a process of optimization, i.e., finding the combination of variables that will
perform the desired function at the lowest cost. For site specific conditions, such as the cost of
electricity and the cost of tower installation, there will be a combination of design parameters
that minimize the treatment cost. Several studies (Nirmalakhandam et al., 1987) have been
conducted, and numerous computer models have been developed to help determine the most cost
effective design. Figure 2.8 (Staudinger, 1986) shows the optimal air to water ratio, shaded area,

for different values of the Henry’s Law constant.

Lenzo (1990) suggested that in situations where: (i) less common compounds are being treated,
(ii) the water loading exceeds thousands liters per minute, (iii) and/or the required treatment
efficiency exceeds 99%, it becomes cost-effective to conduct short-term, low-cost pilot tests to

verify theoretical designs, and to minimize system size and full-scale energy requirements.
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Design and optimization cannot be carried unless one has estimates of the mass transfer

coefficient, K, a, for different operating conditions.

Optimal air to water ratio

0 0.1 0.2 0.3 0.4

Henry’s constant (atm liquid vol./gas vol.)

Figure 2.8. Optimal design air-to-water ratio for stripping VOCs at typical
groundwater temperature of 13 °C (Staudinger, 1986).

2.4.4 Mass Transfer Coefficient: Estimation Methods

In designing a packed column for fixed operating conditions, the designer calculates the
necessary packing depth, Z, that yields a pre-specified removal. The most critical variable in this
calculation is the overall"liquid (or gas) phase mass transfer coefficient, K; (or Kg). The overall
mass transfer coefficient takes into account the resistance to mass transfer in both phases, which
permits design calculations to be based just on the change in concentration in a single phase. As
it is nearly impossible to measure the interfacial area, a, the product of K; and a, K;a, is
generally used instead of K. K,a is sometimes called the volumetrically-based overall liquid

phase mass transfer coefficient and its dimensions are T'.

The mass transfer coefficient, Kia, is a complex function of many design and operational
variables. It can be determined either experimentally using a costly pilot scale, or using
correlations and formulae. Most often engineers calculate K, a using a mass transfer correlation
because they are easy to use and avoid the cost of pilot-scale tests and the time necessary to
conduct them. The best mass transfer correlations produce an estimate of K a with 30 to SO
percent deviation from predictions in full-scale applications (Lenzo et al., 1990, Staudinger et

al., 1990 and Djebbar and Narbaitz, 1995). The lack of good predictive ability is due to: a) the
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extrapolative nature of the predictions; b) the limited operating conditions in the databases used
to develop the correlations; c) the limitations in parametric regression techniques used to
generate these models; and d) the changing nature of mass transfer relationships from one set of
operating conditions to another, that are not well understood and are poorly mimicked by current

parametric models (Djebbar and Narbaitz, 1995; Bravo et al., 1992).

The following chapters discuss mass transfer coefficient development methods, evaluate existing

methods, and propose a new approach to better estimate K a.

2.5 CONCLUSION

An air stripping tower is a best available technology for VOC removal from contaminated
ground water. It compares well with alternative treatment options and it generally is the most
economical. The main draw back of air stripping tower is the transfer of the contaminant from
the water to the air, however, this can t;e overcome by installing an off-gas treatment unit if
necessary. Other potential problems, such as channeling and maldistribution, are often
associated with poor design practices. If well designed, the tower can perform as intended and
drawbacks that are “associated” with tower operation can be minimized. Optimization can be
used to find the combination of operating variables that yield the most efficient and

economically viable tower.

The most critical parameter in the design of an air stripping tower is the mass transfer coefficient
Kia. Several methods are available for its estimation; but these methods have been shown to

have several limitation and drawbacks, which will discussed in the following chapter.
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CHAPTER 3

LITERATURE REVIEW: METHODS FOR PREDICTING
MASS TRANSFER COEFFICIENT IN PACKED TOWERS

This chapter is a critical review of the methods for predicting mass transfer coefficients and their
development. First, it reviews dimensional analysis which is frequently used in the analysis of
mass transfer coefficients in packed towers. Then it covers basic mass transfer theories and their
application. Next, it covers collection and use of experimental data, and empirical approaches
for the estimation of the interfacial surface area and the mass transfer coefficient. This is
followed by a review of current applications of mass transfer correlations with an emphasis on
the Onda model and its drawbacks. Finally, it presents new approaches to K, a prediction based

on nonparametric methods.

3.1 INTRODUCTION

Theory and practice of packed column operations have been extensively researched in the past
50 years (Kavanaugh and Trussell, 1980; Treybal, 1980; Sherwood and Pigford, 1952; Davidson,
1959a and b; among others). In practice, the estimation of mass transfer coefficient has been

exclusively through parametric equations.

The parametric approach has produced tens of equations, which fall within one of three
categories: (i) theoretical, (ii) statistical, and (iii) regression equations. The delineation between
these methods is not always clearly defined. By far, regression equations constitute the bulk of
existing equations and their development went through different methodologies.  These

regression equations are usually based on some results from the theoretical approach.
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Several drawbacks have been attributed to the parametric approach (Djebbar and Narbaitz, 1995;
Narbaitz and Djebbar, 1996) and several authors had indicated the need to improve them.

Furthermore, two other important reasons reviye the research to develop an alternative approach
to parametric correlations. The first one are the current applications of air stripping tower to
treat contaminated ground water, which are different from the conditions for which existing
correlations have been developed. Second, new estimation techniques have been developed. In
the last decade, there has been vigorous research activities to evaluate existing methods and, to a
much lesser extent, to develop new ones using the traditional parametric modeling approach.

However, there has been little, if any, innovation in the approach itself.

This chapter is a fundamental review of existing estimation methods in terms of basic theory and
methodologies used to develop parametric correlations. An overview of actual application of

mass transfer correlations is presented with a focus on the Onda model (Onda et al., 1968).

Alternative approaches based on nonparametric methods have been used recently in other
domains. They include neural computing method and nonparametric kernel regression. These

methods are briefly presented at the end of the chapter.

3.2 DIMENSIONAL ANALYSIS

Dimensional analysis has been extensively used in mass transfer analysis in air stripping towers.
Dimensional analysis simplifies modeling and experimental work by combining variables into a
smaller number of dimensionless groups. Therefore, it guarantees the dimensional consistency
of the resulting relationships. The main feature of dimensional analysis is the transfer of certain
aspects of similarity between model and prototype. Most dimensionless groups are expressed in
terms of fundamental dimensions such as: mass (M), length (L), time (t) and temperature (T).
The following equations present the dimensionless groups frequently used in the analysis of
interfacial mass transfer in packed towers:

dL, L, inertia force

Reynolds number; Re=—";,—=——-—— . 3.1)
KL a,u viscous force

a, L}, _ inertia force
gp®  gravity force

Froude number; Fr= 3.2)
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p  momentum diffusivity

i ber; Sc= = ——— 33
Schmidt number pD mass diffusivity (3-3)
kd k molecular mass transfer resistance

Sherwood number; Sh=-——; = - - 3.9

D Da, convective mass transfer resistance

L, inertia force

Weber number; We = = - 3.5)

a,op, tension force

o liquid tension force
Wettability number; Mo = = - - (3.6)

o, packing tension force

2 3 . . .

d ravity force viscosity force
Galilee number; Ga = gzp T zg = g -y - L 3.7
pna v inertia force  tension force
2 . . . .
a, viscosity force viscosity force
Surface tension number; Ts = Ee 3, =-— ; 4 - Y (3.8)
pL OL inertia force  tension force
Packing effici E ! 1 3.9)
ncy; Er=——;—— .
acking efficiency a.Z'ad

Where d = packing characteristic diameter (L); k = mass transfer coefficients (L/T); a, = specific
surface area of packing (LYLY; Ly = liquid mass flow rate per unit cross-sectional area (M/L%);
Gum = gas mass flow rate per unit cross-sectional area (M/L?); p = density of the liquid or gas
phase(M/L?); D = liquid or gas diffusion coefficient (L*t); g = gravitational constant L/tY; 6. =
surface tension of packiﬁg material (M/t?); 6, = surface tension of liquid (M/t®); p = liquid or
gas dynamic viscosity (M/Lt); and v = liquid or gas kinetic viscosity (/L?). The subscripts L
and G refer to liquid and gas phases, respectively. These numbers can be liquid based or gas

based.

Dimensional variables Ly, d, D, etc., that form the dimensionless groups, will vary with the
particular situation. For example, the length d may be the packing diameter in one situation and
the tower diameter in another, as in the case of E,, the packing efficiency number in equation

(3.9). Therefore, the reference flow rate L; length d or Z; and so forth must be specified.

Two cases are encountered when applying dimensional analysis. In the first case the governing

differential equations are well known, whereas in the second case the governing differential

equations are not known.
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The Navier-Stokes equation is an example of the first case. This equation is given by
—=g-—+VvVly (3.10)

where v = velocity, m/s; p = pressure, N/m?; and v = kinetic viscosity, s/m%. V and 9 denote the
gradient and the total derivative, respectively. Equation (3.10) can be dimensionally transformed

into the following form (Welty et al., 1976)

v? vV
s

Equation (3,10) expresses both a dimensional and a numerical equality whereas equation (3.11)
expresses a dimensional equality only. The use of dimensional analysis, as in equation (3.11),
does not give an explicit relationship between the different variables. This means that equation
(3.11) does not express a direct relationship between v, the velocity in the left hand side of
equation (3.11), with any of the variables'in the right hand side of the same equation. In addition
to the formation of the various dimensionless groups, the dimensional analysis utilizing the
governing differential equations provides physical interpretation to the dimensionless groups.

For example, the Reynolds number expresses the ratio between the inertia forces and the viscous

forces as previously indicated in equation (3.1).

Dimensional analysis can also be used even when the governing differential equations, which
clearly describe the process under consideration, are not known by using the Buckingham
theorem. The Buckingham theorem (Welty et al., 1976) provides a stepwise procedure that leads
to the number and the form of the dimensionless numbers that are important for the particular
problem. The Buckingham theorem states that if there are n dimensional variables in a
dimensionally homogeneous equation, described by r fundamental dimensions, they may be
grouped in i dimensionless groups by the following equation (Welty et al., 1976);

i=n-r (3.12)
Unfortunately, the latter method does not give a physical interpretation to the resulting
dimensionless numbers (Welty et al,, 1976). The Reynolds number, for example, may not

necessarily express the ratio between the inertia forces and the viscous forces.

There are many possible sets of independent dimensionless groups that can be used. According

to Welty (1976), it appears desirable to have groups that depend on the presence of certain
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variables: kinetic viscosity v, gravity g, surface tension o, and the mass transfer coefficient k,
i.e., four dimensionless groups. The groups are usually chosen so that each of the variables K, g,
k, and ¢ would appear in one group only, i.c.,

Nk = £,(NS,N¥, N¢) (3.13a)
where Nf, N, N4, and N& = numbers that depend on k, o, K and g respectively. Treybal
(1980) indicated that the transfer process in packed towers can be better described using a

relationship that involves the three dimensionless numbers: the Reynolds number, the Schmidt
number, and the Sherwood number, i.e.,

Sh =1, (Re, Sc) (3.13b)
where Sh = Sherwood dimensionless number, which is related to k. But the form of the
functional relationship, i.e., f; or f,, that relates the dimensionless groups to each other is not
provided, because it is not known, and no physical meaning could be attributed with certainty to

the resulting dimensionless numbers.

Dimensional analysis can also be used in conjunction with the theoretical approach to obtain

general equations. Examples of such an approach are the Davidson models (Davidson, 1959b).

3.3 THEORETICAL BASED APPROACHES

Mass transfer in moving liquids is directly related to the mechanism of the liquid movement
itself. Flow of liquids over packing surfaces involves two regimes: a laminar regime and a
turbulent regime with an intervening transition zone between the two regimes. It is natural,
therefore, to attempt to describe the rate of mass transfer using the combination of laminar and

turbulent mechanisms including the intervening transition zone.

The mechanism of mass transfer in the laminar region is controlled by molecular diffusion,
which is well known (Treybal, 1980). However, the mechanism of the flow process which
involves the movement of eddies in the turbulent and the transition regions is not thoroughly
understood. The analysis of the boundary layer in a flow over flat plate, which is similar to the

flow over packing surfaces, is a classical tool often used to illustrate the three flow mechanisms.
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According to Prandtl (1928), the effects of fluid friction at high Reynolds numbers are limited to
a thin layer near the boundary of the solid surface (Figure 3.1), hence the term boundary layer.
In the laminar region the transfer is controlled by molecular diffusion, while in the turbulent

region the transfer is controlled by both molecular and eddy diffusion.

Laminar Transition Turbulent

—
boundary-layer region boundary-layer
region region
di

ffusion transpor

boundary-layer
Flow, strearnline\L

eddies & molecular

-

-
R

- -

diffusion transport

molecular
diffusion transport

N solid surface
distribution

Figure 3.1 Boundary layer over a flat plate.

Treybal (1980) indicated that there is no theoretical answer to the problem of mass transfer
between a solid surface and a fluid flowing above it, as shown in Figure 3.1. Nevertheless,
solutions were obtained for simplified situations where a fully developed laminar flow condition

was assumed such as the one presented in the following section.

3.3.1 Model for Laminar Mass Transfer

By assuming a laminar flow in the falling liquid layer and using streamline flow theory, the
equation of motion can be written as follows (Treybal, 1980 )

dv
dd?

where & = the liquid film depth and z = the vertical distance along the wall in the flow direction

1) +gp=0 (3.14)

(Figure 3.2). The equation that governs the transport of mass is given by (Treybal, 1980)
aC 9°C

vV— =

5, =Di5T (3.15)
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where Dy = liquid diffusion. With the assumption of steady state flow conditions, equations

(3.14) and (3.15) can be simultaneously solved to yield the following equation (Treybal, 1980,
Johnstone and Pigford, 1952),

4

>’:§§?<ﬁ—*

solid surface ———

Z

{

‘L (liquid film)

Figure 3.2 Laminar liquid film falling over a plate.

2 8 0.5
Sh,,, = (S-EEReSc) (3.16)

Using experimental data with high Reynolds number conditions, Sherwood and Pigford (1952)
showed that the observed k. may be larger than twice the theoretical values given by equation
(3.16) due to ripples and waves formed on the liquid surface. Treybal (1980) and Welty et al.
(1976) concluded that it is not possible to theoretically compute the mass transfer coefficient for
turbulent flow conditions due to our inability to describe the flow mechanism mathematically.

Also, the surface area becomes larger than the assumed smooth surface area because of the
formation of ripples and waves on the liquid surface. To overcome these difficulties, some

authors proposed simple models, which are described in the following sections.

3.3.2 Models for turbulent mass transfer coefficient
There are many models (theories) which "attempted" to interpret or explain the mechanism of
interfacial mass transfer between liquid and gas phases especially in turbulent flow conditions.
These models produced simple expressions for the mass transfer coefficient. In commenting on
these models, Treybal (1980) stated the following:

"They are all (i.e., mass transfer models) speculations, and are

continually being revised. It is helpful to keep in mind that
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transfer coefficients for mass transfer are expediently used to
deal with situations which are not well understood. ... The
ultimate interpretation or explanation of the fransfer coefficient
will come only when the problems of fluid mechanics are
solved, at which time, it will be possible to abandon the

concept of transfer coefficient.”

These classical mass transfer models are the two-film model, the penetration model, the surface

renewal model and the film penetration model.

3.3.2.1 Film model. Lewis and Whitman (1924) assumed a time of exposure of the surface
element sufficiently long for the concentration profile within a film to be characteristic of steady

state. The entire concentration difference is attributed to molecular diffusion within an
"effective” film of thickness & (Figure 3.3). In such conditions, the local mass transfer coefficient

ki is given by the following equation.

D
k. =?" (3.17)

Vo interface

gas phase<—|—-—> liquid phase

C;\ molecular!
= diffusion !
.% {
£ ~ bulk liquid phase
w ‘.
g R CL
8 fictitious
film
0 o distance from the interface Z,

Figure 3.3 Film theory model.
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In Figure 3.3, C; = the liquid phase concentration that is in equilibrium with the gas phase

concentration and Cp = the bulk liquid phase concentration. The concentration within the bulk

liquid phase is assumed to be uniform.

3.3.2.2 Penetration model. The penetration model assumes the exposure time of fluid particles
(within eddies) to the interface is too short for steady state to develop. Higbie (1935) pictured
the absorption by the liquid phase as an unsteady state diffusion, or penetration, of eddies into a

laminar layer of liquid flowing over the packing surfaces. He also assumed a constant time of

exposure equal to O for all eddies (Figure 3.4).

gas Ehase 4

\v liquid phase ¥

B8 |«— time=9 —p| B

> =5

Figure 3.4 Penetration model.

For such conditions, the mass transfer coefficient averaged over 6 is given by the following

(D
k. = }'SL (3.18)

Using the penétration model, i.e., equation 3.18, and assuming a laminar stream flow in the

equation.

falling liquid film inside a short pipe, Vivian and Peaceman (1956) developed the following
equation.

k, =2 &(g_g_l,z_) (3.19)

nZ\8p.p,

where L = liquid flow, Z = total height of the plate. Differences were observed between the
values obtained by the above equation and experimental data. Vivian and Peaceman (1956)
attributed these differences to the liquid film being finite in thickness and to the velocity
distribution being parabolic as opposed to infinite liquid film thickness and uniform flow

velocity that were assumed in the development of equation (3.19).



Chapter 3: Literature Review. 3.10

3.3.2.3 Surface renewal model. Dankwerts (1970) assumed the liquid-gas interface to be a

mosaic of surface elements having different exposure time histories. He proposed the following
equation
k, =+DS (3.20)

where S = the fraction of the total exposed surface area being renewed at each moment.

Finterface
r N N
e o > ™ m =

Figure 3.5 Film-surface renewal model.

The penetration and surface renewal theories assume the surface element to be essentially

infinitely deep so that the diffusing solute never reaches the region of constant concentration, C.

3.3.2.4 Film-Surface renewal model. Toor and Marchello (1958) assumed the liquid
concentration to be const;clnt in the bulk liquid up to a certain distance, Z, from the interface, i.e.,
similar to the film theory. The upper part is similar to the penetration theory. For rapid
penetration (large D,) and small S or for thin surface element, the mass transfer coefficient takes
on the character of the film model. Whereas, for slower penetration or rapid renewal the mass

transfer coefficient follows the surface renewal model as shown in Figure 3.6.

Toor and Marchello (1958) proposed the following relationship.
SZ?
D

k, = /DS coth (3.21)

Obviously, the fictitious film thickness & or Z,, and the exposure time 6 can never be measured
since they do not exist. They are assumed concepts introduced to make the mathematical

analysis of the proposed transfer models feasible.



Chapter 3: Literature Review, 3.11

A

£ilm-SY
reneW
film theory

k,/DZ

(SIS0
s“ﬁ:ewa\ 6\
1

(SZ/D)05

Figure 3.6 Film-surface renewal model.

The results of the different mass transfer models can not be generalized due to four principal
reasons. First, the mass transfer coefficients resulting from these models include non-measurable
quantities such as film thickness and exposure times. Second, the assumptions used in their
development limit their applicability. Third, they do not account for the effect of other transport
and hydrodynamic phenomena such as rippling and eddies. Finally, mass transfer equipment
used in practice is very different from the simple geometry of the laboratory equipment used to
derive the above mentioned models and theories. A more rigorous theoretical analysis was

conducted by Davidson (1959b). He developed three models to represent random packing

configurations.

3.3.3 Statistical Models of the Random Packing
Davidson (1959b) was the first to consider a comprehensive approach to predictive mass transfer
correlations based on theory. In his three models the packing was assumed to be comprised of a
large number of completely wetted plates. Liquid was assumed to run down the surfaces of the
flat plates under laminar flow conditions and to completely mix at the packing junctions before
passing to the next plate.

e model 1: The packing material is made up of vertical plates of constant height, d, that are

completely and equally wetted. Based on these assumptions, Davidson (1959b) derived the

following

H 1z 1
TL =0345Sc? Re* Ga™ (3.26)

where Hy = the height of the transfer unit.
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e model 2: The packing material is made up of plates of constant height, d. They are
randomly oriented and completely and equally wetted. These assumptions lead to the

following equation:
% =0.244Sc* Re! Ga™* (3.27)
e model 3: The packing material is made of plates with random height of less than a certain

value d. These packings are randomly oriented, and completely wetted. These

assumptions result in:

%L =0.1833Sc! Ret Ga™* (3.28)

The last model is the most general amongst the three models. The weaknesses of Davidson’s
analysis are the assumptions of completely wetted packing and of laminar flow conditions. At
low liquid rates, with large packing pieces, much of the packing is dry; while with small packing
pieces, much of the void spaces are filled with liquid, so that interfacial area is less than the dry
surface area of the packing. Thus, both these cases contradict Davidson’s assumption.

Au-Yeung and Ponter (1983) indicated that at low Reynolds number conditions, model 3 under-
predicts the height of the transfer unit due to lack of complete mixing at the packing junctions;
whereas, at high Reynolds number conditions the observed height of the transfer unit is lower

due to rippling, which increases the surface area.

3.3.4 Mass Transfer from Theory to Practice

A likely explanation for the discrepancy between theory and experiments, even in well defined
geometry and known effective surface area, may be found in the nature of the liquid flow itself.
The true nature of the liquid flow over the surface of the packing as shown in Figure 3.1 is
uncertain (Treybal, 1980). Vivian and Peaceman (1956) indicated that it is difficult to conceive
that the liquid flowing over such a short flow path (the packing surface) will immediately
establish a parabolic velocity distribution as suggested by the laminar stream flow theory (Figure
3.2). Flow in large-scale mass transfer devices such as packed columns is much more complex
than the simple flow models presented so far. This is because it is difficult to determine the

exact effective interfacial area and to mathematically describe the transfer process in turbulent

flow conditions.
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Most mass transfer research evaluated mass transfer coefficients in gas phase and in the liquid
phase separately. According to the two film theory, the overall resistance to mass transfer is

equal to the sum of the resistance in the gas film and the resistance in the liquid film. Therefore,

a1, 1 (3.22)
K, k., Hkg

where K, = the overall liquid-phase mass transfer coefficient; k; = the individual liquid-phase
coefficient; kg = the individual gas-phase coefficient; and H = Henry’s law constant. The
resistance to mass transfer is proportional to the inverse of the mass transfer coefficient. The
overall liquid-phase mass transfer coefficient is the coefficient used to describe the total
resistance to mass transfer, i.e., that arising from both phases using the concentrations in a
single phase. According to King (1964) equation (3.22) will hold true if the following
conditions are satisfied:
¢ The interface is at equilibrium and H must be constant. If H is not constant, the value of
the equilibrium line slope at the properly defined value of concentration must be
employed.
® There must be no significant resistance present other than those represented by Ik, and
1/kg. The individual phase coefficients, k. and kg, are those measured in the absence or
suppression of resistance in the other phase.
e The hydrodynamic conditions (interfacial area, etc.) must be the same as those prevailing
during the measurements of individual phase resistance.
o The mass transfer resistance of the two phases must not interact, i.e., k. and kg are

independent and the ratio k;/kg must be constant at all points of the interface.

King (1964) indicated that these conditions are rarely met in common mass transfer equipment,
especially those which provide a wide distribution of liquid surface lifetimes, such as
randomly-packed towers. In such equipment a wide variation in local values of k. (and kg)
exists. Continuous change in effective surface area is expected even at a fixed flow rate. In a
subsequent study, King (1965) concluded that the average overall mass transfer coefficient for an
individual countercurrent surface exposure will be higher than the prediction of equation (3.22).
However, the net observed over-all mass transfer coefficients for packed and plate towers appear
to be less than the prediction of equation (3.22) (Dankwerts, 1951). Dankwerts (1951) and
Emmert and Pigford (1954) associated this conflicting result with the possibility that gas-liquid
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interface may not be in equilibrium as assumed by equation (3.22). In such case, the transfer of

mass encounters higher interfacial resistance than predicted by equation (3.22).

In conclusion, theory falls short of producing a satisfactory mathematical description for the
mass transfer coefficient in packed towers. Therefore several researchers have opted for the

empirical approach based on parametric regression of experimental data.

3.4 REGRESSION BASED APPROACHES

The difficulty in determining the effect of the process variables, such as gas flow rate and
packing surface area, on the transfer characteristics, compounded with the absence of the correct
form of the relationship relating the dependent to the independent variables has resulted in the
development of a huge number of different correlations. These correlations were obtained by
regressing experimental data using an assumned relationship. Generation of experimental data is
as important as developing a model itself because the latter depends on the former. Based on
experimental and field data, the author devised a tool to predict and interpret the intrinsic
relationship(s) that describe the process under investigation. The following section discusses the

development of experimental data, and subsequent sections will discuss the development of

models.

3.4.1 Experimental Data
The method used to obtain experimental data reflects our understanding of the transfer process

and the ideas we have about the form of the relationship that describes the mass transfer
coefficient. For example, if a variable is assumed to be insignificant, it will generally be ignored
and left uncontrolled. When Sherwood and Holloway (1940) assumed the total resistance to
mass transfer resides mainly in the liquid phase, they diq not measure the resistance to mass

transfer in the gas phase. A review of the literature showed that five main approaches are used to

develop and use experimental data.

1. The first approach uses packing with simple geometry where the interfacial surface area is
supposed to be known, such as for plates, cylinders and spheres (Welty et al., 1976; Davidson,
1959a; Fukushima et al., 1978; and Alper and Dankwerts, 1976 among others). In this case,
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the mass transfer coefficient k;. and/or kg is determined by dividing the observed k.a or kga

value by the “known” interfacial area. The experimental data are then regressed.

2. The second approach assumes kg to be substantially the same for the same operating
conditions in vaporization and in absorption (Shulman et al., 1955¢c; Puranik and Vogelpohl,
1974; Yoshida and Koyanagi, 1962, among others). First, kga, and kga, the gas phase mass
transfer coefficients for vaporization and absorption are determined for the same operating
conditions, respectively. Data for the effective area for absorption, a, are then determined
using the following equation: |

system specific during absorption  kga
system specific during vaporisation kga,

a
= y
where a; = the dry surface area and a = the effective surface area during absorption.

3. The third approach conducts experiments in which the resistance to mass transfer is located in
one phase only. To obtain kg or ki, the transfer is carried out using a pure solution in the
liquid phase or the gas phase, respectively. Here the resistance to mass transfer resides in one
phase, the solution, and no resistance is encountered in the pure liquid phase. Novella et al.
(1992) determined k. by absorbing pure CO, into water. This offers zero resistance in the
gaseous phase. Shulman et al. (1955c) obtained kga either from ammonia absorption
experiments, or from measurements of the rate of evaporation from the flowing liquid into the

air. In these experiments the liquid phase presented no resistance to the transfer of mass.

4. The fourth approach goes through the following steps (Shulman et al., 1955 a, b, and ¢ and

Davidson, 1959a):

a) First, kg was obtained from the evaporation of naphthalene from Raschig rings and Berl
saddles.

b) Second, the effective surface areas are obtained by comparing the kg values from the
previous step with the kga values obtained from Fellinger (1941) data on ammonia
absorption where the resistance to mass transfer in the liquid phase is assumed negligible.

c) kia values are measured from liquid controlling experiments.

d) Finally, the values of k. were calculated by dividing the measured k,a values by the

effective area determined in the second step.
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5. The fifth approach uses a well accepted correlation to determine one of the transfer
components, i.e., a, ki, or k. For example Ponter and Au-Yeung (1982) proceeded as follow:
e First, the interfacial areas were assumed to follow the Onda correlation for the wetted
surface area (Onda et al., 1967). .
e Second, k. data were obtained by dividing measured kia values, from liquid phase
controlling experiments, by the wetted areas as calculated in the first step.
e Finally, kg data were obtained by dividing measured kga, from gas phase controlling

experiments, by the wetted areas a calculated in the first step.

The approaches presented above depend on the preconceived ideas the authors have vis-a-vis the
transfer process. These ideas may affect the quality of the data and limit the applicability of the
developed models. For example, if the Onda relationship for the interfacial surface area is not
the true relationship, then the values of ki and kg obtained in step 2 and 3 of the last approach, as
well as the resulting equations, will only be definitely reliable for the conditions for which they
were developed. The resulting equation should not be used to draw conclusions and interpret the
process. Whereas, if the Onda relationship for the surface area is the true relationship for the
surface area, the k. and kg relationships from Onda et al. (1968) and from Au-Yeung and Ponter
(1983) should be similar but they are not. This point is further illustrated by the resulting mass
transfer and surface area correlations discussed in the following sections. The surface area

correlations are considered first.

3.4.2 Interfacial Area

Several studies have been conducted using experimental setups with known interfacial areas, for
example, wetted wall columns, cylinders, and flow over spheres. These setups have fairly well
defined interfacial surface areas when they are completely wetted and when the liquid flow is
smooth (laminar). Unfortunately, this is hardly achievable even in well controlled laboratory
experiments and seldom represents the flow in existing packed towers. When the liquid flow is
turbulent, or the packing is partially wetted, or the packing geometry is complex, the liquid flow

hydraulics become complex. Generally the liquid flow includes the following components:
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smooth liquid ripples on the
surface (laminar) liquid surface (turbulent)
solid plate \" direc
. the flow

Figure 3.7 Flow over the surface of plates.

™, S

rivulet

air bubble
droplet

packing

Figure 3.8 Air bubble, droplet, and rivulet flow patterns.

mixing point

Figure 3.9 Mixing at the packing junction.

1. Flow over packing surface area (similar to the falling liquid film) shown in Figure 3.7.
2. Droplets and rivulets as shown in Figure 3.8.

3. Mixing at the packing junctions as shown in Figure 3.9.
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The interfacial area in the above conditions is virtually impossible to measure. Moreover, flow
patterns change from one packing type to another making a generalized correlation difficult to
achieve. Visual inspection of flow patterns by Gossett et al. (1985) indicated that water flowing
over saddles appeared to cascade in thin sheets from one piece of packing to the next. Flow over
the rings seemed to be less cohesive. Water appeared to form small drops which fell from one
piece of packing, and broke into smaller drops upon hitting the next piece of packing. This
formation and reformation of drops would seem to renew the effective area for transfer much

more efficiently that the sheeting flow pattern observed with saddles.

To overcome these difficulties, empirical equations have been developed. However, the form of
the functional relationship that relates the interfacial surface area to the operating variables is not
known. Consequently, several different configurations for the functional relationship have been

proposed. Broadly, these configurations can be grouped into three forms.

e Form1
This form consists of a product of dimensionless numbers raised to different exponents. This

is the most often used form. An example of such form is the Novella et al. (1992) equation,

£ =, Re® Er® Mo®*® T (3.23)
a

s

where C,, C; and C; = packing dependent constants.

e Form?2

This is more general than form 1; it consists of the summation of different functional forms.
An example of such equation is the Puranik and Vogelpohl (1974) equation. Puranik and
Vogelpohl assumed the total surface area to be the sum of two components: a dynamic
component due to the moving liquid, and a static component due to the stagnant liquid. In
absorption applications without chemical reactions, Puranik and Vogelpohl assumed that only
the dynamic area is involved in the transfer; while, the static surface area is considered a dead
area and does not contribute to mass transfer. Accordingly they proposed the following
equation,

2 = ¢, Re® Er® Mo®® - C,+C, Inwe (3.24)
a

s Fr
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This equation consists of a summation of three forms: a product of dimensionless numbers

raised to different powers, C, Re® Er® Mo%'®; a linear part represented by the constant,

We
C4; and a logarithmic function of dimensionless numbers, C; ln—F—.
r

e Form 3
Onda et al. (1968) assumed the effective surface area and the wetted area to be the same.

They also assumed that the wetted area approaches the packings dry area exponentially and
they proposed the following equation, '

a= as(l — 145 Re®! We? Fr'°-°’) (3.25)

The correlations (models), equations (3.23), (3.24) and (3.25), have different forms as they were
not developed based on first principles. These correlations, and similar ones, were based solely
on statistical analysis of corresponding data (i.e., nonlinear regression) using a pre-assumed
functional forms like those presented in equations (3.23), (3.24), and (3.25) or adjusted forms
that describe the data better. The data with which these equations were developed were obtained
in laboratory experiments. These data are different from full scale applications in many respects,
for example the geometry, the values of the operational variables, and the contaminant
characteristics, especially when it comes to the environmental applications of air stripping
towers. As simple regression equations, these models should not be used outside the ranges of

variable values of their developmental data set.

Experimental and theoretical developments gave some insight about the form of the relationships
governing the mass transfer coefficients. Yet, the state of correlations for mass transfer
coefficients is similar to the surface area correlations presented in the above. The following

section discusses the correlations for mass transfer coefficient.

3.4.3 How Mass Transfer Correlations have Been Developed

Most investigators regressed equations formed of dimensionless numbers. They developed
empirical correlations based on the theory by raising some dimensionless numbers to specific
exponents. These exponents are similar (or in some case preset) to those obtained in the simple

theoretical models presented earlier. The penetration theory, for example, with the assumption
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of laminar flow between surface renewals predicts kya to be proportional to the 1/3 power of the
liquid flow rate and 1/2 power of the diffusion coefficient (Davidson, 1959b; Sherwood and
Pigford, 1952). These findings lead one to assume that the correlation of packed tower
absorption data on the basis of k.a should include Reynolds number to the 1/3 power and the
Schmidt number to the 1/2 power. It is important to keep in mind that the validity of these
results is directly dependent on the validity of the assumptions used in the development of these

theories, namely the penetration model and the streamline flow model assumptions described in

earlier sections.

Bravo and Fair (1982) stated that a functionality was established and accepted to be
representative of the relationship between the variables that affect the transport process. This
functionality has the following form for both liquid and gas phases,

Sh=cRe®ScP (3.29)
where ¢, o, and § = parameters to be regressed. This form has been widely utilized to obtain
regression equations. Different procedures have been used to obtain the final regression

equations, but the main ones are the followings:

34.3.1 Novella et al. (1992). They built their correlation step by step by adding variables at
each step. They used nonlinear multiple regression program to regress data of the absorption of

pure CO; into water, therefore kg is zero.

e step 1: liquid flow and packing depth: k,a = A,LO'BZ'o‘“ (3.30a)

e step 2: addition of packing diameter: k a= A,(L%8Z0% )a o4 (3.30b)
e step 3: addition of surface tension effect
. O'c
kLa = AB(Lo.sZ—o.«do.n )(_;_) (3.30c)
e step 4: making the correlation dimensionless
;L:z =C, Re® ErSSciGa®®Ts A Moo'8 (3.31a)
L

where C,, C;, and C; = regressed constants that are a function of the packing type. In the
second stage, Novella et al. (1992) used spheres and cylinders of known surface area as

packing. The data obtained were regressed as indicated above and the following equation was

obtained,
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k,
Las

After dividing equations (3.31a) and (3.31b) term by term the effective specific interfacial

= ¢, Re? Sc?Ga®*Ts*# (3.31b)

area is obtained

2 =¢, Re® ErOTs**Mo™* (3.32)
a

where the C; ’s = packing type dependent constants.

3.4.3.2 Vivian and Peaceman (1956). Vivian and Peaceman (1956) followed the same

procedure as Novella et al. (1992) and they generated the following dimensionally inconsistent

equation:
ky /E =7.13L% (3.33)
D
The authors then used dimensional analysis to obtain a dimensionally consistent equation. They
kZ Qp

arranged the variables that affect the process into four dimensionless groups: D’ p—D—,

p2gZ® 4L
——35—, —. By substituting in these groups in equation (3.33), the following dimensionless

1l
equation was obtained,

- Sh=0.433Re%* SctGat (3.34)

3.4.3.3 Onda et al. (1967). Onda and his coworkers assumed a wetted area relationship similar
to that of Fujita and Sakuna (1954) and included both the liquid surface tension and the surface
energy of the packing materials:

a 1

a2 =1- o 4SReTWe I 0% (3.35)
S

k. and kg values were then obtained by dividing k2 and kea values by the wetted surface area, a,

values calculated using equation (3.35). kia and kga values are collected from reported data of

gas absorption into water from different sources. The resulting data of k, and kg were then

regressed, respectively, yielded the following correlations
1

k, = 0.0051Re’ ScEr°* (p—L) (3.36)

Hpog
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kg =ca,Dg Re® Sc'Er? (3.37)

where c is a coefficient which depends on the packing diameter.

3.4.3.4 Bravo and Fair (1982). Bravo and Fair tried various combinations of dimensionless
numbers to obtain the best grouping (fit) of the data. The Bravo and Fair correlations were
obtained as follow. First, they determined the overall k;a data experimentally. Second, they
calculated the individual k; and kg using the Onda correlations, equations (3.36) and (3.37).

k,a
Third, they calculated the effective surface area using a = k# Finally, the area values were

L

then regressed to yield the following equation.

0.5

a (o)
—= c(ReGa)**” —oF (3.38)

s

where ¢ = coefficient. Equation (3.38) is not dimensionally consistent. To make it

dimensionally consistent, the packing depth Z and the packing surface tension o, are replaced by

V4
— and %, respectively, where 72 is the surface tension of water and the depth 10 is a

10

randomly chosen value. If the Onda correlation for the wetted area (equation 3.35) is correct,

equation (3.38) would be identical to equation (3.35), but it is not.

3.4.4 Discussion
The two-film theory suggested the diffusion exponent to be equal to one; whereas, the

penetration and the surface renewal theories suggested a value of one-half. However, the
film-surface-renewal model proposed a value intermediate between the values proposed by the
two-film and the penetration models, respectively. This variation in the diffusion coefficient
exponent confirms the conclusion of Bolles and Fair (1982) that the parameters of a parametric
mass transfer correlation must change from one operating region to another to reflect the change
in the transfer mechanism. This means that different liquid and gas flow rates, and so on as
operating regions, should lead, within the same correlation, to different exponent values from one

“operating region” to another. Unfortunately this is not incorporated in observed mass transfer

correlations.
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The correlation equations presented in previous sections are of the form of the Cobb-Douglas
model (De Neufville, 1990), i.e.,

Y=C,IIX{ (3.38)
where I1 = the multiplication of all X; terms, C; = model parameters (i.c., constants) to be
estimated statistically to reflect reality, and X; = independent variables that affect the regressed
quantity Y. The Cobb-Douglas model dominated the literature and practice until the early 1970s,
until its deficiencies become too obvious and practical alternatives became available through the
development of high-speed computers. The Cobb-Douglas model has several attractive features
(De Neufville, 1990):

e It can, by suitable choice of the parameters, C;, represent a broad range of the important
characteristics of the relationship sought.
e These parameters can be immediately interpreted in terms of the characteristics of the
production functions, which is a great pedagogical and practical advantage.
e It is easy to estimate statistically. This is because the multiplicative equation can be
transformed into a linear function by expressing variable in terms of their logarithms.
However the model inherently implies that certain features of the relationship remain the same
regardless of the values of the variables. This general remark agrees with the conclusions of

Bolles and Fair (1982).

The parameters of the model, a, are generally obtained using least squares regression, which has
certain limitations and requires large sets of accurate data to yield satisfactory results. If the least
squares regression is properly applied the following optimal properties are true for the developed
model: (i) the estimates have maximum likelihood and highest posterior density; (ii) the
estimates are unbiased; and (iii) the estimates have the minimum variances. But for these
properties to be valid the following conditions must be satisfied first: (i) the values of the
operating variables are exactly known; (ii) the model form is known; (iii) the errors and the
observed responses at each set of operating conditions have the same variance; (iv) the errors
(and the observed values of the responses) are not correlated and thus are statistically
independent; (v) the errors are identically and normally distributed with zero mean and variance
o. It is obvious that the above assumptions are rarely satisfied. Despite the limitations and the

drawbacks of the empirical approach, the latter is still largely used and has produced the most

practical results.



Chapter 3: Literature Review. 3.24

A key assumption of least squares estimation is that the model form, i.e., the mathematical
expression that describes the functional relationship must be known. However, this form is often

unknown and always to some extent subjectively assumed (Adamowski, 1985, Silverman, 1986).

Table 3.1 Discrepancy between the exponents of important liquid variables in
different correlations (from Manger and Ponter, 1980a).
Exponents of

Liquid  Diffusion P 1
Authors flow Density  Viscosity
Higbie (1935) +0.33 +0.50 -0.16 -0.16
Sherwood & Hollaway (1940) +0.54 +0.50 -0.50 -0.04
Knoeder and Bonilla (1954) +0.77 +0.53 -0.33 +0.53
Van Krevelen and Hoftijzer (1947) +0.66 +0.66 -0.40 +0.33
Van Krevelen and Hoftijzer (1948) +0.80 +0.60 -0.50 -0.40
Shulman et al. (1955) +0.45 +0.50 -0.17 +0.05
Davidson (1959b) +0.33 +0.50 -0.17 -0.16
Hikita (1960) +0.45 +0.50 +0.16 -0.16
Onda et al. (1968) +0.66 +0.50 +0.27 -0.82
Mohunta (1969) +0.75 +0.50 -0.50 -0.80
Stephens and Morris (1951) +0.70 +0.50 -0.50 -0.20
Taylor and Roberts (1956) +0.40 +0.50 -0.50 +0.10
Taylor and Roberts (1956) +1.00 +0.50 -0.50 +0.50
Normann and Sammak (1963) +0.60 +0.50 -0.17 -0.44
Mika (1967) +0.83 +0.50 -0.99 =0.99
Mika (1967) . +0.50 +0.50 -0.76 -0.43
Copp and Ponter (1972) +1.00 +0.50 +1.00 -0.54

Actually, this is the main reason why so many different forms have been proposed. As a result,
contradicting exponent values were obtained for the same variable in different regression
equations. For example, the exponents of some variables in different correlations are identically
preset to follow some “theory” while others are not. The exponent associated with molecular
diffusion coefficient in the liquid is generally set at 0.5 as shown in Table 3.1. This is because
the different mass transfer theories, from two-film to surface renewal (Toor and Marchello,
1958), suggest that the diffusion coefficient exponent should be between 0.5 and 1. However,
the exponents of other parameters change from one correlation to another, sometimes in
conflicting ways (Table 3.1). The liquid density exponent changes from -1 to 1. Thus,
attempting to physically relate or interpret these correlations becomes almost impossible. This

may be explained, in part, by the regression methods used that changed from being the least
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squares method to simply a curve fitting procedure of a particular data set. Indeed, many
parameters are freely changed to improve the fit of the correlation to its particular developmental
data set. Each particular data set can be thought of as a sample (or a subset) from the population

of all operating conditions.

Ponter and Au-Yeung (1982) stated that no reliable correlatiéns are available to predict the mass
transfer rate coefficient except for specific systems conducted under the same experimental
conditions. Ponter and Au-Yeung relate the problem to the bad quality of the data, to insufficient
quantity of the data, and to the model form being unknown. The assertion by Bravo et al. (1992)
that the parameters have to change from one operating region to another is due to the high non-
linearity of the as yet not well understood mass transfer mechanisms. Therefore, the form of the
model must reflect these complexities. This also reveals the limitation of the current parametric

regression-based approach to address this problem.

3.5 REVIEW OF CURRENT APPLICATION OF MASS TRANSFER CORRELATIONS

There is agreement in the recent literature that the Onda et al. (1968) model is the best model for
air stripping applications (Roberts et al., 1985; Lamarche and Droste, 1989; Staudinger et al.,
1990; and Dvorak et al., 1996). The original Onda work was based on 400 data points from
engineered stripping, absorption and evaporation systems using liquid mass flowrates between
0.8 and 43 kg/m?/s and gas mass flowrates between 0.014 and 1.7 kg/m?/s. It consists mostly of
data from laboratory experiments with primarily small packings. The majority of the data was
for packings much smaller than 25 mm (l-inch) in diameter and made mainly of ceramic
material. In addition, the Onda model was developed for solute of high concentrations
encountered in chemical engineering applications. An important feature of this model is the
independence of its parameters from the packing type and size. Onda and his coworkers claimed
that their model gives results within +20% range. As correlations, the Onda et al. model is
limited to the packing and the ranges of the operating conditions within which it was either

developed or verified.

The literature shows that the Onda medel yields satisfactory results for lab data, i.e., conditions

that are similar to those under which this model has been developed (Roberts et al., 1985:
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Lamarche and Droste, 1989). Lamarche and Droste (1989) found that that 68% of the predicted
values of their data lie within a factor of 1.18 from the observed values. Similarly, Roberts et al.
(1985) found that 68% of the predicted values of their data lie within a factor of 1.21 from the
obseﬁed values. This result is based on about 70% of the data. Roberts et al. (1985) eliminated
more than 30% of the data because the stripping factors were smaller than 2. Roberts et al.
(1985) warned against the use of the Onda model for stripping factors below one because it

produces unpredictable results.

3.5.1 Current Application of the Onda Model

Current applications of air stripping towers utilize modern packings that have different shapes
and have different hydraulic responses from those used to develop the Onda model (Billet and
Bravo, 1989). Current air stripping applications use modern packings of 2.5 to 15.0 cm (1 to 6
in) in diameter and made of propylene. These modern packings have higher specific surface
areas, lower pressure drops, and they can accommodate higher flow rates. Most applications of
air stripping towers to strip VOCs from groundwater involves very small concentrations in the

particle per billion range, i.e. orders of magnitude smaller than those used to develop the Onda

model.

Recent studies show that 30 to 40 percent deviations from predictions are often reported in full-
scale applications (Lenzo et al., 1990, Staudinger et al., 1990 and Djebbar and Narbaitz, 1995).

Most studies that used full-scale data with modern, large size packings of more than 2 cm in size
concluded that the Onda correlations overestimate the overall volumetric mass transfer
coefficient (Djebbar and Narbaitz, 1995; Lenzo et al.,, 1990; Staudinger et al., 1990). Djebbar
and Narbaitz (1995) found the average absolute error to be 40%. In the Djebbar and Narbaitz
(1995) study, the Onda model overestimated observed K,a and the overestimation tends to
increase with increasing packing diameter. Lenzo et al. (1990) found that for 81 out of 85 full-
scale systems reviewed, the Onda predictions overestimated K a with an average error of 35%.

The error reported in the Lenzo et al. (1990) study should be even larger because of two reasons:
(i) the experimental K,a values included end effects, and (ii) their calculation of the error was
based on the deviation relative to the Onda predictions rather than to the experimental values.

Staudinger et al. (1990) reported deviation in the Onda estimates in the order of 30% at the 90%

confidence interval.
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Only Gossett’s study concluded that the Onda correlations underestimated the performance of
two packings: the 50 mm (2 in) Pall Rings and Tripacks (Gossett et al., 1985). All other studies
using large size packings reported overestimation of the transfer rate constant by the Onda
correlations. The evaluation with lowest apparent error is that by Cummins (Djebbar and
Narbaitz, 1995), but it is highly questionable.as several other parameters were simultaneously
adjusted. Without these adjustments, the Cummins study would result in an average error that is

larger than 60%.

Considering the above, several authors attempted to improve the Onda model, but little success

has been encountered. Among these are the works of Gossett et al. (1985) and Narbaitz and

Djebbar (1995).

Roberts and coworkers (Roberts et al., 1985) asserted that gas phase resistance was
underestimated by the Onda correlations. In an effort to build on this hypothesis, Gossett et al.
(1985) sought to link transfer rate prediction to relative gas-phase resistance values using the
following equation:

%E =100{(1-2") - 1]+ %R [(1/b") - (1/a")] (3.39)
in which %E = percentage difference between Onda-predicted K;a and measured K, a, a’ and b’
= modification factors for the Onda individual liquid-phase and gas-phase mass transfer
coefficients, respectively, and Rg = percent gas-phase control as predicted by the Onda
correlations = k.a/(H k,a) (Staudinger et al., 1986). The parameters a’ and b’ depend on packing
type and can be arrived at using equation (3.39) given supporting data (Gossett et al., 1985).
Because a’ and b’ are available for a limited number of packings, Gossett et al.’s (1985)

correction has very limited application.

Moreover, the Gossett et al. (1985) correction did not improve the predictions in the Staudinger
et al. (1990) data base. Staudinger (1986) pointed out that the Gossett modification is merely a
curve fitting of their data. Actually Gossett et al. (1985) themselves indicated that any
improvement to the Onda model should involve both a, k;, and kg correlations, and that more

modifications than simple change of front-constants in the Onda expressions are needed.
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Djebbar and Narbaitz (1995) found that the Onda model overestimates K;a for packings with
large diameters, and that the overestimation increases non-linearly with the packing size.
Therefore, they proposed the following equation to correct for the Onda predictions.
_ K,a

" 0.834+02931n(d)

were d = the packing nominal diameter in cm; and K;a and K;a’ = the Onda and the corrected

K,a’ (3.40)

Onda mass transfer coefficients, respectively. The result of applying this correction to
experimental data from three different data bases, reduced the prediction errors from 35 to 17%

{Djebbar and Narbaitz (1995).

Although the Djebbar and Narbaitz (1995) modification was nonlinear, it did not improve the
estimation of all studies used in Staudinger et al. (1986) data base. Table 3.2 shows examples of

such results.

Table 3.2 Average error in the Onda and corrected Onda for
data that did not produce better results.

Data Onda Corrected Onda results
results
Gossett et al. (1985) 20 30
Lang, K.C. (1991) 17 28

Gossett et al. (1985) and Djebbar and Narbaitz (1995) attempts failed to be general because they
did not address the fundamental problems of the Onda model which are discussed in the

following paragraphs.

3.5.2 Investigation of the Onda Model

Figure 3.10 shows the average error in the Onda model predictions resulting from different
experimental studies. It clearly shows inconsistency in the Onda model performance, which
greatly changes from one study to another. There are four plausible causes for the magnitude of
the error and the variation of the magnitude of the error from one study to another. These are (i)
column operational problems, (ii) data analysis problems, (iii) uncertainty in the variables values,
and (iv) Onda correlations functionality problems. It is crucially important to distinguish

between these errors. Failing to do so will lead to incorrect conclusions.
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An important aspect which is frequently overlooked in the majority of published data is the error
due to operational problems such as channeling, wall flow, and liquid maldistribution. Usually,
authors tend to control their experiments well and to keep operational problems and their effects
as small as possible. Unfortunately, operational problems do occur, but there are no estimates of
their relative contribution in the total observed deviation. This situation is further complicated
by two factors: (i) the difficulty to estimate these types of error, and (ii) the lack of detailed
information in published data, which enable their estimation. Operational problems produce
systematic errors, which make them difficult to estimate by only analyzing data from one specific

source. This may explain, at least in part, the systematic higher or lower deviation in one study

compared to another (Figure 3.10).
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Figure 3.10 Change of the average error in the Onda prediction as a function
of the data source.

The second cause of observed deviation would be mishandling and/or misanalysis of the data.

Examples of such problems are end effects and the equation used to estimate mass transfer
coefficient. The equation used to estimate the observed mass transfer coefficient in Gossett et al.
(1985) was proven to be imprecise (Djebbar and Narbaitz, 1995). This equation produces
observed Kia values that are S to 10% lower than “real” values when the influent air contains
VOCs. The equation used by Gossett et al. (1985) to estimate experimental K;a does not handle
influent air concentration that is different than zero. This explains in part the higher

experimental K,a values reported by Gossett et al. (1985), and thus the smaller deviation

reported in their study.
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End effects may constitute up to 36% of the observed transfer (Spedding, 1988). Also, existing
methods for estimating end effects are questionable (Djebbar and Narbaitz, 1995; Lamarche and
Droste, 1989). Dvorak et al. (1996) neglected end effects on the basis that they are small.

Therefore, they attributed any observed deviation in the Onda estimates to the Onda correlations

themselves. Experimental studies that neglect end effects will end up with higher transfer rates

than they are in reality.

The third source of error is the uncertainty in the values of the variables. At the 68% confidence
level, Djebbar and Narbaitz (1995) found that typical errors in the variables used in the Onda
model will produce 5 to 15% deviations in the predicted K;a values. Therefore, part of the
observed deviation is attributed to the lack of fit of the Onda model, which points to the
possibility of existence of a better model. This conclusion is true only if other sources of errors,

such as end effects and operational problems, are negligible.

The above indicated sources of errors can be minimized through careful design and operation

only, as described in Chapter 2.

The fourth possible cause of error would be the Onda correlations themselves, i.e., the adequacy
of the Onda correlations to describe the transfer characteristics. The limitations of the Onda
model that were identified in previous studies (Gossett et al., 1985; Staudinger et al., 1986;
Bravo et al, 1992; Djebbar and Narbaitz, 1995; Dvorak et al., 1996) include mainly: (i) the effect
of depth of the tower, packing diameter, and gas flow rate; (ii) the effect of the liquid distribution

system; (iii) and the functional forms of the correlations. These limitations are further discussed

in the following paragraphs.

The first point concerns packing depth of the tower, packing diameter, and gas flow rate. If a
variable is not correctly characterized in the model, it will produce different and systematic
errors that change depending on the real value of that specific variable. This type of error makes
it difficult to compare and to transfer information from one study to another. In their study,
Djebbar and Narbaitz (1995) found that K;a is not constant along the depth of the tower as
assumed in theory. Gross and Termaath (1985) conducted experiments in which the only
variable that changed was the packing depth. Gross and Termaath (1985) found that K,a

decreases with the increase in the depth of the packing. The Onda model does not include the
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packing depth as one of their variables. Also, Bravo et al. (1992) and Bravo and Fair (1982)
indicated that the interfacial area available for mass transfer is function of the liquid and gas flow
rates. Onda et al. (1968) assumed that the surface area varies only with the liquid flow rate.
Dvorak et al. (1996) found that the gas phase mass transfer coefficient is overestimated at low
gas loading rates, which resulted in an underestimation of the overall mass transfer coefficient.
Also, they found that the Onda model was unable to reproduce the sharp increase in observed
mass transfer coefficient at high gas loading rates. Dvorak et al. (1996) attributed this to the
absence of the gas loading rate from the Onda surface area correlation. Finally the packing
diameter which characterizes the size of the packing and contributes to differentiation between
one packing type and another, with respect to the transfer characteristics, is questionable. Some
packings have approximately the same size in all directions such as Tripac™, Norpac™, Hi-Flow
Rings™, Flexirings™, and Lanpac™, while others do not, such as Snowflakes™, Cascade
Minirings™, Tellerettes ,and saddles which are quite flat. Therefore, the packing diameter

definition and its relation to the transfer characteristics should be investigated.

The second point concerns the transfer characteristics in the upper part of the column and their
relation with the liquid distribution system. These characteristics were observed to be different
from those in the rest of the column depending on the “quality” of the liquid distribution system
used (Perry et al., 1990; Djebbar and Narbaitz, 1995). Observed increase or decrease in K;a in
the upper part of the column is related to the adjustment of the wetted packing surface area
associated with the shift from the liquid distribution pattern of the distributor to the natural flow
distribution pattern of the particular packing type (Djebbar and Narbaitz, 1995). The depth of
this upper part of the tower is, in large part, dictated by the liquid distributor characteristics.

Therefore, the goodness of the liquid distribution system is not absolute. Actually the goodness
of the liquid distribution at the top of the packing should be compared to the particular packing
natural distribution frequency as far as its effect on the transfer is concerned. Some attempts
have been made to characterize the effect of the liquid distribution system, but the results were

too complex to be practical (Hoek et al., 1986).

The third point concerns the appropriateness of the functionality of the Onda correlations.
Roberts et al. (1985), Gossett et al. (1985), and Dvorak et al. (1996) agreed that the source of
error in the Onda model appears to be in the wetted surface area and/or in the gas-film resistance

equations. In their study, Dvorak et al. (1996) concluded that the forms of the Onda correlations
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are appropriate and that the parameters of the correlations only should be changed to reflect
modern operating conditions. As indicated earlier, Dvorak et al. (1996) found that the Onda
model does not handle correctly the effect of the gas flow rate. However, they concluded that the
liquid loading effect is correctly characterized. To arrive at this conclusion, Dvorak et al. (1996)
isolated the transfer components, a, k;, and kg, and investigated each component separately.

Unfortunately, they used the Onda correlations themselves to separate the transfer components
instead of an independent approach. For example, when they isolated the gas phase resistance,
they used the Onda liquid and surface area correlations assuming that they are correct, an

assumption that has yet to be proven.

In the evaluation of the functionality of the liquid loading, Dvorak et al. (1996) neglected the gas
phase resistance. However, they indicated that the latter constitutes 4 to 54% of the total
resistance. By eliminating gas phase resistance, Dvorak et al. (1996) obtained a simple linear
relationship between the logarithm of liquid loading and the logarithm of overall mass transfer
coefficient. If it is accepted that the gas'i)hase resistance is relatively important, i.e., between 4
and 54%, then a linear relationship should not be obtained. If it is as found by Dvorak et al.
(1996), then it should be concluded that the liquid loading functionality is not correct or at least,

the assumption that the gas phase resistance is negligible is inadequate.

In estimating experimental mass transfer coefficients, Dvorak et al. (1996) neglected end effects.
If the liquid distribution is excellent, as indicated by Dvorak et al. (1996), then end effects will
be even higher. The subtraction of end effects from the total observed transfer will shift the
observed Ka to lower values. This will result in the Onda K,a values being larger than observed
Kja values not lower as suggested by Dvorak et al. (1996). If 15% of the removal is attributed to
end effects in Dvorak et al. (1996) data, then the Onda model will overestimate K.a values by
20%, and 70% of the data will be overestimated. The analysis in Dvorak et al. (1996) was based
on 76% of the data only, since 23% were discarded. The above raises questions about the
findings of Dvorak et al. (1996) regarding the performance of the Onda model and the

appropriateness of the liquid phase mass transfer correlation.

Bravo et al. (1992) indicated that a stronger influence of gas and liquid rates on interfacial area is
expected for random packings. Also, they indicated that different (packing) surfaces and ranges

of liquid flow rates can lead to different values of the exponent associated with the liquid flow
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rate. This is not the case in current mass transfer correlations, where a single exponent is defined

for each variable. This is one of the limitations of the parametric approach as discussed in

previous sections.

Other studies avoided the approach of looking for general models by developing completely new
correlations whose parameters depend on packing type and size. Obviously, these correlations
are expected to produce better results for specific packings compared to the more general models
such as the Onda model. Among these studies are the work of Sherwood and Holloway (1940),
and more recently the works of Costa et al. (1992), Little and Selleck (1996) and Little and
Marifias (1997). This approach eliminated the need to characterize packing geometry-related
variables on fundamental basis such as packing diameter and packing surface area. The
parameters of proposed correlations depend on packing type and size. These parameters are
available for a limited number of packings only, hence the limited application of proposed

correlations.

Because of their generality, correlations like Onda’s are more interesting and still draw much
attention. There is agreement in the recent literature that the Onda model is appropriate,
however, it needs to be ameliorated. Unfortunately, there is no concordance on the source of the
deficiencies in the Onda model and how to curtail them. While claiming the appropriateness of
the Onda liquid phase mass transfer equation, Little and Marifias (1997) proposed a correlation
for liquid phase mass transfer coefficient which is different from the Onda correlation. They did
not provide clear reasons for their choice of a different model nor for the form of the proposed

model.

One should not conclude from the above that the parametric approach is ineffectual. The
parametric approach is the best approach if the form of the relationship is known, especially for
explicitly understanding the cause effect relationship. Furthermore, it can be safely used within
the conditions of the data with which it has been developed. Also they are easy to use with a
calculator or spreadsheet. However, if this relationship is not known, such as the case of mass
transfer in packed towers, other approaches may be preferable, especially when the number of
independent variables is large and the degree of nonlinearity is high. The nonparametric

approach is a promising alternative approach.



Chapter 3: Literature Review. 3.3

3.6 NONPARAMETRIC APPROACHES

In the parametric approach, the performance of a process (the dependent variables) is predicted
using a mathematical function of a set of design variables (the independent variables) and a set of

constants (parameters), such as,

B T
Y= 0X X, .. (3.41)

where y = the dependent variable being predicted; x; and x, = the independent variables; and o,
B8, and ¥y = the parameters. The parameters are usually determined by parameter estimation

methods such as least squares regression.

The nonparametric methods are alternative methods that overcome some of the difficulties
encountered with the parametric regression approach. The nonparametric approach frees
discriminate analysis from rigid distributional assumptions, like those of the least squares
method. The main advantage of these techniques is the avoidance of the explicit selection of a
model form. In nonparametric approach a relationship of possibly complicated or unorthodox
shape is generated by the data points themselves (Silverman, 1986). As stated by Silverman
(1986), these techniques allow the data to “speak for themselves”. For these reasons,

nonparametric techniques appear to be well suited for the analysis of air stripping K a data.

Recently, two nonparametric methods have been applied by Djebbar and Narbaitz (1996) and
Narbaitz and Djebbar (1996). These methods are the Nonparametric Kemel Regression and
Neural Networks. -

3.6.1 Nonparametric Kernel Regression

Simply stated, nonparametric kernel regression of a dependent variable y at a given value of the

independent variable x can be estimated through a weighted average around x (Figure 3.11), that
is:
1 n
E(y[x) =m(x) = =3 w,(x) y, (3.42)
i=l

where m(x) = the expected value of the independent variable y at x; n = the number of

neighboring observations; y; = the observation at x;; and w; = weight.
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The basic idea of the local average m(x) is equivalent to the procedure of finding a local
weighted least squares estimate (Hérdle, 1989). As such, this estimate takes advantage of the
fact that more information about m(x) is contained in the surrounding of x rather than in points
far away from x. Therefore more weight is given to the information contained in the
neighborhood of x and less weight is given to the information contained in points far away from
x. These weights are estimated, in nonparametric kernel regression, using probability density
functions (Hérdle, 1989) through nonparametric frequency techniques (Adamowski, 1985;
Djebbar and Narbaitz, 1996). This nonparametric approach improved the K, a predictions in the
Djebbar and Narbaitz (1996) study by more than 50% for the specific data base and
methodology used.

Figure 3.11 Concept of neighborhood in nonparametric regression.

3.6.2 Neural Networks Method

Neural network is inspired by the functioning mode of an animal brain in which a great number
of neurons are interconnected by their synapses. By analogy the neuron is defined as the basic
unit of the network. This neuron can receive one or more inputs, calculate the weighted sum and

produce a unique output through the transfer function (Figure 3.12).

A neural ﬁetwork can be defined as a highly parallel adaptive system capable of auto-improving
by learning. The main concept of neural computing is the decomposition of the input-output

relationship into a series of linearly separable steps using hidden layers, as shown in Figure 3.12.
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Neural network can also be looked at as an association of neurons; therefore, several type of

network architectures are possible.

a. neuron conceptualisation
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Figure 3.12 Concept of neural network.

There are two distinct steps in using neural networks. The first is the learning step in which the
network is defined and trained to respond ‘correctly’ to the training data set. The second step is
simply its application. The main difficulties with the neural network approach is the choice of
the network architecture and to a lesser degree the training algorithm. Various neural network
topologies have been proposed to date; however, recent success in neural network research is
mainly attributed to the achievernents of multilayer perceptrons with backpropagation training
algorithms (Djebbar and Narbaitz, 1995). This neural network approach in the Djebbar and
Narbaitz (1995) study improved the predictions by more than 50% for the same data base used

to evaluate the nonparametric kernel regression. So both approaches yielded comparable results.
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3.7 CONCLUSION

Despite its limitations, the parametric approach has lead to a better understanding of the way
some variables affect the transfer process. However, the high nonlinearty of the process, the high
number of variables that affect the process, and the absence of the “true known” relationship that
relates the variables to each other curbed the traditional parametric approach from providing
totally satisfactory relationships, which, in some cases, were contradictory. Serious drawbacks
are identified in the Onda model when used to design or analyze modern air stripping towers.

These drawbacks need to be addressed using modern data through improving the Onda model or

by proposing a new model.

The new nonparametric approaches proved to be more powerful and more robust than the
traditional parametric approach in identifying and modeling complex relationships. These
methods may overcome many of the shortcomings of the traditional approach. However, more

investigation is required.

The lack of good predictive ability of existing mass transfer models and of the Onda model in
particular, for full-scale applications is due to: (a) the extrapolative nature of the predictions; (b)
the limited operating conditions in the databases used to develop the correlations; (c) the
limitations of parametric regression techniques used to generate these models; and (d) the
changing nature of mass transfer relationships from one set of operating conditions to another,
that are not well understood and are poorly mimicked by current models (Djebbar and Narbaitz,

1995 and Bravo et al., 1992).

To avoid problems (a) and (b), in the above, newer predictive tools should be developed with a
large high quality database that represents full-scale operating conditions. Extreme care should
be taken to only use high quality data. This thesis will gather such a database to aid in the
development of new predictive tools. It is obvious that to overcome problem (c) nonparametric
approaches should be evaluated and refined further. This avenue of research is particularly
promising given the great results of initial evaluations which used data from a single source
(Djebbar and Narbaitz, 1995; Narbaitz and Djebbar, 1996). Accordingly this is one of the main

thrusts of this thesis. Because parametric regressions are a better pedagogical tool, and are
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much easier to use, i.e., they can be easily used with a calculator or a computer spreadsheet, the
development of improved parametric regressions should not be abandoned. Given that there is a
very large number of potential parametric models and the Onda model is considered the best
among the large number of models developed so far, this thesis will use the new large quality
database to calibrate a modified Onda model. The modifications will incorporate variables that
the literature has identified as important, and are not part of the Onda model. A comparison of

the predictive abilities of parametric and non-parametric approaches will determine which one is

the preferred approach.
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CHAPTER 4

DATA SELECTION AND PARAMETERS ESTIMATION

This chapter discusses the data used in this study. First, a description of the data selection
procedure is presented. The following section describes the main characteristics of the data such
as the packings type and size, the VOCs removed, and the operating variables. The third section
explains the method used to estimate experimental mass transfer coefficients. And the final

section presents the methods used to estimate physical characteristics of water, air, and VOCs.

4.1 DATABASE DEVELOPMENT

Data on packed tower air stripping applications and their performance are abundant in the
literature. However, it is difficult to obtain quality data which include: (i) detailed information
on experimental conditions and operational variable values; (ii) information on the limitations
and the problems encountered in conducting the experiments; and (iii) the degree of care taken in
conducting the experiments and analyzing the results. Some of this information may be
subjective to evaluation and reporting, however, the more is known, the better one is able to

explain and analyze the response of the system to the operating variables.

Experimental data in the public domain ware surveyed. When necessary, supporting information

was obtained directly from the authors of the particular study. The following criteria were used

to select the data:

¢ Full-scale operating conditions including packings with diameters that are mainly larger than
2.5 cm, tower to packing diameter ratios larger than eight (Treybal, 1980), and typical water

and air loading rates (see section 2.4.3).
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o Handling of end effects is described in detail.

e High level of care is taken in collecting the samples and analyzing the data.

e Explicit description of operating conditions, such as packing type and geometry; tower
characteristics; liquid, gas, and temperature values; and type and characteristics of VOC(s)
considered.

e Stripping factor should be greater than 2 (Roberts et al., 1985).

e For towers with only two sampling points, the effluent concentration must be greater than 1

e/l

The assembled database is summarized in Tables 4.1, 4.2 and 4.3. Table 4.1 lists the 12 studies
used to build the database and the main characteristics of their respective experimental setups. In
total, 21 packing types and sizes and 22 VOCs were considered. Table 4.2 contains the packing
types along with their main characteristics, the source of the information about the individual
packings is listed in Appendix A.1. Table 4.3 lists the main characteristics of the VOCs. The
studies used in building this database encompass wide ranges of VOC air stripping operating

conditions, and were conducted to mimic moderm full-scale operating conditions (section 2.4.3).

Table 4.1 Summary of pilot-scale studies selected for the database.

# Number Tower Loading rates Air-to-
Study of data height diameter Air Water water
points (m) (cm) (kg[m2 s) (kg/mzs) ratio
1  Gossett et al. (1985) 271 2.44 4.5 0.06-1 10-23 10-170
2 Cummins (1988) 102 55 61 0.02-1.3 7.5-75 1.5-550
3 Cummins & Westrick (1983) 96 55 61 0.03-1.5 1.6-43.5 5-42
4  Gross & Termaath (1985) 54 24-12 19 0.4-04 14.5 37.8
5 Raczko et al. (1985) 16 3.05 30.5 0.3-1.2 11-31 7-103
6 Hessetal. (1983) 59 3.05 30.5 0.2-0.9 6-43 40-160
7 Cline et al (1985) 15 3.05 30.5 0.1-0.7 8.6-24 18-85
8 Umphres et al. (1982) 12 2.34 30.5 0.3-1.3 2.6-11 8
9 Narbaitz et al. (1998) 698 4.6 76.2 0.15-1.3 5.5-27.5 8.5-42
10 Lang (1991) 67 2.7-52 61,915 06-45 2-24 2.5-20
11 Rukovena (1987) 54 3.05-52 43,89 02-56 4.3-28.5 1-80
12 Michael et al. (1991) 6 1.22 61 0.3-0.8 6.5 8-27
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Table 4.2 Names and main characteristics of packings in the database.

Diameter Surface area
Packing (cm) (m?*m?)
Random packing
Rashig Rings 1.3 400
Ceramic Saddles 13,25 466, 259
Pall Rings; 1.6,2.5,and 5 341, 220, 108
Tellerettes 25and5 180, 125
Norpac 3.8and5 145, 100
Hi-Flow Rings 5 97
Flexiring 5 115
Tripac 5 157
Cascade Minirings Sand 7.6 210, 141
Flexisaddles 7.6 88.6
LANPAC™ 8.9 137
Snowflakes 9.4 91.8
Structured packing
Munters 1.6 420
Flexipac S 131

Table 4.3 List of VOCs used in this study and their characteristics according
to Haarhoff and Cleasby (1990).

Chemical Henry’s LawConst. at 20°C

Compound name formula (atm. m’® liquid/m® air) A’
Dichloromethane CH,Cl, 0.0725 3817
Bromoform CHBr; 0.028 4399
Chloroform CHCl, 0.11677 4612
Bromodichloromethane CHCI,Br 0.095 4375
Dibromochloromethane CHCIBr, 0.036 4375
Carbon Tetrachloride CCl, 0.985 4411
Chloroethane C;H,ClI 0.3968 3120
1,1-Dichloroethane C;H,Cl, 0.182 4128
1,2-Dichloroethane C,H,Cl, 0.059 3620
1,1,1-Trichloroethane C,H;Cl; 0.561 4133
1,1,2,2-Tetrachloroethane C;H,Cl, 0.016 4375
Vinyl chloride C,H;Cl1 0.923 3729
cis-1,2-Dichloroethylene C,H,Cl, 0.125 4192
Trichloroethylene C,HCl, 0.302 4780
Tetrachloroethylene C,Cl,4 0.557 4918
1,2-Dichloropropane C3H(Cl, 0.096 4375
Benzene CsHs 0.23 3680
Chlorobenzene CHsCl 0.16 4375
m-Dichlorobenzene CsH4Cl, 0.15 4375
Toluene C¢HsCH; 0.19 8100
m-Xylene CH;C¢H,CH; 0.45 4375
Ethylbenzene CgHyo 0.27 4375

"Henry’s Law temperature constant in Equation 4.3
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The data pertain primarily to modern large size packings with nominal packing diameters
between 2.3 and 9.4 cm. The liquid loading rate varies between 0.4 and 2 m*/m’min (2 and 43
gpnV/ft®), the gas flow rate varies between 0.06 and 5.7 m*m’min (1 to 120 gpm/ft?), and
Henry’s Law constant values at 20°C range between 0.015 and 1.4 atm. m® water /m’ air.
Stripping factors resulting from these operating conditions range between 2 and 500. The towers
used in these studies have total packing depths that vary between 1.2 and 5.2 m. The liquid

phase temperature range between 7 and 30°C. In addition this database includes performance

data on two structured packings.

The total number of data points amounts to 1450, which is about three times the Onda et al.
(1968) developmental database. To the author’s knowledge, this is the most comprehensive
database gathered to date. It should provide a solid means for the development of a versatile

model, and for an extensive evaluation of the proposed model.

4.2 ESTIMATION OF OVERALL MASS TRANSFER COEFFICIENT K.,a

Great care was taken in determining the observed mass transfer coefficient. The concentrations
used were those at the top and bottom of the packings or, for a small portion of the data, in and
out concentrations corrected for end effects. The observed mass transfer coefficient is
determined using the generalized equation which accepts influent air with a VOC concentration

greater than zero (Djebbar and Narbaitz, 1995):

KLa=[Z£}*[ 2 Ln{ o (-JR)+e, /R H=[H’rul*[NTU] @.n

R-1 €y 1+1/R)+c, /R
] HG . . .
where (Figure 4.1) R =T>I = the stripping factor (dimensionless); HTU = the height of a
t

transfer unit (m); NTU = the number of transfer units (dimensionless); c. = the liquid effluent
VOC concentration which corresponds to depth Z, the bottom of the packing media in Figure 4.1,
kg/m3; H = the Henry's law coefficient on a volume to volume basis, atm. m® water /m> air; P, =
the total operating pressure, atm; L = the liquid volumetric flow rate per unit cross sectional area,
m’/m’s; G = the gas volumetric flow rate per unit cross sectional area, m*/m’s; Ky = overall liquid

phase mass transfer coefficient, m/s; a = effective interfacial surface area, m¥m®; and c; and Cisl =
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the VOC concentrations in the liquid in kg/m’® at both ends of the packing depths z, z,,,

respectively.

total depth, Z
sampling ports

Figure 4.1. Definition of tower parameters used in the analysis.

Most mass transfer data use influent and an effluent sampling points. If the influent and effluent
samples are not taken from the packed zone, then the resulting estimated transfer would include
end effects. Such data must be corrected for end effects before it can be used in the analysis of

mass transfer characteristics.

4.3 ESTIMATION OF END EFFECTS

Mass transfers that occur inside the column, above and below the packing, are called end effects.
It has been customary to express end effects in terms of an equivalent height of packing. End
effects are accounted for using one of two methods. The first method assumes that end effects
are equal to the transfer that occurs in a short empty column. In the second method, the
observed total number of transfer units, NTUT, is estimated for different packing depths Z. The
intercept with the ordinate in the plot of NTUT vs. Z gives the number of transfer units due to
end effects, NTUE. Therefore, the net number of transfer units due to the packing only is given
by the following equation,

NTU = NTUT - NTUE 4.2)
The value of NTU indicates the difficulty in removing the solute from the liquid phase. Both
NTU estimation methods are based on the assumption that mass transfer inside and outside the

packing are additive and linear in nature. Both methods have been applied to the same system,
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but yielded different resuits. The differences are believed to be caused by the flow being too
different from the plug flow assumption for NTUs to be additive (Lamarche and Droste, 1989).
The second method is sound only if the rate of mass transfer varies with liquid and gas rates in
the “end effects” region exactly the same way as it varies in the packed section. Yoshida and
Koyanagi (1962) showed experimentally that both gas and liquid flow rates affect NTUE and
NTU differently. Roberts et al. (1985) failed to formulate a truly predictive model because the

phenomena contributing to end effects are not understood adequately from a theoretical

viewpoint.

According to Staudinger (1986), end effects are significant in laboratory experiments, i.e., using
small columns, but they are rather small in pilot and full-scale systems. The majority of existing
mass transfer correlations were based on laboratory experimental setups, which used mainly
small columns. Spedding (1988) indicated that end effects may represent 10 to 36% of the total
transfer. Error in accounting for end effects will produce similar errors in the calculated transfer

characteristics.

The data used in this study were scrutinized for end effects. Only data which did not include
end effects or were “corrected” for end effects were included. Among the selected studies, only
Cummins’s (1988) data were corrected for end effects. Curmnmins (1988) used five sampling
ports, however, the first sampling port was from the influent line, not from the top of the
packing. The concentration at the top of the packing was extrapolated using the depth vs.

concentration distribution within the column.
4.4 ESTIMATION OF PACKING AND FLUIDS PARAMETERS

Adequate interpretation of results requires the values of certain physical properties, for example
liquid density, diffusion coefficient, Henry’s Law constant, and critical surface tensions. These
physical properties were carefully estimated, because they affect the resulting mass transfer
coefficient considerably. These characteristics are shown in Table 4.2 and Table A2 in
Appendix A2. The packing parameters, i.e., packing diameter and dry surface area, are readily
available from the selected studies and are based upon manufacturers’ specifications. Table A.1
in Appendix Al presénts a list of packings with their main characteristics. The physical

properties of air and water are also described in the following sections.
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4.4.1 Henry’s Law Constants
Henry’s law constant was discussed in section 2.2. The values of Henry’s Law constant were

obtained from experimental studies, such as Haarhoff and Cleasby (1990), Gossett (1987), and
Lamarche and Droste (1989). The temperature dependence of Henry's Law constant is

estimated using the following equation (Haarhoff and Cleasby, 1990),

1 1

293 M 3oi-55 7
H,.= Hm(m)lo (293 2’3”) (4.3)

where A = constant; T = temperature in °C; and Hy and Hj = Henry’s Law constants at
temperature T and 20 °C, respectively (atm. m’® liquid/m”® air) . Values of Hy and A for different
VOCs are presented in Table A2 in appendix A. Haarhoff and Cleasby (1990) recommend the

use of A = 4500 when the experimental value is not available.

4.4.2 Molecular Diffusion Coefficients

After Henry’s Law constant, the molecular diffusion coefficient is probably the most important
physical parameter in the transfer process. Diffusion is the mass transport of species relative to
the environment on a molecular scale. Alper and Dankwerts (1976) indicated that diffusion in
liquid is more difficult to assess than diffusion in gases because of additional complexities

introduced by the liquid structure, molecular motions, and intermolecular forces.

If the liquid diffusion coefficient at 20°C, Dy 5o, is known, then the diffusion coefficient at a
temperature T, D1, can be estimated using the following simple equation (Treybal, 1980);
(T+273)
D, =D, —h 107'¢ (4.4)

where Dy 1 = diffusion in water at specified temperature, m%s, and 1, = water viscosity, Ns/m”.
Likewise, the diffusion in the air at temperature T, Dg, is estimated by the following equation
(Treybal, 1980),

T+273)2
4.5

Dgr= DG.ZO( 203

The slower rate of diffusion is expected to result in lower mass transfer rates in packed towers.

Values of Dy 50, and Dg 2 for different compounds are given in Table A2, Appendix A2.
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4.4.3 Viscosity
The viscosity of a fluid is a measure of its resistance to shear or angular deformation. It results

from the cohesion and momentum interchange between molecules within the fluid. As the
temperature increases, the viscosities of all liquids decrease, while the viscosities of all gases
increase. The following equations are used to estimate liquid and air viscosities. For air, the

equation from Lamarche and Droste (1989) was used,

Bg = (L71+005T) 107° (4.6)
For water, the equation from Kreider (1985) was used,
0.1 -
= 2.1482[(T ~8435)) ++/8078.4 + (T — 8.435)> J -120 (4.8)
L

where T = temperature in °C, and ;, 1 = viscosities in kg/ms for water and air, respectively.

4.4.4 Packing Critical Surface Tension

Surface tension is another property of considerable importance in the aeration process. Surface
tension plays an important role in drop and air bubble formation, and in determining the wetted
surface area. Table 4.4 presents the values of critical surface tension for water and different

packing materials used in this study (Dvorak et al., 1996; Staudinger, 1986).

Table 4.4 Critical surface tension for different material.

Material Critical surface tension, N/m
Water 0.075

Ceramic 0.062
Polypropylene 0. 0285
Polyethylene 0. 033

4.4.5 Water and Air Densities
Air density is estimated using the following equation from Robertson and Crowe (1980),

P =130-45x107°T (4.9)

whereas, water density is calculated using the following equation from Heggen (1983),
p, = 1000 (1—0.000019549 (T — 4)'*) (4.10)

where T = temperature in °C, pg and p, = gas and liquid densities, respectively, kg/m’.
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4.5 DATA ANALYSIS AND USE

This database covers modem application and operation of air stripping towers for VOC removal.
This database is used in the following chapters to analyze mass transfer in packed towers for air
stripping and to develop a new approach for estimating mass transfer coefficient. The methods
used to estimate physical characteristics of water, air, VOC and packings are those frequently

applied in air stripping applications. They are not exhaustive, as there are several other methods.

Chapter 6 and 7 use all of the database. However, Chapter 5 uses part of Narbaitz et al. (1998)
data only. Several computer programs were written to help prepare, analyze, and present the

data and the results.
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CHAPTER S

EVALUATION OF THE ONDA MASS TRANSFER
CORRELATIONS

Paper published in the Environmental Progress Journal, Vol. 14, No. 3, pp. 137-145, 1995

under the title of: “Mass Transfer Correlations for Air Stripping Towers.”

“... The problem with statistics was that anyone could get a model that was fitted to less
than 1% error in the past, and as soon as you went two months into the future it was 50%
out because you were just mining a spurious correlation out of your data... *

Michiel Hazewinkel
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MASS TRANSFER CORRELATIONS FOR AIR STRIPPING TOWERS

Yassine Djebbar and Roberto M. Narbaitz
University of Ottawa , Department of Civil Engineering, Ottawa, Ont., Canada KIN 6N5

ABSTRACT
The overall liquid phase mass transfer coefficient, K, a, is the most important parameter in the

design of air strippers. Designers frequently estimate K;a using a mass transfer correlation to
avoid the cost of pilot tests. This paper evaluates the well-accepted Onda correlation using a
newly developed data base. Predictions based on the Onda correlation systematically
overestimated K;a for packings typically used in full-scale applications. They had an average
error of +40% and an average standard deviation of +47%. The overestimation was a function
of the packing diameter. A simple equation was developed to correct the Onda overestimation
for packings larger than 1 inch (2.54 cm) in diameter, and it yielded predictions within +20%
range. The experimental K;a values obtained in this study varied with packing depth
contradicting a basic assumption of the mass transfer theory, i.e., that K| a is spatially constant.
Also, the effect of measurement errors of the variables involved in the calculation of both the
experimental and the predicted K;a values were investigated. A large part of the observed
difference between experimental and Onda predictions was attributed to a lack of fit of the Onda

model. Thus, the quality of the predictive correlations can be improved.
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INTRODUCTION

Air stripping of volatile organic compounds (VOCs) from contaminated ground water has
become a well-accepted treatment method. . Compared to other ground water treatment
technologies, air stripping is very attractive b;:cause of its low cost, ease of operation and high
efficiency especially for VOCs with a low affinity for adsorption. The most important
parameter in the design of an air stripping tower is the mass transfer coefficient K;a. Engineers
often calculate K,a using a mass transfer correlation to avoid costly pilot scale tests. Tens of
correlations have been developed but the Onda model (Onda et al. [17]) is considered the best
set of mass transfer correlations for dumped packings in air stripping applications (Lamarche
and Droste [11], Roberts et al., [19], and Staudinger et al., [21]). Model predictions have been
satisfactory for laboratory studies that used primarily small size packings of traditional shapes.
Current applications, however, utilize modern packings of 2 to 6 inches (5.08 to 15.24 cm) in
size that have different shapes and have different hydraulic responses. Evaluations using large
modern packings in full scale air strippers have been rather limited and some are of questionable
quality. A recent pilot-scale air stripping study led to the development of a unique database that
includes many VOCs, numerous operating conditions, various modern large size dumped
packings and has extensive quality control (Narbaitz et al., [16]). The objectives of this study
are as follows. First, to evaluate the Onda correlation using this new data base. Second, to
assess the impact of packing depth, a factor not considered by current mass transfer correlations.
And third, to assess the impact of experimental errors. This will help determine the relative
contribution of both measurement errors and the Onda model’s lack of fit to the total observed

deviation.
MASS TRANSFER IN PACKED TOWERS

The theory of air stripping in packed columns has been well documented in the engineering
literature (Treybal [23], Kavanaugh and Trussell [10]). Using the Kavanaugh and Trussell [10]
approach, the packing depth element z, i.e. from depth z, to z, (Figure 1), is given by:

Zy Lf C2 dc
Z—L T j — 1)

where p_ = the liquid density (M/L*); ¢" = the VOC concentration in liquid phase that is in

equilibrium with the VOC concentration in the gas phase (M/L%; ¢, and c, = the VOC
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concentrations in the liquid at the depths z, and z,, respectively (M/L?); and L; = the liquid mass
flow rate per unit cross sectional area (M/L?T). M, L and T refers to mass, length and time units,
respectively. Using some simple mathematical manipulations, Equation 1 yields:

_| L« R ¢, 1-YR)+¢c, /R]|_
z_[KL ap, ]*[R—lu’{cz (1+YR)+c, /RH_[HTU]*[NTU] @

HG
where R = T’_L- = the stripping factor (dimensionless); HTU = the height of a transfer unit (L);
t

NTU = the number of transfer units (dimensionless); c, = the liquid effluent VOC’concentration
at depth Z, the bottom of the packing media (Figure 1) (M/L®); H = the Henry’s law coefficient
on a volume to volume basis (atm); P, = the total operating pressure (atm); and G = the gas mass
flow rate per unit cross sectional area (M/L°T).

For the total packing height, Z, Equation (2) becomes:

L, [,_R c,/c, (R=1)+1 _ .
Z= [KLapLJ [R_ an{ 3 }] = [HTU]*[NTU] @3)

where c, is the liquid influent concentrations at z = 0 (M/L*). This is the most frequently used

equation. The mass transfer coefficient K, a can be obtained from either equations 2 or 3, as

K, a= = NTU 4
La"sz @

In a column with multiple sampling ports, when the section of the column being analyzed does
not include the bottom of the column as shown in Figure 1, the gas phase concentration entering
this section is not zero, and Equation 2 must be used to calculate K;a. Equation 3 is only valid
for an inflow gas concentration equal to zero. Rearranging Equation (4) gives;

NTU = K,a {ﬂ} )
Lf

Z,
A plot of NTU versus {—Lp—"} should give a straight line if the assumption of constant K;a with

f
depth is valid. The slope of this line is the experimental K;a. It should be noted that generally
only two data points, an influent sample and an effluent sample, are used in the Kja

determination.
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Figure 1. Definition of tower parameters used in the analysis.

Most available mass transfer correlations include an adjustable set of parameters that are
functions of packing size and type. Unfortunately, the parameter values for modern packings are
lacking, therefore, the corresponding mass transfer correlations cannot be used.

Despite the large number of studies dealing with mass transfer in packed towers, discrepancies,
misunderstandings and misapplications of the results are still encountered. For example, the
exponents of some parameters in different correlations are identically preset to follow some
theory while others are not. The exponent associated with chemical diffusion coefficient in
liquid is generally set at 0.5 as shown in Table 1. This is because the different mass transfer
theories, from two-film to surface renewal (Toor and Marchello [22]), suggest that the diffusion
coefficient exponent should be between 0.5 and 1. However, the exponents of other parameters
change from one correlation to another, sometimes in conflicting ways (Table 1). The liquid
density exponent changes from -1 to 1, thus attempting to physically relate or interpret these
correlations is almost impossible. This may be explained, in part, by the regression methods
used in the development of the correlations. Indeed, many parameters are freely changed to
improve the fit of the correlation to its particular developmental data set. Each particular data set
can be thought of as a sample from the population of all operating conditions. Au-Yeung and
Ponter [1] stated that no reliable comrelations are available to predict the mass transfer rate
coefficient except for specific systems conducted under the same experimental conditions.
Bravo et al. [3] has shown that the parameters change from one operating region to another,
which means that different packing surfaces and gas flow rates, as operating regions, can lead to

different exponent values in the same correlation. This results from the high non-linearity of the
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complex mass transfer mechanisms that are not totally understood. It also reveals the limitation
of the current regression-based approach to address this problem. In addition, existing
correlations, such as the Onda model, were developed in laboratory conditions with
concentrations in the percent range using mainly traditional packings of less than 1 inch (2.54
cm) in size. Current VOC air stripping applications, however, involve concentrations in the parts
per billion level and use modern packings of large size diameters. These modem packings have
higher specific surface areas, lower pressure drops, and they can accommodate higher flow rates.
These new operating conditions are obviously different than those used in the correlations’
development. Yet, mathematical correlations are still the instrument of choice in the design of
stripping towers, because of the high cost of pilot-scale studies. Among all of the existing
models, there is agreement in the recent literature that the Onda model [17] is the best mass

transfer correlation.

Table 1. Discrepancy between the exponents of important liquid variables in
different correlations (from Manger and Ponter, 1980)
Exponents of

L D p 1
Authors Liquid flow Diffusion  Density  Viscosity
Higbie (1935) +0.33 +0.50 -0.16 -0.16
Sherwood & Hollaway (1940) +0.54 +0.50 -0.50 -0.04
Knoeder and Bonilla (1954) +0.77 +0.53 -0.33 +0.53
Van Krevelen and Hoftijzer (1947) +0.66 +0.66 -0.40 +0.33
Van Krevelen and Hoftijzer (1948) +0.80 +0.60 -0.50 -0.40
Shulman et al. (1955) +0.45 +0.50 -0.17 +0.05
Davidson (1959) +0.33 +0.50 -0.17 -0.16
Hikita (1960) +0.45 +0.50 +0.16 -0.16
Onda et al. (1968) +0.66 +0.50 +0.27 -0.82
Mohunta (1969) +0.75 +0.50 -0.50 -0.80
Stephens and Morris (1951) +0,70 +0.50 -0.50 -0.20
Taylor and Roberts (1956) +0.40 +0.50 -0.50 +0.10
Taylor and Roberts (1956) +1.00 +0.50 -0.50 +0.50
Normann and Sammak (1963) +0.60 +0.50 -0.17 -0.44
Mika (1967) +0.83 +0.50 -0.99 -0.99
Mika (1967) +0.50 +0.50 -0.76 -0.43

Copp and Ponter (1972) +1.00 +0.50 +1.00 -0.54
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EVALUATION OF THE ONDA CORRELATIONS

The Onda model
The Onda correlation consists of three separate equations. They provide for independent

calculation of the individual liquid and gas phase mass transfer coefficients, k, and kg, as well as

the wetted specific interfacial surface area for mass transfer, a,,. These equations are:

k, =0051(L; /a,pn,)**(u, /p. D) (a,d;)*(p, /1, g)™"? 6)
ke =¢a,Dg(G/a,bg)" (e /PsDs) " (2,dp) @)
a, =a,{1-exp[-145(c /5,)°" (Re )" (Fr,) % (We, )]} ®)

in which k. = chemical-specific liquid phase mass transfer coefficients (L/T); kg = chemical-
specific gas phase mass transfer coefficients (L/T); a, = wetted specific surface area of the
packing (LYLY; a, = total specific surface area of packing (L¥YL3%; L= liquid mass flux (M/L?T);
G¢ = gas mass flux (M/L’T); p,. = density of the liquid (M/L%); pg = density of the gas (M/L?); D,
= liquid diffusion coefficient (L?/T); Dg = gas diffusion coefficient (L¥T); d, = nominal packing
diameter (L); g = gravitational constant (L/T%); ¢ = constant = 2 if d;<15 mm otherwise ¢ = 5.23;
O, = surface tension of packing material (M/L?); 6, = surface tension of liquid (M/L?); Re, =
L#ay = liquid phase Reynolds number (dimensionless); Fr; = sza,/p._zg = liquid phase Froude
number (dimensionless); We = L#/a,p, 6, = liquid phase Weber number (dimensionless); y; =
liquid viscosity (M/LT); and, pg = gas viscosity (M/LT).

The two phase resistance theory postulates that the total resistance to interfacial mass transfer is
equal to the sum of the individual liquid phase and gas phase resistances, therefore:

1 1 . 1
K.a ka Hkga

&)

where H is the Henry’s constant expressed as the ratio of the mass concentration in the gas phase
to that of the liquid phase. The original Onda work was based on 400 data points from
engineered stripping systems. It consists mostly of data from laboratory experiments and it uses
traditional packings of less than 1-inch (2.54 cm) in size. Onda and his coworkers claimed that
their model gives results within £20%.

Application of the Onda model is limited to the ranges of the operating conditions within which
it has been either developed or verified. It cannot be used reliably outside these ranges.
According to Au-Yeung and Ponter [1], the Onda model does not express the correct

fundamental dependency of the local liquid phase mass transfer coefficient, k., on system
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properties and operating conditions. In addition, Roberts et al. [19] recommended not to use this
model for stripping factors (R) below 1.0 because it produces unpredictable results. Fortunately,
air stripping columns are usually operated at R values larger than 2.

Until now, the Onda model has been mainly assessed using smaller packings under laboratory
scale operating conditions (Roberts et al., [19] and Lamarche and Droste [11] among others).
The only comparable large scale data sets that the authors are aware of, at least those which
include 2 inch (5.08 cm) packings, are the Lenzo et al. [12], Cummins [5], Cline et al. [4] and
Gossett et al. [6] data bases. Table 2 presents a summary of these studies, Gossett et al.’s and
Cline et al.’s studies are included in Staudinger’s evaluation [20]. In previous studies [12, 5, 20]
test samples were collected from the influent line rather than at the top of the packed bed. Thus,
they included end effects and they resulted in higher experimental K;a values. Cummins
adjusted the top of packing concentrations and the Henry’s law constant to obtain a minimum
deviation from the Onda predictions. Also, a delay of up to four weeks in conducting the VOC
analysis renders Cummins’ results questionable. Many researchers, therefore, have expressed
the need for new evaluations using modern large diameter packings under full-scale operating

conditions. The data base described in the following section is developed for this purpose.

Table 2 Results of previous investigations on Onda correlation.

Author #data ASD® Remarks on analysis Remarks on data
points
Onda etal. [17] 400 20% Chemical Eng. systems, smalld Laboratory data , d** < 1"
Cummins {[5] 126 8%  Henry’s constant manipulated to Pilot scale, d<3"
better fit the data, large d

Bolles and Fair [2)] 545 62% small and large d Pilot and laboratory, d<2"
Lenzo etal. {12]) 569 29% larged Pilot and fuil-scale data, d<2"
Staudinger etal. [21] 449 17% small and large d Pilot scale, mainly d=1"

* Results corresponds to a 68% confidence level of the difference between the model
predictions and the experimental data (one standard deviation).
**Diameter of packing used in data base.

Description of the data base

A new data base has been developed by Narbaitz et al. [16] in a large pilot-scale study using
several modern large diameter packings and numerous full scale operating conditions. A
schematic representation of the tower is shown in Figure 1. It consists of a 30-inch- (0.76 m)
diameter tower, with a total height of 29 ft (8.84 m) and filled with 15 ft (4.57 m) of packing,
This tower can treat up to 200 gpm. It has five sampling ports within the packing located at 0, 2,
4, 8 and 14 ft (0.0, 0.61, 1.22, 2.44 and 4.27 m) from the top of the packed zone, respectively. To
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break any wall flow, the column is equipped at 4 ft (1.22 m) intervals with aluminum
redistributor rings that extend 3 inches (7.62 cm) inwards from the column wall. The

characteristics of the packings tested are summarized in Table 3.

Table 3 Characteristics of the packing materials used in
the Narbaitz et al. data base.
diameter surface area

Packing name Company cm(in) (m?/m3)
Cascade Mini-Rings #2 Glitsch Inc. 7.62 (3) 150.86
Flexirings #2 Koch 5.08 (2) 114.78
Flexisaddles #3 Koch 7.62 (3) 88.55
Tripacks #1 Jeager Inc. 5.08 (2) 157.42
Nor-Pac #3 NSW 3.8(1.5) 144.5
Nor-Pac #4 NSwW 5.08 (2) 100.3
Snowflakes GlitschInc. 9.4 (3.7) 91.83

Table 4 Characteristics of the chemical compounds in the data base.

Group  Compound Name Formula Diffusion (m2/s) H (20 °C)
GasE-10  WaterE-6  m’ lig/m3 gas_

Chloroform CHCI, 9.23 5.18 0.117
1,1,1-Trichloroethane =~ C,H,Cl, 8.13 8.28 0.561
GI  Carbon Tetrachloride CCl, 8.18 8.22 0.986
Trichloroethylene C,HCl, 8.45 8.46 0.302
Tetrachloroethylene C.Cl, 7.61 7.59 0.557
Chloroform CHCl, 9.23 9.18 0.117
GII  Bromodichloromethane CHCI,Br 9.09 8.72 0.095
Chlorodibromomethane CHBr,Cl 8.96 8.37 0.036
Bromoform CHBr, 8.83 8.08 0.028
Toluene CH,N 7.98 8.31 0.190
GIIT  Chlorobenzene CH,Cl 7.48 77 0.160
M-Xylene C;H, 7.21 7.52 0.450
M-Dichlorobenzene CH,CL, 7.29 7.24 0.150

The VOCs were studied in three multicomponent mixtures (Table 4) consisting of approximately
100 pg/l of each VOC. At these low solute concentrations, the Henry's law constant is not
affected by the presence of other compounds as reported by Munz and Roberts [15] and Mackay
and Shiu [13]. Table 4 also lists the Henry's law constants and the diffusion coefficients of the
VOCs considered, as reported by Gossett [7] and Haarhoff and Cleasby [9]. The minimum
stripping factor was three, well above the critical value of one. More details about this data base
can be found in Narbaitz et al. [16). The experimental K;a values were based on concentrations

strictly within the packing media, so they are free of end effects. Thus, the Narbaitz et al. [16]
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data base has a particular advantage over previous ones, in that the data are used directly in the

analysis without correcting for end effects.

Results of the Onda correlations’ evaluation .
The evaluation of the Onda correlations was conducted using basic statistical tools. The absolute

average error, AAE, is given by:

1o ((Kea),, —(x.ea)
= = (10)
n g’ (Kl_a)exp
and the average algebraic error, AGE, is given by:
1o (Kia),, -(K.a)
AGE = — Z} (K2).. an

where n = the number of data points; and, (Kira)exp and (Kpa)y = the experimental and the
predicted mass transfer coefficients, respectively. AAE is a measure of average absolute
deviation. AGE measures the overall over-or under-estimation. As suggested by Roberts et al.

[19] and Bolles and Fair [2] the standard error of K;a should be based on its logarithm
transform, SEE;
1 05

SEE.= {; 2:, (Log (K,a), -Log (K.a) _ )z} (12)
Finally, the interval limited by one standard deviation defines the expected 68% confidence
level and it is given by:

F = 10%® (13)
This air stripping tower has multiple sampling ports (Figure 1), therefore, Equation 2 must be
used to calculate the observed mass transfer coefficient. Previous works (Gross and TerMaath
[8]) used Equation 3 instead which is only valid for zero inflow gas concentration. With the
Narbaitz et al. [16] data a difference of 4 to 5% between the results of equations 2 and 3 is*
obtained. Figure 2 presents the Narbaitz’s experimental K;a values (based on concentrations at
five packing depths) versus the Onda predicted Kia values. Based on this graph the Onda
predictions consistently overestimated experimental K;a values. Equation 10 gives an average
error of 40%. Overall, 90% of the data are overestimated with a 43% AGE. Finally, a factor F =
1.47 will account for 68% of the predicted values. As shown in Figure 3, the average error varies

from 10% for Flexirings to 56% for Tripacks #1. The percent of the data overestimated ranged
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from 45% for Flexirings to 100% for both 2 inch (5.08 cm) Nor-Pac and 3 inch (7.62 cm)

Flexissadles. An overestimation of K;a is unacceptable because it results in an undersized

treatment system.
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Experimental mass trans. coef. (1/s)
FIGURE 2. Experimental vs. predicted mass transfer coefficient
for the Narbaitz et al. data base (538 data point).

Only Gossett’s study concluded that the Onda correlation underestimated the performance of the
2 inch (5.08 cm) Pall Rings and Tripacks [20]. All other studies using large size packings,

including this one, report overestimation of the transfer rate constant by the Onda correlation.

Lenzo et al. [12] found that for 81 of 85 full-scale systems reviewed, the Onda predictions
overestimate the K a with an average error of +35 %. The error in the Lenzo study must be even
larger because of the experimental K;a included end effects. Also, their calculation of the error
was based on the deviation relative to the Onda predictions rather than to the experimental values
as in Equation 10. The evaluation with lowest apparent error is that by Cummins [5], but it is
highly questionable as several other parameters were simultaneously adjusted. Without these
adjustments, the Cummins study will result in an average error larger than 60%. To compensate
for the inaccuracies of the Onda correlations and to insure that the designs are conservative,

engineers have been using safety factors of at least 1.5. The latter is determined from previous

experience.
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FIGURE 4. Average error of the Onda correlation versus
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Figure 4 presents the average algebraic error (AGE, Equation 11) as a function of nominal
packing diameter. Each AGE data point represents the result of several packings of the same
diameter. The result for one inch (2.54 cm) packing is taken from Staudinger et al. [21] while the
rest of the points are from Narbaitz et al. [16] data analysis. This figure confirms the claim that
the Onda model tends to overestimate the mass transfer coefficient when the packing diameter
increases. This explains, at least in part, the relatively higher error obtained in this study

compared to previous ones with smaller packings. In fact this claim is implicitly recognized in



Chapter 5: Evaluation of the Onda Mass Transfer Correlations 5.13

the Onda correlation itself. The coefficient ¢ in Equation 7 for the calculation of the local gas
phase mass transfer coefficient changes abruptly from 2 to 5.23 when the nominal packing
diameter changes from less than 15 mm to larger than 15 mm. Other than fitting reasons, there is
no clear physical explanation for this change. The change in ¢ within Equation 7 is intended to
reflect a variation in the character of the transfer process, therefore the latter is anticipated to be
gradual rather than discontinuous. Based on the Onda model predictions, the data in Figure 4
were regressed resulting in the following equation:
K,a
0.834 +0.293In(d)

were d = the packing nominal diameter in cm; and K;a and K;a’ = the Onda and the corrected

K, a’= (14)

Onda mass transfer coefficient, respectively. This correction is applicable to packings larger
than 1" (2.54 cm) in diameter. The result of applying this correction to Narbaitz’s data for a 1.5"
(3.8 cm) packing, Cline’s data for a 2" (5.08 cm) packing and to Cummins’ data for a 2" packing

are presented in Table 5. A clear improvement in the predictions is evident.

Table 5. Assessment of the correction (Equation 14) of
the Onda predictions.
Before After

Author PaCki% correction  correction
Narbaitz et al. (1998) 1.5" 31% 7%
Cummins (1988) 2" 60% 22%
Cline et al. (1985) 2" 15% -12%
IMPACT OF PACKING DEPTH

Some factors are known to affect the transfer process in packed columns, but, they are either ill-
considered or completely ignored by mass transfer correlations. Among these factors are
channeling, end effects, and liquid distribution systems. There are no reliable models to describe
their impacts.

The mass transfer calculations in packed columns assume a constant mass transfer coefficient
throughout the column height. This assumption, however, has been proven to be invalid at least
at the entrance of the column up to a certain depth. Perry et al. [18] showed that a natural
frequency of distribution will develop in packed beds of sufficient height. This height is referred

to as the bed depth required to reach the packing’s natural distribution frequency. Beyond this
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depth the mass transfer coefficient is supposed to become constant. Most previous studies were
conducted in laboratory-scale conditions where the concentration gradient, the change in
concentration gradient and the packing depth were small and this may have masked the impacts

upon variables that are function of the operational scale.

The Narbaitz et al. [16] experimental packed column is divided into 10 segments as shown in
Figure 5. The order of these segments, from 1 to 10, is based on decreasing mean gradient of the
logarithm transform of the concentrations. Figure 6, 7 and 8 show three typical patterns of
experimental K, a (Equation 2) variations with respect to depth segments. The Onda predictions
and the overall experimental mass transfer coefficients, which are independent of the packing
depth, are also shown for comparative purposes. Figure 6 shows the case where the initial liquid
distribution coincides with the natural frequency distribution of the packing. In this case, the K2
decreases gradually immediately below the distribution system as it does further downstream.
Figure 7 shows the impact of a liquid distribution system that has a distribution capacity superior
to the natural liquid distributing capacity of the packing. This leads to a sharp decrease in
experimental K,a in the upper part of the column. In the type III behavior, the liquid distribution
system offers a poorer distribution than the natural packing distribution.
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Figure 5. Depth segment with decreasing mean concentration
gradiant (order from 1 to 10).
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However, after the packing’s natural distribution frequency is reached, the three types of graphs
show a gradual decrease in mass transfer coefficient with increasing segment number, i.e.,
decreasing mean concentration gradient. However, it is not yet clear if the observed variations
(Figure 6, 7 and 8) are related to the depth or to the concentration gradient change or to both.
This contradicts the assumption of constant mass transfer coefficient Kia when varying the
packing depth. After the packing natural distribution frequency is reached, the flow pattemn
should be constant, therefore, the interfacial area should also be constant. Thus, the changes in
Kia with depth must be related to the mass transfer coefficient K;, rather than to the effective

surface area a.
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FIGURE 6. K, a versus segment depth for the case where the
initial liquid distribution coincides with the packing’s natural
distribution frequency (Type I).



Chapter 5: Evaluation of the Onda Mass Transfer Correlations 5.16

75 -
P Snowflakes
E L/G'=50, L'=5.57 kg/m2.s
= 60- Tetrachloroethylene
'
g Onda K,a
£ 451
2
e measured overall K, a \\\
m L) L ) L L) J

0 2 4 6 8 10 12
Segment number

FIGURE 7. Ka versus segment depth for the case where the
initial liquid distribution has a distribution capacity higher than
the packing’s natural distribution frequency (Type II)

0r Nor-Pac 2"
L/G=50, L’=5.57 kg/mZ.s
60  Toluene
& Onda K;a
é 50F
«
-
X 40
8 Experimental overall K, a
g 30 ¢
=
T
g
= 20 o
10 1 ] 1 i A I )
0 2 4 6 8 10 12

Segment number
FIGURE 8. K, a versus segment depth for the case where the
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GENERAL VARIABLES ERROR ANALYSIS

Models do not always describe experimental data well because: (a) the data contain
experimental errors; (b) the model’s assumptions are rarely attained; and (c) extraneous
disturbance or noise. Therefore, model predictions can not be exact. There always are
extraneous variables, i.e., variables not considered by the model, and in this case they include
end effects, channeling, liquid distribution, etc. If the model form is assumed adequate and
errors due to extraneous variables are negligible, the observed deviation in the predictions result
from two main sources: (i) the measurement error in the variables within the model; and (ii) the
values of the model’s parameters are imprecise. Not only does the error exist in the variables’
estimate, which contradicts a basic assumption in model development, but also it is usually
difficult to determine the precision of these variables. However, an assessment of the order of

magnitude of each source of error can be made.

The expected error of the Onda model is not well established. Staudinger et al. [21] and Roberts
et al. [19] studied the effect of errors in the stripping factor and in the influent and effluent
concentration measurements. They found that the error in the experimental K;a becomes quite
significant for stripping factors below 1.5. According to Staudinger et al. [21] the cause of the
deviation between the experimental K;a values and the Onda predictions at stripping factors
larger than 1.5 is most likely related to the Onda correlation predictive capacity itself or to other
factors, such as column channeling and liquid distribution system, rather than to errors in the
values of the variables such as inaccurate measurement of the VOC concentrations and the
stripping factor. The ratio of packing diameter to the column diameter (Treybal [23]) and the
redistribution system used in the Narbaitz et al. [16] tower are believed to ensure an even liquid
distribution throughout the column height and to minimize the channeling. Given the high
stripping factors, any deviation between the Onda predictions and the experimental data can be
attributed to the Onda model’s lack of fit or to the variable measurement errors or to both.

In the following paragraphs the expected deviation due to typical errors in the variables (Table
6) in both the experimental and the predicted K;a expressions are evaluated. First, a larger data
base is constructed. It is composed of Narbaitz et al. [16] and Lamarche and Droste [11] data
bases. The latter is added to cover laboratory scale conditions with small variable values.

According to Bolles and Fair [2] the error in the experimental K| a is a function of the magnitude

of the variables.
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Error estimation
The maximum observed variance in a function y=£(x,,...,X,) is proportional to the variances
associated with the several variables used in its calculation, x;. If the variables x; can be
assumed independent, then, the off diagonal terms of the covariance matrix are negligible. And
the expected variance of y, Oy, is given by:
2
& [ of
2 2
o, = | O 15

’ g (axi J B 13

where x; is the i" independent variable; n is the total number of independent variables; and oy;

is the variance associated with the independent variable x;.

Results and Analysis

Equation 15 was applied to the Onda correlation equations 6, 7 and 8 separately using the typical
error values given in Table 6. The estimated order of magnitude of the deviations are
Oz, <107, ©f <10, o <10~ (in m, s and kg units) in the local gas phase, local liquid
phase and the surface area, respectively. This implies that the major part of the observed

deviations in the Onda model is due to the surface area calculation in Equation 6.

Table 6 Commonly reported errors in air

stripping variables.
Variable name Error %
. Henry’s constant 20
Liquid diffusivity 10-5.8
Gas diffusivity 7.-4.3
Temperature 0.1
Concentration 5.0
Liquid flow 1.0
Gas flow 1.0
Length 1.0

Experimental K, a 8-15
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Onda predictions, the expected error in the experimental K, a
and the difference between the Onda and the experimental K, a

The expected deviations in the Onda correlation predictions and the experimental mass transfer
coefficients are calculated by applying Equation 15 to Equations 4 and 9. The results of these
calculations are shown in Figure 9 along with the expected 68% confidence level of the
difference between the Onda predictions and the experimental K;as (Equation 13). The
expected deviation in the experimental Kia due to errors in the variables is in good agreement
with the reported values in the literature (Table 6). Repeat testing at individual air strippers
conducted by Lenzo et al. [12] resulted in 8 to 15% standard deviation in the experimental K;a
values. These deviations are most likely due to sampling and analytical technique errors or to

typical measurement errors of other variables involved in the K; a calculations.

As shown in Figure 9, the two data bases produced similar results. Lamarche and Droste data
show that observed deviations could be explained by the combination of the errors in variable
measurements in both experimental and Onda correlations predictions. This is in line with
previous laboratory studies that used small packing diameter. However, in Narbaitz data, the
potential deviations which are caused by errors in variables are 12 and 18% in the experimental
data and in the Onda correlations predictions, respectively. The latter are much lower than the
observed deviation which is 47%. At this confidence level, neither the potential deviations in
the experimental data nor in the predicted Kias or the combination of both could explain the
total observed deviation in the Onda correlations. Therefore, improvement of mass transfer

correlations is still possible. Of course, the large data set needed and the severely limiting
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presuppositions of the model form will always be the major difficulties in undertaking such a

task.

CONCLUSIONS

The well accepted Onda correlation was evaluated using a new data base that involves full
scale operating conditions and uses large size packing materials. The Onda correlation
systematically overestimates the mass transfer coefficient K;a for larger diameter packings

that are typically used in full-scale applications. The average error is found to be 40% and a

safety factor of 1.47 would be required to account for 68% of the data.

A complementary equation which further accounts for the impact of packing diameter

yielded predictions within +20%.

The experimental mass transfer coefficient Kia is found to decrease with decreasing mean

driving force or possibly depth. This phenomenon is not accounted for by present

correlations.

. Observed increases and decreases in K;a in the upper part of the column are related to the
adjustment of the wetted packing surface area associated with the shift from the liquid
distribution pattern of the distributor to the natural flow distribution pattern of the packing.

- At the 68% confidence level typical errors in the variables accounts for only a part of the

total observed deviation in the Onda correlation. Large part of this deviation is attributed to

lack of fit of the Onda model. Hence, improving mass transfer correlations is still possible.
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CHAPTER 6

IMPROVED ONDA CORRELATIONS FOR VOC AIR STRIPPING IN PACKED
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IMPROVED PARAMETRIC MODEL FOR VOC AIR STRIPPING IN PACKED TOWERS

Yassine Djebbar’ and Roberto M. Narbaitz>

!S&DD, Greater Vancouver Regional District,4330 Kingsway, Burnaby, BC, Canada, VSH 4G8
?Dept. of Civil Engineering, Univ. of Ottawa, P.O. Box 450, Stn. A, Ottawa, ON, Canada, KIN
6N5

ABSTRACT

A comprehensive database for volatile organic compound (VOC) air stripping in
packed towers was gathered from 12 field and pilot-scale studies. The main aims of
this database are to analyze mass transfer characteristics, and to develop new
correlations. The new correlations address several of the shortcomings of the Onda et
al. (1968) model that were identified in previous studies. The predictions by the
improved correlations were superior to those of the Onda correlations. For the
validation database, the average absolute error of the improved correlation’s
predictions was less than 23% while it was 29% for the Onda model. The improved
correlations also estimated well the mass transfer characteristics of structured
packings. However, there are a few observed characteristics of mass transfer that are
still not described well by the improved correlations such as the effect of high gas flow
rates on mass transfer characteristics.

KEYWORDS: Volatile Organic Compounds, Packed Tower, Air Stripping, Onda Correlations,

Random Packing, Structured Packing, Mass Transfer Coefficient Correlations.

INTRODUCTION

Air stripping towers' are frequently used to remove volatile organic compounds (VOCs) from
contaminated ground water. The design of these towers requires an estimate of K, a, the overall
liquid-phase-based mass transfer coefficient. Pilot-scale studies are a relatively expensive
method of determining K;a. A more common and affordable alternative is to use mass transfer
correlations in conjunction with a safety factor to compensate for possible inaccuracies in the
correlations. Tens of correlations have been developed in the past fifty years (Au-Yeung and

Ponter, 1983). However, only a few have been tested for the removal of VOCs at the pg/L level

that is frequently encountered in contaminated ground water applications.

There is agreement in the recent literature that the Onda et al. (1968) model is the best model for

air stripping applications (Staudinger et al., 1990; Roberts et al., 1985 and Lamarche and Droste,
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1989). The literature shows also that this model yields satisfactory results for lab data, i.e.,
conditions that are similar to those under which this model has been developed. However, 30 to
40 percent deviations from predictions are often reported in full-scale applications (Lenzo et al.,
1990, Staudinger et al., 1990 and Djebbar and Narbaitz, 1995). Several attempts have been
made to improve the Onda model, but they have had limited success. Among these are the
works of Gossett et al. (1985) and Djebbar and Narbaitz (1995). Other researchers have
proposed completely new correlations that are packing dependent (Costa et al., 1992; and Little
and Marifias; 1997). These new correlations can only be used for a limited number of packings,

hence they are not general. Because of its generality, correlations like the Onda’s are more

useful and still draw much interest.

The lack of good predictive ability of existing models is attributed to four main factors: (a) the
quality of developmental and verification data, principally those related to operational problems,
experimental errors and data manipulation which impact the values of the experimental K, as; (b)
the data with which these correlations have been developed only cover a limited set of operating
conditions, thus, many predictions are extrapolative in nature; (c) the limitations of parametric
regression techniques used to develop these models; and (d) the changing nature of mass transfer
relationships from one set of operating conditions to another that are not well understood and are

poorly mimicked by current parametric models (Djebbar and Narbaitz, 1995; Bravo et al., 1992).

The objective of this paper is to address some of the above concerns by developing an improved

parametric-regression-based model using a large and new air stripping database.

ONDA MODEL
The Onda model consists of three separate equations for the calculation of the individual liquid

and gas phase mass transfer coefficients, k. and kg, as well as the wetted specific interfacial

surface area for mass transfer, a,,. These equations are (Onda et al., 1968):

k, =00051(L; /a,p )**(u, /p. D)™ (a,dp)** (p, I g)™” I
kg =ca,Dg(G; /a,ng)" (Mg /psDg) " (adp ) (2)

2., = a,{1~exp[- 145(Mc)*" (Re, )™ (Fr, )% (We, )°]] @
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in which k;, = chemical-specific liquid phase mass transfer coefficient (L/T); kg = chemical-
specific gas phase mass transfer coefficient (L/T); a, = wetted specific surface area of the
packing (L%L?); a, = total specific surface area of packing (L%L%); L; = liquid mass flux (M/LT);
Gy = gas mass flux (M/L?T); p,. = density of the liquid (M/L?); pg = density of the gas (M/L%); D,
= diffusion coefficient of the contaminant within the liquid phase (L¥T); Dg = diffusion
coefficient of the contaminant within the gas phase (L¥T); d, = nominal packing diameter (L); g
= gravitational constant (L/T?; c = constant = 2 if dp <15 mm, otherwise ¢ = 5.23; Mc = 6/0L; O,
= surface tension of packing material (M/T?); 6, = surface tension of liquid (M/T?); Re, = Liaju,
= liquid phase Reynolds number (dimensionless); Fr, = L{a/p,’g = liquid phase Froude number
(dimensionless); We_, = sz/a,pLO‘, = liquid phase Weber number (dimensionless);
uy = liquid viscosity (M/LT); and, pg = gas viscosity (M/LT). M, L, and T refer to mass, length,

and time units, respectively. Notice that equation 1 is dimensionally inconsistent.

The two-phase resistance theory postulates that the total resistance to interfacial mass transfer is
equal to the sum of the individual liquid phase and gas phase resistances, therefore:

1 1 1

K,a k,a "H kga @

where H = the Henry’s Law constant expressed as the ratio of the mass concentration in the gas
phase to that of the liquid phase, and a = the interfacial area, which is assumed to be equal to the
wetted area, a., of the Onda model. The original work by Onda and his coworkers was based on
400 data points from engineered stripping and absorption systems. It consisted of data from
laboratory experiments and it used traditional packings of small sizes. Only 2 out of 25 packing
materials available to the Onda et al. (1968) had diameters greater than 25 mm. The
development of the Onda model went through two stages. First, Onda et al. (1967) proposed
equation (3) to estimate a,. Then, based on this equation, Onda et al. (1968) developed
correlation equations (1) and (2) to estimate the liquid and gas film coefficients k, and kg,
respectively. Onda and his co-workers (1968) claimed that their model gives results within a +
20% range. In Roberts et al. (1985) and Lamarche and Droste (1989) studies, the Onda
correlations yielded an average standard deviation in the +20% range for packings with diameters
smaller than 15 mm and made mainly of ceramic material. Both studies contain data for
operating conditions that are typical of laboratory-scale stripping columns §imilar to those used

to develop the Onda correlations.
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RECENT EVALUATIONS OF THE ONDA MODEL

Most current air stripping applications use modern types of packings made of propylene or other
plastics. These modern packings have different shapes, higher specific surface areas, lower
pressure drops, and can accommodate higher flow rates. Recent studies found that the Onda
correlations systematically overestimate K, a for packings with large diameters that are typically
used in current full-scale applications (Staudinger et al., 1990; Lenzo et al., 1990; and Djebbar
and Narbaitz, 1995). Staudinger et al. (1990) reported that the deviation in the Onda estimates at
the 90% confidence interval was in the order of 30%, while Lenzo et al. (1990) reported a value
of 35%. The error reported in the Lenzo et al. (1990) study should be even larger for two
reasons: (i) their calculation of the error was based on the deviation relative to the Onda
predictions rather than relative to the experimental values, and (ii) the experimental K a values
included the removal achieved above and below the packing, i.e., end effects. Djebbar and
Narbaitz (1995) found that the average error in the Onda predictions was 40%, and that the Onda
model overestimated K a. Also, they fou.nd that the degree of the overestimation increases with
increasing packing diameter. Only Gossett at al. (1985) and Dvorak et al. (1996) have claimed
that the Onda correlations underestimate the experimental mass transfer coefficients for a few

packings. However this may be due to the way the end effects were handled in both studies.

Two main attempts have been made to improve the predictions of the Onda model for air
stripping applications (Gossett et al., 1985 and Djebbar and Narbaitz, 1995). Roberts and his co-
workers concluded that the gas phase resistance was underestimated by the Onda gas phase
resistance correlation. In an effort to build on this hypothesis, Gossett et al. (1985) sought to link
transfer rate predictions to the relative contribution of the gas-phase resistance using the Onda
correlations. The computed adjustment values of kg improved the fit of the Onda model for the
Gossett et al. (1985) data. However, these modifications did not improve the predictions in the
Staudinger et al. (1990) database. This points to the data-fitting-based character of the Gossett
improvement, which Staudinger (1986) characterized as non-fundamental. In fact, Gossett et al.
(1985) indicated that the modifications should also involve the aw and k; correlations. Also, they
indicated that modifications more radical than simple change of the front-constants in the Onda
expressions were needed, because when the values of the variables changed the error of the Onda
predictions changed in a nonlinear fashion. These findings were echoed by those of Djebbar and

Narbaitz (1995), who found that the Onda model overestimates K, a for larger packing diameters,
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and that this overestimation increased non-linearly with the packing diameter. Subsequently,
Djebbar and Narbaitz (1995) proposed a diameter dependent equation to correct for the Onda
predictions. Although this modification was nonlinear, it did not improve the predictions for all
the data gathered by Staudinger (1986). The Djebbar and Narbaitz (1995) and the Gossett et al.
(1985) attempts to improve the Onda correlations failed to be general because they did not
address the fundamental problems of the Onda model. The following paragraphs discuss some of

these main problems.

Figure 1 shows the average error in the Onda predictions resulting from different experimental
studies. There is a large variation in the error of the Onda estimates from one study to another.
There are four plausible causes for these errors; namely, (i) columnn operational problems, (ii) the
extrapolative nature of some predictions and experimental errors, (iii) data analysis problems,
and (iv) the Onda model’s functionality deficiencies. It is crucial to differentiate between these

errors, because failing to do so will lead to incorrect conclusions.

..................................................................................

~
o

..........................................................................

h
o

Average error, %
W
o

olm. - K. B . B e EL
< - 2
[ -— - . — 3
S S8 333 3= ¢ ¥ §S 3§ 3
< K £ 8 5 Bz 2 5 9wz e
g £z g B< 8 38 £E 35 g8
3 Z 4 T b €T I Q= B = <
Data source
Figure 1. Average error of the Onda predictions for data from various

sources.

The first source of errors are column operational problems. These are important aspects which
are frequently overlooked in the majority of published data; they include channeling, wall flow,
and liquid maldistribution. Also, as many random packing materials are not symmetrical, filling
the stripping tower via different procedures or even on two different occasions may result in
different mass transfer coefficients (Hoek et al., 1986). There is no estimate of the relative

contribution of operational problems to the total observed deviation. This aspect is further
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complicated by two factors. First, it is difficult to estimate this type of error. Second, detailed
information on the experiments that enable estimation of this type of error is usually lacking.
Operational problems produce systematic errors, which make them difficult to estimate by just
analyzing data from one specific source. This may explain, at least in part, the systematically
higher or lower deviation of results from one study compared to another (Figure 1). Fortunately,
in preparing data to develop a new model or to verify an existing one, authors tend to control

well their experiments, and thus, keep these errors to 2 minimum.

The second plausible source of the discrepancies are experimental errors and the extrapolative
nature of some predictions. Experimental errors include representative sample collection,
appropriate sample storage, and chemical analysis. Most models have been developed for
laboratory scale data using small ceramic packings, while modern applications of air stripping
towers use new and large packings which are made of plastic materials. Therefore most current

predictions are extrapolative in nature.

The third cause of observed deviation would be mishandling and/or misanalysis of the data. For
example, the equation used to estimate the observed mass transfer coefficient in the Gossett et al.
(1985) was incorrect because it does not handle air concentrations that are different than zero. It
produces observed Kya values that are 5 to 10% higher than “real” values as calculated by the
equation developed by Djebbar and Narbaitz (1995). This partly explains the higher
experimental K;a values reported by Gossett et al. (1985). Another frequently mishandled
problem is end effects. End effects may constitute more than 30% of the observed transfer
(Spedding, 1988). Also, existing methods for estimating end effects are fundamentally
questionable (Djebbar and Narbaitz, 1995; Lamarche and Droste, 1989).

The three preceding sources of errors will always exist to a certain extent. Their relative effect
on measured mass transfer coefficient can amount up to £50% of the “true” value. These sources

of error and their effect on experimental K;a can be minimized and confined to a negligible

amount only through sound design and careful operation. This was assumed to have been done

in the data used in this study.

The fourth possible cause of error comes from the Onda correlations themselves, i.e., the

inadequacy of the Onda correlations to describe the transfer characteristics. For example, if a
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variable is not correctly characterized in the model, the deviation between observed and model-
predicted K, as will be a function of the variable’s value. This variable will be constant in data
from one study, but it will be different in another data from a different study resulting in different
errors. Such errors will make it difficult to compare and to transfer information from one study
to the another, because the error will be attributed to the wrong reason. Some of the deficiencies
of the Onda model that were identified in previous studies include: (i) the effect of packing
depth; (ii) the effect of the liquid distribution system, (iii) the effect of packing diameter, and (iv)
the functionality of the correlations (Djebbar and Narbaitz, 1995; Staudinger, 1986; Gossett et
al., 1985; Dvorak et al., 1996). These limitations are discussed in the following paragraphs.

In independent studies, Gross and Termaath (1985) and Djebbar and Narbaitz (1995) found that
K.a is not constant along the depth of the tower as assumed by current models. Gross and
Termaath (1985) conducted experiments in which the only variable that changed was the packing
depth and found that K,a decreases with an increase in the depth of the packing. Similarly,
Djebbar and Narbaitz (1995) found that Kia decreases with increasing packing depth. Existing

correlations do not include the packing depth as one of their variables.

The second limitation of the Onda correlations is their incognizance of the effect on mass
transfer characteristics of the quality of the liquid distribution achieved by the liquid distribution
system at the top of the column. This quality is often different from that of the packings. Using
the same liquid distributor and flow conditions, Djebbar and Narbaitz (1995) found that K;a
increased or decreased in the upper part of the column depending on the type of packing tested.
This behavior is related to the adjustment, in the upper part of the tower, of the wetted packing
surface area associated with the shift from the liquid distribution pattern of the distributor to the
natural flow distribution pattern of the packing (Harriott, 1989; Perry et al., 1990; Djebbar and
Narbaitz, 1995). The depth of the upper part of the tower is mainly dictated by the liquid
distributor characteristics. Some attempts to characterize the effect of the liquid distribution

have been made, but the results were too complex for any practical purpose (Hoek et al., 1986).

The third potential deficiency of the Onda model relates to its use of the nominal packing
diameter, d,, and specific surface area to characterize the geometry, interfacial area, and
therefore mass transfer characteristics of a given packing. Theoretically d, should be an

extremely important variable if used to determine dimensionless numbers. Unfortunately, there
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is no clear definition of d,. Many packings have approximately the same size in all directions
such as Tripac™, Norpac™, Hi-Flow Rings™, Flexirings™, and Lanpac™, so there is little
ambiguity. However, other packings, such as Snowflakes™, Cascade Minirings™, Tellerettes™,

and saddles are quite flat. In the latter case, it is not clear how to define the nominal diameter

and often the largest dimension is used.

The fourth point concerns the appropriateness of the functionality of the Onda correlations to
model mass transfer characteristics. Bravo et al. (1992) indicated that the Onda model neglected
the effect of gas flow rate on the effective surface area. Little and Selleck (1991) found that the
Onda model overestimates their experimental gas-phase resistance data by 40 to 50%. Dvorak et
al. (1996) experimental data showed that at high gas loading rates, the observed mass transfer
coefficient increases sharply, which is not reflected by the Onda correlations (Dvorak et al.,
1996). However, they found that the gas phase mass transfer coefficient is overestimated at low
gas loading rates, which resulted in underestimation of the overall mass transfer coefficient. The
problems associated with the gas phase resistance may be due to the absence of the gas loading

rate from the Onda surface area correlation.

Dvorak et al. (1996) indicated that the liquid loading effect is correctly characterized, and
concluded that the forms of the Onda correlations are appropriate, but the parameters of the
correlations should be changed to reflect modern operating conditions. Roberts et al. (1985),
Gossett et al. (1985), and Dvorak et al. (1996) agreed that the source of error appears to be in the
wetted surface area _and/or in the gas-film resistance equations. To arrive at this conclusion,
Dvorak et al. (1996) isolated the transfer components, aw, ki, and kg, and investigated each
component separately. Unfortunately, they did so using the Onda correlations themselves rather
than an independent approach. When they isolated the gas phase resistance, they used the Onda
liquid and surface area correlations assuming that they were correct. While this may be the only
practical avenue of analysis, the assumption that the correlation for a, is accurate is questionable.
While claiming the appropriateness of the Onda liquid phase mass transfer equation, Little and
Marifias (1997) who extensively used the Dvorak et al. (1996) study, proposed correlations for
the height of liquid and gas-side transfer units that are different from those based on the Onda

correlations. They did not provide clear reasons for their choice of a different model form, nor

for the form of the proposed model.
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In conclusion, there is agreement in the recent literature that there is a need to improve the Onda
correlations. However, there is no clear consent on the source of the deficiencies of the Onda
model and how to curtail them, but from the preceding, it appears that: (i) although far from
being perfect, the best available functional relationships to describe the transfer characteristics
are the ones proposed by Onda and his co-workers (Onda et al., 1968); (ii) the depth of the tower
should be included in the correlations; (iii) the various potential definitions of packing diameter
should be investigated; (iv) the parameters of the three correlations should be modified to reflect
current applications of air stripping towers; (v) gas loading should be included in the surface area
correlation; and (vi) modifications of the Onda model shouid be undertaken using data from
several sources to reduce the impact of systematic errors. To address these concerns a database

that is both comprehensive and representative of real world applications is necessary.

DATABASE
Experimental data in the public domain were surveyed and evaluated against strict criteria.

These criteria include the following: (i) full-scale operating conditions, such as packing of large
diameters and large tower sizes; (ii) correct handling of end effects; (iii) high level of care in
sample collection and analysis, as well as the analysis method itself; and (iv) explicit description
of the operating conditions, such as packing type and geometry, tower characteristics, liquid and
gas flow rates, operating temperature values, and type and characteristics of the VOC(s)
considered. When necessary, supporting information was obtained directly from the researchers
who generated the data. This led to the development of the database, which is summarized in
Tables 1, 2 and 3. The selected studies were conducted with modern fuli-scale operating
conditions in mind. They include new types of packing media, optimum VOC air stripping
factors in the range of 2 to 7, typical liquid loading rates of 2 to 43 kg/m’s, Henry’s Law
coefficients between 0.02 and 1.4 atm. m’ liquid/m® air, gas flow rates between 0.06 and 5.7
kg/m?s, with an air to water ratio between 2 and 500 and total packing depth between 1.2 and 5.2
m, liquid phase temperature between 7 and 30 °C, and packing nominal diameters mainly
between 2.54 and 94 cm. As far as the authors are aware, this database is the most
comprehensive gathered to date. The total number of data points is 1450. The effective number
of data points used in the analysis is 1252, which is about three times the number used by Onda
et al. (1968) to develop their correlations. It was collected from 12 different sources. Table 1
lists the studies used to build the database and the main characteristics of their respective

experimental setups. Table 2 contains the packing used in this database with their main
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characteristics. Finally, Table 3 contains the VOCs used in this database with their main

characteristics. As indicated in Table 2, the database contains air stripping results using two

structured packings.

To interpret results adequately, certain physical properties are required, for instance, the liquid
density, diffusion coefficient, Henry's Law constant, and critical surface tensions. Great care
had to be taken in determining these physical properties because they considerably affect the

resulting mass transfer coefficient.

The temperature dependence of Henry’s Law constant is estimated using the following equation
(Haarhoff and Cleasby, 1990),

L1
H,= HM(ZT%) OA(”’ T) (5)

where A = constant; T = temperature in °C; and Hy and Hy = Henry’s Law constants (atm. m’
liquid/m3 air) at temperature T and 20 °C, respectively. Table 3 shows values of Hy, and A for

different VOCs are presented in.

Henry’s Law constant values and the equations to predict them at the experimental temperatures
were obtained from experimental studies such as Haarhoff and Cleasby (1990), Gossett ( 1987),
and Lamarche and Droste (1989). The liquid and gas phases diffusion values were determined
using the diffusion values at 20°C from Hayduk and Laudie (1974) and Lyman et al. (1990),
respectively. These values were then corrected for the liquid temperature (Treybal, 1980).

Values of 0.75 and 0.033 N/m were used for the critical surface tensions of water and plastic

packing, respectively (Staudinger, 1986).

Observed mass transfer coefficients were estimated using carefully determined concentrations.
Concentrations used are those at the top and bottom of the packings or those corrected for end
effects. Observed mass transfer coefficients are determined using the generalized equation

which accepts influent air with a concentration greater than zero (Djebbar and Narbaitz, 1995):

[ L R . [e, a=YRy+c, /R]]
z—[KLa ]*[R-lm{cz (1+1/R) +c, /RH'[HTU]*[NTU] ©)
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Table 1 Summary of pilot-scale studies selected for the test database.

Number Tower Loading rates Air-to-
Study of data height . diameter Air Water water
points __ (m) (cm)  (kg/m’s) (kg/m’s)  ratio
Gossett et al. (1985) 271 2.44 4.5 0.06-1 10-23 10-170
Cummins (1988) 102 55 61 0.02-1.3  7.5-75 1.5-550
Cummins & Westrick (1983) 96 5.5 61 0.03-1.5 1.6-43.5 5-42
Gross & Termaath (1985) 54 2.4-1.2 19 0.4-04 14.5 37.8
Raczko et al. (1985) 16 3.05 30.5 0.3-1.2 11-31 7-103
Hess et al. (1983) 59 3.05 30.5 0.2-09 6-43 40-160
Cline etal (1985) 15 3.05 305 0.1-0.7 8.6-24 18-85
Umpbhres et al. (1982) 12 2.34 30.5 0.3-1.3 2.6-11 8
Narbaitz et al. (1998) 698 4.6 76.2 0.15-1.3  5.5-275 8.5-42
Lang (1991) 67 2.7-52 61,915 0.6-4.5 2-24 2.5-20
Rukovena (1987) 54 3.05-5.2 43,89 02-56  4.3-285 1-80
Michael et al. (1991) 6 1.22 61 0.3-0.8 6.5 8-27

Table 2 Names and main characteristics of packings in the database.

Diameter Surface area
Packing (cm) (m*m>)
Random packing
Rashig Rings 1.3 400
Ceramic Saddles 13,25 466, 259
Pall Rings; 1.6,2.5,and 5 -341, 220, 108
Tellerettes 25and 5 180, 125
Norpac 3.8and 5 145, 100
Hi-Flow Rings 5 97
Flexiring 5 115
Tripac 5 157
Cascade Minirings S5and 7.6 210, 141
Flexisaddles 7.6 88.6
LANPACTM 8.9 137
Snowflakes 94 1.8
Structured packing
Munters 1.6 420

Flexipac 5 131
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Table 3 List of VOCs used in this study and their characteristics (Haarhoff
and Cleasby, 1990).

Chemical Henry’s LawConst. at 20°C

Compound name formula (atm. m® liquid/m® air) A
Dichloromethane CH,Cl; - 0.0725 3817
Bromoform CHBr,4 0.028 4399
Chloroform CHCl, 0.11677 4612
Bromodichloromethane CHCLBr 0.095 4375
Dibromochloromethane CHCIBr, 0.036 4375
Carbon Tetrachloride CCl, 0.985 4411
Chloroethane C;H.Cl 0.3968 3120
1,1-Dichloroethane C,H,Cl, 0.182 4128
1,2-Dichloroethane C,H,Cl, 0.059 3620
1,1,1-Trichloroethane C,H;Cl; 0.561 4133
1,1,2,2-Tetrachloroethane C,H,Cl, 0.016 4375
Viny! chloride C;H;Cl 0923 3729
cis-1,2-Dichloroethylene C;H,Cl, 0.125 4192
Trichloroethylene C,HCl, 0.302 4780
Tetrachloroethylene C,Cl 0.557 4918
1,2-Dichloropropane ' G3HCl, 0.096 4375
Benzene CeHs 0.23 3680
Chlorobenzene CsHsCl 0.16 4375
m-Dichlorobenzene CsH,Cl, 0.15 4375
Toluene C¢HsCH; 0.19 8100
m-Xylene CH;C¢H,CH; 0.45 4375
Ethylbenzene CsHio 0.27 4375

“Henry's Law temperature constant in Equation 2

HG
where R = E = the stripping factor (dimensionless); HTU = the height of a transfer unit (m);
t

NTU = the number of transfer units (dimensionless); ¢, = VOC’s concentration in the effluent
liquid at depth Z, the bottom of the packing media in Figure 2 (kg/m®); H = the Henry's Law
constant (atm. m® liquid/m® air); P, = the total operating pressure (atm); and L = the liquid
volumetric flow rate per unit cross sectional area (m*/m? s); and G = the gas volumetric flow rate

per unit cross sectional area (m*/m?®s).

DEVELOPMENT OF IMPROVED MASS TRANSFER CORRELATIONS

Narbaitz and Djebbar (1998) enumerated five approaches to develop new correlations. The fifth
approach consisted of utilizing a well-accepted model to estimate two of the three transfer
components, e.g., ay and ki, a, and kg, or k. and kg. These components are called “part one”
components. The remaining transfer component, or “part two”, is determined using the
experimental mass transfer coefficients and the estimated “part one” components. Then, the

“part two” of the transfer is subsequently regressed to produce new correlations, or to improve an
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existing one. This process is repeated until satisfactory results are obtained for each of the three
transfer components, a., ki, and kg. The final result is a new correlation for each of the three

components.

total depth, Z
sampling ports

Lt

Figure 2. Definition of tower parameters used in the analysis.

This approach was adopted in this study. The nonlinear regression analysis was performed using
the statistical software STATGRAPHICS™, which is based on the algorithm of Marquardt
(Manugistics, 1993). The Onda model is used to estimate “part one” components for three
reasons: (i) it was recognized as the best existing model, (ii) there is no convincing reason that
points to a different model form, and (iii) development of new model forms for a,, k., and/or kg
would require data for the individual transfer components that do not exist, are expensive to
obtain, and may be difficult to justify given the wealth of different model forms that already
exist. Therefore, no attempt was made to search for a different model form and the following
modifications were introduced to overcome some of the Onda model shortcomings. First, the
liquid phase mass transfer correlation was rendered dimensionless through the use of the liquid-
based Sherwood number, Sh; = ki/D.a. Second, the dimensionless number Ge = Zd,, ie.,
packing height divided by the packing diameter was added to the liquid phase mass transfer
coefficient and to the surface area correlations. Finally, the gas phase Reynolds number was

added to the surface area correlation.
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For the purpose of estimating the model’s parameters and to validate the new model, the database
is randomly divided into two groups: one part was used to develop a new model, while the
second part was used to validate the new model. Structured packing data, which accounts for

157 data points, were used in the validation stage only.

The evaluation of results was conducted using basic statistical tools. The average absolute error,

AAE, is given by:

1 n

(KLa).,q, _(Kl.a),,,‘E

AAE = - 7

n g (KLa)exp @
and the average algebraic error, AGE, is given by:
» (K;a) -—(K;a

aor = 13 ity m(3), o

nig (KLa)ﬂp
where n = the number of data points; and, (Kia)es,. and (Ki2)p= = the experimental and the
predicted mass transfer coefficients, respectively. AAE is a measure of average absolute
deviation, while AGE measures the overall over-or under-estimation. Roberts et al. (1985)

suggested that the standard error of estimates of Ky a should be based on its logarithm transform,

ie,;
1 n 0.5
SEE = {; ; (Log (K,a), -Log (KLa)pm)z} ©)

Using equation 9, the interval limited by one standard deviation defines the expected 68%
confidence level and it is given by (Roberts et al., 1985):

F = 105 (10)
Initially, all of the data was regressed to investigate any particular trend or obvious anomalies.
Two main conclusions were drawn from this exercise. First, the deviation between Cummins’s
experimental and Onda predicted K, a data was particularly high compared to the rest of the data.
The average deviation was about 70% in Cummins and Westrick (1983) and Cummins (1988)
data, while it was in the 35% range with the rest of the data. Staudinger (1986) indicated that
there were serious flaws with the Cummins data. Therefore the Cummins data were excluded

from the data in the following analysis.
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The second conclusion was drawn from the plot shown in Figure 3, which precludes Cummins
and structured packing data. The wetted surface area and the gas mass transfer coefficient were
estimated using the corresponding Onda correlations. Then, using experimental K;a, k; values
were estimated, regressed, and the results were presented in Figure 3 as a plot of observed versus
regressed liquid Sherwood number, Shy= k¢/(a,D;). Figure 3 shows two distinct regions with two
different trends. The first region corresponds to data with packing diameters that are smaller
than 25 mm while the second region corresponds to data with packing diameters that are larger
than, or equal to 25 mm. A plot of the results with other variables did not show as strong a trend
as the one shown in Figure 3. Consequently, the database was divided into two groups: the first
group, with 176 data points, had packings with diameters smailer than 25 mm, and the second

group, with 919 data points, had packings with diameters larger than, or equal to 25 mm.

* Packing diameter > 25 mm
¢ Packing diameter < 25 mm .

=

Regressed liquid Sherwood number

0 500 1000 1500 2000 2500 3000 3500
Observed liquid Sherwood number
Figure 3. Regressed versus observed liquid phase Sherwood number.

Modern applications of packed towers rarely use packing with small diameter, therefore, the data
with small packing diameter may not be of great practical importance. Furthermore, previous
studies concluded that the Onda correlations are reasonably accurate for packings with small
diameters (Roberts et al., 1985; Lamarche and Droste, 1989). Roberts et al. (1985) found that
68% of the predicted values of their data lie within a factor of 1.21 from the observed values.
This result is based on about 70% of the data, as more than 30% of the data were eliminated from
the analysis because the stripping factors were smaller than 2. The Roberts et al. (1985)

assessment of the Onda correlations agrees closely with that of Onda and his coworkers (Onda et
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al., 1968). The Onda correlations were used to estimate mass transfer coefficients for the 176
data points that pertain to packings with a nominal diameter of less than 25 mm. The average
absolute error was 26%, the average algebraic error was 18% and the factor that delineates 68%
of the data was 1.33. Thus, the Onda model was assumed to be reasonably accurate for packing
with diameter smaller than 25 mm (1 inch), and is adopted for air stripping applications that use

small packing diameters.

The following series of simulations investigated several potential definitions of packing
diameter. Four definitions of the packing diameter were u'sed; namely, (i) nominal packing
diameter, (ii) average diameter, (dmax+dmin)/2, (iii) geometric mean diameter, (dmaxdmin)®, and (iv)
diameter of the sphere that has the same surface area of the packing. dpay, and dp;, are the largest
and smallest dimensions of the packing, respectively. The data were regressed using each of the
four packing diameter definitions. Obviously, the parameters of the correlations changed
dépending on the packing diameter definition used. However, no one definition produced
particularly better correlations. The error was in the 4% range from one definition to another
(Table 4). Therefore, the traditional nominal packing diameter was used in the rest of the

analysis to define the packing diameter.

Table 4. Average absolute error for different packing diameter definitions.

Diameter definition Average Absolute Error, %
nominal packing diameter 29

average diameter, (dyax+dmin)/2 34

geometric mean diameter, (dmadmin)™’ 33

diameter of the sphere that has the same surface area of 31

the packing

The data used in the following development does not include packings that are smaller than 25
mm in diameter or Cummins data. This data contain 1078 data points and was divided randomly
into development and validation data sets of 500 and 578 data points, respectively. Structured
packing data of large diameter was part of the validation data set. The development data were
regressed using the Onda model form including the modifications indicated earlier, and the

following correlations were obtained,
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a, = at{l—exp[- 0095(Re, )" (Re, ) (Fr, )" (we, )" (Er)°“(Mc)°"’]} (11

ak1; =(0.15x107 (L, /a, 1. )**(Se, )" (p, /1, g)"® (Er)™ (Ge)™ 12)
t L
kg =097(G, /a,ng)"*(Scg )" (Er)™® (13)
a,Dg

where Sci, = w/Dyp. = liquid phase Schmidt number (dimensionless); and Scg = Ho/Dgpg = gas
phase Schmidt number (dimensionless). Equations 11, 12, and 13 represent the improved

model.

Figure 4 shows the results of goodness of fit tests for the 500 data points that constitute the
developmental data set. The improved correlations produced an average error of 23.5%, with
68% of the data within a band limited by a factor of 1.29 from the best fit line. The

developmental data set as a whole is slightly overestimated with an average algebraic error of
13%.
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Figure 4. Results of the improved correlations using the developmental data set.

The following paragraphs analyze the results of the Onda model and the improved correlations
using the 578 validation data points. Figure 5 presents a comparison between the Onda and the

improved models. None of the validation data points was excluded. The results of the improved
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model are similar to those of the developmental data set, indicating stability in the results. The
average absolute error is 22% for the improved correlations while it is 29% for the Onda model.
As expected, the Onda correlations overestimated the mass transfer coefficient, and the average

overestimation was 24%. The improved correlations barely overestimated the results (AGE =

0.7%).
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Figure 5. Average errors and F factor for the validation data set.
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Figure 6. Average absolute error for individual data sources of the validation
data set.

Figure 6 compares the Onda and the improved models based on the source of the data. Two

factors should be considered in analyzing these results. The first factor is the expected minimum
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error. Djebbar and Narbaitz (1995) found that a deviation of 10 to 15% in the Onda estimates
can be expected based on anticipated measurement errors in the variables within the correlations.
The second factor is the number of data points considered in the analysis. The Onda correlations
show high variation in the results from one author to the other, while the improved model shows
certain consistency. Being the largest in number, the Narbaitz et al. (1998) data demonstrates a

marked improvement of the new correlations over the Onda correlations.

Figure 7 shows the variation of the error as a function of the liquid loading. The Onda
correlations show a fairly systematic decrease in the deviation as the liquid loading increases. It
has been speculated that this pattern may be attributed to two reasons. The first one is the Onda
liquid-phase mass transfer correlation which may not describe well the liquid phase resistance to
mass transfer at small liquid loading rates. The second potential reason is related to the surface
area formation mechanism. As the liquid loading increases, the resulting surface area more
closely follows a trend that is represented by the Onda surface area correlation, resulting in a
decrease in the total observed error. The first explanation was proposed by Staudinger et al.
(1990), while the second explanation was proposed by Dvorak et al (1996). Even though a

similar trend can be observed in the improved correlations results, this trend is not as marked.
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Figure 7. Average absolute error of the Onda and improved model as a function

of the liquid loading for the validation data set.
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Figure 8 shows the variation of the error with the packing diameter. The Onda model predictions
show a general increase in the deviation as the packing diameter increases. This trend is not
followed by the 12 points of 88.9 mm diameter data that pertains to a single packing material,
Lanpac™. However, this is a small number of data points compared to 50 data points for the
next smallest number of data for an individual packing. This trend was explained in previous
studies by the inability of the Onda correlations to describe well the process of mass transfer
occurring in larger packing diameters (Djebbar and Narbaitz, 1995; Staudinger, 1986; Lenzo et
al., 1990). On the other hand, the improved correlations show a U shaped trend in the deviation
as a function of the packing diameter. The higher errors are associated with larger and smaller
diameters while smaller errors are associated with mid sized packings. In all cases, the error is

smaller than 30%. No reasonable explanation was found for the U shaped trend observed in

Figure 8.

% Onda model
B Improved model

W
<

I
<

il

25.4 50.8 76.2 88.9 94.0
Packing diameter, mm

Figure 8. Average absolute error of the Onda and improved model as a function
of the packing diameter for the validation data set.
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A series of runs using both the Onda and improved models showed that both correlations are not
very sensitive to the change in the packing diameter. A variation of 20% in the packing diameter
produced 1.4% variation in the improved correlations predictions and 4.5% in the Onda
correlations predictions. The problem of variation in the Onda error as shown in Figure 8 may
not be related to the packing diameter. Rather, the trend shown in Figure 8 is likely related to the

interfacial surface area formation and its relation to the variation of the transfer characteristics



Chapter 6: Improved Onda Correlations for VOC Air Stripping in Packed Towers 6.22

which is accompanied by, but poorly related to the increase in the packing diameter. The above
analysis may explain the low sensitivity of the Onda correlations to the different definitions of
packing diameter tested previously. This weak relationship between dp and mass transfer may
also explain why the improvement introduced by Djebbar and Narbaitz (1995) did not work as
expected for some other databases. Therefore, the packing diameter as considered in both the

Onda and the improved models is not as good an indicator of the transfer characteristics, as

previously thought.

Figure 9 shows the variation of the error with the packing depth. The Onda correlations are
independent of the packing depth and, hence, produce a constant value, while the improved
model’s predictions vary with the packing depth. The improved correlations tend to overestimate
K;a at low packing depth. This may be due to residues of end effects in the data which are more
important in short columns. Also, It may be due to the effect of liquid distribution system.
Djebbar and Narbaitz (1995) found that the liquid distribution system highly affects the transfer

characteristics in the upper parts of the tower, and therefore it has a higher impact in short

columns.
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Figure 9. Effect of packing depth on simulated K a.

Figure 10 shows the effect of the liquid loading on the mass transfer coefficient as well as its

impact on the Onda and improved models predictions. Both models predict less than linear
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increases in Kia with increasing liquid loading and the predictions can be modeled as a power
function of the liquid loading as shown in Figure 10. The rate of K;a change with the liquid
loading is a function of the gas loading and the packing surface area. However, the variation of
the rate of change of Kia with these two variables is relatively small. These results triggered
further simulations of K,a using the Onda and improved correlations for hypothetical operating
conditions where only the liquid flow was varied. Then, resulting K;a values were regressed
using the equation form shown in Figure 10. For the predictions by the improved correlations,
the values of the regressed exponents changed from 0.65 to 0.69 when the gas loading rate
changed from 0.4 to 1.2 kg/m’s, respectively. Higher exponent values are associated with higher
gas flow rates. The values of the same exponents for the Onda predictions changed from 0.67 to
0.73. For the conditions shown in Figure 10, the observed values exhibit two distinct regions.
These two regions cannot be represented accurately with one regression equation of the form
shown in Figure 10. However, the improved model resuits are closer to observed data than the

Onda model predictions.
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Figure 10. Effect of liquid flow on K a.

Figure 11 shows the effect of the gas loading on the mass transfer coefficient. In general, the
improved correlations predict more accurately the transfer characteristics compared to the Onda
correlations. However both models were unable to predict the sharper increases in K;a at very

high gas flowrates. Previous studies showed that the Onda correlations were unable to model the
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observed increase in the mass transfer coefficient at high gas flow rates (Staudinger, 1986;

Gossett et al, 1985; and Dvorak et al., 1996).
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Figure 11. Effect of gas loading rate on simulated K| a.

This lack of sensitivity to gas flow rate at high loading rates has important practical implications.
Designs based on these models at very high gas flowrates would be unnecessarily tall.
Fortunately, most packed towers are operated at lower gas loading rates in the range of 1 to 3
kg/m’s. This is because increased gas flowrates result in significant increases in pressure drop
and blower costs, and these additional costs are much greater than the savings achieved in tower
costs via improved mass transfer. Thus, this deficiency in the correlations, which must be

considered, is generally avoided through the economic analysis during the design.

Finally, the database gathered for this study contains performance data using two structured
packings: Flexipac and Munters. The authors are not aware of any study that looked at
performance data of structured packings using traditional correlations. The average absolute
error and F factor of the estimated mass transfer coefficients for the two structured packings are
shown in Figure 12. The Onda correlations produced results that are within the expected Onda
results using random packings. The improved correlations produced an average error of 18.5%,
with 68% of the data within a band limited by a factor of 1.29 from the best fit line. These

results show that the improved correlations can be used to estimate the performance of structured
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packings. However, due to the limited validation data for structured packings in this database,

further investigations are required before drawing definitive conclusions.
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Figure 12. Average absolute error and F factor for structured packings data.

CONCLUSIONS
A database formed from full-scale experiments was assembled from different sources. This

database is comprehensive and representative of current applications of VOCs stripping in

packed towers. It was used in this study to develop and validate new correlations

The new correlations addressed several shortcomings of the Onda correlations identified in
previous studies such as relative insensitivity to packing depth and a tendency to overestimate
Kia. The average absolute error for the validation, as well as for the development data, was
found to be less than 24% with 68% of the data within a factor of 1.3 from the best fit. The same
parameters for the Onda model were 29% and 1.39 for the validation data set, respectively.

Thus, for the large data set studied, the modified correlations are better than the Onda

correlations.

However, some drawbacks of the Onda correlations remain. These may be due to the inherent
limitation of parametric regression with large uncertainty regarding the functional form of the

correlations. These include the effect of gas loading at high gas flow rates and the effect of
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packing diameter. The packing diameter as considered in both the Onda and the improved

models is not as good an indicator of the transfer characteristics, as previously thought.

The improved model shows that it can predict mass transfer in structured packings. Because the

data on structured packing is limited in this database, further testing is required before drawing

final conclusions.
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CHAPTER 7

ARTIFICIAL NEURAL NETWORKS PREDICTION OF K; a
IN AIR STRIPPING TOWERS

Paper submitted for publication in the Journal of Environmental Engineering. ASCE.

“... Traditional (parametric) statistics deals with methods and problems in estimation on the
basic assumption that the underlying statistical probability distribution is one of a family
depending on just a few parameters. This is an assumption which is often violated and is, in fact,
in my circumstances not a very reasonable assumption. That is where nonparametric and robust
methods come in. Here, roughly, nonparametric statistics makes almost no assumption at all
beyond, say, as in this book, smoothness of the underlying distribution...”

Michiel Hazewinkel
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NEURAL PREDICTIONS OF AIR STRIPPING K;a
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2University of Ottawa, Civil Engineering Department, Orzawa, ON, Canada, KIN 6N5

ABSTRACT

Design of air stripping packed towers used to remove volatile organic compounds (VOCs)
requires an estimate of the overall mass transfer coefficient (K.a), which is frequently
estimated via physically-based parametric correlations. Parametric correlations have some
shortcomings and produce predictions with relatively large deviations for full-scale,
modern application of air stripping towers. In this study neural network technology, a
powerful new nonparametric approach, is used to analyze mass transfer characteristics in
air stripping towers and to simulate K;a. A large database that is representative of current
applications of air stripping towers was assembled for this analysis. The K;a predictions
by neural networks were superior to both the Onda model and an improved Onda model,
the best existing parametric models for air stripping applications. The average absolute
error for the validation, as well as for the development data, was found to be less than
19%. The NN model was able to simulate the sudden increase in K a at high gas loading
rates. Also, it simulated more realistically the effect of the packing depth and liquid flow.

KEYWORDS:  Air Stripping, Mass Transfer Coefficients, Neural Networks, Parametric

Regression, Nonparametric Regression, Volatile Organic Compounds.

INTRODUCTION

The design of air strpping towers requires an estimate of K;a, the overall liquid-phase-based
mass transfer coefficient. Pilot-scale studies are a relatively expensive method of determining
K;a. A more common and affordable alternative is to use mass transfer correlations. There is
agreement in the recent literature that the Onda et al. (1968) model is the best model for air
stripping applications (Staudinger et al., 1990; Roberts et al., 1985 and Lamarche and Droste,
1989). The literature shows also that this model yields satisfactory results for lab data, i.c.,
conditions that are similar to those under which this model has been developed. However, 30 to
40 percent deviations from predictions are often reported in full-scale applications (Lenzo et al.,

1990, Staudinger et al., 1990 and Djebbar and Narbaitz, 1995).
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The lack of good predictive ability of existing parametric models is attributed to four main
factors: (a) the quality of developmental and verification data, principally those related to
operational problems, experimental errors and data manipulation which impact the values of the
experimental K;as; (b) the data with which these correlations have been developed only cover a
limited set of operating conditions, thus, many predictions are extrapolative in nature; (c) the
limitations of parametric regression techniques used to develop these models; and (d) the
changing nature of mass transfer relationships from one set of operating conditions to another
that are not well understood and are poorly mimicked by current parametric models (Djebbar

and Narbaitz, 1995; Bravo et al., 1992).

Djebbar and Narbaitz (1998) proposed an improved correlation using the Onda model form
using a large and new database. However, the proposed model still have some shortcomings
(Djebbar and Narbaitz, 1998). The Djebbar and Narbaitz (1998) study addressed points (a) and
(b). The objective of this paper is also to address points (c) and (d) by using neural networks

(NN) technology to analyze and estimate mass transfer coefficient K, a.

EXISTING PARAMETRIC ESTIMATION METHODS

Many problems fall short of satisfactory theoretical solutions because of the problem’s
complexity, the uncertainty in the values of the response and the variables, and our limited
knowledge of the processes involved. Most often, the need to deal with these problems in
practice requires functional relationships that relate the dependent variables to the independent
variables for prediction purposes. The absence of a theoretical relationship, or the real function,
is *“overcome” by assuming a relationship based on some theory, observations, and sound
engineering judgment, making this relationship subjective to a certain extent. The parameters of
the relationship are determined using one of several parameter estimation methods, such as the
least squares regression, which has certain limitations and requires large sets of accurate data to
yield satisfactory results (Bates and Watts, 1988). For the optimal properties of the least square
estimates to be valid in the parametric approach, it is essential that the following assumptions
hold: (i) the values of the operating variables are exactly known; (ii) the errors and the observed
responses at each set of operating conditions have the same variance; (iii) the errors (and the

observed values of the responses) are not correlated, thus, are statistically independent; (iv) the
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errors are identically and normally distributed with zero mean and variance 6% and (v) the
model form is known (Bates and Watts, 1988). It is obvious that the above assumptions are
almost never satisfied. If the first four assumptions are usually partly satisfied, the fifth
assumption, however, remains controversial. A key assumption of parametric modeling is that
the model form, i.e. a mathematical expression that describes the relationship between the
dependent and the independent variables, is known. However, this form is often unknown and
always to some extent subjectively assumed (Adamowski and Feluch, 1991). Once regressed,
these models can be readily applied using a simple calculator. It is also important to note that
the smoothing process in parametric regression considers the entire data set, which makes it

vulnerable to outliers (Adamowski, 1989).

An additional disadvantage of current parametric models is that they inherently imply that
certain features of the relationship remain the same regardless of the values of the variables (De
Neufville, 1990). This is in disagreemem. with the conclusions of Bravo et al. (1992) and Bolles
and Fair (1982) who indicated that the nature of mass transfer correlations, including the

parameters of the correlations, should change with the values of the variables.

The mass transfer coefficient in packed towers for air stripping lacks a theoretical solution.
Treybal (1980) indicated that the ultimate interpretation or explanation of the transfer coefficient
will come only when related fluid mechanics problems are solved. Over the past fifty years,
research has produced tens of parametrically regressed correlations to predict K;a. The

functional relationship for mass transfer coefficient in packed towers is usually assumed to have
the following form (Welty et al., 1976),

Kia=b,(X,)" (X,)"...= g(X,. X;0-1bg,b,,b,,..) )
where X, and X, = dimensionless numbers, such as the Reynolds and the Schmidt numbers,
which are functions of the operating variables; and by, b;, and b, = regression parameters. The
parametric approach is the method of choice when the real form of the functional relationship
that relates the variables is known, or when the number of independent variables is manageable,

say less than five. Unfortunately, this is often not the case.
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EXISTING PARAMETRIC ESTIMATION METHODS

Until recently, the Onda et al. (1968) model was considered the best parametric model to predict
Kia (Roberts et al., 1985; Lamarche and Droste, 1989; Staudinger et al, 1990). The Onda model
consists of three separate equations for the calculation of the local liquid and gas phase mass
transfer coefficients, k. and kg, as well as the wetted specific interfacial surface area for mass

transfer, aw. The Onda model is given by the following equations:

ky =0.0051(Re, )**(Sc, )™ (Er)**(Sh, )™ @
kG _ 0.7 13 2

a D, =c¢ (Reg)™ (Scg) " (Er) 3)

a, =a,{1-exp[~ 145(Re, )™ (Fr, )™ (We, )**(Mc) "]} @)

in which, k. = local liquid phase mass transfer coefficient (L/T); kg = local gas phase mass
transfer coefficient (L/T); aw = wetted specific surface area of the packing (LYLY; a, = total
specific surface area of the packing (L¥L?); L; = liquid mass flux (M/LT); G; = gas mass flux
(M/L’T); p,. = density of the liquid (M/L%); pg = density of the gas (M/L*); D, = liquid diffusion
coefficient (L¥T); Dg = gas diffusion coefficient (L¥T); d, = nominal packing diameter (L); g =
gravitational constant (L/T?); ¢ = constant = 2 if dp, <15 mm otherwise ¢ = 5.23; p; = liquid
dynamic viscosity (M/LT); Mg = gas dynamic viscosity (M/LT); o. = surface tension of the
packing material (M/L?); and o_ = surface tension of the liquid (M/L?), and the following
dimensionless numbers: Sc, = p;/p Dy = liquid Schmidt number; Scg = po/pcDs = gas Schmidt
number; Mc = 6/0, = wettability number; Re, = L#/a, = liquid phase Reynolds number; Reg
= Ggaig = gas phase Reynolds number; Fr, = L{a/p,’g = liquid phase Froude number; We, =
L¢/ap_0, = liquid phase Weber number; and Sh, = pr/MLg = Liquid Sherwood number. M, L and

T refer to mass, length and time units, respectively.

The two phase resistance theory postulates that the total resistance to interfacial mass transfer is
equal to the sum of the individual liquid phase and gas phase resistances, therefore:

1 1 1

K,a = k.,a * H kgsa )




Chapter 7: Artificial NNs Prediction of Mass Transfer Coefficient in Air Stripping Towers 7.6

where K;a = the overall (liquid phase based) mass transfer coefficient; H is the Henrys Law

constant expressed as the ratio of the VOC mass concentration in the gas phase to that in the

liquid phase; and a = ay,.

The Onda model overestimates Kja by an average error of 30 to 40 percent for full-scale
operations (Lenzo et al.; 1990, Staudinger et al., 1990; Djebbar and Narbaitz, 1995a; and
Djebbar and Narbaitz, 1998). Several researchers attempted to improve the Onda model through
simple modifications of the correlations (Gossett et al., 1985 and Djebbar and Narbaitz, 1995a).
However, these attempts failed to be general because they did not address the fundamental

problems of the Onda model (Djebbar and Narbaitz, 1998).

Building on the work of several researchers (Staudinger et al., 1990; Bravo et al., 1992; Dvorak
et al.,, 1996), Djebbar and Narbaitz (1998) improved the Onda correlations using a newly
compiled large database. The latter covers a wide range of operating conditions to avoid
extrapolations, and includes data from several sources to minimize the impact of systematic
errors. Their work was based on the assumption that the functional relationships of the Onda
correlations are correct, but could be improved by the addition of two terms to address some of
the deficiencies of the Onda model. The improved Onda model (Djebbar and Narbaitz, 1998) is

given by the following equations:

akl; = (0.15¢107°)(Re, )**(Sc, )"'* (Sh, )# (Er)™(Ge) ¢ 6)
t~L
Ke - 097(Reg )™ (Scq ) (BD)*® N
atD G

a, =a, { 1- exp[— 0.095(ReL)0'4’ (Reg )o'm (Frl_)-o'48 (We!_)o'38 (Er)*** (Mc)*" ]} (8

in which, Z = packed depth (L); Er = 1/ad, = packing efficiency number; Ge = Z/d, = geometry

number.

The Djebbar and Narbaitz (1998) model is better than the Onda model, but it still has some
shortcomings. For example, the improved Onda model was not able to simulate correctly mass
transfer at high gas flow rate, liquid flow and packing diameter. Also, the improved Onda model
was not able to simulate the observed sharp increase in the mass transfer coefficient, which is

caused by the increase in the surface area at high gas flow rates. Figure 1, which confirms the
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Bravo et al., (1992) findings, explains why models that are based on the Onda model form
cannot predict the sharp increase in Kia at high gas loading rates. Both the Onda and the
improved Onda models assume that the effective surface area value will not exceed the packing
dry surface area value. The above indicated shortcomings of existing parametric models
compounded with the limitations of the parametric approach triggered the search for an
alternative approach using a nonparametric approach based on neural network technology

(Djebbar and Narbaitz, 1995a, Narbaitz and Djebbar, 1996).

2 (
oK,a |
oG
00 3 p 6 38

Gas loading, kg/m?3s
Figure 1. Example of the variation of the slope of Onda predicted K; a as a
function of the gas loading rate.

NONPARAMETRIC APPROACH

In recent years neural networks (NNs) have shown exceptional performance as regression tools,
especially when used for pattern recognition and function estimation. They are highly nonlinear,
and can capture complex interactions among the input variables in a system without any prior
knowledge about the nature of these interactions (Hammerstrom, 1993a; Basheer et al., 1996).
The main advantage of NN is that one does not have to explicitly assume a model form, which
is a prerequisite in the parametric approach. Indeed, in NN a relationship of possibly
complicated or unorthodox shape is generated by the data points themselves. In comparison to
parametric methods, NNs tolerate imprecise or incomplete data, approximate results, and are
less vulnerable to outliers (Hammerstrom, 1993a & b; Hayken, 1994; Zaabab et al., 1995). They
are highly parallel, i.e., their numerous independent operations can be executed simultaneously.

Although application of NN approach in civil engineering is limited and still in its infancy, it



Chapter 7: Artificial NNs Prediction of Mass Transfer Coefficient in Air Stripping Towers 7.8

produced very encouraging results (Thirumalaiah and Deo, 1998; French et al., 1992; Hsu et al.,
1995; Basheer et al. 1996).

Neuron
%, —> J
®
[ [ yl
° [ ] e e [ ]

— Yk
Xn-1
xn

Input layer —» ' «— Hidden layer(s) —» '«— Output layer

Figure 2. Fully connected feedforward multi-layer network with an
input and an output layers and several hidden layers.

Research in NNs begun in 1943 with the work of Mc Culloch and Pitts (1943), who
demonstrated the capacity of NNs to calculate logic functions. But application of NNs really
started in 1982 with the work of Hopfield (1982). NN can be defined as a highly parallel
adaptive system capable of auto-improving by learning. It is inspired by the functioning mode of
the animal brain in which a great number of neurons are interconnected by their synapses. By
analogy, the artificial neﬁron is defined as the basic unit of the neural network. This neuron can
receive one or more inputs, calculates the weighted sum and produces a unique output through a
transfer function as Figure 2 and 3 show. Many transfer functions are available but the sigmoid
function, given by the following equation, is the most common,

_ 1
T1+e™

where y = the neuron output; & = multiplicative constant; and U = weighted sum of the neuron

y &)

inputs. NN is an association of neurons; therefore, several types of network architectures are
possible. However, the best performing are the multilayer networks (Figure 2), which are able
to simulate nonlinear processes. The main principle of neural computing is the decomposition

of the input-output relationship into series of linearly separable steps using hidden layers

(Haykin, 1994).
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Figure 3. Architecture of a neuron.

¢ Data transformation: x; = f(x;, X ean, S)

¢ Network architecture selection:

VY Vvy

* Network training:

the error

K;a.

Figure 4. Neural network development steps.

Find w; by minimizing

observed and simulated

As Figure 4 shows, there are three distinct steps in developing a NN based solution. The first

step is the data transformation or scaling. The second step is the network architecture definition,

where the number of hidden layers, the number of neurons in each layer, and the connectivity

between the neurons are set. In the third step, a learning algorithm is used to train the network

to respond correctly to a given set of inputs.

SCALING OF THE DATA

The input node activities of the neural network should be small enough so that the sigmoidal

hidden nodes are not saturated, i.e., their absolute values are not too large. It is also important

that the absolute input values to the net are of the same order of magnitude. During training,
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each weight is adjusted according to the overall error gradient, which is directly proportional to
the magnitude of the input node. A very small input node will thus prevent the weight that
connects it to the hidden layer from making a significant contribution to the derivative of the
objective function and will slow down the training process (Djebbar and Narbaitz, 1995b). To

overcome this potential problem, the data are usually scaled using linear, logarithmic, or normal

transformations.

ARCHITECTURE SELECTION AND TRAINING

The exact number of hidden neurons and the connectivity between layers must be specified prior
to the network training. The number of hidden neurons is usually determined via a trial and
error procedure. The lcarning mechanism of NN is as follows (Rumelhart et al., 1986; Djebbar
and Narbaitz, 1995b). First, the user defines the input variables, the output variables and the
neurons in the predefined hidden layers. Then, the weights are assigned random initial values.
At this stage, a set of inputs to the network produces a set of outputs that may be different from
the observed values. It is necessary to change the weights at each connection so that the network
outputs will coincide, as closely as possible, with the corresponding observed outputs. The
observed errors on the output layer are used to determine the appropriate weight changes. This
process of weights changes is called training, and may take a long time. Djebbar and Narbaitz
(1995b) indicated that the main difficulties with this process are the choice of the network
architecture and to a lesser degree the training algorithm. Various NN topologies have been
proposed to date including Hopfield nets, Hamming nets, Carpenter/Grossberg classifiers,
multilayer perceptrons, and Kohonen self-organizing feature maps (Haykin, 1994). Recent
success in neural network research is mainly attributed to the achievements of multilayer
perceptrons with backpropagation training algorithms. Rumelhart et al. (1986) presented a

detailed description of back propagation algorithm. See also Djebbar and Narbaitz (1995b).

The network architecture and the learning algorithm (back-propagation) presented in Djebbar
and Narbaitz (1995b) are merely representative. Not all of the details apply to all neural
networks. Structural elements such as nodes, connections, layers, and weights are practically
universal, but the arrangements between them vary. For example, some networks lack a hidden
layer, and some have one or more hidden layers. Other variations include nodes that feed back
to earlier nodes, connections that skip layers, and layers that are partly connected. There is no

effective procedure that identifies the optimal architecture of the network prior to training.
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However, an excessive number of hidden nodes may cause the network to memorize the training
data. In such cases, the NN would not be able to interpolate effectively between adjacent
training data points. Too few hidden nodes, on the other hand, will limit the network’s ability to
locate an adequate “relationship” between response and predictor variables. Various networks
with different numbers of hidden nodes should be trained, and the network with the best
performance on a test data set should be selected as the most adequate solution. Furthermore,
nodes with very small relative weights usually indicate the small importance of the particular

node compared to the other nodes.

NNs are usually slow and expensive to train. Nonetheless, once trained, running the network is
fast. And although NNs may fail to find a satisfactory solution, this is a less common problem
than with parametric regression. However, it can be hard to explain NN results, in that those
results depend on thousands of calculations involving the input pattern and the connection
weights. Unlike the parametric approach, the NN approach does not result in an explicit
relationship between the independent a1.1d dependent variables. Showing how a given input
yields a specific output may be harder than showing how a computer program works. This is
because the values of the weights are themselves the result of a complex learning procedure.
The above concerns are rather theoretical and NNs have been successfully applied in many

fields (De Veaux et al., 1993; French et al., 1992; Hammerstrom, 1993a & b; Haykin, 1994).

Djebbar and Narbaitz (1995b) used NNs to estimate K, a in air stripping towers. However, the
developed model was not able to perform well on the test data for three reasons. First, it used
data from one source [i.e., part of Narbaitz et al. (1998) data] for training and validation.
Subsequent testing of the network using Staudinger (1986) data produced errors in the order of
30 to 40%. Second, it used a limited number of variables which forced the network to memorize
the training data rather than to search for the relationship between the variables. Finally,
Djebbar and Narbaitz (1995b) used simple variables while transfer processes are usually
analyzed using dimensionless numbers (Welty et al., 1976). Dimensional analysis simplifies
modeling and experimental work by combining variables into a smaller number of dimensionless
groups, guarantees the dimensional consistency of the resulting relationships, and transfers
certain aspects of similarity between development data and application data (Welty et al., 1976).

These shortcomings are addressed in the present study.
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DESCRIPTION OF THE DATABASE

Experimental data in the public domain were surveyed and evaluated against certain criteria.
These criteria include the following: (i) full scale operating conditions, such as packing of large
diameters and large tower sizes; (ii) handling of end effects is described in detail; (iii) a high
level of care is observed in sample .collection, analysis, and the analysis method; and (iv) explicit
description of the operating conditions, such as packing type and geometry, tower characteristics,
liquid, gas and temperature values, and type and characteristics of the VOC(s) considered. This
led to the development of the database, which is summarized in Tables 1, 2 and 3. The studies
chosen from the literature encompass wide ranges of VOC air stripping operating conditions.
These studies were conducted using modern, full-scale operating conditions. They include new
types of packing media, optimum VOC air stripping factors in the range of 2 to 7, typical liquid
loading rates of 2 to 43 kg/m’s, Henry's Law constants between 0.02 and 1.4 atm. m’ liquid/m®
air, gas flow rates between 0.06 and 5.7 kg/mzs, with an air to water ratios between 2 and 500,
total packing depths between 1.2 and 5.2 m, liquid phase temperature between 7 and 30°C, and
packing nominal diameters mainly between 2.54 and 9.4 cm. This database is the most
comprehensive gathered to date. It originates from 10 different literature sources with a total of
1252 data points. It is about three times the size of the Onda et al. (1968) database. Table 1 lists
the studies used to build the database and the main characteristics of their respective
experimental setups. 'fable 2 contains the packing used in this database with their main
characteristics. Finally, Table 3 contains the VOCs used in this database with their main

characteristics. As Table 2 indicates, the database contains air stripping results using structured

packings.

To interpret the study results adequately, certain physical properties are required, for instance,
the liquid density, molecular diffusion coefficients, Henry’s Law constants, and critical surface
tension. Great care was taken in determining these physical properties because they considerably

affect the resulting mass transfer coefficient.
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Table 1 Summary of pilot-scale studies selected for the test database (after

Djebbar and Narbaitz, 1998).

Number Tower Loading rates Air-to-
Study of data height diameter Air Water  water
points ___(m) (cm)  (kg/m’s) (kg/m’s) ratio
Gossett et al. (1985) 271 2.44 445 0.06-1 10-23  10-170
Gross & Termaath (1985) 54 24-1.2 19 0.4-04 14.5 37.8
Raczko et al. (1985) 16 3.05 30.5 0.3-1.2 11-31 7-103
Hess et al. (1983) 59 3.05 30.5 0.2-0.9 6-43  40-160
Cline et al (1985) 15 3.05 30.5 0.1-0.7 8.6-24 18-85
Umphres et al. (1982) 12 2.34 305 0.3-13 2.6-11 8
Narbaitz et al. (1998) 698 4.6 76.2 0.15-1.3 55-275 8.5-42
Lang (1991) 67 27-52 61,915 0.645 2-24 2.5-20
Rukovena (1987) 54 3.05-52 43,89 0.2-56 4.3-285 1-80
Michael et al. (1991) 6 1.22 61 0.3-0.8 6.5 8-27

Table 2 Names and main characteristics of packings (after Djebbar and
Narbaitz, 1998).

Diameter Surface area
Packing (cm) (m™)
Random packing
Rashig Rings 1.3 400
Ceramic Saddles 1.3,2.5 466, 259
Pall Rings 1.6,2.5,5 341, 220, 108
Tellerettes 25,5 180, 125
Norpac 38,5 145, 100
Hi-Flow Rings 5 97
Flexiring 5 115
Tripac 5 157
Cascade Minirings 5,7.6 210, 141
Flexissaddles 7.6 88.6
LANPAC™ 8.9 137
Snowflakes 9.4 91.8
Structured packing
Munters 1.3 420

Flexipac 2.5 131
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Table 3 List of VOCs used in this study and their characteristics (Haarhoff and
Cleasby, 1990).

Chemical Henry’s Lawcst. at 20°C

Compound name formula (atm. m? liquid/m? air)
Dichloromethane CH,Cl, 0.0725
Bromoform CHBr; 0.028
Chloroform CHCI; 0.11677
Bromodichloromethane CHCIL,Br 0.095
Dibromochloromethane CHCIBr, 0.036
Carbon Tetrachloride CCl, 0.985
Chloroethane C,HsCl 0.3968
1,1-Dichloroethane C,HCl, 0.182
1,2-Dichloroethane C,H/Cl, 0.059
1,1,1-Trichloroethane CH)Cl; 0.561
1,1,2,2-Tetrachloroethane C,H.,Cl, 0.016
Vinyl chloride C,H3Cl 0.923
cis-1,2-Dichloroethylene C,H,Cl, 0.125
Trichloroethylene C,HCl; 0.302
Tetrachloroethylene C,Cls 0.557
1,2-Dichloropropane C3HeCl, 0.096
Benzene CsHs 0.23
Chlorobenzene C¢HsCl 0.16
m-Dichlorobenzene CsH,Cl, .15
Toluene C¢HsCH; 0.19
m-Xylene CH;C¢H,CH,; 0.45
Ethylbenzene CsHio 0.27

Henry’s Law constant values were obtained from experimental studies such as Haarhoff and
Cleasby (1990), Gossett (1987), and Lamarche and Droste (1989). The liquid and gas phases
diffusion values were determined using the diffusion values at 20°C from Hayduk and Laudie
(1974) and Lyman et al. (1990), respectively. These values were then corrected for the liquid
temperature (Treybal, 1980). Values of 0.75 and 0.033 N/m were used for the critical surface

tensions of water and plastic packing, respectively (Dvorak et al., 1996).

Observed mass transfer coefficients were estimated using carefully determined concentrations.
The concentrations used are those at the top and bottom of the packings or those corrected for
end effects. Excluding end effects in the evaluation of mass transfer correlations is a common
practice (Roberts et al., 1985; Lamarche and Droste, 1989). By excluding end effects, the design
based on these data adds a safety margin because additional removal will take place at the top
and bottom of the packing media. Observed mass transfer coefficients are determined using the

generalized equation which accepts influent air with a concentration greater than zero (Djebbar

and Narbaitz, 1995a):
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(L R ¢, A-YR)+c, /R |]_ .
z—[KLa }*I:R—ILn{Cm (1+ JR)+c, /RH‘[HTU] [NTU] (10)

HG
where R =-—— = the stripping factor (dimensionless); HTU = the height of a transfer unit (m);
t

NTU = the number of transfer units (dimensionless); ¢, = VOC concentration in the effluent
liquid at depth Z, the bottom of the packing media in Figure S (kg/m3); H = the Henry’s Law
constant (atm. m’ liquid/m3 air); P, = the total operating pressure (atm); and L = the liquid
volumetric flow rate per unit cross sectional area (m3/m2 s), G = the volumetric gas flow rate per
unit cross sectional area (m*/m’s), and c; and c;,; = the VOC concentrations in the liquid phase at

the top and bottom of packed depth z, respectively (Figure 5).
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Figure 5. Definition of tower parameters used in the analysis.

METHOD OF ANALYSIS

A FORTRAN program was developed to conduct the NN analysis based on the algorithm
presented in Djebbar and Narbaitz (1995b). For ease of direct comparison, this study used the
same data division used in Djebbar and Narbaitz (1998). The data were divided randomly into
two parts. The first 500 data points that constitute the developmental data set was used to

determine the best network architecture and the optimum values of the weighting factors. A
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second data set, consisting of 578 data points, was used to validate the proposed model and to

compare its performance with those of the Onda and improved Onda models.

The evaluation of results was conducted using basic statistical tools. The absolute average error,

AAE, is given by:

(K,3),, -(K.a), |

1 n
AAE = -— an
n o (KLa)e‘p
and the average algebraic error, AGE, is given by:
13 (KLa),,p - (KLa)pm
AGE = (12)

n s (KLa)exp
where n = the number of data points; and, (Kia)ep. and (Kia),. = the experimental and the
predicted mass transfer coefficients, respectively. AAE is a measure of average absolute
deviation, while AGE measures the overall over- or under-estimation. Roberts et al. (1985)
suggested that the standard error of estimates of K;a should be based on its logarithm transform,

ie;
1 0.5
SEE = {; 2. (Log (K.a), -Log (KLa)pm)z} (13)
i=l

Finally, the interval limited by one standard deviation defines the expected 68% confidence

level and is given by:
F = 105 14

RESULTS AND ANALYSIS

The initial step in the analysis investigates the required input to the network. Appendix A42
gives a general approach to network selection and training along with an example of training
session results. Experience learned in previous work using the parametric and nonparametric
approaches (Djebbar and Narbaitz, 1995b, 1998, Narbaitz and Djebbar, 1996) was used to select
the input variables. Several training runs were conducted using different numbers and
combinations of variables. The best input representation consists of eight dimensionless
numbers. These are liquid and gas phases Reynolds numbers, liquid and gas phases Schmidt

numbers, Froude number, Weber number, packing efficiency number, and the geometry number,
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1994). Therefore, the symmetric function was used in the present study and the algorithm

version described in Djebbar and Narbaitz (1995b) was modified accordingly.

The value of o controls the slope of the linear part of the sigmoid function. o should be chosen
such that most of the input values, or the transformed input values, to the network fall within the
“linear” range of the transfer function f(t), and not in the saturation zone. This suggests that the
range of the operating values of the variables must be known. The proposed transformation,
Equation (16), is not explicit about these ranges. If the inputs are in the saturation range for
given values of o and f,, the outputs will saturate and will not cover the entire range of observed
Kypa values. After a series of numerical experiments, values of f, = 7.5 and o = 0.01 were found

to yield the best outcomes, resulting in the following transfer function equation,

1
y=75(m)+3.5 an

—>» Sh

Figure 6. Architecture of the selected network; two hidden layers with three
and five neurons, respectively.

The choice of the transfer function was not completely independent from the choice of the
network architecture, and, as indicated previously, there are no specific guidelines that regulates
the selection of the network architecture. However, after a series of simulations, a scheme of

two hidden layers with three and five neurons each was selected (Figure 6). The training of the
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network was conducted on a Pentium Pro, 300 MHz IBM compatible PC. A typical training run
took about 24 hours, after which the errors became practically constant. However, running the

network solution is very fast, typically less than a second.

Figure 7 shows the results of the goodness of fit tests for the 500 data points that constitute the
training data set. The NN model produced an average error of 18%, with 68% of the data within
a band limited by a factor of 1.25 from the best fit line. The training data set as a whole is
slightly overestimated with an average algebraic error of 4%. These results are better than those
of the developmental stage of the previous parametric models. For example, the Onda model
(Onda et al., 1968) and the improved Onda model (Djebbar and Narbaitz, 1998) had an AAE of
20% and 22.5%, respectively.

1 R r 1_28
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Figure 7. Results of the neural network using the developmental data base.

The second part of the database is used to validate the developed model. Figure 8 compares the
results of the three models: the Onda, the improved Onda, and the NN models. The NN
predictions are superior to those of the Onda and the improved Onda models. The improved
Onda and NN models produced average arithmetic errors of +0.7% and -3%, and the percentages
of data overestimated are 44 and 46%, respectively. The average error was 30% for the Onda
model, 22% for the improved Onda model and 17.5% for the NN model (Figure 8). This NN
model reduced the AAE by more than 40% compared to the Onda model. The large error of the
Onda model is caused by the overestimation of K;a in 80% of the cases, with an average
arithmetic error of +23% (Figure 8). 68% of the validation data is within a band around the best

fit line, which is limited by a factor of 1.27 for the NN model, 1.32 for the improved model, and
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1.39 for the Onda model (Figure 8). Therefore, for the same level of risk, the NN based design

will require a smaller safety factor than the parametric based designs, which will have cost

implications.
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Figure 8. Average errors and F factor for the validation data set.

Figure 9 compares the errors in predicting data grouped by source (author). One can notice the
large variation in errors, from one author to another, in the Onda model predictions. This
variation is much smaller in the improved Onda model, and is further reduced by the NN model.
It is important here to recall the impact of the errors in the variables on the observed K, a.
Djebbar and Narbaitz (1995a) estimated the impact of these errors to be in the order of 10 to
15%. Also, Djebbar and Narbaitz (1998) indicated that the error inconsistency from one author
to another could be due to errors in chemical analysis and due to operating problems, such as
end effects, channeling, and liquid distribution system. Therefore, the error in different data
sources will always exist, and is not expected to be the same. Consequently, the source of the
data will have an impact on the results. For example the L = 23.5 kg/m’s data in Figure 10 is
from the Narbaitz et al. (1998), i.e. from one data source only, whereas the L; = 28.6 kg/m’s data

is from Narbaitz et al. (1998) and Lang (1991).
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Figure 10 compares the error in predicting K a as a function of the liquid flow rate. As the flow

rate increases, the error in the Onda

predictions tends to decrease.

This may be due to

inaccuracy in simulating liquid flow effect on K,a by the Onda model (Djebbar and Narbaitz,

1998). The improved Onda and NN models resulted in lower errors, but also tend to improve

with increasing liquid loading.
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Figure 10. Average absolute error of the Onda and improved model as a
function of the liquid loading for the validation data set.
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Figure 11 shows the variation of the error with the packing diameter. The Onda deviation
increases with the packing diameter, while both the improved Onda and NN models show U-
shaped trends. However the U-shape is less apparent in the NN case. The U-shaped trend may
be misleading for two reasons. First, some packing presented in Figure 11 belong to one data
source only, and therefore it will certainly carry with it errors specific to the source of the data,
as discussed earlier. Second, as found by Djebbar and Narbaitz (1998), the packing diameter is
not a good indicator of the transfer characteristics. The error in simulating the transfer
characteristics may seem correlated with the change in the packing diameter. However, the
transfer characteristics are not modeled correctly by the values of the packing diameter used in
this analysis. Second, some of the packing diameters shown in Figure 11 represent data of only
one packing type, while others represent more than one packing and are from different data
sources. So the ordinate involves changes in the packing particle’s geometry, diameter as well

as the data source.

This points to the need to look for an alternative variable that reflects better the effect of the
geometry on the transfer characteristics. A possible alternative variable would be the pressure
drop. Pressure drop is the loss of energy due to the packing particles arrangement, the air path
formation, and the packing’s surface characteristics. The pressure drop is expected to be closely
correlated to the geometry of the packing and its dimensions. The authors are not aware of any

work that relates modern packing performance to air pressure losses through the packings.
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Pressure drop data are usually lacking and are only considered in connection with the operating

cost of blower and its optimization, and not in terms of its relation to the transfer characteristics.

Figures 12 to 15 show the improvement in the prediction results produced by the NN model,
compared to previous models. The following sections investigate the effect of liquid flow, gas

flow, and packing depth and compare them to the established practice and theory.

01 & NN model
“. © Onda model
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Figure 12. Effect of packing depth on simulated K; a.

Mass transfer theory in packed towers assumes that K;a is independent of the packing depth.
However, previous exﬁerimental results contradict this assumption (Djebbar and Narbaitz,
1995a, Harriott, 1989). Figure 12 shows the variation of K,a with the packing depth for the
specified conditions. The Onda model is independent of the packed depth and therefore it
predicts a constant value for different packing depths, assuming that all other variables are
constant. The improved Onda estimates change with the packing depth but they tend to
overestimate K;a in short columns. The NN model, on the other hand, closely predicts observed
data. Notice that the absolute value of the slope of the improved Onda curve is higher than that
of the NN curve. There is no theoretical argument that supports one curve over the other.
However, the NN curve is more plausible for three reasons. First, in general NN results simulate
more closely observed data. Second, the effect of the packing depth is expected to level off as

the column becomes taller, as shown by the NN curve. However, contrary to what is intuitively
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expected, the improved Onda model seems to predict smaller and smaller values as the packing
depth increases. Finally, the improved Onda model predicts very high K,a values for short

columns, which is not supported by observations.

1007 G =0.55~0.7 ke/m?s @ Data (Narbaitz et al., 1998)
z=43m < Onda model
g0 Snowflakes, 94 mm, CHCl; O Improved model

& NN model

0 5 10 15 20 25
Liquid loading, kg/m3s

Figure 13. Effect of liquid flow on K a.

The second variable which was assessed in this study is the liquid loading. Figure 13 is a plot of
simulated and observed K,a as a function of liquid loading for the indicated conditions.
Relatively, the three models produce good results at low liquid loadings. At high liquid loading,
both the Onda and improved Onda predict higher K, a values than the observed data. The points
associated with the Onda and improved Onda models were regressed and plotted as dashed lines
(Figure 13). The following equation was used for the regression,

K,a=bL% (18)
where Lt = the liquid loading and b, b, = regression parameters. As shown in Figure 13, the
Onda and improved Onda models predictions were described well over the entire range by
equation (18) type expression. Davidson’s (1959) comparison of theory with experimental data
indicated that the liquid flow rate exponent, b;, should be appreciably less than 2/3. Streamline
theory (laminar flow conditions) in conjunction with the penetration model shows that the liquid
phase K, a should be proportional to the liquid flow rate to the 1/3 power (Vivian and Peaceman,
1956). However, experimental data obtained by Vivian and King (1964) and Vivian and
Peaceman (1956) suggested that K; a should be proportional to the Reynolds number (and thus to
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L) to the power of approximately 0.4. The set of curves generated by NN (Figure 13) can not be
approximated well using only one equation. Most importantly, the NN solution yielded two
different values for b;: For liquid loading less than approximately 18 kg/m’s, b, is equal to 0.82.
However, for higher liquid loading rates, b, is equal to 0.4. Therefore, the NN differentiates
between two regions, which may be an indication of a change in the liquid dynamics. Bravo et
al. (1992) have shown that the relationship between the mass transfer coefficients and the
operating variables changes with changing operating conditions, such as different flowrates or
packing material. This means that the values of the exponents in parametric correlations should

change accordingly. This important fact is confirmed by our NN results.

Also, it is expected that the increase in K a when the liquid flow increases should level off, and
may even decrease for two reasons. First, when the liquid flow increases at low flow rates, the
surface area that is wetted increases while the flow depth over the packing surfaces remains
almost constant (Treybal, 1980). When the liquid loading approaches the loading region
(Treybal, 1980), the flow depth incre.ases, the mixing efficiency at the packing junction
decreases, the dead zones in packing junctions increase, and the mass transfer coefficient is
expected to level off. When approaching flooding condition, K;a may even decrease. This is
predicted by the NN solution. On the other hand, neither the Onda nor the improved Onda
models (Figure 13) predict this interesting behavior. In fact, the Onda and improved Onda

models predict a continual increase in mass transfer coefficient, which is not logical at all.

Using the same approach, the effect of gas loading rate was also assessed. Figure 14 shows a
comparison between observed and predicted K, a when only gas flow changes. The left side of
the plot shows little difference between the three models. The right side, however, shows a clear
difference between the three models. Both the Onda and improved Onda models show that K, a
is practically independent of the gas loading. Dvorak et al. (1996) found that K;a is more
sensitive to gas velocity than Onda predicts. As the gas loading increases, at high gas flow rates,
mass transfer tends to be underestimated by the Onda model. At high gas flow rates, the Onda
and the improved Onda models predict that the liquid film resistance accounts for nearly all
mass transfer resistance. The Dvorak et al. experimental data contradict this assumption, and so

do the data in this research, as Figure 14 shows.
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Figure 14. Effect of gas loading rate on simulated K a.

Dvorak et al. (1996) attributed the underestimation of Ka to an error in Onda’s specific wetted
surface area equation. Several studies indicated that the specific surface area can be larger than
the packing dry surface area, which can not be obtained using either the Onda or the improved
Onda equations for specific surface area. Consequently, as Figure 14 shows, both Onda and
improved Onda models underestimate Kya at high gas loading rates. Dvorak et al. (1996) found
that as gas loading decreases below 1 kg/m’s, mass transfer tended to be underestimated by the
Onda model. Gas-phase resistance is relatively large at low gas flow rates. Several studies
(Gossett et al, 1985; Roberts et al,, 1985; Little and Sellek, 1991) indicated that the Onda
correlations underestimate the gas film resistance to mass transfer at low gas loading rates
(Dvorak et al., 1996). To overcome this problem, Dvorak et al. (1996) suggested the change of
front end coefficient as well as the exponent of the gas phase Reynolds number. When these
changes were implemented in the improved Onda correlations, they did not substantially

improve the predijctions.

The NN model succeeded in predicting K, a at both low and high gas flow rates. This suggests
that the NN model simulates well the effect of the gas flow rate compared to both the Onda and
the improved Onda models. Observed data show a sharp increase in K;a at high gas loading

rates, which occurs around a gas loading rate of 3.5 kg/m?.
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Finally a comparison using small and structured packing data was conducted. There are two
packings only in the structured packing data set. Figure 15 shows the results based on the
average absolute error. The structured packing diameter is smaller or equal than 2.5 cm.
Therefore, they can be considered as small packing data, where the Onda model is considered
reliable. The three models performed comparatively and equally well with an AAE smaller than
25% for the three models.

IS8
‘5" 601 - - S 'Onda
= Improved Onda
f 401 = Neural Network
&
s
E 209 0 e R
0 L R - LB -
Structured packing Small packing
(157 data points) (176)

Figure 15. Simulation results using Cummins data, small and structured packing
data.

The results obtained in this study shows the powerfulness and superiority of NNs over
traditional modeling techniques. This superiority is reflected qualitatively, i.e., in the nature of
the predictions, and quantitatively, i.e., in the quality of fit. Recall that NNs are nonparametric

and therefore they are not confined to follow pre-specific relationships.

CONCLUSION

This paper presents a nontraditional approach to the analysis of the mass transfer coefficient in
air stripping packed towers based on NNs technology. As a first step, architecture selection and
weights optimization of the NN model were performed using a large, new set of experimental
data. Eight key dimensionless numbers were used in the model development namely: Reynolds

liquid and gas, Schmidt liquid and gas, Froude, Weber, Geometry, and Efficiency numbers.

In the validation step, the NN model had an error of 17.5% which represents more than a 40%

improvement over the Onda model predictions and more than a 20% improvement over the
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improved model. The NN model addressed many of the shortcomings of both the Onda and
improved models. The average absolute error for the validation, as well as for the development
data, was found to be less than 19% with 68% of the data within a factor of 1.27 from the best fit
line. The same parameters are 24% and 1.3 for the improved model and 29% and 1.39 for Onda

model.

The NN models Kia using functions of Ly raised to different exponents as opposed to the
constant exponent of current parametric models. It was able to simulate the sudden increase in

Kia at high gas loading rates. Also, it simulates more realistically the effect of the packing

depth.

However, the effect of the packing diameter, if any, is still not well modeled. This shortcoming
is not due to the estimation method, but rather it is due to the lack of a variable that represents
the geometry more accurately. An alternative approach would be to use the pressure drop
characteristics or the liquid flow depth over the packing surface, which need further

investigation.



Chapter 7: Artificial NNs Prediction of Mass Transfer Coefficient in Air Stripping Towers 7.29

REFERENCES

1. Adamowski, K. and Feluch, W. (1991) “Application of Nonparametric Regression to Ground
Water Level Prediction.” Canadian Journal of Civil Engineering, Vol. 18, pp. 600-606.

2. Adamowski, K. (1989) “A Monte Carlo Comparison of Parametric and Nonparametric
Estimation of Flood Frequencies.” Journal of Hydrology, Vol. 108, pp. 295-308.

3. Au-Yeung, P.H. and Ponter, A.B. (1983) “Estimation of Liquid Film Mass Transfer
Coefficients for Randomly Packed Absorption Columns.” Canadian Journal of Chemical
Engineering, Vol. 61, pp. 481-493.

4. Basheer, L A.; Reddi, L.N.; and Najjar, Y.M. (1996) “Site Characterization by Neuronets: An
Application to the Landfill Siting Problem.” Ground Water, Vol. 34, No. 4, pp. 610-617

5. Bravo, J.L.; Patwardhan, A.A.; and Edgar, T. E. (1992) “Influence of Effective Interfacial
Areas in the Operation and Control of Packed Distillation Columns.” Journal Ind. Eng.
Chem. Res., 31(2), pp. 604-608.

6. Bates, D.M. and Watts, D.G. (1988) “Nonlinear Regression Analysis and its Applications.”
John Wiley & Sons, New York, NY.

7. Bolles, W.R. and Fair, J.R. (1982) “Improved Mass-Transfer Model Enhances Packed-
Column Design.” Journal of Chemical Engineering, Vol. 89, pp. 109-116.

8. Bravo, J.L.; Patwardhan, A.A.; and Edgar, T.F. (1992) “Influence of Effective Interfacial

Areas in the Operation and Control of Packed Distillation Columns.” Industrial and
Engineering Chemistry Research, Vol. 31, No. 2, pp. 604-608.

9. Davidson, J.F., 1959 “The Hold-up and Liquid Film Coefficient of Packed Towers: Part II:
Statistical Models of the Random Packing.” Trans. Instn Chem. Engrs., Vol. 37, pp. 131-136.

10. De Neufville, R. (1990) “Applied Systems Analysis.” McGraw-Hill, New York, NY.

11. De Veaux, R.D.; Psichogios D.C. and Ungar, L.H. (1993) “A Comparison of Two
Nonparametric Estimation Schemes: MARS and Neural Networks.” Computer Chemical
Engineering, Vol. 17, No. 8, pp. 819-837.

12. Djebbar, Y. and Narbaitz, R. M. (1995a) “Mass Transfer Correlations in Packed Towers.”
Environmental Progress, Vol. 14, No. 3, pp. 137-145.

13. Djebbar, Y. and Narbaitz, RM. (1995b) “Neural Network Estimation of Mass Transfer
Coefficient.” Proceedings of the WEFTED’95, Oct. 22-25, Miami Beach, Miami, FL.

14. Djebbar, Y. and Narbaitz, R.M. (1998) “Improved Correlations for VOC Air Stripping
Packed Towers.” Submitted to the ASCE Joumnal.

15. Dvorak B.L; Lawler D.F.; Fair J.R.; and Handler N.E. (1996) *“Evaluation of the Onda
Correlations for Mass Transfer with Large Random Packings.” Environmental Science and
Technology, Vol. 30, pp. 945-953.

16. French, M.N., Witold F.K. and Robert R.C. (1992) “Rainfall Forecasting in Space and Time
Using a Neural Network.” Journal of Hydrology, Vol. 137, pp. 1-31.

17. Gossett J.M.; Cameron C.E.; Eckestrom B.P.; Goodman C.; and Linkoff A.H. (1985) “Mass
Transfer Coefficient and Henry's Constants for Packed Tower Air Stripping of Volatile



Chapter 7: Artificial NNs Prediction of Mass Transfer Coefficient in Air Stripping Towers - 7.30

18.

19.

20.
21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

3s.

Organics: Measurements and Correlation.” Engineering and Services Laboratory, U.S. Air
Force Engineering and Services Center: Tyndall, FL, Report No. ESL-TR-85-18.

Gossett, .M. (1987) “Measurement Of Henry's Law Constant for C; and Cy Chlorinated
Hydrocarbons.” Environ. Sci. Technol., Vol. 21, No. 2, pp. 202-208.

Haarhoff, J. and Cleasby J.L. (1990) “Evaluation of Air Stripping for the Removal of
Organic Drinking-Water Contaminants.” Water SA, Vol. 16, No. 1, pp. 13-22.

Hammerstrom, D. (1993a) “Neural Networks at Work.” IEEE Spectrum, pp. 26-32.
Hammerstrom, D. (1993b) “Working With Neural Networks.” IEEE Spectrum, pp. 46-53.

Harriott, P. (1989) “Effect of Liquid Maldistribution on the Performance of Packed Stripping
Columns.” Environmental Science and Technology, Vol. 23, pp. 309-314.

Hayduk, W. and Laudie, H. (1974) “Prediction of Diffusion Coefficients for Nonelectrolytes
in Dilute Aqueous Solutions.” AIChE Journal, Vol. 20, No. 3, pp. 611-615.

Haykin, S. (1994) “Neural Networks, A Comprehensive Foundation.” Macmillan College
Publishing Company, Inc., New York.

Hopfield, J.J. (1982) *“Neural Networks and Physical Systems with Emergent Collective
Computational Abilities.” Proc. Nat. Acad. Sci. USA 79, pp. 2554-2558.

Hsu, K.; Gupta, H.V; and Sorooshian, S. (1995) “Artificial Neural Network Modeling of the
Rainfall Runoff Process.” Water Resource Research, Vol. 31, No. 10, pp. 2517-2530.

Lamarche, P. and Droste R.L. (1989) “Air Stripping Mass Transfer Correlations for Volatile
Organics.” Journal AWWA, Vol. §1, No. 1, pp. 78-89.

Le Cun, Y. (1987) “Une Procedure d'Apprentissage pour Réseaux a Seuil Assymetrique.”
Proceedings of cognitiva 85, pp. 599-604.

Lenzo, F.C., Frielinghaus, T.J. and Zienkiewicz, A.W. (1990) “The Application of the Onda
Correlation to Packed Column Air Stripper Design: Theory Versus Reality.” AWWA Annual
Conference and Exposition, June, Cincinnati, OH.

Little, J.C. and Selleck, R.E. (1991) “Evaluating the Performance of Two Plastic Packings in
a Crossflow Aeration Tower.” Journal AWWA, Vol. 83, No.6, pp.88-95.

Lyman, W.]J.; Reehl, W.F.; and Rosenblatt, D.H. (1990) “Handbook of Environmental
Chemical Property Estimation Methods.” McGraw-Hill Company, New York, NY.

Mc Culloch, W.S. and Pitts, W.A. (1943) “A Logical Calculus in the Ideas Immenent in
Nervous Activity.” Bull. Math. Biophys., Vol. 5, pp. 115-133,

Narbaitz, R.M. and Djebbar, Y. (1998) “Volatile Organic Compounds, Air Stripping from
Contaminated Groundwater: Mass Transfer Correlations.” To appear in the Encyclopedia of
Environmental Analysis and Remediation. Edited by Robert A. Meyers, Wiley & Sons, New

York, NY.

Narbaitz, R.M. and Djebbar, Y. (1996) *“Nonparametric Modeling of Mass Transfer
Coefficients for Air Stripping Packed Towers.” CSCE Journal, Vol. 23, pp.549-559.
Narbaitz, R.M.; Mayorga, W.J.; Torres, F.D.; Greenfield, J.H.; Amy G.L.; and Minear, R.A.
(1998) “Aeration Stripping of Volatile/Semi Volatile Aliphatic and Aromatic Compounds:
Piiot Scale Media Comparison.” in preparation.



Chapter 7: Artificial NNs Prediction of Mass Transfer Coefficient in Air Stripping Towers 7.31

36. Onda, K.; Takeuchi, H. and Okumoto, Y. (1968) “Mass Transfer Between Gas and Liquid
Phases in Packed Columns.” Journal of Chemical Engineering of Japan, Vol. 1, pp. 56-62.

37. Roberts, P.V.; Hopkins, G.D.; Munz, C., and Riojas, AH. (1985) “Evaluating Two-
Resistance Models for Air Stripping of Volatile Organic Contaminants in a Countercurrent,
Packed Column.” Environmental Science and Technology, Vol. 19, pp. 164-173.

38. Rumelhart, D.E.; Hinton, G.E.; and Williams, R.J. (1986) “Learning Internal Representation
by Error Propagation.” In D. Rumelhart, J. McClelland, and the PDP Research Group,
Parallel Distributed Processing, Vol. 1: Foundation, pp. 318-362, the MIT Press.

39. Rosenblatt, F. (1958) “The Perceptron: a Probabilistic Model for Information Storage and
Organisation in the Brain.” Psychol. Rev., Vol. 68, pp. 386- 408.

40. Staudinger, J.; Knocke, W.R., and Randall, C.W. (1990) “Evaluating the Onda Mass
Transfer Correlation for the Design of Packed-Column Air Stripping.” Journal of the
American Water Works Association, Vol. 82, No. 1, pp. 73-79.

41. Staudinger, J. (1986) “Evaluating of Mass Transfer Correlations for Packed-Column Air
Stripping of Volatile Organic Contaminants from Water Supplies.” Master’s Thesis, Virginia
Polytechnic Institute and State University, Blacksburg, VA.

42. Thirumalaiah, K. and Deo, M.C. (1998) “River Stage Forecasting Using Artificial Neural
Networks.” Journal of Hydrologic Engineering, Vol. 3, No. 1, pp.26-32.

43. Treybal, R.E. (1980) “Mass Transfer Operations.” 3" Edition, McGraw-Hill, New York,
NY.

44. Vivian, J.E., and King, C.J., (1964) “The Mechanism of Liquid-Phase Resistance to Gas
Absorption in a Packed Column.” AIChE Journal, Vol. 10, No. 2, pp. 221-227.

45. Vivian, J. E. and Peaceman, D. W., (1956) “Liquid-side Resistance in Gas Absorption.”
AIChE Journal, Vol. 2, No. 4, pp. 437-443.

46. Welty, J.R.; Wicks, C.E.; and Wilson, R.E. (1976) “Fundamentals of Momentum, Heat, and
Mass Transfer.” 2™ Edition, John Willey & Sons, Toronto, ON.

47. Wilke, CE. and Chang, P. (1955) “Correlation of Diffusion Coefficients in Dilute
Solutions.” Journal of the AIChE, Vol. 1, pp. 264-274.

48. Zaabab, H.; Zhang, Q.J. and Nakhla M. (1995) “A Neural Network Modeling Approach to
Circuit Optimization and Statistical Design.” IEEE Transactions on Microwave Theory and
Techniques, Vol. 43, No. 6, pp. 1349-1358.



Chapter 8: Conclusions and Recommendations 8-1

CHAPTER 8

CONCLUSION AND RECOMMENDATIONS

8.1 MAJOR CONCLUSIONS

1. The database assembled for this study is both comprehensive and representative of modern
applications of air stripping towers. The database originates from 12 different studies, tested
19 modern packing types, and investigated the removal of 22 compounds of interest to
ground water remediation. Great care was taken in estimating the physical, chemical, and
operating characteristics of the data. This database can be used for further air stripping

related studies and applications.

2. The Onda model form has been found to have some limitations and shortcomings including:

(i) The overestimation of K;a by 30 to 40% for large size packings used in current full-
scale air stripping applications.

(ii) This overestimation of K\ a increases with increasing packing diameter.

(iii) The experimental mass transfer coefficient K a decreased with the packing depth.

(iv) Observed increases or decreases in K;a in the upper part of the column is related to
the adjustment of the wetted packing surface area associated with the shift from the
liquid distribution pattern of the distributor to the natural flow distribution pattern of
the packing. There is no simple and reliable method to account for this

phenomenon.
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(v) Typical errors in the variables explained only part of the total observed deviation in
the Onda predictions. The impact of typical variables’ errors on the Onda
predictions are in the order of 10%. A large part of the deviation in the Onda
predictions is attributed to the lack of fit of the Onda model itself.

3. The evaluation of the Onda model showed that not all the observed deviation between
measured and simulated K;a values resulted from deficiencies in this model. Part of the
observed deviation may be caused by column operational problems and experimental errors.
These problems will always exist, to a certain extent, in any operational tower. Their
relative effect on the measured mass transfer coefficient can be high (up to +50% of the
theoretical value). However, their effect can be minimized and confined to a negligible

amount only through sound design and careful operation, as described in this thesis.

4. The corrections of the Onda estimates by Djebbar and Narbaitz (1995) and Gossett et al.
(1985) did not address the fundamental limitations of the model. Therefore, they should be

used only for conditions that are similar to their respective developmental data.

5. Based on the parametric approach, new correlations were developed using the new database.
These new correlatipns used the Onda correlations functional forms and addressed several
of the shortcomings of the Onda correlations, such as packing depth, increase in error with
increasing packing diameter, and the tendency to overestimate K;a. The average error in the

new model predictions is 20% smaller than that of the Onda model’s.

6. Some shortcomings of the improved Onda correlations remain. These particularly include
the effect of high gas flow rate and the packing diameter. The packing diameter was not
found to be a strong indicator of the transfer characteristics as previously thought. This may
be attributed to the form of the correlations and/or the packing diameter definition.

Different packing diameter definitions were tested, but none of them produced particularly

better results.

7. The neural network solution produced better results than the Onda and the improved Onda
models. It simulates correctly the effect of gas loading while accounting for the effects of

liquid flow rate and packing depth more reasonably than existing parametric methods. The
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average absolute error for the validation, as well as for the development data, was less than
19% with 68% of the data within a factor of 1.27 from the best fit line. The same
parameters are 24% and 1.3 for the improved model and 29% and 1.39 for Onda model.

The neural network models K;a nsiug functions of L, raised to different exponents as
opposed to the constant exponent of current parametric models. It was able to simulate the
sudden increase in Kja at high gas loading rates. Also, it simulates more realistically the

effect of the packing depth.

The effect of the packing geometry on mass transfer is still not well modeled even by NN.
This shortcoming is not due to the estimation method. It is, rather, due to the absence of a

variable that represents the geometry more accurately.

8.2 RECOMMENDATIONS FOR FURTHER INVESTIGATIONS

In 'light of the findings of this study, the author recommends the followings:

1.

The development of a parametric model for K;a based on synthetic data generated by the
neural network solution should be investigated. A promising approach would be to:
¢ use the k;, and k; correlation forms of the improved Onda model.
o change the Onda surface area correlation so that it produces surface area values that
are larger than the dry surface area value.
¢ in addition to existing experimental data, use the neural network model to generate
synthetic data to estimate the parameters of the correlations.
The neural network model could be used to investigate individual components of the mass
transfer characteristics.  This, however, needs experimental data on the individual
components of the transfer components, which are only presently available for laboratory
scale data that use traditional small packings.
The liquid distribution affects the transfer characteristics in packed towers especially at the
upper part of the column. Its inclusion in the correlations proved to be difficult and
complex. However, its drawback can be avoided by using a good liquid distribution system
whose distribution quality is at least as good as that of the packing.
A flow depth characterizing variable should be considered to estimate the Reynolds number

instead of the constant dry surface area.
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5. The pressure drop may be a strong indicator of the transfer characteristics. Its use to

estimate mass transfer characteristics should be investigated.
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Table A.2 Chemical characteristics of volatile compounds of interest.

Chemical Diffusion (m®/s) Hyp A Source
ID Compound Name Formula GasE-10 WaterE-6 m’lig/m® Equ.22 ofHy
(5 6 gas

1 Carbondioxide CO; 177 16.6 1.1286 2070 3
2 Oxygen (7 21.2 19.2 30 1450 2
3 Amonia NH; 13.07 21.6 0.000568 3754 3
4 Chloromethane CH;Cl 13.2 13.6 0.2787 4215 1
5 Bromomethane CH;Br 12.8 12 0.56 4375 1
6 Dichloromethane CH:Cl, 10.7 10.6 0.0725 3817 I
7 Chloroform CHCl, 9.23 9.18 0.11677 4612 1
8 Bromoform CHBr; 8.83 8.08 0.028 4399 1
9 Bromodichloromethane CHCl2Br 9.09 8.72 0.095 4375 1
10 Chlorodibromomethane CHBr,Cl 8.96 8.37 0.036 4375 1
11 Carbontetrachloride CCls 8.18 8.22 0.98558 4411 1
12 Dichlorodifluoromethane CClLF; 9.94 10.2 11 3224 i
13 Fluorotrichloromethane CCI3F 8.94 9.08 4.6 4375 1
14 Chloroethane CyHsCl 10.6 11.2 0.3968 3120 1
15 1,1-Dichloroethane CaH(Cl2 9.1 9.33 0.182385 4128 1
16 1,2-Dichloroethane C2H,Cl2 9.15 9.19 0.059 3620 1
17 1,1,1-Trichioroethane CaHiCls 8.13 8.28 0.56059 4133 1
18 1,1,2-Trichloroethane C2HiCly 8.13 8.11 0.049 4375 1
19 1,1,1,2-Tetrachloroethane C,H:Cly 7.36 7.37 0.016 4375 1
20 1,1,2,2-Tetrachloroethane CzH,CLy 7.36 7.32 0.016 4375 1
21 Chloroethylene CzHiCl 113 11.9 0.92315 3286 1
22 1,1-Dichloroethylene C2H.Cl> 9.61 9.77 0.87599 3729 i
23 Trans-1,2-Dichloroethylene CaHCl, 8.61 8.71 0.32 4182 1
24 Cis-1,2-Dichloroethylene CzH.Cl; 9.61 9.64 0.12515 4192 1
25 Ethylenedibromide CzH;Br2 8.89 8.32 0.028 4375 1
26 Trichloroethylene C2HCl3 8.45 846 0.30192 4780 1
27 Tetracloroethylene C.ClLy 7.61 159 0.5571 4918 1
28 1,2-Dichloropropane C3HqCl; 8.07 8.27 0.096 4375 1
29 1,3-Dichloropropane C3HsCl2 8.07 8.27 43 3917 1
30 1,2-Dichloropropane C3HqCl; 8.07 827 15.53 3477 1
31 1,2-Dibromo-3-chloroppropane CaHsBr,Cl 7.17 6.87 0.013 4375 1
32 Cis-1,3-Dichloro-1-propylene C3HiCl; 8.39 8.47 0.056 4375 1
33 Trans-1,3-Dichloro-1-propylene C3H(Cl, 8.39 844 0.054 4375 1
34 1-Chlorobutane CeHyCl - - 0.565 3482 4
35 2-Chlorobutane C4HyCl - - 0.77 4499 4
36 1.4-Dichlorobutane CHCl2 - - 0.017 3128 4
37 1-Chloropentane CsH;,Cl - - 0.749 4727 4
38 1,5-Dichloropentane CsH;oCl2 - - 0.211 1597 4
39 1-Chlorohexane CeHiaCl - - 0.775 4459 4
40 Benzene CeHs 9.02 9.37 0.23 3680 1
41 Bromobenzene CsHsBr 7.93 7.7 0.057 4375 1
42 Chlorobenzene CeHsClt 7.48 17 0.16 4375 1
43 o-DiChlerobenzene CsHiCl2 7.29 7.22 0.08 4375 1
44 m-Dichlorobenzene CsH(Cl2 7.29 724 0.15 4375 1
45 p-Dichlorobenzene CsHACl2 7.29 7.24 0.12 4375 1
46 1,2,4-Trichlorobenzene C¢H;3Br3 6.71 6.6 0.096 4375 1
47 2.4-Dinitrotoluene CsHiN2CH3 6.48 6.22 0.00021 4375 1
48 Toluene CeHs.CH3 7.98 8.31 0.19 8100 i
49 Ethylbenzene CgHg 7.21 7.53 0.27 4375 1
50 o-Xylene CsHyo 7.21 7.5 0.33 4375 1
51 m-Xylene CH;CsH4CH; 7.21 7.52 0.45 4375 1
52 p-Xylene CgHio 7.21 7.52 0.29 4375 1

1 Haarhoff and Cleasby (1990) 3 Treybal (1983) 5 Layman et al. (1990)

2 Roberts et al (1985) 4 Leigthon and Calo (1981) 6 Hayduk and Laudie (1974)
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Nonparametric modeling of mass transfer
coefficients for air stripping packed towers

Roberto M. Narbaitz and Yassine Djebbar

Abstract: Existing parametric correlations have been found to have difficulties in predicting the removal of trace levels
of volatile organic chemicals by modern air stripping towers. In this study, a new approach using a nonparametric
kernel regression method was used to predict the mass transfer coefficient, K a, of air stripping towers. Although only
four variables were used, the predictions are already improved more than 50% as compared with Onda correlation, the
best existing parametric correlation. The proposed technique shows a dependency of K;a on the liquid flow rate which
is in good agreement with established theory. Previous parametric approaches were unable to model this relationship

correctly.
Key words: mass transfer coefficient, air stripping tower, volatile organic compound, nonparametric kernel regression.

Résumé : Les recherches antérieures ont montré que les corrélations paramétriques ont des difficultés a prédire
I’enlévement des composés organiques volatils par les tours modernes d’épuisage a 1'air. Dans cette étude, une nouvelle
approche utilisant la régression non paramétrique avec noyau est employée pour prédire le coefficient de transfert de
matiére, K a, dans ces tours. Quoique quatre variables seulement aient été utilisées, les prédictions sont déja améliorées
de plus de 50% comparé a la corrélation d’Onda, la meilleure corrélation paramétrique. La technique proposée montre

une dépendance de K, a vis-a-vis du débit d’eau qui coincide avec la théorie établie. L’approche paramétrique, par
contre, ne peut pas simuler correctement cette dépendance.

Mots clés : coefficient de transfert de matidre, tour d’épuisage a I'air, composé organique volatil, régression non

paramétrique par noyau.

Introduction

Groundwater contamination by trace levels of volatile organic
compounds (VOCs) has emerged as a major water quality
issue. Most VOCs are not removed by conventional water
treatment operations. In the amendment to the Safe Drinking
Water Act in 1986, the United States Environmental Protec-
tion Agency recognized air stripping as a best available
technology for VOC treatment. The most important param-
eter in the design of an air stripping tower is the overall
liquid phase mass transfer coefficient, K a. Engineers oftex
calculate K| a using a mass transfer correlation because they
are easy to use and avoid costly pilot-scale tests.

Tens of mathematical parametric correlations have been
developed to predict K a for packed towers. Among these
models, there is agreement in the recent literature that the
Onda model (1968) is the best K| a correlation for air strip-
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Revised manuscript accepted October 24, 1995.
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! Reprinted from 1995 AWWA Annual Conference
Proceedings, by permission. Copyright © 1995, American
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ping applications (Staudinger et al. 1990; Roberts et al.
1985; Lamarche and Droste 1989). The literature also shows
that this mode! yields satisfactory results for lab data.
However, 30-50% deviations from predictions are often
reported in full-scale applications (Lenzo et al. 1990;
Staudinger et al. 1990; Djebbar and Narbaitz 1995). The lack
of good predictive ability is due to (i) the extrapolative nature
of the predictions; (ii) the limited operating conditions in the
data bases used to develop the correlations; (iii) the paramet-
ric regression techniques used to generate these models; and
(iv) the changing nature of mass transfer relationships from
one set of operating conditions to another, which are not well
understood and are poorly mimicked by current parametric
models (Djebbar and Narbaitz 1995; Bravo et al. 1992).

Recent developments in statistical theory have provided a
new modeling approach, the nonparametric regression, using
nonparametric function estimation. The advantage of non-
parametric regression, compared with parametric regres-
sion, is the avoidance of model form selection. This method
has been successfully applied in other domains such as geol-
ogy, hydrology, process control, and market forecasting
(e.g., Wen and Kung 1993; French et al. 1992; Hardle 1989;
Adamowski 1985).

The objective of this study is to develop a method to pre-
dict K;a, which overcomes the shortcomings of existing
approaches, by modeling a large new pilot-scale air stripping
data base via a nonparametric estimation technique. The
results of this new approach will be compared with the Onda
model predictions.

Can. J. Civ. Eng. 23: 549559 (1996). Printed in Canada / Imprimé au Canada
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Parametric versus nonparametric
approaches

Parametric models are the most commonly used way to describe
treatment processes. They predict performance (dependent
variables) as a mathematical function of a set of design varia-
bles (independent variables) and a set of constants (param-
eters), for example,

1 y=gk)=axfxj...

where y is the dependent variable being predicted; x; and x,
are the independent variables; and «, B, and v are the
parameters. The parameters are usually determined by
parameter estimation methods such as least squares, which
have certain limitations and require large sets of accurate
data to yield satisfactory results. For the optimal properties
of the least squares estimates to be valid in the parametric
approach, it is essential that the following assumptions hold:
{7) the values of the operating variables are known exactly;
(ii) the model form is known; (iii) the errors and the
observed responses at each set of operating conditions have
the same variance; (iv) the errors (and the observed values
of the responses) are not correlated and thus are statistically
independent; and (v) the errors are identically and normally
distributed with zero mean and variance o2. It is obvious
that the above assumptions are rarely satisfied. A key
assumption of parametric modeling is that the model form,
i.e., a mathematical expression to describe g in [1], is
known. However, this form is often unknown and always, to
some extent, subjectively assumed (Adamowski 1985;
Silverman 1986). Once regressed, these models can be read-
ily applied using a simple calculator. It is also important to
add that the smoothing process in parametric regression con-
siders the entire data, which makes it vulnerable to devia-
tions due to outliers. An alternative method that overcomes
some of the difficulties encountered with the parametric
regression approach is nonparametric regression.
Nonparametric regression involves nonparametric density
estimation. Nonparametric density estimation was first pro-
posed by Fix and Hodges (1951) as a way of freeing dis-
criminate analysis from rigid distributional assumptions,
such as those of the least squares method. The main advan-
tage of these techniques is the avoidance of model form
selection. Indeed, in nonparametric estimation, there is no
need to assume a relationship of prespecified form, since a
relationship of possibly complicated or unorthodox shape is
generated by the data points themselves. Although it will be
assumed that the distribution has a probability density £, the
data will be allowed to ‘‘speak for themselves’’ in determin-
ing the estimate of f, more than would be the case if f was
constrained to fall in a given parametric family. The most
popular and commonly used nonparametric method is the
Kernel function technique (Hirdle 1989). The Kernel func-
tion is an assumed probability distribution function (pdf)
defined by its shape, such as the normal pdf or the rectangu-
lar pdf, and by its window width. The window widths are a
range of values of the independent variables that define the
narrow regions over which the smoothing is conducted. This
means that the smoothing is local. This is a more reasonable
approach than parametric methods where fitting involves the
entire data set, even though it may have widely different

Can. J. Civ. Eng. Vol. 23, 1996

behavior over different regions. To model this type of -
behavior, Bravo et al. (1992) even suggested that the param-
eters of existing correlations need to be adjusted from one
operating region to another. Thus, nonparametric techniques
appear to be well suited for the analysis of air stripping
KLa data.

Similar to parametric regression, nonparametric regres-
sion suffers from a drawback when used for extrapolation.
By its nature, nonparametric methods do not necessarily
yield accurate predictions beyond the values of the observed
data (Adamowski and Feluch 1990). However, in many
engineering applications, extrapolation is much less of con-
cern because experiments are usually designed to cover
application ranges.

Onda model

All existing mass transfer prediction models are parametric.
These models have been discussed in Djebbar and Narbaitz
(1995), Au-Yeung and Ponter (1983), Staudinger et al. (1990),
etc. As indicated earlier, the Onda model (Onda et al. 1968)
is considered to be the best correlation. The Onda model con-
sists of three separate equations for the calculation of the
individual liquid and gas phase mass transfer coefficients,
ky and kg, as well as the wetted spzcific interfacial surface
area for mass transfer, a,,. These equations are

[2] k= 0.0051(L/awpr)?(uL/pLDy) ™ (aidp)*
X (pL/pL8)""?
B] k= caDs(G/a,pc)*" (kc/pcDc) P (adp) 2
4]  a. = a{l — exp[—1.45(sc/0L )% 75 (Rey )} (Fr )~ 005
X (We,)*2]}

in which k; is the chemical-specific liquid phase mass trans-
fer coefficient (L/T); kg is the chemical-specific gas phase
mass transfer coefficient (L/T); a, is the wetted specific
surface area of the packing (L?/L3); g, is the total specific
surface area of packing (L?/L3); L; is the liquid mass flux
(M/L2T); G is the gas mass flux (M/L2T); p, is the density
of the liquid (M/L3); pg is the density of the gas (M/L3);
Dy is the liquid diffusion coefficient (L2/T); Dg is the gas
diffusion coefficient (L%/T); d, is the nominal packing
diameter (L); g is the gravitational constant (L/T2); ¢ is a
constant, ¢ = 2 if dy < 15 mm, otherwise ¢ = 5.23; o, is
the surface tension of packing material (M/T2); o, is the
surface tension of liquid (M/T2); Re; = L¢/a,y, is the liquid
phase Reynolds number (dimensionless); Fr, = LZa,/p} g is
the liquid phase Froude number (dimensionless); We; =
LZ/a,p, o is the liquid phase Weber number (dimensionless);
p is the liquid viscosity (M/LT); and ug is the gas viscosity
(M/LT). M, L, and T refer to mass, length, and time units,
respectively.

The two-phase resistance theory postulates that the total
resistance to interfacial mass transfer is equal to the sum of
the individual liquid phase and gas phase resistances,
therefore

5) !

Hckc,a

A1,
KLa kl_a
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where K a is the overall (liquid phase based) mass transfer
coefficient; H_ is the Henry’s constant expressed as the ratio
of the mass concentration in the gas phase to that in the liquid
phase; and a = a,, in [4].

Nonparametric kernel regression approach

The value of a dependent variable y at a given value of the
independent variable x can be estimated through a weighted
average around x, that is,

k

(6] EOW) =m@) =2 2w

where m(x) is the expected value of the dependent variable
¥ at x; k is the number of neighboring observations; y; is the
observation at x;; and w; is weight (Fig. 1). The basic idea
of the local average m(x) is equivalent to the procedure of
finding a local weighted least squares estimate (Hardle
1989):

k
(7] min {1 L i) 92} =15 wwoi - mwy
¢ |ki=1 ki=1

As such, this estimate (m(x)) takes advantage of the fact that
more information about m(x) is contained in the surrounding
of x rather than in points far away from x. Therefore more
weight is given to the information contained in the neighbor-
hood of x and less weight is given to the information con-
tained in points far from x. In parametric estimation, equal
weight is given to the information in all points, even though

the process behavior within the neighborhood of x is likely

to be different from the process behavior in points far from x.

In nonparametric regression, the value of the predicted
variable m(x), which is a function of the independent varia-
bles, x, can be established as the ratio of two probability
density functions (Hérdle 1989):

§ yfex, y) dy
£

where f{x, y) is the joint density function of x and y; £.(x) is
the marginal density function of x; and E(y|X = x) is the
optimal estimate from regressing y on x. By analogy to [6]
and [7], the weight is approximated by w(x) = f(x, y)/ f.(x).
The probability distribution functions, f(x, y) and f,(x), can
be estimated with nonparametric frequency techniques
(Muller 1988; Rao 1983) using the kernel function. For the
multivariate function (f(x) = f(x;, x3, ..., X, ), in the
discrete form where the same type of distribution G.e.,

the kernel) is assumed for all of the variables, the estimates
J:(x) and f(x, y) of f(x) and f(x, y) respectively are given by

1¢ Xo — Xoi
B o= ;§[Hh,,"( = )]

n
=-1-2—1-Ky—y' H Kxo Xoi
ni=i hy hy o=l h, h,
In these equations, i and o are the data and the variable coun-

ters going up to n and p, respectively; k is the window width
that defines the neighborhood, also called the smoothing

8] mx)=E(yX=x)=

(10} f&x,y

5§51

Fig. 1. Weighted average estimation of a dependent variable,
y, atx.

......
......................

parameter; and K(f) is the kernel function. A fixed window
width is used for each variable. However, h changes from
one variable to another. According to Hirdle (1989), the ker-
nel K(7) must satisfy the following conditions:

[K@)dr=1
[ §&K@dr=0

[PK@®dt=c+0

where ¢ is the kernel variance. Incorporating [9] and [10]
into [8], the optimal estimate from a regression of y on X is
given by (Muller 1988)

i=1 o=1h

E L g(fe =%
i=lo=1h, h,
The goodness-of-fit of the nonparametric regression curve is

usually measured by the mean integrated squares error,
MISE, defined by the following equation (Hardle 1989):

[13] MISE(f) =E | [f() - f()2 dx

= [ [Ef®) = f)P dx + | Varf(x)dx

where the integrand in the first integral corresponds to
squared bias, and that in the second integral is the variance
at x. Hirdle (1989) found that the squared bias and the vari-
ance are related to h as follows:

Eyfl K("oh )
121 EGIX=x= o

squared bias o function(h*)
[14]
variance atx o function (llx)

Hence, if we attempt to eliminate the bias by using a very
small value of A, the integrated variance will become large
and vice versa. Also, if & is chosen too large, the bimodal
nature of the distribution will be obscured; whereas if & is
chosen too small, the spurious fine structure of the estimated
curve becomes visible. As the window width h decreases, the
estimated curve tends to follow the developmental data points
rather than to estimate the real function f. At this point the
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solution is rather a ‘‘memorization’’ of the developmental
data set. Whatever method of density estimation is being
used for the kernel (i.e., normal, rectangular, etc.), the
choice of the smoothing parameter implies a trade-off
between random error and systematic error. The spread of
the kernel function, defined by the smoothing parameter #,
must be calibrated based on the entire dataset. Silverman
(1986) showed on the basis of MISE that changing the kernel
function has very little impact, and it is only the window
width, A, that will determine the quality of the fit. For the
purpose of this study, the normal probability distribution
function is chosen as the kernel function, i.e.,

[15] K@x) = 75: exp( —“_;.)

This function is unbounded and has a tail which does not die
off quickly. Bounded kernels (e.g., rectangular) have a
bounded extrapolation range. Unbounded kernels can some-
what improve the extrapolation (Adamowski and Feluch
1991). Several procedures can be used to determine the
optimal window widths, h, that minimize the MISE. Accord-
ing to Scott and Terrel (1987), the least squares cross valida-
tion technique gives consistent and asymptotically optimal
density estimates. Because the MISE is a function of the
unknown function f([13]), Rudemo (1982) showed that mini-
mizing MISE parallels minimizing the following expression:

[16a] S = MISE — :'f‘ () dx
- i ﬁl

If the normal density is used for the kernel, the expression
of S becomes (Adamowski and Feluch 1991):

n i i\2
___l_ {l + X [3 exp(—i (0_}({’)/4)
=il n o=1\ h

'szpm.
248 P Ixi— xi\2
-2 Lexp|-X X"—X_o. 4
n-1 o=l h

o=1
The minimum value of S is obtained by equating to zero the
derivative of S with respect to h;, that is,

[16b] S =

nn 2--

i o yi\2
[ (1= ) -2
n-—1 \ 4\
i X i X
X % X{’-—l 2 X"+1 —l]=0
h, h,

For the p independent variables, there is a set of p nonlinear
equations analogous to [17]). These equations are solved for

Can. J. Civ. Eng. Vol. 23, 1996

Fig. 2. Definition of tower parameters used in the analysis.

T 0.00

T+ 0.61 &
N T12 4
£ g
S +244 @
< per}
2 (=X
- :

T 4.27

v

Table 1. Characteristics of the packing material found in the
data base of Narbaitz et al. (1990).

Diameter  Surface area

Packing name Company (em (in.)) (m%¥/m3)
Cascade Miniring #2  Glitsch Inc.  7.62 (3) 150.86
Flexiring #2 Koch 5.08 (2) 114.78
Flexisaddle #3 Koch 7.62 (3) 88.55
Tripack #1 Jeager Inc. 5.08 (2) 157.42
Nor-Pac #3 NSW 3.80 (1.5) 100.03
Nor-Pac #4 NSwW 5.08 (2) 145.00
Snowflakes Glitsch Inc.  9.40 (3.7) 91.83

the optimal values of & by the iterative cross validation tech-
nique (Rudemo 1982).

Description of the data base

Experimental data in the public domain are abundant; how-
ever, acceptable quality data that are representative of real
world applications are not. A new data base has been devel-
oped by Narbaitz et al. (1990) in a large pilot-scale study using
several modern large diameter packings and numerous full-
scale operating conditions. A schematic representation of the
air stripping tower is shown in Fig. 2. It consists of a 0.76 m
(30 in.) diameter tower, with a total height of 8.84 m (29 ft)
and filled with 4.57 m (15 ft) of packing. This tower can treat
up to 760 L/min (200 gpm). It has five sampling ports within
the packing located at 0.0, 0.61, 1.22, 2.44, and 4.27 m (0,
2, 4, 8, and 14 ft) from the top of the packed zone, respec-
tively. To break any wall flow, the column is equipped at
1.22 m (4 ft) intervals with aluminum redistributor rings that
extend 7.62 cm (3 in.) inwards from the column wall. The
characteristics of the packings tested are summarized in
Table 1. The VOCs were studied in three multicomponent mix-
tures (Table 2) consisting of approximately 100 ug/L of each
VOC. At these low solute concentrations, the Henry's law
constant is not affected by the presence of other compounds,
as reported by Munz and Roberts (1987) and Mackay and Shiu
(1981). Table 2 lists the Henry’s law constants and the dif-



Narbaitz and Djebbar 553

Table 2. Characteristics of the chemical compounds found in the data base of Narbaitz et al.

(1990).
Diffusion (m?/s)
H (20°C)
Group Compound name Formula Gas (X 10%) Water (X 10'%) (dimensionless)
GI Chloroform CHCl, 9.23 9.18 0.117
1,1, 1-trichloroethane C,H;Cl; 8.13 8.28 0.561
Carbon tetrachloride CCl, 8.18 8.22 0.986
Trichloroethylene C,HCl, 8.45 8.46 0.302
Tetrachloroethylene C,Cl, 7.61 7.59 0.557
Gl Chloroform CHCl, 9.23 9.18 0.117
Bromodichloromethane CHCI,Br 9.09 8.72 0.095
Chlorodibromomethane CHBr,Cl 8.96 8.37 0.036
Bromoform CHBr; 8.83 8.08 0.028
GIII  Toluene C¢H;CH;, 7.98 8.31 0.190
Chlorobenzene C¢HsCl 7.48 7.70 0.160
M-xylene CH)p 7.21 7.52 0.450
M-dichlorobenzene C¢H,Cl, 7.29 7.24 0.150

fusion coefficients of the VOCs considered, as reported by
Gossett (1987) and Haarhoff and Cleasby (1990). The oper-
ating ranges of liquid flow, air to water ratio, and tempera-
ture are presented in Table 3.

Table 3. Operating ranges of liquid flow, air
to water ratio, and water temperature.

Variable Operating range

The stripping factor R (dimensionless) is given by Liquid flow, kg/(m?+s) 5.6-41.0
(18] - HG Air to water ratio 25-100
—!'Er Water temperature, °C 23-28

where H is the Henry’s law coefficient on a volume to volume
basis (L/atm), and P, is the total operating pressure (atm). In
these experiments the minimum stripping factor was 3, well
above the critical value of 1. This is the lowest value of R
for which complete VOC removal is possible, as it is not
limited by equilibrium (Kavanaugh and Trussell 1980).

More details about this data base can be found in Narbaitz
et al. (1990). The overall experimental K;a values were
obtained based on the values of the concentration in the five
sampling points. These concentrations are strictly within the
packing media, so they are free of end effects. Thus, the
Narbaitz et al. data base has a particular advantage over
the previous ones, in that the data are used directly in the anal-
ysis without correcting for end effects. The experimental Kj a
is calculated by the following equation (Djebbar and Narbaitz
1995):

_(L\[ R, a1 = 1/R) + /R
[19] Ka (ZPL)[R 1 a0 —1/R+ Co/R]

where ¢ is the liquid effluent VOC concentration at depth Z,
the bottom of the packing media (Fig. 1) (M/L3); ¢, and ¢;
are the VOC concentrations in the liquid at the depths z;
and z,, respectively (M/L3); and z = 2z, — z; (Fig. 1).

Method of analysis

A FORTRAN program was developed to conduct the nonpara-
metric regression. Each packing data were divided randomly
into two groups of two thirds and one third each. Then, the
two-third and the one-third groups of all packings are merged

into two large separate groups. One group containing two
thirds of the total 538 data points was used to determine the
optimum values of the smoothing factors by the cross valida-
tion technique (Rudemo 1982; Adamowski and Feluch 1991).
As in nonlinear parametric regression, wrong initial guesses,
local minima, and nonconvergence can be encountered.
Remedial actions are similar to those employed for nonlinear
parametric regression, such as changing the initial guesses.
It is to be noted that with a 486, 33-MHz IBM compatible
PC, each run of the development stage took on average
24 h. However, once the optimum smoothing variables were
obtained, the predictions were obtained in less than 6 s.

The remaining one third of the data were used to validate
the proposed prediction tool and to capture it with the Onda
model predictions. Some of these data were outside the
ranges of the training data. The evaluation of the Onda corre-
lation was conducted using basic statistical tools. The abso-
lute average error, AAE, is given by

1 i I(KLa)exp - (KLa)prel
ni=1 (KLa)exp

[20) AAE=

and the average algebraic error, AGE, is given by
é (KLa)exp - (KLa)prc
i=1 (KLQ)exp

where n is the number of data points; and (Kpa).., and
(KLa)p. are the experimental and the predicted mass trans-

21] AGE=1
n
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Fig. 3. NKR simulations of Kja versus observed K a for the data used in the model

development.
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fer coefficients, respectively. AAE is a measure of average
absolute deviation, and AGE is a measure of the overall
overestimation or underestimation.

Results and discussion

Djebbar and Narbaitz (1995) enumerated the important vari-
ables in air stripping. They include liquid and gas flows,
Henry’s law constant, packing diameter, packing surface
area, VOC diffusivities, physicochemical characteristics of
the fluids, etc. Silverman (1986) has shown that the required
sample size, for a given MISE, increases substantially as the
number of independent variables increases. For the number
of data points available for the development stage (two thirds
of the Narbaitz et al. data base), Silverman suggests that only
four variables can be used. The four variables selected were
liquid and gas flow rates, packing surface area, and Henry’s
law constant. They were chosen because they are important
and they showed the widest range of values within the
data base.

Results of the developmental stage are plotted in Fig. 3 as
the nonparametric kernel regression (NKR)-simulated Kja
versus the observed Kja. The diagonal line indicates the
situation where the simulations are perfect and the magnitude
of the deviations from this line is a direct indication of the
quality of the simulations. This figure shows a high correla-
tion between the observed and simulated K a values. The
average error (AAE) is 5.9%. This result is superior to
previous parametric correlations at the developmental stage.
Even though the Onda model involves 10 variables, it
resulted in a 20% deviation between predicted and experi-
mental data for its own developmental data set. The experi-
mental error reported in the literature is expected to be
between 8% and 12% (Lenzo et al. 1990). The lower value
of deviation obtained with the nonparametric regression may
be due to ‘‘memorization’” of the data by the NKR method.
As explained earlier, memorization occurs when the window
width is very small. However, the extensive precautions
taken in conducting these experiments may also explain this
small average deviation. Confidence in the NKR solution,
however, is gained only by testing its ability to predict data

that are not used in the solution development.

Results of the validation stage using the remaining one
third of the data are plotted as the predicted K a versus the
observed K| a for the NKR method and the Onda model in
Figs. 4 and 5, respectively. Visual inspection of these figures
shows a larger spread in the Onda predictions compared with
the NKR predictions. Also, most of the data in the Onda
predictions are overestimated, and the NKR predictions are
more or less evenly distributed around the diagonal line. The
average error was 14.9% and 31.3% for the NKR and Onda
predictions, respectively (Fig. 6). This represents a 50%
improvement compared to the Onda correlation. The Onda
model overestimated the observed Kja in 84% of the data
by an avrage error of 33.3%, whereas just 32% of the data
are overestimated by the nonparametric method and the aver-
age overestimation is only 13%. Figures 7, 8, and 9 show the
variation of the error in both the parametric and Onda predic-
tions as a function of three variables: packing diameter,
liquid flow, and packing type, respectively. No significant
trends are detectable in the NKR results and the simulations
are consistent in Figs. 8 and 9. In Fig. 9, however, the Onda
predictions had a lower average error than the NKR predic-
tions for the 50.8 mm (2 in.) Flexirings. This may be due to
the geometry of this packing which resembles more those
used to calibrate the Onda model. The only type of packing
used by both studies are saddles; however, the saddles used
by Narbaitz et al. (1990) were much larger than those used
by Onda and coworkers. The poor Onda predictions for this
type of packing are probably due to the size difference.

The Onda predictions tend to be functions of the packing
diameter, as found by Djebbar and Narbaitz (1995). The
NKR predictions in Fig. 7 seem to show a slight trend with
respect to the packing diameter. This may be because the
packing surface area does not completely characterize the
packing geometries. Therefore including an additional pack-
ing characterizing variable, such as the packing diameter, is
a topic to be further investigated. The reliability of the NKR
techniques is sensitive to the number of data points and the
number of independent variables considered (Silverman 1986).
As the number of points within this data base was less than
that recommended for NKR applications with five independ-
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Fig. 4. NKR predicted K, a versus observed K a for the validation data.
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Fig. 5. Onda K, a predictions versus observed X, a for the validation data.
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Fig. 6. Comparison between the Onda correlation and the NKR for the validation data.
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ent variables, the NKR method was not applied with packing 1990). In addition, the water temperatures only range from
diameter as a fifth variable. An expanded data base is being 23°C to 28°C. This is important because the Henry’s law
assembled to further assess this. constant, which is critical, is a function of water tempera-
It is important to keep in mind the limitations of this study. ture. Air temperature varied over a wider range, but Dyksen

This study is based on a single source of data (Narbaitz et al. et al. (1982) showed that it does not have a significant impact
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Fig. 7. Average error in the NKR and the Onda predictions versus packing diameter,
for the validation data.
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Fig. 8. Average error in the NKR and the Onda predictions versus liquid flow rate,
for the validation data.
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Fig. 9. Average error in the NKR and the Onda predictions for several packing types,
for the validation data.
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Fig. 10. Regression equations of the Onda and NKR predicted X a as a function of the

liquid flow rate.
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on Kj a for conventional VOC stripping operations.

As indicated earlier, the NKR approach does not result
in a simple equation similar to parametric models, and the
solution procedure of NKR methods consists of complicated
calculations that only a computer program can carry out effi-
ciently. A copy of the program is available from the authors.
This program is written in FORTRAN, and it includes the
values of the smoothing parameters obtained in the develop-
ment stage. These values are presented in Table 4.

A hypothetical set of conditions, shown in Table 5, was
used to investigate the predictive abilities of the Onda corre-
lation and of the NKR solution, and to compare the predic-
tions to mass transfer theory for air stripping towers. The
analysis consisted of assessing the impact on the predictions
of varying liquid loading, and results are shown in Fig. 10.
The points associated with the predicted lines were regressed
using the expression Kja = alLf, where L; is the liquid
loading and « and 8 are the regressed parameters. The value
of B8 for the Onda simulation equals 2/3. Davidson’s (1959)
comparison of theory with experimental data indicates, how-
ever, that the liquid flow rate exponent, 8, should be
appreciably less than 2/3. Streamline theory (laminar flow
conditions) in conjunction with the penetration model
showed that the liquid phase K| a should be proportional to
the liquid flow rate to the 1/3 power (Vivian and Peaceman
1956). However, experimental data obtained by Vivian and
King (1964) and Vivian and Peaceman (1956) suggested that
K; a should be proportional to the Reynolds number (and
thus to L) to the power of approximately 0.4. The NKR
solution yielded a 8 of 0.5, which is in closer agreement with
the theory.

Conclusions

The NKR was used in order to improve the accuracy of mass
transfer coefficient predictions in air stripping towers. As a
first step, parameter optimization of the nonparametric model
was performed using the least squares cross validation tech-
nique with a large set of new experimental data. Four key
variables were used in the model development. They are
packing surface area, Henry’s constant, and liquid and gas

40

Table 4. Values of the smoothing factors developed based on
the Narbaitz et al. (1990) data base.

Packing Henry’s law
Kia  surface area  Gas flow  Liquid flow constant
1.444 7.0816 0.0463 0.0493 0.0163

Table 5. Hypothetical conditions for the K a determination
using Onda and NKR methods in Fig. 10.

Packing Packing
surface area diameter  Gas flow Liquid flow Compound
(m*m®)  (cm (in.)) (kg/(m?-s5)) (kg/(m?-s)) (T = 20°C)

115 5.08 (2) 0.6 1-40 C,Cl,

flow rates. In the validation step, the NKR model had an
average error of 14.9%, which represents 50% improvement
over the Onda model predictions. An evaluation for a set of
hypothetical conditions showed that the NKR predictions
yielded a relationship between K a and liquid loading that
was in closer agreement with the theory.
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List of symbols

AAE absolute average error

AGE average algebraic error

a, total specific surface area of packing (L2/L3)

a, wetted specific surface area of the packing
(L/L3)

Co liquid effluent VOC concentration at depth Z
(Fig. 2) (M/L3)

cy, C2 VOC concentrations in the liquid at the depths
z; and z; (M/L?)

Dg gas diffusion coefficient (12/T)

Dy liquid diffusion coefficient (L?/T)

d, nominal packing diameter (L)

E(y|X = x) optimal estimate from regressing y on x

) marginal density function of x

fx, » joint density function of x and y

Frp liquid phase Froude number (= Lia/p?g)
(dimensionless)

g gravitational constant (L/T2)

G gas mass flux (M/L2T)

h smoothing parameter

k number of neighboring observations

kg chemical-specific gas phase mass transfer
coefficient (L/T)

ky chemical-specific liquid phase mass transfer
coefficient (L/T)

Ky overall (liquid phase based) mass transfer
coefficient (L/T)

(KL@)exp experimental mass transfer coefficient

(KL@)pre predicted mass transfer coefficient

K@ kernel function

L, liquid mass flux (M/L2T)

MISE mean integrated squares error

m(x) expected value of the dependent variable y at x

n number of data points

P number of variabics

P, total operating pressure
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R
RCL

Wi

Wel_

X, X, X;i
Yy

stripping factor (dimensionless)

liquid phase Reynolds number (= L¢/au;)
(dimensionless)

weight

liquid phase Weber number (= L?/a,p, 0,
(dimensionless)

independent variables

dependent variable

a, 8, v
PL
PG

oL
ML
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= z, — 7y (Fig. 2)

regression parameters

density of the liquid (M/L?)

density of the gas (M/L3)

surface tension of packing material (M/L?)
surface tension of liquid (M/L?2)

liquid viscosity (M/LT)

gas viscosity (M/LT)
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VOCS, AIR STRIPPING FROM CONTAMINATED GROUNDWATER

VOLATILE ORGANIC COMPOUNDS, AIR
STRIPPING FROM CONTAMINATED
GROUNDWATER
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MASS-TRANSFER CORRELATIONS

Groundwater contamination by trace levels of volatile organic
compounds (VOCs) has emerged as a major water quality issue.
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Most VOCs are not removed by conventional water treatment
operations. In the amendment to the SDWA in 1986, the U.S.
EPA recognized air stripping as a best available technology for
VOC removal. Aeration exploits the natural tendency of VOCs
to volatilize from water into air by allowing intimate contact
between these two phases. This contact can be accomplished
in a variety of physical arrangements, including bubbling air
through a pool of water, spraying water into a stream of air,
whirling air and water together in a mechanical device, or
in a tower filled with packing material. The key features for
improved mass transfer in aeration systems are a high inter-
facial surface area between the two phases and a reasonable
amount of turbulence to bring VOCs to the interface where
the transfer occurs. The impact of these factors is maximized
in an air stripping packed tower setting. In countercurrent
towers (Fig. 1), the most common type of flow arrangement,
water is distributed across the top of the packing material and
allowed to trickle down the packing while clean air is blown
from the bottom of the column. The VOCs are transferred to
the air stream as the water flows down the column. Thus,
the cleanest air contacts the cleanest water which allows VOC
concentrations in the water to be reduced to very low levels.
Compared to other aeration processes, countercurrent packed
tower aeration has generally proven to be the best suited for
treatment of drinking water due to its ability to achieve high
removal efficiencies at a low cost (1,2). Furthermore, compared
to other groundwater treatinent technologies, air stripping
is very attractive because of its low cost, ease of operation,
and high efficiency especially for VOCs with low affinity for
adsorption.

Exhaust air

4—-{ Off-gas treatmenﬂ<—-—l

Contaminated water C;
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T /////,V/

Packmg
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5] Extraction
well

Figure 1. Countercurrent packed tower.
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The most important parameter in the design of an air strip-
ping tower is the volumetric-based overall liquid-phase mass-
transfer coefficient Kra. Engineers often calculate K;a using
a mass-transfer correlation because they are easy to use and
avoid costly pilot-scale tests. However, predictions via classical
mass-transfer correlations have shown 30-50% deviations for
full-scale air stripping towers (2-4). Thus more accurate meth-
ods for predicting K;a are necessary.

This article will review current methods used to predict
the mass-transfer coefficient for countercurrent air stripping
packed towers. It includes a short review of air stripping
theory, a discussion of theoretical and empirical approaches
for predicting K;a, an assessment of accepted parametric cor-
relations, and a description of novel nonparametric techniques
(see AIR STRIPPING OF VOCS).

DESIGN OF AIR STRIPPING PACKED TOWERS

Theory and practice of air stripping in packed columns have
been extensively researched in the past 50 years (5—9). The
changes in concentration that occur as the liquid percolates
down the column are controlled by (1) the resistances to mass
transfer in both liquid and gas phases and (2) VOCs equilib-
rium partitioning coefficient between the two phases. At the
low concentrations encountered in air stripping applications
the partitioning coefficient is Henry’s law constant, which is
a function of the compound in question and of temperature.
The importance or dominance of one mass-transfer resistance
over the other is dependent on the volatility of the compound
involved. The higher the Henry’s law constant, the greater
the magnitude of the liquid-phase resistance. For many VOCs,
such as TCE and PCE, the mass-transfer resistance arises
almost exclusively from the liquid-phase resistance. For lower
volatility organics, such as bromoform, the gas-phase resis-
tance is important, and for even less volatile compounds, the
gas-phase resistance will be controlling. Regardiess of the
relative magnitude of the resistance by the individual phases,
the concept of overall resistance is frequently used because it
only requires concentration measurements in a single phase.

In designing a packed column for fixed operating condi-
tions, the designer calculates the necessary packing depth, Z,
that yields a prespecified removal. The most critical variable
in this calculation is the overall liquid (or gas) phase mass-
transfer coefficient, K; (or Kg). The overall mass-transfer
coefficient takes into account the resistance to mass transfer
in both phases, which permits design calculations to be based
just on the change in concentration in a single phase. As it is
nearly impossible to measure the interfacial area, a, Kza (the
product of K; and a) is generally used instead of K;. Kiea is
sometimes called the volumetrically based overall liquid-phase
mass-transfer coefficient and its unit is 1/time. Air stripping
packed towers are generally designed based on the change in
liquid-phase concentrations and K a.

Using the Kavanaugh and Trussell (5) approach, the pack-
ing depth element z, ie, from depth 2; to z; (Fig. 2), is given by:

22 c2
dz = 24 f de )
21 KLaPL g € — C*

where K; = overall liquid-phase mass-transfer coefficient (m/
s); a = effective interfacial surface area (m¥m?®); p, = the lig-
uid density (kg/m®); e* = VOC concentration in liquid phase
that is in equilibrium with the VOC concentration in the gas

2=
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phase (kg/m®); ¢; and ¢; = VOC concentrations in the liquid
at depths z; and z,, respectively (kg/m®); and Ly = the liquid
mass flow rate per unit cross-sectional area (kg/m?s).

Air stripping applications are generally analyzed using the
transfer unit model (5,6). It assumes that (1) the mass-transfer
coefficient is constant throughout the tower, (2) plug flow con-
ditions prevail, (3) the volumetric air to water ratio, G/L, is
constant, ie, the volume of the VOCs removed from the water
is too small to affect the volume of the air or water flows, (4)
Henry’s law applies, and (5) the operation is isothermal. These
assumptions are generally considered to be met in current air
stripping applications. Using these assumptions, equation 1
can be solved analytically to yield:

Lol Lw *[ R {c,(1—1/R)+c.,/R ]
Krap; R —1lce(l1 +1/R) + co/R

= [HTU] = [NTU] 2)

where R = HGy/P,Ly = the stripping factor (dimension-
less); HTU = the height of a transfer unit (m); NTU = the
number of transfer units (dimensionless); ¢y = the liquid ef-
fluent VOCs concentration which corresponds to depth Z, the
bottom of the packing media in Figure 2 (kg/m®); H = the
Henry’s law coefficient on a volume to volume basis (1/atm);
P, = the total operating pressure (atm); and Gy = the gas
mass flow rate per unit cross-sectional area (kg/m?s). The
value of NTU indicates the difficulty in removing the solute
from the liquid phase, while HTU characterizes the mass-
transfer efficiency from the liquid to the gas phase.
For the total packing height, Z, equation 2 becomes:

| Lu R [eifeglR —1)+1
z- [ g |« [ [l 0ty
= [HTU] x [NTU] 3)

where c, is the liquid influent concentrations at z = 0 (kg/m?).
This is the most frequently used equation. The mass-transfer
coefficient Kie can be obtained from either equations 2 or 3, as

Kia = L vty (4)
zpyL,

In a column with multiple sampling ports, when the section
of the column being analyzed does not include the bottom of
the column, the gas-phase concentration entering this section
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Figure 2. Definition of tower parameters used in analysis.
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is not zero, and equation 2 must be used to calculate K;a. Equa-
tion 3 is only valid for an inflow gas concentration equal to zero.
Rearranging equation 4 gives:
NTU = K;a{ 322} )
Ly

During experimental studies including pilot-scale tests,
the liquid-phase VOC concentrations are measured at several
packing depths. Based on these concentrations, one NTU
versus {-;-_%}, can be plotted and if mass transfer is described
by equation 5, it should yield a straight line with a slope equal
to K;a.

The above model assumes that the mass-transfer coefficient
is constant within the entire packing depth. However, this has
been proven to be invalid, at least at the entrance of the col-
umn up to a certain depth. It has been shown that a natural
frequency of distribution will develop in packed beds of suffi-
cient height (4,10). This height is referred to as the bed depth
required to reach the packing’s natural distribution frequency.
It has been shown that Kza is not constant within the col-
umn using a packing depth of 4.3 m (Fig. 3) (4). However, it is
not yet clear if the observed variations (Fig. 3b) are related to
the depth or to the concentration gradient change or to both.
This contradicts the assumption of constant mass-transfer co-
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Figure 3. (a) Depth segments with decreasing mean concen-
tration gradient (4); (b) K a vs segment depth (initial liquid
distribution has distribution capacity lower than natural dis-
tribution frequency of packing).
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efficient Kya when varying the packing depth. After the pack-
ing natural distribution frequency is reached, the flow pattern
should be constant; therefore, the interfacial area should also
be constant. Thus, the changes in K a with depth must be re-
lated to the mass-transfer coefficient K, rather than to the ef-
fective surface area a.

It should also be noted that generally only an influent sam-
ple and an effluent sample are collected, so K.a is calculated
based on only two points. As the influent and effluent samples
are frequently used instead of samples from the top and the
bottom of the packing, the resulting K;a also includes the ad-
ditional removal that occurs between the distribution system
and the top of the packing, and that occurring between the bot-
tom of the packing and the reservoir below. These end effects
normally result in an additional 10-20% VOC removal.

The stripping factor, R, is also important in sizing air strip-
ping towers. A stripping factor of 1.0 is the minimum stripping
factor that could, in theory, achieve complete removal of a spe-
cific VOC. However, a packed tower would need to be infinitely
tall to achieve complete removal. Further, for a stripping factor
of less than unity, the system is limited by equilibrium, and the
fractional removal is asvmptotic to the value of the stripping
factor. Therefore, the values of the liquid and gas flow rates are
generally selected to give stripping factor greater than three.

PREDICTION OF THE TRANSFER COEFFICIENT

There are two main types of approaches to predict the mass-
transfer coefficient: theoretical and empirical. Theoretical
and empirical approaches fall in the category of parametric
approaches and are discussed in this section. Alternative
approaches based on nonparametric methods, which have been
developed recently, are discussed in a later section.

Theoretical Approach

Strict theoretical solutions of the transfer process in packed
towers based on first principles are cbtained for simple, par-
ticular cases of little practical value. This includes the theo-
retical solution for a laminar liquid film falling over a plate
surface (6) and the three well-known models of Davidson (9).
There are many theories which attempted to interpret or ex-
plain the operation of interface mass-transfer between liquid
and gas phases. These are (1) film model (11), (2) penetration
model (12), (3) surface renewal model (13), and (4) film-surface
renewal model (14). A detailed description of these models is
available (14). Based on simplifying assumptions, these models
produced simple expressions for the mass-transfer coefficient.
In commenting on these models, the following has been sta-
ted (6):

“They are all (ie, mass transfer models) speculations, and are
continually being revised. It is helpful to keep in mind that transfer
coefficients for mass transfer are expediently used to deal with
situations which are not well understood.... The ultimate interpre-
tation or explanation of the transfer coefficient will come only when
the problems of fluid mechanics are solved, at which time, it will
be possible to abandon the concept of transfer coefficient.”

Existing mass-transfer correlations provide for individual
calculation of mass-transfer coefficient in gas phase and in
liquid phase separately. The two-film theory assumes that the
overall resistance to mass transfer is equal to the sum of the
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resistance in the gas film and the resistance in the liquid film.

Therefore,
1 1 1

5k Hee 6)
where K; = the overall liquid-phase mass-transfer coefficient
(m/h), by = the individual liquid mass-transfer phase coeffi-
cient (m/h), H = Henry’s law constant (dimensionless), and
k¢ = the individual gas mass-transfer phase coefficient (m/h).

Equation 6 will hold true if the following conditions are sat-
isfied (15):

¢ The interface is in equilibrium and H must be constant. If
H is not constant, the value of the equilibrium line slope
at the relevant concentration must be employed.

¢ There must be no significant resistance other than those
represented by 1/k, and V/kg. The individual phase coef-
ficients, k. and k¢, are those measured in the absence or
suppression of resistance to mass transfer in the other
phase.

* The hydrodynamic conditions (interfacial area, etc) must
be the same as those prevailing during the measurements
of the individual phase resistances.

e The mass-transfer resistances of the two phases must not
interact, ie, 2, and k¢ are independent and the ratio k. /kg
must be constant at all points of the interface.

The above-mentioned conditions are rarely met in common
mass-transfer equipment, especially those which provide a
wide distribution of liquid surface lifetimes such as randomly
packed towers (15). In such equipment a wide variation in local
values of &, (and in kg) exists. Continuous change in effective
surface area is expected even at fixed flow rates. In another
study, it was concluded that the average overall mass-transfer
coefficient for an individual countercurrent surface exposure
will be higher than the prediction of equation 6 (16). However,
the net observed overall mass-transfer coefficients for packed
towers appear to be less than the predictions generated by
equation 6 (15). These conflicting results have been linked
to the possibility that the gas-liquid interface may not be in
equilibrium as assumed by equation 6 (17). In such a case, the
transfer of mass encounters higher interfacial resistance than
the prediction of equation 6. In conclusion, theory falls short of
producing a satisfying prediction of mass-transfer coefficients
in air stripping towers.

Empirical Approach

Most successful works in the area of air stripping mass-
transfer coefficient predictions are based on empirically
derived parametric correlations. There are three stages in
developing a parametric correlation, including data collection,
model development, and model evaluation. Each of these in-
volves some difficulties. In data collection th-~re are problems
in measuring the components of the transfer process such
as the interfacial surface area. Model evaluation has been
limited by the scarcity of full-scale data with acceptable qual-
ity, and model development has been hampered by the absence
of a proven theoretical relationship. This has resulted in a
large number of different correlations obtained by regressing
experimental data with assumed relationships.

Dimensional analysis simplifies modeling and experi-
mental work by combining variables into a smaller rumber of
dimensionless groups. Also, it guarantees the dimensional con-
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sistency of the resulting relationship(s). The main feature of
dimensional analysis is the assumption of certain aspects
of similarity between model and prototype. There are many
possible sets of independent dimensionless groups that can
be used. It appears desirable to have groups which depend on
kinetic viscosity », gravity g, surface tension o, and mass-
transfer coefficient %, ie, four dimensionless groups (18). The
groups are usually chosen so that each of the variables u, g, &,
and o would appear in one group only, ie,

Nt = fi(Ng,N§,N¥) N

where f; is the functional relationship that relates the four di-
mensionless numbers N¥ , Ng, N§, Nf, each of which depends
on the specified variable. It has been indicated (6) that the
transfer process in packed towers can be better described using
a relationship that involves the three dimensionless numbers,
ie,

Sh = fy(Re, Sc) (8

where /2 is the functional relationship that relates Sk to Re and
Sc¢; Sh = Sherwood number (k/Da); Re = Reynolds number =
L(or G)/apn; and Sc = Schmidt number = u/pD, where
k = mass-transfer coefficient (m/s), D = molecular diffusivity
of the contaminant (m%s), 4 = dynamic viscosity (kg/m/s), and
p = density (kg/m®) (6). The variables &, u, p, and D pertain
to either the liquid- (L) or gas- (G) phases. However, the form
of the functional relationships, fs in equations 7 and 8, are not
provided because they are not known.

Most investigators regressed equations formed of dimen-
sionless numbers. They developed empirical correlations based
on the theory by raising some dimensionless numbers to spe-
cific exponents in accordance with simple theoretical models.
For example, the penetration theory, which assumcs laminar
flow between surface renewals, predicts £.a to be proportional
to the 1/3 power of the liquid flow rate, L, and the 1/2 power
of the diffusion coefficient D (7,9). These findings lead one
to assume that k;a correlations for packed tower absorption
data should include Reynolds number to the 1/3 power and the
Schmidt number to the 1/2 power. The validity of these results
is directly dependent on the validity of the assumptions used
in the development of these theories, namely the penetration
model.

A functionality was established and accepted to be repre-
sentative of the relationship between the variables that affect
the transport process (19). This functionality has the following
form for both liquid and gas phases,

Sh = ¢ Re°Sc* 9

wherec, a, and B are parameters to be estimated. The relation-
ship form presented by equation 9 has been widely utilized to
obtain regression equations (20). Equation 9 is of the form of
the Cobb-Douglas model (21):

Y = b1 X’ (10)

where ¢ represents the multiplication of all X; terms,
b; = parameters to be estimated statistically to reflect reality,
X: = independent variables that affect the regressed quantity
Y. The Cobb-Douglas model dominated the literature and
practice until the early 1970s, when its deficiencies became ob-
vious and practical alternatives became available through the
development of high speed computers. The Cobb-Douglas
model has several attractive features (21):
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¢ It can, by a suitable choice of the values of the parameters
b;, represent a broad range of the important characteris-
tics of the relationship sought.

* These parameters can be immediately interpreted in
terms of the characteristics of the regressed quantity Y,
which is a great pedagogical and practical advantage.

® The parameters b; are easy to estimate statistically. This
is because the multiplicative equation can be transformed
into a linear function by expressing the variables in terms
of their logarithms.

However, the model inherently implies that certain features
of the relationship remain the same regardless of the values
of the variables. This general remark is in disagreement with
conclusions which showed that the nature (and exponents)
" of the mass-transfer correlations should change with the
values of the variables (22). Furthermore, the parameters
of the model (eg, ¢, @, and B of eq. 9) are generally obtained
using least squares regression, which has certain limitations
and requires large sets of accurate data to yield satisfactory
results.

The lack of an accepted form of the functional relationship
resulted in the almost exclusive use of the empirical approach
as compared to a purely theoretical approach. In the empiri-
cal approach a form of the functional relationship £ is assumed
and its parameters are determined via a parametric regression
method. Many different mathematical forms have been pro-
posed in the literature (4,20,23).

A review of the literature showed that five main approaches
are used to obtain experimental data and to develop a model.

1. The first approach uses packing with simple geom-
etry where the interfacial surface area is supposed
to be known such as for plates, cylinders and spheres
(8,18,24,25). In this case, the mass-transfer coefficient
k; and/or k¢ is determined by dividing the observed
kra or kea value by the “known” interfacial area. The
experimental data are then regressed.

2. The second approach assumes kg to be substantially the
same for the same operating conditions in vaporization
and absorption (26—28). First kca, and kga are deter-
mined for vaporization and absorption, respectively, for
the same operating conditions. Data for the effective
area for absorption, @, are then determined using the
following equation:

System specific during absorption _ kca _ a
System specific during vaporisation  kga, a,

where a, = the dry surface area (m¥m?®) and a = the

effective surface area during absorption. The experi-
mental data are then regressed

The third approach conducts experiments in which
the resistance to mass transfer is located in one phase
only. To obtain k¢ or k., the transfer is carried out
using a pure solution in the liquid phase or gas phase,
respectively; &, has been determined by absorbing
pure CO» into water (29). This offers zero resistance in
the gaseous phase. Ammonia absorption experiments
or measurements of the rate of evaporation of naph-
thalene packing into air have given kca (26). In these

L
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experiments the liquid phase presented no resistance
to the transfer of mass. The obtained data are then
regressed.

4. The fourth approach goes through the following steps

(8,30):

® kg is obtained from the evaporation of naphthalene
Raschig rings and Berl saddles.

¢ The effective surface area is obtaine: by comparing
the kg values from the previous step with the kga
values on ammonia absorption where the resistance
to mass transfer in the liquid phase is assumed to be
negligible (31).

¢ The values of ., are calculated by dividing the mea-
sured kpa values by the effective area determined
in the second step. The experimental data are then
regressed.

A fifth approach uses a well-accepted correlation to de-

termine one of the transfer components, ie, a, k;, or k¢

For example, research has proceeded as follows (32):

® The interfacial areas are assumed to follow the Onda
correlation for the wetted surface area a,, (33).

® k. data are obtained by dividing measured k.a by the
wetted areas, a., from the previous step.

* kg data are obtained by dividing the measured kga by
the wetted areas a,, from the first step. The experi-
mental data are then regressed.

5

Tens of correlations have been developed during the last
fifty years. Excellent reviews of some of these correlations
are available (20,34). The most widely accepted models for
VOC packed tower air stripping are described in detail below
(26,30,35-39).

Sherwood and Holloway Model. Sherwood and Holloway
(35) studied the desorption of Oz, Hs, and CO; from water into
a countercurrent flow of air, in columns filled with a variety
of packing materials, over ranges of water flow rates ranging
from 0.27 to 43 kg/m%s and gas flow rates ranging from 0.04
to 1.8 kg/m?%s. The solutes were all gases, with Henry’s law
constants sufficiently large such that the liquid-phase resis-
tance controlled; this was indeed confirmed by the absence of
an effect of gas flow rate on the mass-transfer rate constant.
The transfer rate constant was correlated as follow:

1-n 0.5

Kie _ 10764 m( 0.3048Ly ) ( B ) (11)
D, ML pLDy

Kia = overall liquid-phase mass-transfer coefficient (1/h);
Ly = liquid loading rate (kg/m%h); u. = viscosity of liquid
(kg/h/m); pp = density of liquid (kg/m®); m,n = coefficients
dependent on the packing material; Dy = solute liquid-phase
molecular diffusion coefficient (m%h). Values of the empiri-
cally determined coefficients 12 and m are available for some of

packings (Table 1) (6,7,35).

Shulman Model. This model estimates &, kg, and a, sepa-
rately (26,30,36). The following equations are used to calculate
kr and kg

d,
—E=% = 25.ULpd, /1) (uer/pr/ 01 D)

(12)

kod, Dt
Do = 1.195(1 — €)°* (Grd,/1)%%* (ug /pcDg)™® (13)

where k. = liquid-phase mass-transfer coefficients (m/h);
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Table 1. Operated Empirical Constants for the Sherwood and Holloway Correlation

Empirical
Constants
Packing Type Size, in. (mm) m n Compound Tested Reference
Raschig rings (ceramic) 2.0 (50) 80 0.22 02, Hz, CO: 35
1.5 (38) 90 0.22
1.0 (25) 100 0.22
0.5 (12.5) 280 0.35
Ber! saddles (ceramic) 1.5 (38) 160 0.28
1.0 (25) 170 0.28
0.5 (12.5) 150 0.28
1.0 (25) 12 0.25 Chloroform 3
Saddles (plastic) 1.0 (25) 63 0.28 THMs 6
1.0 (25) 27 0.22 Chloroform 3
1.0 (25) 696 0.55 Carbon tetrachloride, PCE, TCE, 3
chloroform
1.0 (25) 972 0.68 Bromoform 3
Tri-Packs (plastic) 2.0 (50) 41 0.14 1,1,1-Trichloroethane 3
2.0 (50) 43 0.16 1,1-Dichloroethane 3
2.0 (50) 66 0.28 Trichloroethylene 3
kc = gas-phase mass-transfer coefficients (m/h); Gy = using liquid mass flow rates of 0.8 < Ly < 43 kg/m?/s and

gas mass flux (kg/m%h); ug = viscosity of gas (kg/h/m);
pc = density of gas (kg/m3); D = solute gas-phase molecular
diffusion coefficient (m%h); d, = diameter of a sphere having
the same surface area as a unit of packing (m); and ¢ = void
fraction of the packing. The interfacial area is given by the
following equation:

a, = mG™L'P (14)
where G’ and L’ are the liquid and gas loading rates in 1b/h/ft%.
Values of m, n, and p for some packings (Table 2). The ranges of
L., and G, used in the development of the Shulman correlation
were 3.5-32 kg/m%s and from 0.14—1.4 kg/m?%s, respectively.

Onda Model. The Onda correlation consists of three sepa-
rate equations (37). They provide for independent calculation
of the individual liquid- and gas-phase mass-transfer coeffi-
cients, £, and k¢, as well as the wetted specific interfacial sur-
face area for mass transfer, aw:

k= 0.0051(Ly /@ uer)*® (er/prDL) V2 (a,dp)®* (oL /prg)

(15)

ke = ca:Dg(Gy/aw1c)" (ue/peD)? (a,dp)2 (16
ay = a,[l - expl:-1.45(a'c/¢1'1,)°'75 (Rer)™"?

x (Frp)~00 (Wez_)o'z:” Qamn

in which @, = wetted surface area of the packing (m¥
m®); a, = total surface area of packing (m¥m®); d, =
nominal packing diameter (m); g = gravitational con-
stant (m/h?); c = constant = 2 if d, < 15 mm, otherwise
¢ =523; o.=surface tension of packing material
(kg/m?); o = surface tension of liquid (kg/m?); Re; =
Lys/a,u;, = liquid-phase Reynolds number (dimensionless);
Fr, = L%a./ptg = liquid-phase Froude number (dimension-
less); Wer = L%/a,pro¢ = liquid-phase  Weber number
(dimensionless).

The original Onda work was based on 400 data points from
engineered stripping absorption and evaporation systems

gas mass flow rates of 0.014 < Gy < 1.7 kg/m?/s. It consists
mostly of data from laboratory experiments with primarily
small packings. The largest packing were 2.54 cm (1 in.) in
size, but the majority of the data points were for much smaller
packing materials. A nice feature of this model is that it
can be used directly, ie, it does not contain parameters that
are dependent on the packing geometry. The value of such
parameters for the Sherwood and Holloway and the Shulman
models for a particular packing, especially for the newer types
of packing, may not be available in the literature. In which
case pilot-scale tests are required to calibrate these models.
The Onda model avoids this need.

Evaluation of Existing Correlations

The literature shows that existing models generally yield
satisfactory results for lab data. These data are primarily
comprised of small size packings of traditional shapes (38,39).
However, 30-50% deviations from predictions are often re-
ported in full-scale applications (2--4). Current applications
utilize modern packings that have different shapes and dif-
ferent hydraulic responses from those used to develop the
above mass-transfer correlations. Also the modern packing in
full-scale stripping applications are 2.54-15.24 cm (1-6 in.)
in size and made of propylene, whereas the correlations were
primarily based on much smaller ceramic packing materials.
In addition, the above correlations were developed for solute
concentrations encountered in chemical engineering appli-
cations, whereas groundwater air stripping involves solute
concentrations that are generally several orders of magnitude
smaller. Evaluations using large modern packings in full-scale
air strippers have been rather limited and some are of ques-
tionable quality.

The lack of good predictive ability of existing correlations
for full-scale applications is due to (I) the extrapolative na-
ture of the predictions; (2) the limited operating conditions
in the databases used to develop the correlations; (3) the
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Table 2. Interfacial Areas for Shulm;in Correlation for L' > 7500

Packing Size, in. (mm) Range of L’ a v ' y
Raschig rings 0.5 (12.5) 500-1500 8200 3.15(10"4)L' - 0.3 -1.04
1500-4500 9.32 0.151(10~4)L’ + 0.148 -0.111
1 (25) 500-1500 0.274 0 0.552
1500-4500 463 0.528(1074)L' — 0.0793 -0.47
1.5 (38) 500-1500 1.82 0.675(107%)¥ - 0.1013 0.274
1500-4500 4.85 0.148(10~4)L' — 0.022 0.140
2 (50) 500~1500 0.401 0 0.481
1500-4500 0.95 ] 0.362
Berl saddles 0.5 (12.5) 5001500 0.0336 0.0529 0.761
1500--4500 2.54 0.0529 0.170
1(25) 500-1500 15.89 0.686(10~*)L' — 0.1029 0
1500-4500 238 0.420(1074)L’ — 0.0630 -0.359
1.5 (38) 500-1500 0.613 - —0.0508 0.455
1500-4500 46.5 0.325(107%)L’ — 0.0996 0.1355

9 L’ and G’ are in IWh/it® (26,30,36).
b For G’ < 800 only.

limitations of parametric regression techniques used to gener-
ate these models; and () the changing nature of mass-transfer
relationships from one set of operating conditions to another,
that are not well understood and are poorly mimicked by cur-
rent models (4,40). As correlations, the Onda, Schulman, and
Sherwood and Holloway models are limited to the packing and
ranges of the operating conditions within which they were ei-
ther developed or verified. They are not necessarily reliable
outside these ranges.

The potential applicability of the Shulman and the Sherwood
and Holloway models is limited. For th~» Shulman correlation,
values for the crucial effective interfacial area for mass trans-
fer are available only for limited number of packing types. Vari-
ous models have been evaluated with data for 0.0125 m ceramic
Berl saddles. It has been noted that the Shulman model under-
predicts low Kya values and overpredicts high values (38). For
the Sherwood and Holloway correlation, parameter values for
new packings are lacking. Its developmental database included
ceramic Raschig rings and Berl saddles only. This model was
developed based on the assumption that only the liquid-phase
resistance controls the mass-transfer operation. It has been in-
dicated that this correlation appears applicable only as a data-
fitting relation for a given set of experimental test results (3).
In an attempt to determine the value of m and  for other con-
ditions of packings and compounds. A fairly wide variation in
the constants has been found as a function of raw water source,
packing type, and compound (41). The Sherwood and Holloway
relationship would anticipate m and n to be a functionof packing
but not of compound or water source. It has been indicated that
the Sherwood and Holloway correlation may give K.a estimates
suitable for design purposes for highly volatile compounds un-
der specific conditions with a stripping factor R of 10—15 (38).

The Onda model should not be used for stripping factors
(R) below 1.0 because it preduces unpredictable results (38).
The Onda correlation systematically overestimates the mass-
transfer coefficient Kia for packings having a diameter larger
than 2.54 em, which are typically used in full-scale applica-
tions. Most studies that used full-scale data with modern,
large-size packings of more than 2.54 cm (2—4) concluded that
the Onda correlation overestimates the overall volumetric

mass-transfer coefficient. The average error was found to be
40% and safety factors of 1.47 and 1.68 would be required to
account for 68 and 90% of their evaluation data, respectively
(4). For 81 of 85 full-scale systems reviewed, the Onda predic-
tions overestimate the K g with an average error of 35% (2).
This error should be even larger because the experimental K;a
values included end effects and the calculation of the error
was based on the deviation relative to the Onda predictions
rather than to the experimental values. In practice, these
inaccuracies have been temporarily overcome by reducing
the correlation predictions by a safety factor of 1.3 to 1.5.
However, the correlations do not always overestimate Kra, and
sometimes they overestimate K;a by a factor greater than 1.5,

Improvements to the Onda Model

Attempts have been made to improve the Onda correlation us-
ing large-scale data. Two of the main attempts are presented
below.

Gossett Method. It has been asserted that gas-phase resis-
tance was underestimated by the Onda correlation (38). In an
effort to build on this hypothesis, a link of transfer rate predic-
tion to relative gas-phase resistance values was sought using
the following equation (42):

%E = 100[(1 - a') — 1] + BRs[(1/6") — (1/a")] (18)

in which %E = percentage difference between Onda-predicted
Kia and measured K a, a’ and ' = modification factors for the
Onda individual liquid-phase and gas-phase mass-transfer co-
efficients, respectively, and Rg = percent gas-phase control as
predicted by the Onda correlations = kra/(H *kga) (3). @’ and
b’ are packing-dependent; they can be arrived at using equa-
tion 18 given supporting data (42). The adjustment values com-
puted produced no improvement in the predictive capabilities
of the Onda correlation for related data (3).

Djebbar and Narbaitz Method. The Onda correlation was
found to overestimate K, a for larger packing diameters (2—4).
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An equation was proposed to correct for the Onda prediction as
a function of the packing diameter (4).

- KLG
0.834 + 0.2931n(d)

where d = the packing nominal diameter in cm; and K;c and
Kia' = the Onda and the corrected Onda mass-transfer coef-
ficient, respectively. This correction is applicable to packings
larger than 2.54 cm in diameter. It is based on the Narbaitz
(43) database, which has been developed in a large pilot-scale
study using several modern large-diameter packings and
numerous full-scale operating conditions. The minimum strip-
ping factor in this database was 3, well above the critical value
of 1. More details about this database are available (43). The
experimental K;a values were based on concentrations strictly
within the packing media, so they are free of end effects. The
result of applying this correction to experimental data from
three different databases reduced the prediction errors from
35 to 17% (4).

(19)

KLG'

NONPARAMETRIC METHODS

In the parametric approach, the performance of a process
(the dependent variables) is predicted using a mathematical
function of a set of design and operational variables (the
independent variables) and a set of constants (parameters), for
example,

y = glx;) = axfx] (20)
wherey is the dependent variable being predicted; x; and x; are
the independent variables; and a, 8, and vy are the parameters.
The parameters are usually determined by parameter estima-
tion methods such as least squares regression.

Nonparametric models are alternative methods that over-
come some of the shortcomings of the parametric regression
approach. The nonparametric approach frees the discriminate
analysis from rigid distributional assumptions, like those
of the least squares method. The main advantage of these
techniques is the avoidance of model form selection. Indeed,
in nonparametric estimation, there is no need to assume a
relationship of prespecified form, since a relationship, which
is possibly complicated or of unorthodox shape, is generated
by the data points themselves. In recent years nonparametric
methods have shown exceptional performance as regression
tools, especially if used for pattern recognition and function
estimation. They have been successfully applied in other
domains such as geology, hydrology, process control, and in
market forecasting (44 —-47).

Two nonparametric methods have recently been applied
(48,49). These methods are the nonparametric kernel regres-
sion (NKR) and neural networks (NNS).

Nonparametric Kernel Regression

In nonparametric kernel regression, the value of a dependent
variable y at a given value of the independent variable x can be
estimated through a weighted average around x, that is:

k
E(Kyax) = m(z) = 7 > wil)y @D

i=1

VOCS, AIR STRIPPING FROM CONTAMINATED GROUNDWATER

where m(x) = the expected value of the independent variable
y at x; k = the number of neighboring observations; y; = the
observation at x; and w; = weight. The basic idea of the lo-
cal average m(x) is equivalent to the procedure of finding a lo-
cal weighted least squares estimate (46). As such, this estimate
m(x) takes advantage of the fact that more information about
m(x) is contained in the surrounding of x rather than in points
far away from x. Therefore more weight is given to the informa-
tion contained in the neighborhood of x and less weight is given
to the information contained in points far from x. In paramet-
ric estimation equal weight is given to the information in all
points, even though the process behavior within the neighbor-
hood of x is likely to be different from the process behavior in
points far from x especially in nonlinear processes such as air
stripping. The NKR method has been applied and the predic-
tion improved by more than 50% compared to the Onda model
using the Narbaitz database (Fig. 4) (4,43,49).

Neural Network Method

Neural networks have emerged as a powerful prediction tool.
The neural network approach has been used to simulate K;a
(48). In recent years neural networks (NNs) have shown excep-
tional performance as regression tools, especially if used for
pattern recognition and function estimation. The most impor-
tant characteristic of NNs is that no assumption has to be made
about the form of the functional relationship. Other important
characteristics of NNs are their high nonlinearity, their abil-
ity to infer subtle, unknown relationships from data, and their
capability to generalize, meaning they can respond correctly
to patterns that are only broadly similar to the original train-
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Figure 4. Comparison between the Onda correlation, cor-
rected Onda, NKR, and NN (4).
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ing patterns. NNs are inspired by the functioning mode of the
animal brain in which a great number of neurons are inter-
connected by their synapses as shown below. By analogy the
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neuron is defined as the basic unit of the network. This neu-
ron can receive one or more inputs, calculate the weighted sum,
and produce a unique output through the transfer function (4).

Inputvlayer

The K a predictions by neural networks improved by more
than 50% compared to the Onda correlation using the Narbaitz
database (see Fig. 4). The neural network predictions were
based on four variables only. They are liquid and gas flow
rates, packing surface area, and Henry’s law constant. Also
note that the error for the modified Onda was larger than the
17% reported earlier because a somewhat different database
was used in the evaluations in Figure 4. The NN predictions
were comparable to those obtained by NKR, and research
on the use of these techniques for the prediction of Kia is
continuing.

CONCLUSIONS

Mass-transfer theory in countercurrent air stripping towers is
complex and not well understood. Air stripping tower designers
using existing correlation should be aware of the limitations
the model being used. Traditional correlations greatly overes-
timate Kza for modern large-size packings used in current full-
scale air stripping applications. The Onda model is still the
best correlation for the prediction of K a. However, a safety fac-
tor in the vicinity of 1.5 should be used. The corrected Onda cor-
relation proposed by Djebbar and Narbaitz (4) is recommended
when designing modern stripping towers, yet a safety factor of
1.3 is still necessary to ensure adequate designs.

New prediction tools based on nonparametric techniques
are under development. They have shown promising results
and may constitute an alternative to the shortcomings of the
Onda correlation and parametric approach in general.
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IMPROVED ONDA CORRELATIONS FOR MASS TRANSFER IN PACKED TOWERS
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ABSTRACT

A comprehensive database for VOC stripping in packed towers was gathered from 15 field and pilot-scale studies. This
database is used to develop a new correlation based on the Onda model. The development of this new correlation
addressed the shortcomings of the Onda correlation which were identified in previous studies. The average error in the
new correlation was less than 26 % for both the development and the validation data.
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Volatile organic compounds, packed tower, air stripping, Onda correlation, random structured and packing.

INTRODUCTION

An estimate of the mass transfer coefficient, K} a, is necessary for the designer to determine the dimensions
of a packed tower to strip volatile organic compounds (VOCs) from contaminated ground water. This
estimate can be obtained using a pilot scale study which is expensive. A common alternative approach is to
use mass transfer correlations. Tens of correlations have been developed during the past fifty years (Au-
Yeung and Ponter, 1982), however, only few of them have been tested for conditions that are of

environmental concern.

Among existing models, there is agreement in the recent literature (Staudinger et al., 1990; Roberts et al.,
1985 and Lamarche and Droste, 1989, Djebbar and Narbaitz, 1995) that the Onda model (1968) is the best
Kya correlation for air stripping applications. The literature shows that this model yields satisfactory results
for lab data, i.e., conditions that are similar to those under which this model has been developed. However,
30 to 50 percent deviations from predictions are often reported in full-scale applications (Lenzo et al., 1990,
Staudinger et al., 1990 and Djebbar and Narbaitz, 1995). The lack of good predictive ability is due to: a) the
extrapolative nature of the predictions; b) the limited operating conditions in the databases used to develop
the correlations; c) the limitations of the parametric regression techniques used to generate these models;
and d) the changing nature of mass transfer relationships from one set of operating conditions to another,
that are not well understood and are poorly mimicked by current parametric models (Djebbar and Narbaitz,

1995; Bravo et al., 1992).

The objective of this paper is to address some of the above concerns and propose new correlations based on
the Onda et al. work. Point (a) and (b) are addressed through the new database gathered for this study.
Point (c) is under investigation by the authors (Narbaitz and Djebbar, 1996). Point (d) is addressed through

the improvement introduced to the Onda correlations.

NEED FOR AN IMPROVED MODEL
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phase mass transfer coefficients, ki and kg, as well as the wetted specific interfacial surface area for mass
transfer, aw. These equations are(Onda et al., 1968):

k, =0051(L, /a1 ), /p. D) (a,dp)™(p, /1, 8)™" o)
ke =ca,Dg(G/ a,p)" (Hg / psDg)*(adp)? (2)
a, = at{l —exp[-145(c / 6.)%" (Re, )® (Fr, )% (We,_)°'2]} (3)

in which ki = chemical-specific liquid phase mass transfer coefficient (I/T); kg = chemical-specific gas
phase mass transfer coefficient (I/T); a. = wetted specific surface area of the packing (LYL?; a, = total
specific surface area of packing (L*L?); Lt = liquid mass flux (M/L?T); G = gas mass flux (M/L?T); pL =
density of the liquid (M/L3); pg = density of the gas (M/L?); Dy = liquid diffusion coefficient (L¥T); Dg =
gas diffusion coefficient (LZ/T ); dp = nominal packing diameter (L); g = gravitational constant (L/T 2); c=
constant = 2 if d, <15 mm, otherwise ¢ = 5.23; ¢, = surface tension of packing material (M/T 2); oL = surface
tension of liquid (M/T?); Sc. = . /p, D, : Er = ad,; Mc= 6c/0L; ReL = Lifag;, = liquid phase Reynolds
number (dimensionless); Frp = szal/p;_zg = liquid phase Froude number (dimensionless); We, = sz/atp;_c( =
liquid phase Weber number (dimensionless); pL = liquid viscosity (M/LT); and, g = gas viscosity (M/LT).
M, L, and T refer to mass, length, and time units, respectively.

The two phase resistance theory postulates that the total resistance to interfacial mass transfer is equal to the
sum of the individual liquid phase and gas phase resistances, therefore:
1 1 1

K,a k,a Hkga @)
where Kja = the overall (liquid phase based) mass transfer coefficient, H is the Henry’s constant expressed as
the ratio of the mass concentration in the gas phase to that of the liquid phase (m® liquid/m® air). The original
Onda work was based on 400 data points from engineered stripping systems. It consists mostly of data from
laboratory experiments and it uses traditional packings of less than 25 mm in size. Onda and his coworkers
claimed that their model gives results within 220%. In Roberts et al., (1985) and Lamarche and Droste
(1989) studies the Onda correlations yielded an average standard deviation in the 20% ranges for packing
with diameter smaller than 15 mm. These test conditions are typical of laboratory test conditions.

Beside the general limitations enumerated in the introduction, which also apply to the Onda correlations, the
later was found to overestimate mass transfer coefficient in full scale columns that use modern packings.
Some attempts have been made to improve the predictive ability of the Onda model (Djebbar and Narbaitz,
1995, and Gossett et al., 1985). However, these attempts did not address the basic limitations of the Onda
model, and Staudinger et al. (1991) found that the Gossett et al. (1985) modification did not improve the

predictions when applied to his database.

In subsequent study, Dvorak et al. (1996) found that the Onda correlations overestimate the gas phase mass
transfer coefficient especially at low gas flow rates, which result in underestimation of the overall mass
transfer coefficient. Dvorak et al. (1996) concluded that the Onda correlations appear to result in significant
prediction errors for large random packing materials, and they recommended further improvement to the
Onda correlations. Dvorak et al. (1996) indicated that the form of the Onda correlations is appropriate and
that the parameters of the correlations only should be changed to reflect modern operating conditions. They
also indicated that the source of the error appears to in the wetted surface area and/or the liquid-film

resistance equations.

In their study, Djebbar and Narbaitz (1995) found that K;a is not constant along the depth of the tower as
assumed by the theory. This phenomena is not accounted for by present correlations. This finding is
confirmed by the work of Gross and Termaath (1985), who conducted experiments in which the only
variable that changed was the packing depth. Gross and Termaath found that K;a decreases with the
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are related to the adjustment of the wetted packing surface area associated with the shift from the liquid
distribution pattern of the distributor to the natural flow distribution pattern of the packing (Djebbar and
Narbaitz, 1995). The Onda correlations systematically overestimate mass transfer coefficient K, a for larger
diameter packings that are typically used in full-scale applications. The average error is found to be
40 % and a safety factor of 1.47 would be required to account for 68 % of Djebbar and Narbaitz database

(Djebbar and Narbaitz, 1995).

At the 68% confidence level, typical errors in the variables produce an error in the Onda predictions in the
range of 5 to 15%. Large part of the observed deviation is therefore attributed to the lack of fit of the Onda
model, which points to the possibility of improving the Onda correlations.

From previous studies it appears that: (i) the functional relationship of the Onda correlations seems to be
correct, (ii) the depth of the tower should be included in the correlations, (ii) the source of error appears to be
in the surface area and/or the liquid-film resistance equations. The objective of this paper is to address these
concerns and propose new correlations based on the Onda model. To undertake such task a database that is
comprehensive and representative of real world application is required.

DATABASE

Experimental data in the public domain were surveyed, and evaluated against strict criteria. When necessary,
supporting information was obtained directly from the appropriate researchers. The studies chosen from the
literature encompass a wide variety of operating conditions. These studies were conducted with modern full
scale operating conditions in mind. They include new packing media, optimum striping factors in the range
of 2 to 7, typical liquid loading rates of 0.4 to 2 m/s. This database is the most comprehensive database
gathered up to date. The total number of data points is 1450 data points, which is about three times the Onda
et al. database and took, in total, 12 literature studies to generate. Table 1 contains the packing used in this
database with their main characteristics, and Table 2 contains the VOCs used in this database with their main
characteristics. As Table 1 shows, this database contains performance data of structured packing.

Table 1 Names and main characteristics of packings in the database.

Packing Diameter Surface area
(mm) (m*m?)
Random packing
Rashig Rings 13 400
Ceramic Saddles 13,25 466, 259
Pall Rings; 16, 25, and 50 341, 220, 108
Tellerettes 25 and 50 180, 125
Norpac 38 and 50 145, 100
Hi-Flow Rings 50 97
Flexiring 50 115
Tripac 50 157
Cascade Minirings 50 and 76 210, 141
Flexisaddles 76 88.6
LANPACTM 89 137
Snowflakes 94 91.8
Structured packing
Munters ' 16 420

Flexipac 50 131
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coefficient, and Henry’s Law constant. Great care had to be taken in determining these physical properties
because they considerably effect the resulting mass transfer coefficient.

Table 2. List of VOCs used in this study

Compound name , Chemical formula Henry's cst. at
, 20°C
Dichloromethane CH,Cl, 0.0725
Bromoform CHBr; 0.028
Chloroform . CHCL, 0.11677
Bromodichloroethane CHCI,Br 0.095
Dibromochloroethane CHCIBr, 0.036
Carbon Tetrachloride CCly 0.985
Chloroethane C,H;Cl 0.3968
1,1-Dichloroethane C,H,Cl, 0.182
1,2-Dichloroethane C,H,Cl, 0.059
1,1,1-Trichloroethane C,H;Cl3 0.561
1,1,2,2-Tetrachloroethane C,H,Cl,4 0.016
Vinylchloride C,H;Cl 0.923
cis-1,2-Dichloroethylene C,H,Cl, 0.125
Trichloroethylene C,HCl; 0.302
Tetrachloroethylene C.Cls 0.557
1,2-Dichloroprpane C3HCl, 0.096
Benzene Ce¢Hg 0.23
Toluene CsHsCH, 0.19
Xylene - CH3C6I'I4CH3 0.45
Ethylbenzene CsHyo 0.27

Henry’s constant values were obtained from experimental studies such as those reported in Haarhoff and
Cleasby (1990), Gossett (1987), and Lamarche and Droste (1989). The liquid phase diffusion was
determined using Wilke and Chang correlation (Wilke and Chang, 1955), and the gas phase diffusion was
determined using the semi-empirical Fuller equation derived from kinetic theory principles (Staudinger,
1986).

DEVELOPMENT OF AN IMPROVED MASS TRANSFER CORRELATION

The evaluation process was conducted using basic statistical tools. The absolute average error, AAE, is
given by:

(KLa).,p - (Kl.a),,re

l n
=3 )
LU= (KLa)exp
and the average algebraic error, AGE, is given by:
1-& (KLa)e,p _(Kl.a),,,e
AGE = —3 6)

¢ e (KLa)exp
where n = the number of data points; and, (K,a),,, and (K a),. = the experimental and the predicted mass

transfer coefficients, respectively. AAE is a measure of average absolute deviation. AGE measures the
overall over-or under-estimation. As suggested by Roberts et al. (1985) the standard error of K, a should be

based on its logarithm transform , SEE;

n 05
SEE. = {-rl; Z (Log (K,_a)cxp —Log (Kl_a)m)z} @)

i=l
Finally, the interval limited by one standard deviation defines the expected 68% confidence level and it is
given by:
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By using a nonlinear, multiple regression program based upon the algorithm of Marquardt, the experimental
results were fitted to a modified Onda correlations as will be explained in the following. The modifications
of the Onda correlations took into account the concerns noted in previous sections. In each of the following,
the data is randomly divided into two groups: one for development and the second for validation.

Modern applications of packed tower rarely use packing with small diameter. Furthermore, previous studies
concluded that the Onda correlations is reasonably accurate for small packing diameters (Robetrs et al.,
1985; Lamarche and Droste, 1989). Roberts et al. (1985) found that 68% of the predicted values lie within a
factor of 1.21 from the observed value of the database they developed. This accuracy agrees closely with
Onda’s own assessment (Onda et al. (1968). Therefor, the Onda correlations are adopted for packing
diameter that are smaller than 15 mm. The database used in this study contains packing larger than 15 mm,

70% of which have packing diameter equal or superior than 25 mm (1 inch).

Some modifications were introduced to the Onda correlations to account for the shortcomings pointed out in
previous sections. First, the liquid phase mass transfer correlation, equation 1, was rendered dimensionless

. Second, the gas phase Reynolds number was added

through the use of the Sherwood number, Sh = a
L%t

to the surface area correlation. Finally, the dimensionless number Zd, which is equal to the ratio of packing
height to packing diameter, is added to the liquid phase correlation, equation 1.

The result of the first series of analysis, through regressing the whole database, is shown in Figure 1. This
figure shows two distinct regions with two different trends. One corresponds to packing with diameters
smaller than 25 mm, the second corresponds to packings with diameters larger than or equal to 25 mm. Plot
of the results with other variables didn’t show any particular trend. Consequently, the database was divided
into two groups: smaller than 25 mm, and larger than or equal to 25 mm.

* Packing diameter > 25 mm

2500+
* Packing diameter < 25 mm .

2000+
15001
1000+

500 1

Regressed liquid Sherwood number

o

+

500 1000 1500 2000 2500 3000 3500
Observed liquid Sherwood number

Figure 1. Two region defined by packing diameter equal 25 mm.

o

The database with packing diameters larger than 25 mm contains 1078 data points. These data were further
divided into two groups. The first group contains 500 data points and the second group contains 578 data
points. The first data group were regressed using the new correlations forms and the following equations

were obtained. |
a, =a, {1 - exp[—- 0095(Re, )"*'(Re, )" (Fr,) " (We, )™ (Br)** (Mc)°"’]} ©)
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Figure 4 shows the results of goodness of fit tests for the 500 data points that constitute the developmental data set.
The improved correlations produced an average error of 23.5%, with 68% of the data is within a band limited by a
factor of 1.29 from the best fit line. The developmental data set as a whole is slightly overestimated with an average

algebraic error of 13%.
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Figure 2. Results of the improved correlations using the developmental data set.

Figure 3 presents a comparison between the Onda and the improved models. The average absolute error is
22% for the improved correlations while it is 29% for the Onda model. As expected, the Onda correlations
overestimated the mass transfer coefficient, and the average overestimation was 24%. The improved

correlations barely overestimated the results (AGE = 0.7%).

Figure 4 shows the variation of the error with the packing depth. The Onda correlations are independent of the
packing depth and, hence, produce a constant value, while the improved model’s predictions vary with the packing
depth. The improved correlations tend to overestimate K a at low packing depth. This may be due to residues of end
effects in the data which are more important in short columns. Also, It may be due to the effect of liquid distribution
system. Djebbar and Narbaitz (1995) found that the liquid distribution system highly affects the transfer
characteristics in the upper parts of the tower, and therefore it has a higher impact in short columns.
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Figure 4. Effect of packing depth on simulated K a.

CONCLUSION

Improved correlations which are based on the Onda model are presented. A comprehensive database formed
of full-scale experiments from different sources was used in the development as well as in the validation of
the improved correlations. This database is by far the most comprehensive and representative of real world
applications of VOC stripping in packed towers. The improved correlations addressed several of the
previously identified shortcomings of the Onda correlations. The average error for the validation as well as

for the development data was found to be less than 26%.
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NEURAL NETWORK ESTIMATION OF
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ABSTRACT

Existing paramectric corrclations have difficulties predicting the mass transfer coefficient for volatile organic
chemicals (VOCs) in modern air stripping packed towers. Neural networks have emerged as a powerful prediction tool.
They do not require mode! form selection which is a must for parametric regressions. In this study a neural network
approach was used to predict the mass transfer coefficient of air stripping towers. - Although based on only four variables,
the predictions improved by more than 50% as compared to the Onda correlation, the best existing parametric correlation.

KEYWORDS: air stripping, mass transfer cocfficients, neural networks, parametric regression, nonparametric
regression, volatile organic compounds.

INTRODUCTION

Many environmental problems fall short of complete thcoretical solutions because of their complexity and our
limited knowledge of the processes involved. Often, parametric regression techniques are used to model such processes.
These techniques require that the form of the functional rclationship, that relates the dependent variables to the
independent variables, be known or be assumed. The overall mass transfer coefficient in air stripping packed towers, K;a,
is an example of such a problem. There are tens of parametrically regressed correlations for the estimation of Kiain the
chemical engineering literature. The superiority of the parametric approach is evident when the real form of the
functional relationship is known; however, this is ofien not the case. The functional relationship for the mass transfer
coeflicient in packed towers is usually assumed to have the following form (Welty et al., 1976):

K,a=o(X)P(Y)...=g(X.Y,....a..,5...) Q)
where X and Y = dimensionless numbers such as Reynolds and Schmidt numbers which arc functions of the operating

variables; and &, B and y = parameters. The parametric regression approach reduces to the determination of the values of
the parameters using a parametric estimation method such as least squares regression.

Among all the existing parametric modcls, there is agreement in the recent literature (Roberts et al., 1985,
Staudinger ct al, 1990) that the Onda modecl (1968) is the best mass transfer corrclation. The literature shows that this
model yields satisfactory results for lab data. However, 30 10 50 percent deviations have been reported in full-scale
applications (Lenzo et al., 1990, Staudinger et al., 1990 and Djebbar and Narbaitz, 1995). The lack of good predictive
ability is due to: a) the extrapolative nature of the predictions; b) the limited operating conditions in the databases used to
develop the correlations; c) the parametric regression techniques used to generate these models; and d) the changing
nature of mass transfer relationships from one set of operating conditions to another, which are not well understood and
are poorly mimicked by current paramctric models (Djcbbar and Narbaitz, 1995; Bravo et al., 1992).

Over recent years neural networks (NN) have shown exceptional performance as regression tools, especially if used
for pattern recognition and classification. The most important characteristic of NN is that no assumption has to be made
about the form of the functional relationship. Other important characteristics of NN are their high nonlinearity, their
ability 1o infer subtle, unknown relationships from data, and their capability to generalize, meaning they can respond
correctly to patterns that are only broadly similar to the original training patterns. These characteristics make the NN
well-suited for predicting the mass transfer coefficicnt in packed towers. The objective of this study is to use NN to
predict Kpa. It is expected that NN will overcome the shortcomings of existing approaches. To achieve this, a large new
pilot-scale air stripping database is used. The results of this new approach will be compared to the Onda model
predictions.



PARAMETRIC VERSUS NEURAL NETWORK APPROACHES

Parametric models are the most common technique used to describe processes. They predict performance variables (i.e.,
Kya) as a mathematical function of a set of design variables (independent variables, X and Y in Equation 1) and a set of
constants (parameters «, § and vy in Equation 1). The values of the parameters are usually determined by a parameter
estimation method, such as the least squares regression, which have certain limitations and require large sets of accurate
data to yield satisfactory results. For the optimal properties of the least square estimates to be valid in parametric
approach, it is essential that the following assumiptions hold: (i) the values of the operating variables are exactly known;
(ii) the model form is known; (iii) the errors and the observed responses at each set of operating conditions have the same
variance; (iv) the errors (and the observed values of the responses) arc not correlated and thus are statistically
independent; (v) the errors are identically and normally distributed with zero mean and variance o®. It is obvious that the
above assumptions are almost never satisfied. A key assumption of parametric modcling is that the model form, i.e. a
mathematical expression to describe g in Equation (1), is known. However, this form is often unknown and always to
some extent subjectively assumed (Adamowski and Feluch, 1991). Once regressed, these models can be readily applied
using a simple calculator. It is also important to add that the smoothing process in parametric regression considers the
* entire data set, which makes it vulnerable to deviations due to outliers,

A fundamental concern in parametric regression modeling is the number of degrees of freedom. While it is
statistically valid to obtain an equation with as little as a single degree of frecdom, the resulting equation is of very limited
value as insufficient data was used to develop it. Thus, the larger the data set used to develop parametric regression
relationships, the greater the confidence in that relationship. Good quality data (assumption (i)) that are a must for
parametric regression are rare and expensive o access. Insufficient good quality data is always a major limiting factor in
the application of parametric regression methods.

NN, however, are very successful in estimating any type of function because they are highly nonlinear, in that they
can capture complex interactions among the input variables in a system without any prior knowledge about the nature of
these interactions. They can generalize, in that they can correctly process data that only broadly resembles the data they
were trainced on, i.e. developed, originally. They iolerate imprecisc or incomplete data, approximate resuits, and the

highly parallel, i.e., their numerous independent operations can be executed simultaneously. Paralle! hardware can
execute parallel calculations hundreds or thousands of times faster than conventional hardware.

But, NN are slow and expensive to train. However, once trained, the results are obtined quickly. They may fail to
find a satisfactory solution, however, this is much less of a problem than in parametric regression. Perhaps there is no
lcarnable function or perhaps the data is insufficicnt. It can be hard to account for NN results as these results depend on

themselves the result of a complex machine learning procedure. The above concems are rather theoretical and NN have
been successfully applied in many ficlds (De Vecaux et al., 1993; French et al., 1992; Hammerstrom, 1993a & b; Haykin,
1994). The main advantage of NN over parametric approach is the avoidance of model form selection. Indeed, in NN
there is no necd to assume a relationship of pre-specified form, as a relationship of possibly complicated or unorthodox
shape is generated by the data points themselves.

PARAMETRIC APPROACH

All existing mass transfer prediction models are parametric. These models have been discussed in Djebbar and
Narbaitz (1995), Au-Yeung and Ponter (1983), etc. As indicated earlicr, the Onda model is considered the best
correlation. The Onda model consists of three separate equations for the calculation of the individual liquid and gas phase
mass transfer coefficients, k¢ and kg, as well as the wetted specific interfacial surface area for mass transfer, aw. These

equations are:
ki =.0051(Le /2, Y2 (1 / pDLY (2, dp)*(p, / 1, g)™ 2
ks =ca,Dg(G/ aHe) (Mg / PcDg )m(audp)-z 3



a, = a,{1—exp[-1.45(cc/ 6, )™ (Re )™ (Fr )y 0% (We, )]} @

in which ky = local liquid phase mass transfer coefficient (L/T); ko = local gas phase mass transfer coefficient W; aw=
wetted specific surface area of the packing (L%L); a, = total specific surface area of the packing (L%L%); L, = liquid mass
flux (M/LT); G = gas mass flux (M/L?T); p_ = density of the liquid (M/L®); pg = density of the gas (M/L?); D, = liquid
diffusion coefficient (L¥T); Do = gas diffusion cocfficicnt Ly, dp = nominal packing diameter (L); g = gravitational
constant (L/T); ¢ = constant = 2 if d, <15 mm otherwisc ¢ = 35.23; o. = surface tension of the packing material (M/L?; o,
= surface tension of the liquid (M/L®); Re, = Lyay = liquid phase Reynolds number (dimensionless); Fr, = Lia/p,’g =
liquid phase Froude number (dimensionless); We, = LéfapLo, = liquid phase Weber number (dimensionless); Mo = liquid
viscosity (M/LT); and, g = gas viscosity (M/LT). M, L and T refers to mass, length and time units, respectively.

The two phase resistance theory postulates that the total resistance to interfacial mass transfer is equal to the sum of
the individual liquid phase and gas phase resistances, therefore:

——l—- = —1— + -—-1— )
Kia ka Hkgza
where Ka = the overall (liquid phase based) mass transfer coefficient; H. is the Henry's constant expressed as the ratio of
the mass concentration in the gas phase to that in the liquid phase; and a= a, in equation 4,

NN APPROACH

Research on NN begun in 1943 with the work of Mc Culloch and Pitts (1943). They demonstrated the capacity of
NN to calculate logic functions. But application of NN really started in 1982 with the works of Hopfield (1982). NN can
be defined as a highly parallel adaptive system capable of auto-improving by learning. These networks are inspired by the
functioning mode of animal brain in which a great number of neurons are interconnected by their synapses. By analogy
we define the neuron as the basic unit of the network. This ncuron can receive one or more input, calculate the weighted
sum and produce a unique output through the transfer function (Figure 1). Many transfer functions are available but the
most common one is the standard sigmoid (Figure 1).
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FIGURE 1: Architectural graph of a neuron

NN can be looked at as an association of a number of neurons; therefore, several type of network architectures are
possible. However, the best performing are the multilayer networks, which are able to simulate nonlinear problems. The

main idea of neural computing is the decomposition of the input-output relationship into a series of linearly separable
steps using hidden layers;
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FIGURE 2: Fully connected network with two hidden layers and one output layer

The mechanism of learning of a NN is as follows. First, we define the n input variables, the m output variables and
P neurons on the predefined hidden layer. At first the weights at each connection are fixed randomly. Once the network
is set, it is clear that for a set of inputs it produces a set of outputs that are different from the observed ones. At this stage,
it is necessary to change the weights at cach connection so that the outputs will coincide, as close as possible, with the
corresponding observed outputs. The known errors on the output layer are propagated back to the hidden layers to
determine the appropriate weight changes on the hidden layers. This process of weights calibration is called training, and
it may take long time. However, once trained, the nctwork response is instantaneous. The main difficulties with this
process is the choice of the network architecture and to a lesser degree the training algorithm. Various NN topologies
have been proposed to date such as Hopficld nets, Hamming nets, Carpenter/Grossberg classifiers, perceptrons, multilayer
perceptrons, and Kohonen self-organizing feature maps. Recent success in ncural network research is mainly attributed to
the achievements of multilayer perceptrons with backpropagation training algorithms.

CALCULATION OF WEIGHTS BY BACK PROPAGATION

Back-propagation algorithm has been proposcd by Le Cun (1987), which permits the adjustment of the weights of all
connections in the network. In back-propagation algorithms the exact number of hidden neurons and the connectivity
between layers must be specified before learning can begin. The most common way 10 choose the number of hidden
neurons is by trial and error. In practice, though, onc can't puarantee that the back-propagation will find the correct
weights for a given number of neurons and a particular training data set.

It is impossible to attribute the deviation between the network output(s) and the observed output(s) to a particular
weight(s) of a particular neuron(s). In back-propagation we use neurons with differentiable non linear transfer functions.
The algorithm calculates the partial derivative of the error relative to each weight in each neuron of the network. Then,
using a gradient descent procedure, an error criteria relative to the error at the output layer (in terms of the weights) is
minimized. This can be done as follows:

Define (Figure 3):
X; =output of the neuron j in the layer s
W] = weight of the ncuron Jjof the layer (s-1) to neuron i of layer (s)

ti = weighted sum of the inputs to neuron j of layer (s)
so we have

§=)wi &0 and  x=£() ®

The desired output is noted D=(d,, ..., d;, ..., dz) and the actual output is noted x=(x, ..., X;, ..., Xz). A quadratic
form, E(w), to evaluate the error, where w represent the weights is used;
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FIGURE 3: Definition of terms used in the backpropagation training algorithm

Weight adjustment is done through a gradient descent procedure, i.c.,
s - s s
wi wumed = Wi + Awij
0 E(w ®)
Aw; =—-C, ( - )
& wi
where C, is a learning coefficient that determines the speed of learning. The learning process is carried out as follow:
(i) input is presented to the network
(ii) an output is obtained
(iii)determine the relative deviation e’ for each weight as follows,

8 E(w
e} =- -—8 ( . ) )
Wi
where
SE(w) _ 8E(w) 8% _ , .. a0
ow; 8t dwj v
for the hidden layer
el = f(t;)g,e;’" wy! : 1y
and for the output layer
e, = 2(d, —x, )f(t,) 12)
Hence, we can determine all e} starting {rom the output layer moving backward (back-propagation) and finding all
0 E(w)

5w and then modifying the weights. This process is repeated until a convergence criteria is reached. Back-
it .
propagation is essentially a gradient descent method over an error surface.

The network architecture and the learning algorithm (back-propagation) presented here are merely representative,
Not all the details apply 0 all networks. Structural elements such as nodes, connections, layers, and weights are
practically universal, but the arrangements between them vary. For example, some networks lack a hidden layer, and
some have more than one. Other variations include nodes that feed back to earlier nodes, connections that skip layers,
and layers that are partly connected. No effective procedure has yet been published the optimal architecture for NN for
backpropagation prior to training of the network. However, an excessive number of hidden nodes will cause bad
generalization properties. In such cases, the NN would not be able to interpolate effectively between adjacent training
data points. Too few hidden nodes, though, will limit the competence of the network to locate an adequate “relationship”



between response and predictor variables. Various nctworks with different number of hidden nodes should be trained,
and the network which performs best on a test data set is then sclected as the most adequate architecture. Also, nodes
with very small weights would indicate the relative importance of this particular node compared to the other nodes.

SCALING OF THE DATA

The input node activitics of the neural nctwork should be small enough that the sigmoidal hidden nodes are not
saturated, i.e., their absolute values should not be 100 large. It is also imperative that the input values to the net are of the
same absolute order. During training each weight is adjusted according to the overall error gradient, which is directly
proportional to the magnitude of the input node. A very small input node will thus prevent the weight that connects it to
the hidden layer from making a significant contribution to the derivative of the objective function and will slow down the
training process. Scaling is oftcn accomplished through linear or logarithmic transformations. The latter is beneficial if
the values of a specific variable or function vary over different orders of magnitude. The logarithmically and linearly
scaled values are usually zero-mean-centered.

" DESCRIPTION OF THE DATA BASE

A critical part of this research is the data to be used. Experimental data in the public domain are abundant, however,
acccptable quality data that arc representative of real world applications are not. A new data base has been developed by
Narbaitz et al. (1995) in a large pilot-scale study using scveral modern large diameter packings and numerous full scale
operating conditions.

A schematic representation of the air stripping tower is shown in Figure 4. It consists of a 30-inch- (0.76 m)
diameter tower, with a total height of 29 ft (8.84 m) and filled with 15 ft (4.57 m) of packing. This tower can treat up to
200 gpm. It has five sampling ports within the packing located at 0, 2, 4, 8 and 14 £t (0.0, 0.61, 1.22, 2.44 and 4.27 m)
from the top of the packed zone, respectively. To break any wall flow, the column is equipped at 4 ft (1.22 m) intervals
with aluminum redistributor rings that extend 3 inches (7.62 cm) inwards from the column wall. The characteristics of
the packings tested are summarized in Table 1. The VOCs were studied in three multicomponent mixtures (Table 2)
consisting of approximately 100 g/l of each VOC. Table 2 lists the Henry's law constants and the diffusion coefficients
of the VOCs considered, as reported by Gossett (1987) and Haarhoff and Cleasby (1990). The minimum stripping factor
was three, well above the critical value of one (Roberts et al.,, 1985). More details about this data base can be found in
Narbaitz et al. (1995). The overall experimental Kia values were obtained based on the values of the VOC concentrations
at five depths. These concentrations arc strictly within the packing media, so they are free of end effects. Thus, the

Narbaitz et al. data base has a particular advantage, because they are used directly in the analysis without correcting for
end elfects.

Table 1 Characteristics of the packing material used in the
Narbaitz et al. data base

diameter surface

Packing name Company cm(in) area
(m#*/m?)
Cascade Miniring #2 Glitsch Inc, 7.62 (3) 150.86
Flexiring #2 Koch 5.08(2) 114,78
Flexisaddle #3 Koch 7.62 (3) 88.55
Tripack #1 Jeager Inc. 5.08 (2) 157.42
Nor-Pac #3 NSwW 3.8(1.5) 100.03
Nor-Pac #4 NSW 5.08 (2) 145

Snowflakes Glitsch Inc. 9.4 (3.7) 91.83




Table 2 Characteristics of the chemical compounds in the data base

Group Compound Name Formula Diffusion (m/s) H (20 °C)
Gas E-10 Water E-6  dimensionless

Chloroform CHCI, 9.23 9.18 0.117
1,1,1-Trichlorocthane CH.CI, 8.13 8.28 0.561
GI Carbon Tetrachloride CCl, 8.18 8.22 0.986
Trichloroethylene CHCI, ) 8.45 846 0.302
Tetrachloroethylene CCl, 7.61 7.59 0.557
Chloroform CHCl, 9.23 9.18 0.117
GII Bromodichloromethane CHCLBr 9.09 8.72 0.095
Chlorodibromomcthane  CHBr,Cl 8.96 8.37 0.036
Bromoform CHBr, 8.83 8.08 0.028
Toluene C.H,N 7.98 8.31 0.190
GIIl Chlorobenzene CH.Cl 7.48 1.7 0.160
M-Xylene CH, 7.21 7.52 0.450
M-Dichlorobenzenc C.H.ClL, 7.29 7.24 0.150

total depth Z sampling ports

FIGURE 4. Tower used in the Narbaitz et al. data base developpement

The experimental K,a is calculated by the following equation (Djebbar and Narbaitz, 1995):
=| L |« _R a (1-YR)+c, /R
KL“‘[sz] [R-an ¢ (I-YR)+c, /R (13)

where R = 'IP:II% = the stripping factor (dimensionless); ¢, = the liquid efflucnt VOC concentration at depth Z, the bottom
t

of the packing media (Figure 4) (M/L3): ¢, and c; = the VOC concentrations in the liquid at the depths z, and z,,
respectively ML} andz =z, - 2, (Figurc 4); H = the Henry's law coefficient on a volume to volume basis (1/atm); P, =
the total operating pressure (atm).

METHOD OF ANALYSIS

A FORTRAN program was developed to conduct the NN analysis based on the algorithm presented earlier. Two
thirds of the 538 data points were used 1o determine the optimum values of the weighting factors and the best network
architecture. The remaining one third of the data were used to validate the proposed prediction tool and to compare it
with the Onda model predictions.



The evaluation of the Onda corrclations was conducted using basic statistical tools. The absolute average error,
AAE, is given by:

AE = 13 [(Kia),,, ~(K.0),, |

14
n 1= (KLa)up ( )
and the average algebraic error, AGE, is given by:
AGE = 1 2 (Kx_a)e,,, - (KLa),,,

(15)
n S (KLa)up
where n = the number of data points; and, (KLa)exp, and (K12)pe = the experimental and the predicted overall mass

transfer coefficients, respectively. AAE is a measure of average absolute deviation, while the AGE is a measure of the
overall over -or under- estimation.

RESULTS

Four variables, believed to have the greatest impact in the transfer operation, liquid and gas flow rates, packing surface area,
and the Henrys law constant were used in the input layer and Kya used in the output layer. After a series of simulations a scheme
of onc hidden layer with five ncurons was selected (as shown below),

Liquid flow

Gas flow

> Kia
Henry's constant

Packing surface arca

FIGURE §: Architectpre of the selected network; one hidden layer with five neurons,

The results of the training stage in Figure 6 show a very high corrclation between the simulated and the experimental data.
The average error, 12.5%, is far supcrior to any of the previous parametric correlations at the developmental stage. For example,
the Onda model had an average error of 20% for its developmental data sct even though it involves 10 variables.

The results of the validation phase were also impressive. The NN predictions are superior (o those of the Onda model as
shown in Figure 7 and 8. The Onda model predictions had twice the average error of the NN predictions: 30% and 15%,
respectively (Figure 9). The large error of the Onda model is caused by the overestimation of Kya in 83% of the cases (Figure 9).
This is consistent with the findings of other reports in the litcrature. An overestimation of Kya is extremely undesirable as it
results in an undersized tower. Fortunately the NN predictions only overcstimated the K¢a in 20% of the cases. Figure 10 shows
that the NN approach was superior to the Onda model for all the packings. This superiority is also evident from the average error
versus packing diameter in Figure 11 and versus liquid flow rate in Figure 12. As shown in Figure 11, the magnitude of the
Onda model's errors tends to be function of the packing diameter as found by Djebbar and Narbaitz (1995). Lenzo et al, (1990)
and Staudinger et al. (1990) also showed that the quality of the Onda predictions deteriorate with increasing packing size. The
Onda correlation’s predictive quality was unaffected by liquid loading, while the NN predictions improved with increasing liquid
loading (Figure 12). Presently, NN modeling is being extended to include other variables, such as packing depth, packing
diameter, physico-chemical characteristics of the gas and liquid involved, etc. In addition, the validation is being enlarged to
incorporate other data scts.
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CONCLUSION

This paper presents a nontraditional approach to the analysis of mass transfer coefficient in air stripping towers using a
ncural network model. As a first siep, weights o

ptimization and architccture sclection of the NN model was performed
using a large new sct of experimental data. Four key variables were used in the model development. They are packing
surfacc area, Henry's constant, and liquid and gas flow rates. In the validation step,

the NN model had an crror of 15%
which represents 50% improvement over the Onda model predictions.
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Architecture Selection

The exact number of hidden neurons and the connectivity between layers must be specified prior

to the network training. There is no effective procedure that identifies the optimal architecture of

the network prior to training. The number of hidden layers and number of neurons in each
hidden layer is determined via a trial and error procedure. There some general guidlines for the
selection of the architecture and training, these are:

* An excessive number of hidden nodes may cause the network to memorize the training data.
In such cases, the NN would not be able to interpolate effectively between adjacent training
data points.

e Too few hidden nodes, on the other hand, will limit the network’s ability to locate an
adequate “relationship” between response and predictor variables.

e The network with the most compact architecture is preferable, therefore the architecture
selection starts with the smallest number of hidden layer and neurons and increases in size
as necessary.

e The initial step in the analysis investigates the required input to the network. Experience
learned in previous work using the parametric and nonparametric approaches (Djebbar and
Narbaitz, 1995b, 1998, Narbaitz and Djebbar, 1996) was used to select the input variables.
The selection of the input variables was done via atrial and error procedure and by
incrementing the number of inputs from one up. Several training runs were conducted using
different numbers and combinations of variables. The best input representation consists of
eight dimensionless numbers. These are liquid and gas phases Reynolds numbers, liquid
and gas phases Schmidt numbers, Froude number, Weber number, packing efficiency
number, and the geometry number, Ge.

e The first hidden layer should not contain more neurons than the number of input variables,
i.e., eight, to avoid memorization of the network.

e If the data is noisy, which is in our case, it is helpful to have less neurons in the first hidden
layer than in the following one, i.e., the second hidden layer.

e Nodes with very small relative weights usually indicate the small importance of the

particular node compared to the other nodes, and its elimination should be investigated.

Training and Validation Data.
Various networks with different numbers of hidden nodes should be trained, and the network

with the best performance on a test data set should be selected as the most adequate solution. It
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is important to have training and validation data, which must be separate. The following

considerations defined the subdivision:

The subdivision was completely random. Some of the validation data were not used in the
training. For example Michael et al., 1991 Rukovena (1987), Raczko et al. (1985), Hess et al.
(1983), and Cline et al. (1985). However, some other validation data.

The data transformation was done via a trial and error procedure. Linear, logarithmic and

normal transformation were used using the following equations, respectively:

X, =ax+b (4a-1)
X
X, = Log(;) (4a-1)
X, = —— (4a-1)
84

where x, = the transform of x; X = sample mean value; and sy = sample standard deviation, a
and b coefficients that transforms x to values between -1 and 1. However, the normal
transformation produced better results.

Training will end if one of the following conditions is met: (i) the number of iteration equals
25,000, or (ii) the error between successive iteration is smaller than 0.001%. All the training

sessions ended at the maximum number of iterations. An example of a training session

produced the following results:

Table 4A.1. Erros resulting from a typical training session.

Number of iterations 100 1000 10000 15,000 20,000 25,000
Elapsed time, hrs 0.096 0.95 9.1 14.2 18.9 232
Error, % 70 44 35 33 31 30

A typical training session lasts about 24 hrs in a Pentium Pro, 300 MHz IBM compatible PC.
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Data Base

Table A5-1 Studies author as presented in Table A5-3.

D Author Number of data
points

1 Narbaitz et al. (1998) 698

2 Cummins (1988) 105

3 Cummins and Westrick (1983) 104

4 Lamarche And Droste 150

5 Roberts et al. (1985) 300

6 Gossett et al. (1985) 280

7 Lang (1991) 67

8 Gross and Termaath (1983) 54

9 Michael et al. (1991) 6

10 Rukovena (1987) 54

11 Byers and Morton, 1985 24

12 Hess et al. (1983), Cline et al. (1985), Raczko et al. (1985) 80

13 Umphress et al. (1982) 12

Table A5-2. Surface critical tension of several material (N/m2)
Packiggf Material Water Ceramic PVC 2olyethylen Giass Carbon Paraffin  Metallic
ID# 1 2 3 4 5 6 7 8
Surface Critical tension 0.073 0.061 0.04 0.033 0.073 0.056 0.02 0.071

Page 2
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Figure A6-1. Organigram of the Neural Network Solution
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C

C

THE NEURAL NETWORK FORTRAN PROGRAM

LASTCHANGE: YD 17 OCcT98 8:09 PM
PROGRAM MASS TRANSFER COEFFICIENT USINF NEURAL NETWORK

LAST UPDATED: YASSINE DJEBBAR 19 JUNE97 0:28 AM

REAL MEAN(20), DEV(20), W(6,10,20), A(20), B(20), SUMM(20)
REAL Y(20), D(6)

INTEGER INODE(20)

CHARACTER*12 INPUTO, INPUT1, INPUT2, OUTPUT

WRITE(*,*) " THIS PROGRAM ESTIMATES THE MASS TRANSFER COEFFICIENT’

WRITE(*,*)’ FOR AIR STRIPPING TOWERS’
WRITE(*,*)’ BY YASSINE DIEBBAR’
WRITE(*,*)INPUT_NET, INPUT-DIM, INPUT-TRS, OUTPUT’
WRITE(*,*)

READ(*,*) INPUTO, INPUT], INPUT2, OUTPUT

OPEN (5, FILE=INPUTO, STATUS="OLD’)
OPEN (7, FILE=INPUT], STATUS="OLD’)
OPEN (8, FILE=INPUT2, STATUS="OLD’)
OPEN (6, FILE=OUTPUT, STATUS="UNKNOWN’)

! FILE UNIT# 5 CONTAINS THE NEURAL NETWORK DATA:
NUMBER OF INPUT DATA POINTS INODE(1)
NUMBER OF NODES IN LAYER 1 INODE(2)
NUMBER OF NODES IN LAYER 2 INODE(3)
NUMBER OF OUTPUTS 3 INODE(4)
READ(S,*)

READ(5,*)

READ(5,*) NLAYER, (INODE(I), I=1, NLAYER)
READ(S,*)

READ(5,*) DET, TMAX, TMIN

READ(5,%)

READ(5,*)

READ(S,*) (MEAN(J), J=1,INODE(1)+1)
READ(S,*)

READ(5,*) (DEV(J), J=1,INODE(1)+1)
READ(5,*)

READ(7,*)
READ(8,*) N ! NUMBER OF DATA POINT

DO I=2, NLAYER
DO J=1,INODE(I)
READ(S,*)
READ(S,*) (W(I-1,3,K), K=1, INODE(I-1)+1)
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END DO
READ(S,*)

END DO

DOI=1,N

! TRANSFORMATION OF THE DATA
READ(7,*) KN, (DAT(J), J=1, 26)
CALL DIMENS(DAT,B)
DO J=1, INODE(1)

A(J) = (B(J)-MEAN()))/DEV())

END DO
A(INODE(1)+1) = 1.

! NEURAL NETWORK FEED FORWARD CALCULATION
! REPEAT FOR EACH LAYER: HIDEN LAYER AND OUTPUT LAYER
DO IK=2,NLAYER

DO K=1,20
SUMM(K) = 0.

END DO

DO J=1, INODE(IK)
DOK = 1, INODE(IK-1)+1
SUMM(J) = SUMM(J) + W(IK-1,J,K)*A(K)
END DO
END DO
DO J=1, INODE(IK)
AQ)) = (1-EXP(-DET*SUMM(J)))/(1+EXP(-DET*SUMM(J)))
AQ) = 0.5%((TMAX-TMIN)*A(J) + (TMAX+TMIN))
END DO
A(INODE(IK)+1) = 1.
END DO

! BACK TRANSFORMATION OF THE DATA TO NORMAL SCALE

DOK=1, INODE(NLAYER)
Y(K) = MEAN(INODE(1)+K) + DEV(INODE(1)+K) * A(K)

Y(K) = Y(K) * DAT(16)*DAT(11)/DAT(17)
END DO

DO K=1,INODE(NLAYER)
WRITE(6,100) NK, Y(K)
END DO

100 FORMAT(14, 1X, E10.3)

END DO
END PROGRAM
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SUBROUTINE DIMENS(DATA,B)
DIMENSION DATA(30), BIM(20), B(20)

C

C REL =BIM(1), REG =BIM(2), SCL = BIM(3), SCG =BIM(4)

C FRL =BIM(S), FRG =BIM(6), WEL = BIM(7), WEG = BIM(8)

C OM= BIM(9), ER = BIM(10), GAL = BIM(11), GAG = BIM(12)

C  TSL =BIM(13), TSG = BIM(14), SHF = BIM(15), SHL = BIM(16)

C  As= BIM(17), HD = BIM(18), HAD = BIM(19), YAS = BIM(20)

C
DIM(1) = DATA(3)/DATA(16)/DATA(9) 'REL = L/A/V
DIM(2) = DATA(4)/DATA(16)/DATA(10) ! REG
DIM(3) = DATA(9)/DATA(7)/DATA(11) 1 SCL = V/RO/D
DIM(4) = DATA(10)/DATA(8)/DATA(12) ! ScG
DIM(5) = DATA(16)*(DATA(3)/DATA(7))**2/9.81 ' FRL = A*L/RO
DIM(6) = DATA(16)*(DATA(4)/DATA(8))**2/9.81 ! FRG

DIM(7) = DATA(3)**2/(DATA(16)*DATA(14)*DATA(7)) ! WEL = L/A/SIG/RO
DIM(8) = DATA(4)**2/(DATA(16)*DATA(14)*DATA(S8)) ! WEG

DIM(9) = DATA(15)/DATA(14) ! OM = SIG/SIG
DIM(10)= 1/DATA(16)/DATA(2) 'ER = 1/A/Z
DIM(11)= 9.81*(DATA(7)/DATA(9))**2/DATA(16)**3 ! GAL = RO/V/A
DIM(12)= 9.81*(DATA(8)/DATA(12))**2/DATA(16)**3 !

DIM(13)= DATA(9)**2*DATA(16)/DATA(7)/DATA(14) ! TSL = D*A/RO/SIG
DIM(14)= DATA(10)**2*DATA(16)/DATA(8)YDATA(14) !

DIM(15)= DATA(16)*DATA(17) ! SHF = D*A
DIM(16)= DATA(7)/(DATA(9)*9.81) ! SHL = RO/D
DIM(17)= DATA(16)*DATA(17) I AD = A*D
DIM(18)= DATA(2)/DATA(17) !ZD =Z/p
DIM(19)= DATA(16)*DATA(17)**2/DATA(2) ! ZAD = AD/Z
DIM(20)= DATA(23)*DATA(17)/(DATA(16)*DATA(11)) ! YAS = KLA*D/D/A
B(1) =DIM(1)

B(2) =DIM(2)

B(3) =DIM(3)

B(4) =DIM(4)

B(5) =DIM(5)

B(6) = DIM(7)

B(7) =DIM(17)
B(8) =DIM(18)

END SUBROUTINE
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INPUT DATA FILE

NN DATA: 4 LAYERS: INPUT LAYER = 8, LAYER(2) =3 LAYER(3) =5, LAYER(4) = 1
NLAYER IN_LAYER H_LAYER(1) H_LAYER(2) N_LAYER(N)
4 8 3 5 1
TRANSFER FUNCTION GAMA MAX MIN
0.01 11.000 -4.000

MEAN VALUES

9.69E+01 2.63E+02 1.04E+03 1.80E+00 4.02E-03 2.00E-02 6.56E+00 1.04E+02 1.74E+07
STANDARD DEVIATION VALUES

6.08E+01 2.73E+02 3.30E+02 1.43E-01 4.15E-03 2.01E-02 1.87E+00 5.25E+01 1.66E+0Q7

LAYER(1)

-52.9158 10.2173 64.8027 -28.312 13.0119 -43.2943 -23.6880 34.3368 24.465542
LAYER(1)

-61.7820 -2.4606 -105.485 8.5049 108.1074 -6.4658 9.5473 154.3216 56.1444
LAYER(1)

80.7816 -5.0687 22.8984 -3.1711 -9.9195 -27.5760 -10.6312 -23.6447 -6.03

LAYER(2)

8.8658 -13.4570 -53.3897-7.5133

LAYER(2)

101.6104 -7.7274 49.8860 11.2096
LAYER(2)

16.5340 62.5937 -18.6890 0.4384

LAYER(2) | .

-18.3272 -52.3305 15.2771 12.0818
LAYER(2)

42.1601 170.8592 97.8818 3.2192

LAYER(3)
-3.9176 -2.6876 14.2641 17.5710 -20.4170 34.5172





