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- . “ABSTRACT SRR

-

ii,

. It was discovered a few yeérs“agohthat g?oundwater un—

der a Gloucester landfill site, near Ottawa, Ontaria, was

- ing towards water supply wells, methads of treatment had to

be caonsidered. :

In recent years, many - studies on the treatment by

- péckea column  air “stripping ~of water contaminated with

.. volatile agrganics were carried out. In most cases, the sin-

gle'phase resistance model of Sherwood and Hollaway (1940)

‘was used to predict mass transfer rate constants. @ study

by Roberts et al. (1982), however, showed that a two phase
resistance model such as the madel of Onda et al. (1948) may
be maore appropriate for air sfripping of organics.

The study of Robérts et al. was carried out using ane

type of packing only. Experiments were undertaken using

) : . . .- - /
contaminated with organic emicals, many. of which were
oo .' + ‘ N o
known to be toxic. As the ntaminated groundwater was mov-

. . . - 5
three .other packing types and sizes, to verify the results

of Roberts et al. (1982). Foer each packing type, experi-—

1

and at ,thrée ar four packing depths. Six volatile organic

T ~ ~

chemiéals iound “in the Gloucester contaminated groundwater
were stripped. *
As the Henry's law constants were not available for all

compounds at - all experimental conditions, they were deter-

12

ments were carried out at three liquid and gas flow raﬁes,,'



. ii1i

mined by a closed.'system method at two temperafures, and

temperature correlations were developed.

"For 12.7 mm Raschig rings, the experimental mass trans-

fer ra%e ‘conétant5, Eumguted by a methodhpresented by Ka-
vanauéﬁ éﬁd‘ TfusséIIS(IQBO),.gére cdmpared to méss transfer
.rate canstants predicted by thé models‘ ofi.Unda et al.
(196é), Sherwood - .and uHollDway\ (1940), and Shulman et
al.(1955c).. The mqdel 6; Dnd; et al. (1948) yielded better
estimates than the d£ﬁer‘twu‘quelé. |

Expérimental mass trgnsfe;_ratE' constants‘ were also
xcompared:to Onda“’s estimateg'fuf 12.7 mm Intalox@® saddles, a
packing for whiﬁh Onda“’s @ndel wés ‘not initially.derived;
again, the estimates were'gbudf"' j '

It was concluded th§£.the mudei_b{ Onda et al. ;felded
better estimates of maés_"transfer ratericonstantE than the
other two modglsiconside;ed,; Thé eétiﬁéteg of Sherwood and
Holloway's model for the most valatile cumpcqnds were:reé—
sonable. ) . .

The present Qork also showe&‘thaf gmpty cqlumn tests
should be performed ta. evaluate end effects (removal above
and belaw the packing). The eﬁd effects bptaihéd'b; gxfrap-
olation o{_'mass transfer data ob#eined ;t variéus'packingx

depths to a depth of zero were unreliable.
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.dlameter of a sphere having the same surface area as a

‘unit of” packing (m)

Froude number ((dimensionless)

‘fugacity of solute (atm)

gas mass-flux (kg/m=-g)
molar flux of gas (kmole/m=-s)
gravitational acceleration constant (2.81 m/s=)

Henry's law constant (mass concentration/mass concen-
tration) o

Henry's law constant (atm)

Henry s law constant (atm-m>/mole)

Henry 's law constant (mole fraction/mole fraction)
Henry's law constant of component 1 of solution i1n sol-
vent Jj (mass concentration/mass concentration)
Henry's law constant of component i of solution in a
mixture of two solvents (mass concentration/mass con-
centrat1on)

he1ght of a transfer un1t (m)

empirical parameter in Shulman et al. s modell for 1n-
terfacial area

intercept;‘in“the equation of the line of best fit

rate of mass transfer per unit volume of packing
(kmaole/s?

constant in H vs T correlation :

ratio of activities of species (eguilibrium constant)
overall mass transtfer coefficieny based on the gas
phase driving force (m/s)

overall mass transfer coefficient, based on the liquid
phase driving force (m/s)

pverall transfer rate constant based ol the llquld
phase driving force (s™1)

gas phase mass transfer coefficient (m/s)

‘gas phase transfer rate constant (s—1)

gas phase mags transfer coefficient. (kmole/s-m=-atm)

'ligquid phase mass transfer coefficient (m/s)

liquid phase transfer rate constant (s1)

liqdid mass flux (kg/m¥:s)
molar flux of liquid (kmole/m=3-g)
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molar weight of air (28.97 g/male}
gas phase molar weight‘(kg/mole)
liquid phase molar weight (kg/mole)
molar weight of solute (g/mole)
molar weight ratio (mole/g)

number of observations

number of transfer units (dimersionless)

number of transfer units equivalent to end effects
(dimensianless)

net number of transfer upits, representing removal in
the packing only (dimensionless) _

total number of transfer units (dimensionless)
empirical packing parameter in Sherwood and Holloway 's°
model

power input (W)

baraometric (ambient) pressure (mm Hg)

total rotameter ‘s inlet pressure (mm Hg)
partial pressure of caontaminant {(atm)

gauge pressure at rotameter s inlet (mm Hg)
ambient pressure (atm)

vapour pressure of contaminant (atm)

gas volumetric flow rate (m™/s)

gas volumetric flow rate at standard temperature and
pressure (m¥/s)

gas volumetric flow rate read from rotameter conversion
chart tmS/s}

liguid volumetric flaow rate (m>/s}

empirical parameter in Shulman et al. 's model for in-
terfacial area

universal gas constant (1.987 kcal/kmole-<k: 0,082057
l-atm/moles- =K} ‘

Reynolds number (dimensionless)

gas phase resistance to mass transfer (s)

liquid phase resistapce to mass transfer (s)

total (overall) resistance to mass transfer (s)
coefficient of determination (dimensionless)

residual —_

stripping factor {(dimensionless)

Schmidt number (dimensionless)

Sherwood number (dimensionless) )
standard deviation of a set of variables w

. variance of the mean estimated value of vy,

variance of vy, esti@ated by the regression line
standard error of estimate (dimensionless)
slope, in the equation of the line of best fit
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temperature {<C)

absolute temperature (=K} .

compressed air absolute temperature (=R)
packed column room absolute temperature (=)
Student ‘s t statistic

time (s)

initial time ($)

" number of equilibratibna (in-multiple equilibrations

technique)}

molar volume of air (20.1 cm™>/mole) / ‘
molar volume of solute, estimated by(LeBas itncremental
method {(cm=/mole)

empty bed volume (m™) : -

gas volume (m™) . . -

liquid volume (m™)

molar volume.of solute, estimated by the.incremental
method used by Fuller, Schettler, and Giddings
(cm=/mole) f o
coefficient of wvariation of a set aof variables w

Weber number (dimensionless)
independent variable

average of a set of variables w

mole fraction of solute in effluent liguid (mole/mole)
mole fraction of contaminant in the gas phase
{mole/mole) .

mole fraction of solute in effluent gas (mole/mole)
mole fraction of solute in influent gas (mole/mole)

mole fraction of contaminant in the gas phase, 1N equil-
librium with the liquid phase {(mole/mole)

mole fraction of solute in influent liquid (mole/mole)
mole fraction of component 1 of solution i1n the liquad
phase (mole/mole) <

mole fraction of contaminant in the liquid ‘phase
(mole/mole) '

"mole fraction of cohtamfnant in the liquid phase, in

equilibrium with the gas phase (mole/male)
solubility of the solute in the liquid phase, expressed
as mole fraction (mole/mole)

dependent variable

packing depth (m) -
rotameter ‘s manometer liquid level, low pressure side
(mm H=0) ! )

column’s manometer liquid level, low pressure side (mm)

rotameter s manometer liquid level, high pressure side
(mm H=0) . o



Z.. column’'s manometer 11qu1d level, hlgh pressure side

Z+ 22?;1 submergence of gas inlet (water depth: m)

< emp1r1ca1 packing parameter in Sherwood and Holloway's
™~ model -

i constant in the total haldup equation

Y activity coef?iﬁient of a solute

o - " -
Y1, activity coefficient of component i in solvent j at in-
finite dilution ‘*\\

aH enthalpy change at standard state ‘kJ/kmole).
Apo  gas pressure drop in packing (N/m=) o
OpPoc pressure drop correction for end effects (N/m=)
Apar total pressure drop in column {(N/m=)

¢ operating porosity (vaolume of voids/total volume, di-
mensionless) .
L dry packing porosity (dimensionless)

O superficial hydrauliq residence time (s) -«
s * gas’ (air) viscosity (kg/m-s)
N liquid (water) viscosity (kg/m-s)

fo gas density (kg/m™)
P liquid density (kg/m™)

$m packed column manometer f1luid density (kg/mﬁ)

G critical surface tension of packing materlal (N/m)

G surface tension of liquid (N/m)

$ cnnstant (dlffused aeratiaon H determ:nat1mn technique;

m—1)

He total holdup (volume of liquid in bed/total rvolume, di-
mensionless) /

Ya ratio of transfer rate constant of compound 1- to that
of oxygen (s/s)

Subscripts

A . based on total specific 1nter+ac1a1 area
A refering to system A
ass. § based on assumed S value

act. S ~ based on actual S value

R refering to system R

D . based gn characteristic diameter
£] of gas )

i of compound °i
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of liguid . : : s

of oxygen
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predicted .
based on wetted cspecific interfacial area

Abbreviations

PYC -
TCE ’
UHF
1,1-DCA"
1,2-DCA

Acronyms
AWWA
ESE
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polyvinyl chlaride
trichloroethylene
ultra-high purity
l,l—dicﬁloroethane
1,2-dichloraoethane
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CHAPTER 1

INTRODUCTIGN

4

1.1 Organics in the Environment

Finding an uncontaminated water saurce is increasingly
difficult in - today’'s -world. Nglman (1984) states Vthat
"priétine“ sources of waterlnn IongeF exist. There is con~’

‘‘cern with the apparent acé;mulafion of hydrocarbons, ni-
trates, heavy metals, and tdxic Drgap%cs in groundwater

(Jackson, 1983). A .similar Situation can be observed for

surface waters.

Of.these -chtaminants, the arganics are qf ﬁarticular
concern. Many Drd&ﬁic spécies are not captured, even by ad-
vanced (tertiary' ievel) treatment operations. The speciéé
that Su;vive are generally highly volatile, low moiecular
weight, relatively non—polar organics fﬂl—Dhnwalia,_l?BZ).
Due to- the increasing water demand, water sources.contami-

nated with organics must also be used; for example, recent

- ?
5

Surveys of water supply wells in . Michigan, Minnesota, gnd
Niscpnsin,.(U.S.f detected vogatile organic chemicals in 4
to BZ of the sites (AWWA," 1985b). Wolman (1984) mentions
l~§h§t although the significance of'ihe health effects of or-
ganics in water is still unknown, lnrganics represent a

threat to present and futqre.populatjons. The U.S. Environ-
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méntal Protection Agency (U.S5. EPA) recently published final
and proposed recommended méximum contaminant levels, ranging
from O to 2000 pg/1, for 8 vulaéile Drgénic chemicals and 24
synthetic arganic chemicéls (AWNA, 198535.

‘ Air stfjpping 1s a promfsing method for .removing vola-
tile contaminants, su;h as vaolatile organics, from water
(Raberts‘ét' al., 1982; Al-Dhowalia, 1982}). Packed towers
can be Qéed to achieve air stripping at relatively. low caost

(Roberts et al., 1982).
1.2'Drganic5 at Gloucester

A landfill site in Gluucest%? (near Uttaﬁa, Ontario,
Canada) was used in tHe 1960°'s and 1970’'s to dispose of hos—
pital and laboratory wastes, émong athers. Stuaies carriéa
Ddt by the National Hydrology lResearchn Institute (En-
vironment Canada) identified plumes of arganically con—
taminated groundwater from this‘ site migrating s}owly to-
wa?ds populated areas where wells are used as potable water
sources (Jackson and Graham, 1983). These plumes contained.
chloroform and  benzene 1in concéhtratimés exceeding the pro-
posed World Health Drgahizatipn drinking water guideiines.
Toluene, tetrahydrofuran, diethyl ether, dichloromethane,
1,1—dich10roethéhe, and many other chemi;als were alsao iden-—
tified (Jackson and Graham, 1953). ‘

Since water supply wells were threatened, methaods to

contain and treat ‘the groundwater had to be found. Packed

column air stripping was one of the alternatives considered.
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Roberts et al. (1982; 1783), studied packed column air strip-—
ping, concentrating particularly on verifying the accuracy

af existing mass transfer rate constant correlatiaons for air ~
- v

stripping'b% volatile organics, and on relating the crgénics
mass transfer to the readily measurable oxygen® transfer.h
The methods available tg evaluate end effects (air stripping
above and below the packing) in the packé& column were alsn.
compared. ~ ' K

These studies were carried out with precision, but for
only one lpacking mate;ial, namely 12.7 mm Berl saddles, and
at loading rates different from typical full scale applica-
tions rates. It was thus felt that there was room for fur-

ther studies.
1.3 Objectives

The objectives of this work were:
1. To verity the performance of the mass.transfer rate con-
stants correlation models of Onda et. al. (1968), Sher-

wood and Holloway (1940), and Shulman et al. (195Sb,c),

+

for anaother ﬁackihg material, npamely 12.7 mm Raschig;
rings, at operating conditions typical of full scale ap-
piications, for air stripping of volatile dkganics cover—
ing auwide range of volatilities,

2. Tur verify the performance of the mndei "'of Onda et‘al.
(1968) ta predict mass _transfer rate canstants for ‘a

packing for which it was not -initially derived, namely

Intalox® saddles.

.

NG
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3. To verify the statement of Roberts et al. (1982; 1985)
“ that end effects must be determined by empty column tests

rither than extrapolation.

b
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CHAPTER 2
LITERATURE REVIEW: PACKED COLUMN AIR STRIPPING
2.1 Organics Removal

2.1.1 Organics Removal Processes .

w

Many sources of water are contaminated with various or—

ganic compounds, some of which are toxic (Al -Dhowalia,

19282). Literature currently refers to four categories of

organics removal processes: carbon adsorption, chemical ox-—
idation, reverse osmosis, and aeration (Ql“DhmwaIia,IIQBZ).

Activated carbon adsorption was observed to bg very ef-
fective in removing some léw solubility, high molecular
weigh;‘cnmpounds of non—polar nature, but not s? effective
for same law leechar weight halogenated organics such as
trihalomethanes (Al-Dhnwalié, 1982). Studies in Miami
showed that breakthraugh of trihalomethanes and several oth-
er volatile organics in a 3.05 m (10 ft) deep bed occurred
aftter 70 to 100 days; wvinyl chloride broke through in 30
days (Singley et al., 1980). i

Chemical oxidation is usually accomplished by additinq
of chlorine, chloramines, or ozone. Due to the doses com—
monly added~ in regular water treatTent applicatinns, chln;

rine usually causes formation of chlorinated organics.

Chloramine addition has less potential for producing chlori-

[8
-
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nated organics. Czane was shawn -nnt'gq oxidize organics
completely to COz and H=0, but to prbducé alkanes, aldehy-—
des, and some qarcindgens-(Al—Dhawalia, 1982).

Reverse osmosis was shown to be véry effective in re-
moving some Vcategnries of arganics frqmrwater, Sut ineffec—

tive in’ removing pqiér compounds and lﬁw molecular weight

arganics Sq;h as trihalomethanes (Al-Dhawalia, 1982).
Trihalomethanes and many other qrgénicé Qith a boiling

pgoint under 200°ﬁlwere removed very efficiently by air

stripping (Al-Dhowalia, 1982). Same air stripping pruocesses .

are discussed in the folldwing section.

2.1.2 Selection of Air Stripping Process

Many aeration processes can be used for air stripping
purpases. Based on remodval efficiency data, Kavanaugh and

.

Trussell (1981) developed a gualitative diagram showing the
zones of economic feasibility mfor some of these pracesses.
These zones were shaﬁh as a functian of the degree of re-
moval and Henry'é law constant, H, the two main parameteré.
cnntrdlljng Efccess selection iKavaﬁaugh and; Trussell,

1981).

-.Fig. 2.1, adapted from their diagram, shows that for

remavals below 90%, spray towers, air 'diffusers, and me-
®

- -

chanical aerators may be economically attractive. . The spray
towers are more advantageous at- H values lower than 0.75 if
energy requirements are the same for all processes. For re-

moval levels above QOZ; Kavanaugh and Trussell (1981) be-
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liéve that hécked towers may be the only alternatfve, and

‘E_al. (1984) say,thaf they are thenﬁthe most cost;ef—

Ball

fectiYe process, but Roberts and Levy (1985) state that me

i

gbanical surféEe‘haeration could be cumpetitive,'ésﬁéc{ally
//;f the aeration is achieved in multiple stages.
7 ‘Roberts and Levy (1985} expléin that hechanical surface
aeration provides the contaminated water with a large air
vo}gme (the atmosphere) with which—tu equilibrate, allgﬁing
better reﬁpval than diffused aeration of compcuﬁds with mod-
-‘erétélyilqw H values. They believe that surface aé}ation is
often ignored for air stripping because 1t is associated
with diffused aeration which has similar cost character-
istics for bxygén transfer. However, oxygen has a much
higher H value (100 to 1000 times) than many c;%mun volatile
organics and the compariénn is not génerally valid. For low
.H volatile organics, the small bubbles of diffused ai; may
becamg saturated after.rising only é few céﬁtimetres in the
basin, nbgv achieving any removal thereafter (Roberts and
Levy, 1985). Diffused aeration is thus best sSuited faor gas
-dissolution (Kavanauéh and Trusseli;' 1?80), which 1is not
"necessarily the ;ase_for”me&hanicél surface aeratian.
For Femovai levels above F0%Z of cnmpuundsvwith very low
H values, thg high gas_flow5 required for.strippinq cannot
be handled by-ccuntercur;ent‘ packed towers, and cross flow
packed:towersl should be considered kKavanaugh and Trussell,

1981).



In Fig. 2.1, the boundary between the zone where air
stripping was considered feasible and the zone where it was

not was established assuming a max imum height of transfer

9

unit, HTU, of 1 m, and a maximum packed height, Z, of 10 m

(Kavanaugh and Trugéell, 148}). ‘The fatiu of gas to liquid
volumetric f}ow rates, Qm/Q;, was assumed to be 100, a valQé
‘believed to be in the rénge of pr;ctical'?easibilify'(Baly
et al., 1984). ' Egs. (2.19), (2,21),:and (2;22{, develdbed

later in this chapter,. were usgd-tolcbmputaathe fractianal

removal, 10001-(Cx/Cx)3 corresponding. to each H value. @an

asymptaote is "seen at H = 10—2, because .at thaf point the

étripping factaor, S, has a value of 1 [Egs. (2.19) énd
: e e R

(2.21)1. This diagram, like that of KSVanaugh and Trussell

R

(1981, is only gualitative. -

-

In terms of capital costs, Singley et al. (1980) .under-—

line the  advantages of the packed tower as being easier to~

build than the tray tower, requiring fewer packing suppHFtéJ

and only a few 1liquid redistributors. Modification of the
tower by changing the packing type or depth will also be
" easier than modification of spray or tray towers (Singley et

al., 1?80).
2.2 Theoretical Background for Air Stripping

. !
2.2.1 Physical Chemistry of Aeration
s

Air stripping relies on the principle thatfmulecules of
N g
dissolved gases can move freely between the gas and the'lig-—

;
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uié phases until equilibr?um is reached (Kavanaugh and
Trussell, 1939w.”

For idea}' snlu?iuns,‘th?s equilibrium would.3 be ex-
pFESEEd‘By Raoélt's law (Kavanadgh'and Trussell, 1980):
. | L “E— . .

Pe = pPu Yo g s ) : (2.1

'ahd*Daltpn‘s law (Kavanaugh and Trussell, 1980}:

p'- = YB p'r . . N (2-2’.

L

where'p? partial pressure of contaminant {(atm)

pr = ambient pressure (atm)
pv = vapour pressure of cuntamlnant (atm)
Yo = mole fraction of Cuntamxn?nt in the gas

phase (mole/mole) : .
ction of contaminant in the liquid

hase, in equ111br1um with the gas phase
mole/mole)

Y

However , ncountered in water treatment

solutions
do not show 1d al behaviour. or véry dilute non-ideal so-

lutions, Henry’'s\ law applies (Kavanaugh and Trussell, 1980;

Munz and Roberts, 1582):
. 1
. E " *
where Ha = Henry’'s law Eanstant (atm)

Henry s law constants are discussed in more detail in Chap-

ter 3.
The amount of contaminant in the liquid and gas phases

can be .related by combining Eqs. (2.2) and (2.3} (Kavanaugh

and Trussell, 1980):

Ha = .
Yo = —— YO ) (2.4)
Pr ) '

ThlS equation shows thét mass transfer from the ligquid to

the gas phase will be favoured by keeping the gas‘phase con-—



centration of the contaminant as low as possible and that
campounds with higher H (or HJ)‘valdes will be easier to re-
move from water, because their equilibrium gas phase concen-

traticn is higher fKavanaugh and Trussell, 1980).
2.2.2 Two-Resistance Theory

The steady—-state rate of mass transfer across a gas-
liquid interface can be expressed, for a unit volume - of
packing, as {(Kavanaugh and Trussell, 1980):

z
=
m
-‘
m

s
1

= gpecjfic itnterfacial area (m=/m=}

i1

Cum = averade malar concentration in the liqui
e phase (kmole/m~) : : :
€im = liquid phase molar concentration in equi-
librium with the gas phase cancentration
(kmole/m™) ‘
J = rate of mass transfer per unit volume of ~

packing (kmole/s)
K.. = overall mass transfer coefficient, based on
the liquid phase driving farce (m/s}
Roberts and Levy (1985) point out that K.a, the overall mass
‘/‘_\
-— .
transfer rate constant, is in fact a first arder rate con-
stant.

The two-resistance, or two-film, theory is based on the

assumption that overall resistance to mass transfer is the
sum of a liquid phasé.énd a gas phase resistance {(Ball et
al., 1984; Roberts et al., 1985; Roberts and Levy, 1985): -

Rr = R. + Ra ) (2.6)

where Rg gas phase resistance to mass transfer (s)
- Re = liquid phase resistance to mass transfer (s)
R+ overall resistance to mass transfer (s)

’

]



If the resistances are defined as the reciprocalslnf their
respectf&e rate constants, and assuming that Henrvy’'s law ap-—

plies (Roberts et al, 1985; Roberts.and Levy, 1985):

1 -1 1
——— = e - A2.7)
Kia kea Hkea .
where ke = gas phase mass transfer coefficient (m/s)

=
r
It

liquid phase mass transfer coefficient (m/s)

The corresponding transfer rate constants are kea and

ke@a. If Ha (atm) is wused instead of H, some authors
v :

{Kavanaugh and Trussell, 19280; 1981; Ball et al., 1984) use

*

a different gas phase mass transfer coefficient, Kam.

(kmole/s-m=-atm). Then:

1 1 Cam -
——— = ——= + - (2.8)
Kea . kea Hakoma
where Com = malar density of ﬁure Qater (kmole/m™)

»

The contribution of the liquid phase resistance to the
overall resistance can be found’by rearrangiﬁg the aﬁove
equations, yielding (Kavanaugh and Trussell, 1981; Roberts

et al., 1983; Roberts and Levy, 1985):

Re 1 ! : '
e (2.9}
. R+ ko

C e

kaH R
R 1 : .
— = e - (2.10)
R+ kiCom . )ﬂ\l__
1 +, —=——

o keomHa

Similarly, the contribution of the gas phase resistance can

be expressed as:



SV | . ‘ (2.11)

Rv.  Hkae ) :
. _— 1 ' '
ke
Ra 1
e e N , . - L (2.12)
_____ -+ 1
CDNkI._

Thus, for very volatile compounds (high H or Ha value), in
situations ﬁhere the ke/ke ratio is large enough (high gas
to liquid flow rate ratio), the gas'phase resistance can be’
cunéidered‘negligible (Kavanadgh and Tfussellg 1980; Ball et
al., 1984; Roberts and Levy, 1985). The value of K. will -
then b; insensitive to variatfcns in the gas flow rate
(Kavanaugh and Trussell, 1980). Gas phase resisténce is

more_impartant 'for‘cumpuqqu with low H values {(Kavanaugh

and Trussell, 1980).
2.3 Design of Packed Columns

2.3.1 Stripping Packed Columns Design.EquatiDﬁs

+

The cuuntercufrent packed column air stripping process
can be represented schematically as shown.in Fig. 2.2. In

that figure:

>

Cox = solute mass concentration in effluent gas (kg/m™)
Cox = solute mass concentration in influent gas (kg/m¥™)
Yo = mole fraction of solute in effluent gas

{mole/mole) '
The other symbols are defined as they appear in the text.

In a layer of packing of depth dZ, the rate of mass transfer

.

A
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Figure 2.2: :
current packed column
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per unit volume of packing can be expressed as (Kavanaugh

and Trussell, 1980):

{amount removed) d(Q. Cy )
J=--—————————— = (2.13)
(time) (volume of packing)} AdZ
where & = cross sectional area of column (m=)
3 = ligquid volumetric flow rate m>/s)
Z = packing material depth {(m)

Kavanaugh and Trussell (1980) péint out that changes in so-
lution volume due fn air stripping of the salute and eQapD—
ration of the solution are negligible, and that QL‘can thus
be considered constant:
" @ dCim |

J = — g —-——- (Z2.14)

A dz

- Combining Eqs. (2.14) and (2.5), and converting the volumet-
ric flow rate to a malar flux and concentrations to ﬁole

fractions, yields the follcwing'differential equation, shown

with the proper boundary conditions fnr'integration aver the

total depth of the column (Kavanaugh and Trussell, 1980):
z LH Yg . dYL,
dZ = -—————~ | T(2.13)
[ =4
Y (Yo = YO) -

' where Lm = molar flux of liquid (kmole/m=-s) ,

Yer mole fraction of contaminant in the etfluent
liquid (mole/mole)
Y: = mole fraction of contaminant in the influent

liquid (mole/mole)
Yo = mole fraction of contaminant in the liguid
phase (mole/mole)
The first term, Lu/KiaCom, characterizes the efficiency

of mass transfer from 1liquid to gas phase, and is called

height of a transfer unit, HTU (Kavanaugh and Trussell,

[



-

1980) . It has the units of length (m), and can be expressed

in terms of mass flux of liquid, as (Roberts et al., 1985):

L
HTY = ——=—- (2.16)
' frLKLa . .
wheré\L = liquid mass flux (kg/m3-s)
.. = liquid density (kg/m~)

The integral term is called number of transfer units,
NTU (dimensionless), and characterizes the diffitulty in E;;
moving the solute from the liquid phase (Kavanaugh and
Trussell, 1980) . It correspaonds to Eq. 8.40 of Treybal
(1980, p. 308) in whichrthe term (1/2)1nl(1-Yg)/(1-Y)] is
negligible for dilute solutions. ~ For dilute solutions, a

mass balance around the bottom of the column vyields

{(Kavanaugh and Trussell, 1980):

Lr :
Ya = —— (YL = Yg) + Ym: : . (2.17)
GH v N
where Gm = molar flux of gas (kmole/mZ-s)
Yex = mole fraction of contaminmant in the influ-

ent gas (mole/mole)’
Combining Eqs. (2.17) and (2.4) and assuming that the influ-

- ,
ent gas does not tain any of the contaminants, that is

'
o ¥

Yo: = 0O (Kavanaugh and Trussell, 1980; Roberts et al.,

1985}, yields (Kavanaugh and Trussell, 1980):

NTU - | m———— ]_n ———————————————— (2- 18)

or (Roberts et al.,1785):

1&
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Cx .
-— (§ - 1) + 1
s‘] Cue
NTU = |———— In ——— (2.19)
s—ﬂ S
where Ca = solute mass concentration in effluent liquid
(kg/m=) . :
C: = solute mass concentration in influent liquid
(kg/m=>) .
S = stripping factor (dimensionless)

The twao forms of expressing NTU are equivalent, and the
’ 4

stripping factor can be expressed in twao equivalent forms
(Kavanaugh and Trussell, 1980): ,
Ha G o
S =— x — (2.20)
PTr L

or (Roberts et al., 1985):

G

S =Hzx — : (2.21)
G

where Qa = gas volumetric flow rate (m>/s)

The integrated form of Eq. (2.15) 1is thus (Kavanaugh
and Trussell, 1980; Roberts et al., 1985):

Z = (HTW (NTW) g (2.22)
2.3.2 Packed Columns Design Procedure

Ball et al. (1984} and Kavanaigh and Trussell (1981)
suggest design procedures that are very similar. Other au-
thors, approaching the problem in different ways, abtained
design equations differeﬁt from those discussed previously,
and the resultanf design procedures are also different
(e.é., Singley et al., 1980). Table 2.1 shows the procedure

of Ball et al. (1984), madified slightly.



Most design

law constants,

- cients. Henry 's law

procedures require

information on Henry's
air pressure drop, and mass transfer coeffi-

constants are discussed in Chapter 3;

~the following sections will deal with the two other parame-

ters.

S

Table 2.1: Suggested Design Procedﬁre

. Select

Obtain from litwerature Compute
ar pilot studies
Qo Qe
1. 5 (or —) H at design T= -— from Egq. (2.21)
QL QI_
2. ?"“and ?L_ at e~ Qu?u
design T - = e
' L B P
' ,
3. Apea! Curve of Ape as a ; G from curve
function of 6 and L L = G/(G/7L)
4, KrLa for given Qe and HTU from Eq. (2.16)
Q.
2. C; and desired Ce NTU from Eq. (2.19)
6. Z from Eq. (2.22)
QI_pl_
7. B ﬁ = e
L.
- T = temperature (=(C)
** ?fo = gas density (kg/m™)
el © = gas mass flux (kg/m=-s5)
' &pe = gas pressure drop in packing (N/mZ)

2.4 Gas Pressure Drop

The gas pressure drop allowed in a column will affect

the operatinn costs by

directly influencing the energy re-



quirement of the air blagwer (Béll et al., 1984; Raberts and
Levy, 1985) . - Careful selection is a must. ‘

In a packed tower, increasing the 1iquid loading rate
" at canstant gas rate will evéﬁtually lead to a situation
uhere.liquid .f?llé up the column; similarly, increasing the
gas laadinq rate at. cunstant‘;iqu;d rate will promote en-
trainment Bf the liquid upwards by the gas. In ﬁ%%h caées;
the gas pressure drop will increase very répid}y. When this
happens, the tower is “flooded" (Althéwalia, 1982; Ka-
vanaugh and Trussell, 1981; Treybal, 1980).

Packed columns are usually designed to operate belaw
flooding énnditioné (Kavanaugh and Trussell, 1981; Treybal,
1980, p. 194) and Treybal (1980, p: 195) states that strip-
pers usually operate at ~gas pressure drops of 200 tao 400
N/m= per metre of packing.‘xKavanaugh and Trussell (1981},
hawever, suggest that lower pressure &Eops may be more cost-
effective for stripping of wvolatile organic chemicals with
high H values (over 0.075;;‘while Roberts et al, (1982)
state'thag .Ecoqomical design usually corresponds to opera—
tion near or %n the loading éone (zone in which the rate of
increase of the pressure drop as liquid or gés flow rates
are increased 1is higher than the rate of increase of the
pressure drop at lower flows; see Fig. 2.3)..

For design, information relating pressure drop to gas
and liquid loading rates can be obtained from manufacturers
for specific packings, or from generalized correlations he-

tween the gas pressure drop, gas 1loading rate, and gas to

e
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liquid ratio, such as Fig. 6.34 of Trgybal (1980, -p. 193).
Fig. 2.4 1is a repraduction of Treybal ‘s graph showing the
operating conditions used in this stqdy. .KaVanaugh and
Trussell (1980; 1981) warn that tuwér efficiency is reduced’
when the abscissa value of £he generalized correlation risesg
abave 4 (liquid loading too high; unstable hydrodynamic be-
haviour) or draps below 0.02 (gas loading too high; liquid
entrainment), and that pilot studies should then be con—
ducted; additional packing:depth may be needed to compensate
for efficienﬁy loss. Packing factors, Ce (dimensionless),
used tao compute the ardinate of the generélized correlation
chart, can be obtained frpm manufacturers; handbooks (Perry
et al., - 1984; Table 18-5, .:;. 18-23), or fram Table 6.3 of

Treybal (1980).

2.5 Mass Transfer Coefficients

Mass. transfer coefficieﬁts are needed to evaluate the
HTU [Eg. (2.16)1]. Caﬁversely, they can be evéluated from pij'
lot studies when all other parameters (Z, Sy Cxy Ce, L} are
kncyn, Kavanaugh and Trussell (19803 1981) recaommend that
Kia values be obtained from pilot studies, their value de—'
pending on many factors such as packing type, temperature,

£

and liquid and gas flow rates, amoﬁg athers.

If KLa values for aone packing are found, Kc.a for other
packings may be obtained by multiplying these K.a values by
the ratio of the relative Kga values aof the packings.cnnsid—

ered, these relativelvalues being available fram the litera-
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ture (Eckert,fi??S; kavanaugh dnd Trugsell, 1980}. Hawever,

this method relies an the assumpticn that liquid phése #e—
sistance dominates the mass transfer process, since then Ed;
(2.7) becomes (kavanaugh and Trussell, 198B0}:

1 1 ' |

- E 2.

and the equivalent equation for the overall mass transfer

caefficient based on the gas phase driving farce Ka (m/s),

becomes:
1 H 1 H )
T = e e L e (2.24)
Kaa kca  kea k. a ’
Therefore, . .
J‘\. 5 ' T
Kia = HKpa ‘ : (2.25)

which allows Kavanaugh and Trussell (1980) to make the abave
T

statement. But liquid phase resistance may not always domi-
nate in volatile aorganics air stripping, .as discussed later
(Section 2.11). - 4

Another way to obtain mass transfer data for primary

de;Tgn estimates, or to extrapolate available mass transfer

data to conditions other than those studied (including octher-

packing typg;) is to use torrelatians (Ball et ai., 1784;

Kavanaugh and Trussell, 1980). The following sections will

-

examine some possible correlation formulae.

sl
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2.6. Mass Transfer Correlatians

?.4.1 Mass Tfansfér Rate Constant Models

" Many correlations: have been developed for gas and lig-
uid phase hass,trans{er-coefficients (kay ko) and for speci-

fic interfacial areas (a’--in countercurrent packed columns.

.

RGDEF%S et al. (1982) point out that finding one model suit-

-

able to all situattons is a challenge, due to the variabil-

ity of the nature of the liguid flow (e.g., thin films flow-

v
.~

ing on pacﬁing‘sur{aces as apposed to drops sometimes formed

at edges) and bf the flow paths (e.g., channeling which is

caoncentration of the liquid flow at the column walls while
gas flows ‘mainly in the center of the column) as packing
size and type changes, and even within the same packing as

flow rates are changed. ,

Shgrhmcd and: Holloway's }1940) correlation, prabably

the most widely used quel for volatile prganics air strip-

‘ping,'is one of many empirical, single phase resistance mod-
.els develaped #ﬁpb;rté et ai.,_1985). "It involves the as-—

‘sumption that the gas phase resistance is negligible cam-
.I .

paéed to the liquid phase resistance. These models are of

'the general.form (Roberts et al., 1982):

-

kea = (constant) L <sonmtant> (2.26)

Similar deelsu‘were developed from volatile organics air
stripping stﬁdiEE (Aerhawali;, 1982; Singley, 1930).

Other empirical models, such as those of Shulman et al.

-

{1955¢c) and Onda et al. (1948), account for the contribution

o,
'



g;x
of gas and liquid phase resistance \to total mass transfer
resistance. As for some single phase resistance models,
carrelations far 'km and k., are sometimes expréssed in terms
of packing-related parameters and fluid prnﬁerties (Raberts
et al., 1985).

The literature provides many reviews of mass transfer
cérrelatimns (Au-Yeung and Ponter, 1983; Perry et al.,
1984) . ‘Besides their awn work, Roberts et al. (1&82; 1983}
found that none of the models had been validated for trace
volatile organiecs air stripping. Thus Robgfts et al. (1982;
198%) compared the per;ormance of three of the most widely
accepted models when applied to volatile organics reméval.
The madels they compared are presented in thé following sec;

-tions.
2.6.2 Sherwoond and Hollaway

According to Au-Yeung and Ponter (1983) this correla-

tion, being well tested, remains the most useful to estimate

the liquid film mass transfer rate constant far flaw ratgs
up to the loading point. It was developeq from labaratary
data on desorption of hydrogen, oxygen, and carbon éioxide
from water in a countercurrent packed column at various tem—

peratures, and liquid and gas loading rates {(Sherwoad and

Holioway, 1740} .

I
A

The gas phase mass transfer resistance was estimated by

Sherwood and Holloway (1940) to be lower than one percent of

the total resistance, which is understandable considering



the high volatility and relatively law sﬁlubility.nf the
compounds studied. it was thus considered negligible as
fufther shown by the caonstant k_ a vaiue observed by‘Sherwood
and Holloway (1940) at different gas +{low ratés up to tﬁe
loading point (beginning of the loading zone). The mass
transfer data gathered for 76.2 mm (3 in.) spiral tiles, 9.3
mmki§/8 ini) te 50.8 mm (2 in.) ceramic Raschig rings, Qnd
12.7 mm FI/Z in.) to 38.1 mm {1 1/2 in.) rough ceramic Berl
saddles was correiated'in terms of liquidlphase properties
only (Sherwood and Hollaway, 19240}.

Sherwmod and Hollaway (1740) ﬁoint.out that since the
For}elaticn ic not dimensionally consistent, its constants
need modification depending on the system D¥.unit5 used.
The correlation formula is gi?en in Table 2.2, with the con-
stants (10.764 and 0.3048) necessary to convert from the
original to GSI units (Roberts et al., 1982; 1985). In this
equation, the "«" and "n" values given by éherwcod and Hol-
loway (1940) can be used directly. Other authors (Au*Yeung
and Ponter, 1983) mﬁltiply « by (10.764) (0.3048)*~" and tab-

ulate modified values of a for use in the ariginal equation.
2.464.2 Shulman et al.

These correlatiaons wore first presented in a series of

threeapapers (Shulman et al., 1955a; 193Sh; 1935c) a?d sub-
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Table 2.2: Mass transfer rate constant models
» Flow rate
. £q. Range -
Model No. (kg/m=.5) Ref.

Sherwood and Hollaoway

kea 0.3048BL} 1" o = o N
——= = 10.768q |————=——-— Sco (2.27) 0.27 < L < 43 1
DI_ .ul_
0.04 < G < 1.8
where
N
ScL = —— (2.28)
' ?I_Dl_.

Shulman et al.

deﬂ' [= 3 ¥ ] ﬁ_s
Sh, = ——— = 25.1 Reun Sc. (2.2%9) 0.27 < L < 43 i
Do ‘
kﬂdﬂ O . Xde [ T 3 '
Shy = ———— = 1.195(1-¢€) Reoo (2.30) 0.14 < G < 1.4 1
D(ﬂ oL XX
X Sca
. L= ]
8086 r
a = d |—awvs| L . (2.31) 0.68 < L < 4.1 2
?u .
€ = €p — My ‘ (2.32) 2
| . /
(2.09 x 10““)(737.5L) -
Be = ——————————— Fe———————— (2.3F) 2
da
where
dal_
Re,p = —— (2.34)
1
daG
J IS .



Table 2.2: {(continued)
Flow rate '
Eq. Range -
Madel Na-. {(kg/m=.s) Ref .
e . T
Sca = ——— (2.36)
?I:IDB
O e X7 da i
B = 1.508ds (2.37) 2
Onda et al.
175X
?l... . . T —_0. =
ke |[—=— = D.OOSIRELQ Sco {2.38) 0.8 < L < 43 1
L.g . o.a
¥ (deda}
. . ® 4
km .7 1-,-,% —-—IF
———— = 5,23Rega Sta {(aedp) (2.39) 0.014 < B < 1.7 ¢
a-g;Dm
[ I e §
[= 7" Ul: [= T
—— =1 — pxp)|—-1.45|— Reca (2.40) 1
(=2 T
—_— . O L=
® Froe We,
Ve
where
=
L. de
Fro = —zm—— (Z2.41)
L9 -
G
Rean = ———= (2.42) -
de o
L
de M, '
I
=
L
e, = ——=——- (2.44)



Table 2.2: (continued)

Flow rate

Eq. Range -
_ Model . No. (kg/m=.5) Ref.
L) L . H
® ) auul._

® 1. Roberts et al. (1983); 2. Treybal (1980)

Table 2.2 Glossarr

total specifi&"surface area aof packing (m=/m~)}

Ae =

an = wetted specific surface area of packing (m=/m>)

De = molecular diffusion coefficient of compound 1n gas

) {m2/%)

DL = molecular diffusion coefficient of compound in liquid
(m=/s)

d = empirical parameter in Shulman et al. s model

de = naminal packing size (m)

da = diameter of a sphere having the same surface area as a
unit of packing (m)

Fr = Froude number (dimensionless)

g = gravitational acceleration constant (2.81 m/s2)

h = empirical parameter in Shulman et al. ‘s model

N = empirical packing parameter in Sherwood and HDlloway s
model

q = empirical parameter in Shalman et al. ‘s madel

Re = Reynolds number {(dimensionless)

Sc = Schmidt number (dimensionless)

Sh = Sherwood number (dimensiaonless)

We = Weber number (dimensionless)

« = empirical packlng parameter in Sherwood and Holloway's
model

f = constant in the total holdup equation :

€ = porosity (volume of voids/total volume,.dimensionless)

€n = dry packing porosxty (dimensionless) ./

la = gas viscosity (kg/m-s)

0c = critical surface tension of packing material (N/m)

0L = surface -tension of liquid (N/m) '

#e = total holdup (volume of liquid/total volume, dimension-

lessg)

Subscripts:

A = based on total specific interfacial area
D = based on characteristic diameter

G = of gas

L = of liquid

W =

based on wetted specific interfacial area
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sequently improved (Shulman and .Delaney, 193%; Shulman et
al., 19463). Treybal (1980) also presents the model.

From vaporization of napthalene packing, gas phase mass

transfer coefficient values were obtained; these were used

to compute gas and liquid phase mass transfer coefficients

(km, ki) and specific interfacial area (a) values from lit-

[

erature mass transfer rate constant (kea, kia) data, and to

" correlate ke and ke to fluid and packing properties (Shulman

et al., 1955c] . Tﬁe resulting equations are presented in
Table 2.2. The ko equqtibn is that fcund'byTShulmaB et al.
(1?55:), while the ka. equation is a modified Qersinn given
by Roberts et al. (1985), who rearranged the terms and ne-
glected the solute concentration in the gas phage
(eguivalent to assuming that the stripping gds was un-
contaminated) . The model, derived for-12.7 mm (1/2 in.) to
8.1 mm (1 1/2 in.) Raschig fings and 12.7 mn and 25.4 mm (1
in.}) Berl saddles,. wa ound to apply to 50.8 mm (2 in.)
Raschig rings and 38.1 mm (1 1/2.in.) Berl saddles (Shulman
et al. 1995c)- |

Roberts et‘ al. (1985) point out that a problem of this
model is the cumbersome way in which the effectivé-interfa—
cial afeas for ébsorption 6r desorption' must be estimated
through a SEEiES of graphs (Shulman et al., 1935c). Thé

correlation equation for effective interfacial areas given

in Table 2.2 was presented by Treybal (1980) and is said to

represent the graphs well. ‘Hnweyer,' while the ko and ko

correlations are dimensionless and can thus be used 1n any

v
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consistent system of units (Roberts et al., 1982; 1985), the
carrelation equatioq for areas 1is to be used in S! units
anly (Treybal, 1980)}. The canstants to be uéeq in this
equation can be found in Treybal (1980; Table 6.4, p. 209).

The porosity term, €, in the gas phase equation can be
obtained by subtracting the total holdup, #. (total liquid
volume in the packing during column operation; Shulman et
'al., 1955b)  from the porosity of the dry packing, €p
(Sh&lman et al., 1953a). 'Eqﬁations for total and static
holdup (liquid vyolume that does not drain from the packing
when ligquid suppiy‘tn the column is disgantinued; Shulman et
al., 19 )} in ceramic rings and saddles were derived for
totally wetted packingrby Shulman et al. (1935b), aAd graphs
to correct holdup values for departure from the viscosity,
density, and surface tension of waten at 20=C were prepgred
(Shulman ét al.; 19535a). The valugs'uf the caﬁsténts in the
holdup equations were mcdified:bj Treyba1 (i?BO) so that SI‘
uniﬁé could be used. Treybal (1980; Tagle 6.9, p. 206) also
preseﬁts equations of correction factors, that correspond to
the graphs mentioned above, for the aperafing bholdup (the
differenqe‘between static and total holdup). The total
holdup eqﬁatinﬁ in Table 2.2 is that given by Treybal (198Q)
for'ﬁater_ at Drdiqary temperaturés and ceramic Raschig
}ings.A

Knowledge of the total and operating holdup aﬁd of the
cmrrectinn factors‘fariliqdid propefFties allaws one to apply

the correlations for vaporization as well as for absarption



A

(the ratio of effective intérfacial areas for vaporization
ta area for'absorptinn is prnpoﬁtionalfto the ratio of total
to ovperating holdup), and for other systems than water at
environmental temperatures (Shulman et al., 1935a; -1955bh;
1963 . The gas phase mass transfer coefficient correlation
was also modified-slightly for situatiuns where the gas
phase solute concentration is important (Shulman and Dela-

b 4
ney, 195%7).

2.6.4 Onda et af.

The staFting point of this model is a correlation for-
mula between wetted and +total specific packing area. 0Onda
et al. {17468) believe ‘that this equation, given in Table
2.2, is accﬁrate within 207 for Raschig rings, Berl saddles,
spheres, and rods, made of ceramic, glass, polyvinylchloride
(FVC), or coated with a paraffine f£1m. Charpentiér (1976)

-

sees it as the most general'interfacial area correlation for
first approximation i1n design.

— - From this correlation, and labofatory and literature
data‘uﬁ gas and 1iquid’phasej-ma55 %ransfer rate canstants
(kma; kr,a), for packing 4 to 50 mm in size, correlations for
kw and k. were deQeloped (Onda et al., 1968). The k. corre-
lation (Table .2.2) was obsérved to be accurate within 204
for absorption  and desorption with either water or an or-
gaﬁic solvent - as fhe fliqhid phase, as long as the surface

tension of the liquid remained close to that of water (Onda

et al., 12&68). Diménsiqnless, it can be used in any consis-—

rJ



tent system of units (Ruberts.et al., 1983). Thé km corre-
lation presented in Table 2.2 is the SI ve?sian from Roberts
et al. (19825 1985). OGnda et al. (19268) suggest that a
value aof 2.00 be substituted for the constant 5.23 if the
equation is applied to packing smaller than 15 mm.

This model 's main disadvantage is that it cannot be
used reliably outside the range of operating variables fuh
which it was abtained because it does not express the cor-
Fétt fundamental dependency of 'kL on system properties and
operating conditions (Au—-Yeung and Ponter, 1983). It was
‘shawn by Shulman et al. (1955c; 1960) that wetted and effec—

tive interfacial areas are unrelated.

2.6.5 Field Tests of the Models

———

The validity of these models for EStimatiDn; in full
scale air  stripping operations must still be shown (Roberts
and Levy; 1985).

Umphres et al. (1983) correlated air strjpping data for
téihalmmethanes and © 25 mm poiyprapylene saddles using the
médel of Sherwood and Holloway, but their observed values
were two times smaller than the values predicted by the
model fné ceramic saddles, Ball et al. (1984) were also
able to correlate data using Sherwood and Holloway’'s model,
-but.theyl'had to fmudify the empirically determined packing
parameiers; and the& did not find good agreement between ob-—

LY

sgrbed and predicted values for bromoform, which has a low

o

LA



Henry 's law constant (the gas phase resistance may have been
impoartant in this case; Ball et al., 1984).

Rbberts et al. (1989) report that Cummins and Westrick
(1983): used Onda’'s madel, but had to reduce Henry's law con-
stant values by a factor of 3 to thain good results .

Sinﬁe theée cprrelations would be more useful if they
could be used without nécessitating paraméter adjustment for
each new situation, Roberts et al. (1983) compared the 3

models mentioned above with their original empirical param-

eters, as described in following sections.
2.7 Selection of Parameters for Pilot Studies

The stripping factor, S, is pﬁobably the most important
parameter to be selected. It can be seen as an "equilibrium
capacity factor"; if S > 1, 100% removal is pogsible, but if
S < 1, Egs. (2.19) and (2.22) show that fractional removal
will asymptotically tend towards S L[Eq. (2.46)1] as column
depth Z teaas towards iﬁfinity (Roberts et al., 1985;
Roberts and Levy, 1983).

Ce 1 Z 5 - 1| -3

1 — —— = 1= oo 5 exp |~~~ ——=——- - 1) (2.446)
Cx (5 — 1) HTU S

[
I
—
|

In selecting S5 wvalues, it must be ‘taken into accaunt

that for low S values, ma;§ transfer rate ‘Eonstant (Kea)
values computed fromfexperimental data will be very sensi-
tive to errors in 5 values, while at higﬁ S values, Kiea will
be almost independent of S (Ball et él., 1284; Roberts et

al., 1985; Umphres et al., 1983). This 1is shown in Fig.

Z



2.3y which 1is based on the following assumptiong: liduid
volumetric flux, L/f_ =" 0.01 m>/m3-s; Z = 1.0 m; and, 75%
removal achieved.

Errors in Kea and S were defined as:

S---um-d - S-:tuql
%Zerror in § = |-——————m——m 100 (2.47)
’S‘-’-um-d
Kidtmma. 5 = Kidcmce. =
“error in Kea = |- —_— ———— ~——| 100 (2.48)

Kt:a‘tgg-. n)>

where K dcawe. may = Kea computed form assumed S value
Kidcaes. my = Kia computed from actual S value

Egs. (2.146), (2.19) and (2.22) were rearranged to yield: .
L S (Cx/Ce (S - 1) + 1

CKea = —mm e In (e L (2.49)
PLZ (S - 1) S

Raberts et al. (1983) also plotted the coefficient of varia-—
tion {(standard deviation divided by mean! for mass transfer
rate constants (K.a) against § valués (Robefts et al., 1965;
Fig; 2). This cneffiéient of - variation ipcreased very
rapidly as § values dropped below ©.8. Since Eq. (2.21)
shows that S is directly proportional to Hénry's law con-
stant and gas to liquid ratio values, and since uncertainty
surrounds H values at the present time (Chapter 3), a rela-
tively high jas to liqﬁid ratio (and high § values) should
be aimed for (Ball et al., 1984). .

According to _Kavahaugh and Trussell (1980Q), optimum
éolumh designs are typically based on stripping factaors be-
tween 1.2 and 5. A plot of NTU against*S for varicus frac-—

‘tional removal values (Fig. 2.6} shows that littlfwiggpavé;

A
0]
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Figure 2.5: Dependence of mass transfer rate constants,
K a, on stripping factor,S
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ment can be made for S > 3,-(Kavanaugh-and Trussell, 1980;

. 2

1281.). Thuys S values between 2 and 5 are believed to pro-
vide the most ecanomical ' design (Kavénaugh and Trussell,
1980; Roberts and, Levy, 1985); values below 2. yield uneco-

Il

nomicélly Large _packed ﬁeigﬁt (Z) values, while achieving S
values.abqvé S may . require.a gas to liquid ratio too large
to be économical (Roberts and Levy, 1983).

The péggiﬁg’ deﬁth; Z,  should also be hié; enough, 50
that end effecfg (removﬁl occurring above or belqﬁ-the pack-
ing; QiECussed‘ inlthé'.¥0110wing Section) can be accounted

fcr (Raoberts et al., 1985).

Effects

2.8 Isolation of End
e ' . \

Volétile Ekganicg. air stripping above and telow tBe

- : :
pack}hg, in tHE cblumn, can be accounted far in many ways..
Roberts et él; (19é5) measured remaval in their column when
it was empty (no packing Séction? for each set of experimen-
tal cnnﬁi£ibqé féas and liquid flow rates) and expressed the

remoﬁal as 'a‘nﬁﬁbEﬁ Dfltransfer uﬁits equivalent to end ef-
fects, NTUC: (diménsionless). From the Jdata gathered, two
empirical tqrrelé£ion5 for NTUC were derived: one for the
case of éonétant.liqqid flow rates, and one for the case of
constant gaé flow rates. A temperature correction term was
included in.;the cofre}ations {Roberts et al., 1982). The

removal observed . for each run of the packed column was ex-—

pressed as the total number of transter units, NTUT, and the
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net number of transfer units, due to packed sections alone,
was obtained as: |
NTUN = NTUT - NTUC (2.50)
Mass transfer rate constants in the .packing were computed
fram NTUN.
Another way to accoﬁnt for énd effects Cunsiéts‘bf run-—
;>nfng each Sef of ‘conditions at many different packing
depths, Z,‘and plottrng‘tée observeq NTUT against Z (Bali et
al., 1984; ,Roberts et al., 1985; Umphres et al., 19835.
Then the assumption that mass transfer'inside and outside Df‘

the backing are additive leads co the relationship:

1

NTUT = ——— Z + NTUC . {(Z2.91)
HTU ‘
in whichsz:
1
NTUN = ——— 7 (2.52)
HTU ‘

The intercept of the plot of Eq. (2.51) is NTUC, and the

slope yields 1/HTU.

-

The same 'principle was applied by Al-Dhowalia (1982),

’

who plotted: mass transfer rate constants, K.a, against 1/7.
t

The intercept ' of the plot was the mass transfer rate con-

5tan£ correspanding to an infinite depth of packing; or the

constant due to packing alone.
Roberts et al. (1983) applied both methods and obtained’

different results for compounds with relatively low Henry's_

~

1

law constant values (i.e., chloroform, tetréchluroethylené,

trichloroethylene). They éuggested as an explanation for
i

—



this difference that the flow conditions below the packing
support plate were too dffferent from plug flow counter-—

current conditions assumed to prevail in the packed sections

40

far the NTU's-ta be additive. Roberts et al. (1983) did, ’

however, point ‘ out that for the low H compounds, the strip-
ping factor (5) value was very low (below 1) and NTU and kc.a

values were thus more sensitive to errars in H or 5 values

(Section 2.7). They alsg observed, for low H compounds, a

departure from linearity §n .the plat of NTUT 'again5t z,
while for compounds yith higher ﬁ values, data points corre-—
lated very well with a straight iine. The; 5till assumed
that the Ffirst method (measurnpng removal for an empty col-

umn) was a better way to account ¥or end effects.

2.9 Effect of Flow Rates and Facking Height on Mass Transfer

The results D% Roberts et al. (198 showed tha£ packed
height,.Z,' had no e{feét on  mass transférl rate constant,
KPa, for compounds with high Henry’s law constant, H, as
would be expected from the available models. The decrease
in K,a observed with increasing Z, for low H compcunds, 1s
- believed to be due to the low values of 5 for these com-
paundé‘(RDberts-et al., 1985). .

Rmﬁgrts et al. (1985) also observed an increase in K a
fcf iﬁc}easing liquid flow rate values, G, aé could be ex—
pectea from the models, for most compounds_excer the two

low H value compounds, for which the low S value was again

implicated. This claim would be supported by the observa-
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tions of Ball et al., (1984) who used higher S values and
obtained increasing Kcia values with increasing L values for
tdn low H compounds, chloroform and trichleroethylene, men-
tioned above. Al-Dhowalia (1982) alsa observed an increase
in Kea for increasing L-up to a point, after which K_,a
started decreasing for increasing L, probably because liquid
started filling gaps between the packina, reducing the ef-

fective interfacial area. g

analiy, Robérts ét al. (1983) found an increase in K.a
with iqcreasing gas flow rate, Qa, for thg compounds with
low H values. The fact that the magnitude of the effect of
Ue on KiLa was increasing as compound H value decreasedlsug~
gests that gas phase resistance to mass transfér mayrhave
been the factér coming into play (Roberts et al., 1985; Sec—
tion 2.2.2). ‘Al-Dhowalia (1982) also observed an increase
in K a as the gas f1low rate increased up to . a certain value,
after which Kia seemed +to remain fairly cunstant.‘ He at-
tributed tQ?sﬂ’variation of Kia to a variation in effective
interfacial area, as was reported by Shulman et al. (1955c),

without considering the possible_‘rule of gas phase resis-—

tance.
2.10 Comparison of Models
2.10.1 Parameters Used (\\

Raoberts et al. (1985) compared the three mass transfer

rate constant (Ki_a) models mentiaoned in Section 2.6, to find

out which madel ‘s predictioné wuuld'be.claser to the experi-
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ﬁentally determined Kia values. Parameters needed can be
classitied as: solute properties (muleéular di ffusion coef-
ficients i1n liquid and gas, Hénry's law constant); water and
air properties (viscosity, density, surface tension of wa-
ter);Aand packing pererties (specific areas, characteristic
lengths, packing factors) (Roberts and Levy, 1983).

| Parameters from the first two categories will be af-
tected to various extents bﬁ temperature, and since tempera-
ture varied slightly from one experimental run to the next,
pEedicted values were computed for the appropriate ex-
perimental temperature by using the corresponding values of
parameters as obtained from correlétions ar tables (Roberts
et al. ,1983). The vériatinn of the molecular diffusion co-
eFficientS in iiquids with temperature can be accnunted for

Pl

using the correlation of Wilke and Chang (1933) (Ball et

Lal., 1784; Roberts and Levy, 1983), while Roberts and Levy

(1?85) used the method suggested by Hirschfelder et al.
! .
(1964) to estimate the molecular diffusion coefficient in

gases.
Facking parameters can be found in textbooks (Treybal,

1980), handbooks (Perry et al., 1984), and the literature.

2.10.2 Performance of Models

Roberts et al. (1983) plotted, for ~ each compound at
each ‘set of experimental ‘cunditiuns. Kea wvalues on three
- L]

different figures (one per model). Roberts et al. (1983%)

found that Onda’s model appeared to be best,: the points be-



ing more closely grouped near the line representing a per-—
fect fit, while Shulman’'s model underpredicts . the low K a
values and overpredicts tﬁg high ones; Sherwood énd Hol-
loway 's model predicts the same K.a valué far a whole range
of observed values. fhe poor results of Sherwood and Hol—
loway ‘s model may be due to the fact that ;t neglects gaé
phase resistance . (Raberts et ali, 1985) . However, results
from the Shulman et al. model oppose the widely atcepted
view that Shulman’'s method of estimating interfacial area
was intrinsically superior to Onda’s assumptidn that inter-—
facial and wetted packing area were proportional (Roberts et
al., 1985). 0

The coefficient of determination, r2, and the stajﬁard
error of estimate, SEE, were used ta quantify the'gondness

of fit. Roberts et al. (1985) state that:

-5 AL
Ifllog(Kia) praa — log(KLa)nh-dJ :
SEE = |- ——————— e - (2.33)
N
where N = number of observations
obsd, pred = refer to observed and pred1cted val—

ues, respectively
Again, Onda‘'s Twodel performed best, having - the highest.r2
and the lowest SEE; Sherwood and Huiloway's madel had'ﬁg
lpwer r= But much 1ower SEF valuer than Shulman'§ model, and
would thus fit most of tﬁe data better (Roberts et al.,
.1985). C : ;
Roberts et al. (1985) also compared the response of ob-—

served and predicted vélueé to changes in the gas and liquid

flow rates. Onda’s model predictions always were close to



observed values, and; as could be expécted, Sherﬁund and
Holloway 's model pred;ctions were - also géud for the cam—
pounds with high Henry’'s law constant values égas phase re-
sistance thus 5ne§1igib1e) (Roberts etl al., 19895). The
agreement of observed and predicted values was deemed re-
markable by Roberts et. al. (1982) in view of the fact that
gas flow rates used in their sthies were less than 172 to
1/16 of the minimum flows used"in develaoping the correla-
tions.

Inispite of the general.agreément, some exceptions were
observed, such as the decrease .of mass transfer coeffi-
cients, KLa; for ;hlorcform and trichloroethylene as packing
height increased, Drl£heir failu;e to increase with increas-
ing quﬁid flow rates (Robenégﬁet al., 1985’. Roberts et
al. ((1982) éttriputed this to deviations o* the physicﬁl
flow conditions from the ideal plug flow assumption made in
the considered models, but concluded £hat in view of the
good results obtained the additional computational effort

1
involved in using models that would account far dispprsioﬁ
was not worthwhile.

Finally, at each set of conditions investigated, the
Ri. /Ro value computed from Onda’s model, and the ratié of ob-
served mass transfer rate constants for each compound to the

mass transfer rate constant of oxygen, VY., was plotted

against RiL/Ro (Roberts et al., 1985):

i 44



: (Keals . ' .
Y, = ——————— (2.54)

where i, 02 = refer to compound i and oxygen, respec—
tively
The ratio VY. predicted by Onda’'s model was also computed

N

from the formula (Roberts et al., 1985):
[ o N - ]

Vo = || )lEITE (2.55)
(D) oz 1 + R_/Rals

This equation can be obtained from Egs. (2.6?, (2.7) and
(2.38), reﬁembering that liquid phase resistance wili.pre—
vall in oxygen mass transfer tEq. (2.23)1. The predicted ¥,
was plotted against R_/Re on the same graph as the observed
Y1, but predicted ¥. increased much more smoothly than ob-—
served Y, {(Roberts et al., 1989). Roberts et al. (1983)
"suggest that this discrepancy may result from experimeﬁtal
errors (the area of disagreement was for low S values) or
from a deficjency.of the model, buf that it shows that the
doubts expressed by King (1964; on the theoretical grounds
that local hydrodynamic conditions were different) on the
applicability of . the two  resistance mmdel-in the mixed re-—

sistance domain may be Jjustified. But as pointed out by

-

various authors (Roberts et al., 1985; Roberts and Levy,

1985), the two resistance model is still better than a sin-

gle resistance model even if it is not the best possible.
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2.11 Imbnrtance of Gas Phase Resistance

Kavanaugh and Trussgll (1980; 1981) initially stated
that they believed liquid phase resi;tance should generally
control mass ‘transfer applications in water treatment, ex-
cept for amﬁonia stripping, but they did mention additional
data on gas phase mass transfer coefficients were needed to
confirm it. Ball et al. (1984) and Umphres et al. (1983)
also made the assumption that liquid phase resistance con-
trolied,'but suggested the possible impartance of gas phaée
resistance aé an explanation of the poor agreement of their
data far bromo%orm with the results predicted by Sherwood

and Hollaway’'s model.

The assumptinn{ of liquid phase resistance control was

\

sometimes supported by taking Henry's law constant values
for the compounds to be stripped, assuming a ka/k. value of

100, and applying Egq. (2.9} (Kavanaugh and Trussell, 1981).

) (
The value, of ke/kc. = 100, however, is recommended for natu-

ral systems, such as rivers {Kavanaugh and Trussell, 1981;

Roberts et al., 1985; Raberts and Levy, 1985). -

1

For countercurrent packed column air stripping of com-—
pounds with H values ranging between 0.2 and S0, using Qa/0.
ranging between 1 and 10, Roberts et al. (1283) applied Onda
Bt al.’'s model to quantify the relative magnitude of ka and
ke and found the ka/k. ratio to vary between 3 and 11.  Eq.

(2.9) shows that a lower value oOf ka/ke implies gas phase

resistance will be more important (Roberts et al., 19685).

-
rd

In a desi?j‘simulation, Roberts and Levy (1985) showed that

~ .
- . -
l
1
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neglecting gas phase resistance for‘brqmnform could result
in averestimaticn of fractipnél remﬁyai by as much as 135%.
Findings of Roberts et al. (1985) and Roberts and Lévy
51985) lead to the conclusion that gas phase resistance
shuula be considered in many volatile organics air stripping
applications. The relative importance of gas phase resis—
tance at various Henry's law“constant values is shown by
Fig. 2.7, which is a plat of Eq. (2.11) assuming a kaeske

value of 10.
) . A
2.12 Design Optimization !

2.12.1 Design Dptimizatipn Using Energy Requirements

47 .

Energy requirements that are expected to vary with each’

desigﬁ'are those of the air blower and Qater pump. They are
part 6%_ the 6peratinn and maintenance cost. Ball et al.
(1984) computed the blower power requirement using an adia-—
batic cnmpreégiun equation and assuming an efficiency of
7Q%, and tﬁe pumping horsepower as that needed to pump tﬁe
water to height Z while assuming an efficiency of B80%.
Roberts and Levy (1985) used a similar prncedd?e for pumping
energy requirement but based their evaluation of blaower en-—
érgy réquirement on a simpleffunctiun of the preésure drap
througﬁ the packing instead of the more cnmpiex adiébatic
cumpressinn equation; they alsuraccounted for piping.ehergy
losses by considering them as an additionai metre of pack-

ing. This resulted in the following equation:



Gas Phase Resistance , R8 /RT

Fractional

l 1 1 I L 1
1
0.l pa
QOI*‘
000l L J
0.000i |- : i
2 | 1 1 1 1
0 - 67 102 107" I 10
Henry's. Law Constant, H ($:.:://:O(:Lu::)
Figure 2.7: Relative importance of gas phase resistance to mass

transfer at various llenry's law constant values
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P Qn fate Y

-— = | == x —— + 9 _ g| (Z + 1) (2.36)

Q. G Zz

where P = power input (W)
To this theoretical energy requirement, they applied an
overall efficiency of 60%, in accordance with experience in
the chemical process industries (Roberts and Levy, 1985).
The pressure draop per unit packing depth, Apae/Z,. can be ob-

tained from pressure drop correlations such as Fig. 2.4.

For optimization purposes, the energ?_requirement can

49

be related to many parameters. Sinée the stripping factor,,

S, and allowable air pressure drop, Apa, are the parameters
to be selected in the suggested desibn procedure (Section
2.3.2), plotting the energy requirement or corresponding
cost against these two parémeters would be convenient. Ball
et al. (1984) plotted constant horsepower requirement lines
against S and apm/Z.fDr a hypothetical situation. As could
Be'expécted, these plots showed the energy requirement to
increase with increasing 8pe/Z at constant S values. They
also éhowea optimum S wvalues to exist for each a11a5§Eie
Apa/Z; that 1is, ag constant Apa/Z value, increasing S will
decrease the pawer requirement down to a puint,ﬂgfter which
the power requirement will start increaéing again.‘ Simi—
arly, Raberts and Levy (1985; plotted constant removal

level lines against the 'energy requirement and the gas to

liquid ratio, and found that for a caonstant removal level,

the energy requirement decreased as gas to ligquid ratio in—

creased down to a point, and then increased as the gas to
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ligquid ratio increased. The.explanation for these optimum
values (Ball et al., 1984; Robertsland Levy, 1985) is that
asnS .(ur Ca/GL}) increased the tower height (or 7Z) and asso-
ciated pumping” and blower costs decreased. This decrease
was affset at a certain pninf (past the optimum value) by
the igdreasihg importance of the ﬁressure draop multiplied by

1f

the high gas flow rate.

~

2.12.2 Design Optimization Using Packing Volume

The volume of packing in the column is another parame-

ter expected to vary as the design 1s changed. It 15 a part
N

of the capital costs. Roberts + and Levy (1985) point out

that the guperficial hydraulic residence time may be conve-

niently used to estimate the packing volume:

2P Ve
O = — = — < 7 {2.37)
L Q. \
where Ve = empty bed vo{ume'(m3) , .
6 = superficial hydraulic residence time: (s)

As for energy requirements, the stripping factér,_s,

4\ n

and pressure drop, &pe, should be the important. variables

when uptimiziné packing‘volume. Ball et al. (1984) plotted -

lines of constant packing volume against 5 and Ahu/Z. This

plot shows +that at constant S, increasing the allowable

» &pa/Z will decrease the required packing volume, by allowing

higher liquid loading rates for the same gas loading rate

(Figf 2.4) (Ball et al., 1984). However, if S is increased

v .
at constant Ape/Z value, the packing volume required will

decrease down ﬁm a point due to the required tower height

+

[
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decreasing, aﬁdwtheh‘start increasing again as the effect. .of -

‘
N .

increasing tawer 'éross 5ecfionaL.grea (required to keep the’

¥

pressure df&ﬁ;.aq a - fixed value: as the gas to liquid ratio

.increases) offsets the decreasing tower heighfi(Ball'et al.,’

1984) . g

2.12.3 Overall Design Optimization o 3
- _ it .

o

As mentioned by Ball et al. (1984}, the Dptiﬁum design

will be found by evaluating the total cost (capital and op-
eration and maintenance) For_/a range of key paraﬁeters

(here, S and Apa were selected as key paraﬁeters)i under the

most difficult desigﬁ conditibns (temperature, -among others)

for the compound(s) whose effluent 'standard(s) is (are) most

ERER) '._ v -
3 3 -

difficult to achieve.

The general assumptioqs made by Ball et a1.1(19é4) in

'l‘-' . X
G | s s
a . '

their total cost Dptimizaﬁidhrﬁéﬁé: L
a) Capital costs were amorf;zed over a 20 vyear life

with an agsumedwloz interest rate. %

b) Cost estimates were made for capitaf t;sts that will
'J vary from one design to the next, relating the costs

to suitable criteria. For example, packing cost was

related to- tower volume, tower structural costs were

related to surface area of tower , ﬂé?dw‘pump and
LT .

?j'-g-a-'j_e’
e -

blower costs can be related to tower height.
c) Operation and maintenance coste that were assumed to
vary from one design ta the next are the energy

costs of the blowers and pumps.
~

. - .

o

A
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d) All costs that wéreﬁconstant betweeﬁ alternative de-
signs were neglected.
Ball et al. (1984) then plotted lines of constant costs
against S and &pa/Z, and found thét the .Gptimum solution
seemed to be at vqry lqw pressure drops.

: /
S5ingley et al. (198Q) made some similar assumptions in

estimating air stripping-costs. Theﬁ\give cost estimates as

a sé;ies of curves. UOne of .them shows total air stripping
column ﬁost (inclﬁding 1 in. ceramic saddles packing, carbon
steel tower ‘5hell, flow distributor and,redistributors, and
packing SUppDFE plate) és a functicn. of total. column area

required and packing depth. . The pump and intiusnt column

. piping costs were related tolxotal plant flow and packing

-
¢

depth, bu: +the blower costs were related to required air

ftow and (discharge static. heads. The operatioh costs ac-

"Counted for by Singley et al. (1980}, were the pumping and

blower operation costs. Like Ball et al. (1984) and Robcrts

«

and lL.evy RI?BS), they related the pumpirig costs to depthj;

the blower operation cost was plotted as a function of air
ﬁﬁ'ﬁéter' ratio for various blower discharge static heads.
They even ygave curves of maintenance and labour caosts and of

-——
airwell costs as a function of maximum plant capacity.
' -~

2.12 Effect of Various Parameters on Filot Unit Performance

2.1%,.1 Effect of Temperature

- .
It was mentioned earlier that designs must be evaluated

under the most difficult cohditions. One condition is the
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.

ambient temperature. -« An increase in tempgrature will cause
a slighév increase in Kea and a more important increase in H
(Kavanaugh and Trussgll, 1981;7 ﬁoberts and Levy, 1983).
Lamarre et al. (1983) show the increase of mass transfer co-

efficients for 2 propanol with increasing temperature. ESE

(Environmental Science and. Engineering, Inc.; 1981) compared

diffusivity coefftients computed from mass transfer coeffi-

cients obtained at average temperatures aof 16 and 31°C under

¢

otherwise similar conditions, and abserved a significant in-

[y

crease in diffusivity (aéout 2.4'times); an empirical corre-
lation was used to compute difquivity. caefficients from
mass transfer coefficients.

Thus for a giveh column gnd‘nperating conditions, in—

creasing temperature will increase the remaval (Raberts and

Levy, 1983), or for a given removal level, increasing the

"Eemperature will decrease the energy and packing volume re-

quirements (Kavanaugh and Trussell, 1981). Designs should
thus be evaluated at the lowest tempefature anticipated.
Temperature may bhave another effect on packed éower de—

[

sign. Kavanaugh and Trussell (1980) mentiaon that at high

. gas to ‘liquid ratios, a temperature gradient may develop in

the cHdlumn. If this bhappens, the mass transfer rates may be

affected by cooling and evaporatior of water. Kavanaugh and

Trussell (1980) recommend that a heat balance analysis be

performed at final design stage when in doubt.

4]
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2.13.2 Effect of Other Variables

.

The composition of the background water‘ could affect
the mass transfer. Singley et al. (1980), for example, ob-
servég a reduction of chloroform removal in waters with a
free chlorine residual as opposed to chlorine-free waters.

ESE (1981) cbserved that di?fusivity coefficients, and
thus the mass transfer coefficients #rom which they were

camputed, for the volatile organics analysed varied as .the
!
2

type of water pre;treatment varied.’ Molecular level intér—
reactions were suspected of causing this, but nothing was
proven, and no other Specific cause was found. Stover
(1982) also observed different Ko a vglﬁes for the same com-—
pounds found in water .frmm two adja&ent wells. Umphres et
al. (1983), however, studied arganics air stripping fraom a
lime~softened groundwater and a conventiaonally treated sur-
face water with different characteristics, and found no sig-

~

nificant difference of K a. .

Roberts et al. (1982) performed a tracer study to char-
acterize the flow in their packed column. Tﬁe_liquid holdup
and axial liquid dispersion - coefficients observed agreed
reasonably well with predicted vardés. Agreement of axial

Y

disbersion coefficients ‘surprised Roberts et al. fléB?{,
since the .exper;mental flow rates were well below the flow
rates for which the correlation was developed, the bed used
in the study was much shorter than_the one used for the

correlation, and the experimental bed was "carefully" packed

rather than ‘randomly" packed. The agreement of cbserved

J
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and predicted values led Roberts et al. (1982) to the con-
clusion that the experimehtal ;pnditions of their work were
similar. to those cf other Qurks. hmphres é% al. (1983)
stated that the linearity of their NTU vs Z “urves suggested
that 1ate}a1 dispersioﬁ and chanheling in |the column were
ingignificant, since the effect of channeling, if'pregent,

would have iLncreased with increasing depth.

[0 3
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’ '~ CHAPTER 3

LITERATURE REVIEW: SUBJECTS RELATED

TO PACKED COLUMN AIR STRIPPING

Sl Henfy's Law Constants

“us

—_
T

.11 Liduid Vapouf Equilibrium of Dilute Solutions

Henry's law states that the following linear relation-

ship describes the equilibrium between the solute in each of

- the two (liquid and vapour) phases, 1if cqncentrétians'are
g low>(Munz and Roberts, 1982): 7
. £ |
lim —— = Ha (3. 1)
Y]_ . "0 [
Y.
where £ = fugacity of solute (atm)

For very dilute solutions (mole fraction Y. < 0.01 according
to Munz and Roberts, 1982; Y. < 0.001 according to #avanaugh
and Trussell, 1980), thermodynamic developments ljfd to an-—
- . other way of expressing Henry’'s law (kavanaugh and\fiussell,

1980; Munz and Roberts, 1982):

« .
'TF& : ‘Mackay and Wolkoff (1973) derived the following expre-

~ .

sion:

o

sl



po = Yo -2 (3.3

-

solubility of the solute ip the liquid
phase, exXpressed as mole fraction
(mole/mole).

where Ya-

Thus,-Henry's'law onstant zan be expressed as:

Ha = — . ' . (3.4

But the constant can be expressed in many other ways.
‘The usual literature form is (Munz and Roberts, 1982):

Pv .
Ho = ——— S S (3.5)

CDH

Henry’'s iaw constant (atm-m=>/mole).
solubility of the SDlUtE in the 11qu1d
phase (mole/m>}

Ir

where Hgn

CHH

.Munz and Roberts (1982) and Roberts ~and Levy (1983) found
the dimensionless form of Henry’'s law constant based on mass

concentrations to be best suited for mass transfer calcula-

"tians. Then:

[ =4 . =
Cn Com o . .
H= 2 = ~—g= ‘ (3.6)
C. . Cim
o B Pos . .
T ™ where Ca = gas phase mass concentration in equilibrium

with the liquid phase concentration (kg/m>)

Cean = gas phase molar concentratiaon in ehu111bri—
um wi®h the liquid phase concentrat1un
(kmole/m™=)

= . - X
C. = liquid phase mass concen{;ation in equi-
-~ © .librium with the yas phase concentration

- . (kg/m™)

\/.



" This last +form of the constant should not Ee mistaken for
the dimensionliess form of Henry’'s law constant based on mole
fractions, mentioned by Munz and Roberts (1982):
=
Ya

Ho = -m ' | : (3.7)
Y|_ T

\

where Hem Henry 's'law constant (mole fraction/mole
fraction)
[ o ' B -
Yo = mole fraction of solute in the gas phase, in -
equilibrium with the liquid phase
(mole/mole)

ﬁackay and Shiu (1981) and Munz and Roberts (1982) Q1ve

r

the relationships amang some of these forms of Henry’'s law

!

constant (the third relatioﬁéhip was  gilven by‘ Munz and

Roberts (1982) aonly):

\/

R ‘ -
Ha = Ha —— . . ' ' (3.8)
Ha = H R Ta (3.9
' v
P | , —
and Hg = Ha —— R Ta ) ' o (3.10)
Ma '

- -
gas phase molar weight (kg/mole)

1l

where Mg

M. = ligquid phase molar weight (kg/male)
- -~ ! = universal gas constant (B82.057 » 1074
atm-m>/mole- =K) ©
Ta = absolute temperature (=k)

1

35.1.2 Determination of Henry’'s Law Constants

3.1.2.1 Methods- for Determining Henry's law Constants

- ,,/-" ° s 7 .
~ Singley et al. (1980) point out that Henry’'s law con-

stant, H, can be obtained from solubility and vapour pres-

sure data 1if: (a) H does not change as the solute’s concen-

>
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tration in- water changes, up to the solubility limit of the
" solute; and (b} the vapour above thé snlute’s -éatu;ated
solution behaves 1likee aﬁ ideal gas whose composition can be
determined from vapour pruésures. The first condition could
bhe met by’the low solubility vnlatile.organics of caoncern,
while the secand conditiqn seems reasonable at ambient tem—
peratures and pressures (Singley‘et al., 1280). "

Dilling (1277) and Singley et al. (1980) give equations
relating H £D pov and Cgm. These equatiuns,‘ds:i&ed from Eq.

(3.4) and the perfect gas law; can also be easfly obtained

¥

from Egs. (3.5) and. (3.9), yielding: .

H= ——-——- - (3.11)
RTRCGH ]

Mackay aﬁd Shiu (1981) state that using vapour pressure
and solubility data to estimate Henry’'s law constants is ac—
ceptable if the sblute’'s solubility expressed as a mole
fraction is less than a few percent. Hﬁwever, thére are
problems associated with this JQIEEB’%f abtaining -H. Sin-
gley et al. (1980) plotted H values estimated fram vapour
pressure and solubility data against wvalues obtained
experimentally by a method described in Sectiun-&.i.Z.S; the
data showed an increase in estimatequ as experimental H in-
creaseq, but .deviation from the perfedt agreement curve (H

estimated = H experimental) was large.

- Dilling (;977) pointed out that

£

ues were similar from one author to the ne s0lubilities,

f vapour pressure val-

which are difficult to measure accurafely (Munz . d Roberts,

A~
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. . ..
1982), varied .a lot. Mackay et al. (1?;5) note that for.

+

écmpuunds of high molecular wéight, vapéur'pressure data at
EAVirc;mental temperature may have tnrbe extrapolated from
high temperature data, making it less reliable.

It thus appears that experimental determination of H
would be preferable to determination using vapour pressure
and solubility. data (Dilling, 1977; Singley et al., 1780).
.Besiaes eliminating the above ?Dufces of inaccuraéy, expec}»*
mental measurement may allow H to be found at low cuncentiﬁ:f

’

tions typxcél of environmental conditions (Munz and Roberts,

1282) .

The “conventidnal" experimental method of Dbtainiéﬁ Hl
. L]

cansisted of meésuniné the 1iguid phase concentration and
gas pHase partial pressure of the solute of i&terest iﬁ a
system that had reached eqdilibriu® (Mackay et al., 1979;
Mackay’and Shiu, 1981; Munz, 1985). However, the very low
enviﬁonhental concentrstians sometimes encountered and very
low vapour - pressures are: difficult to measure pfeaisely on
ar absqlute basis (Mackay et al., .1979; Mackay and Shiu,

1981). A method that would require only relative concentra-

tions measurement would be as accurate and much more conve-
nient.

3.132.2 H Determination in a.Bubble/Column N

-

Mackay et al. (197%) and Munz and Raberts (1982) de-
termined H by bubbling air through a solution of tRe solutes™

of interest and observing the change in agquepus solute con-

L3



centration with time, This change was theoretically ex-
pressed as (Munz and Roberts, 1782):

Co QeH

“ln —— = ——— [1 ~ exp(—#Z+)1{(t - to) (3.12)
' C|_o VL
in which -
: KraVe
$Zy = ————— _ (3.13)
' HO» , :
y
where C.. = average mass concentration in the liquid
: phase (kg/m™~) ‘ .
Ci o = average mass cancentration in the liquid
phase at time t = 0 (kg/m™)
t = time (s)
te = initial time (g)
Voo = liquid volume (m=)
iy = totai submeraence of gas inlet (water
depth; m)
¥ = constant specific to each run (m—*)

If -the effluent gas (air) is saturated with solute, or

61

if $Z+r is much larger than Dne\\?ay $Z+ > J), then (Mackay'

et al., 1979; Munz and Roberts, 1982):

Co QoH
-ln ——— = —— (£t - tu) (3.14)
CLo Mo .

Ay

‘Thus, a plot of -1n(CL/Cio) against (t - to) would have a
" slope of QeH/V, frem which H can be obtained {Mackay et
)

al., 1979; Munz and ‘Roberts, 1982).

Or the other hand, if the effluent gas is far from sat-
uration, or if #Z+ is much smaller than one (say #Z+ < 0.1,
a; it may‘happen for solutes with large H values or when
large gas flow rates are used, then (Munz and ﬁoberts,
1982): -

Co

“ln == = K_alt — to) C(3.15)
Ct-o

-
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and the overall mass trénsfer rate constant can be found
fraom the slope of a -1n(CL/CLo) against (t - to) plot.

Mackay et al., (1979} and Mackay and Shiu (1981) note

that this method only reguires data on the relative con-

centration changes in the liquid ;hase with time; no abso-
lute partial pfessure or concentration ﬁeasurement 15 Nneces—
sary. Values of H within 3% of reported values were ob-
tained by “"Mackay et al. (1979). Another advantage of the
method is thgt ény possible dependence of H on concentration

[E— -

will be observed as a curvature of the line of —-1n(C/CilLos)

against (t-to}.

I -

-.1.2.% H Determination in a Closed System

Many.ﬁethods of determining H values by measurements
performee on a closed system: were devised. The general
proéedure consists of putting a solution of the chemicals of
interest in contact with air in a closed system (viag or sy-—
ringe), and measuring the concentration in one or both
phases ({(depending on the aaalytical capabilities, and the
knowledge of fthe initial concentrations) after equilibrium
has been réached.

"Direct determination'" of H,"By measurement of the gas
and iiquid phase concentrations "once equilibrium 3s at-
tained, can Le performed in a closed system. .Measurement of
cnncehtrationé in one 'phase only and mass.balance relatiun—

ships can also be used to obtain H. v

-
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Munz and Raoberts (1982} used this approach. - _Tﬁey
transferred a solution of organics into g;rinQES'and immédi—
ately analysed a portion of the solutiﬁn to determine ini-
tial éoncgntration. Known voluﬁes of solution and air were
kept in the syringes that were closed with rubber stoppers
and.alluwea to equilibrate over a one day period. The sy-
ringes were shaken 3 or 4 times during thét day. -Another
partian Sf the solution was then analysed to find the equi-
librium liquid concentration.

A mass balance between the initial and final states was

expressed as (Munz and Roberts, 1982):

= [ =+
CioVe = CLV + CaVa v (J.1646)
where Va = gas volume (n~)

. : [~ . -
Solving the preceding equation for Ca and substituting it

into Eq. (3.6} vields:

(Cn_o - CL.)VI_ CI._O VL. ’
H = ———mm e = |-a=- - 1| —- (3.17)
CL_VQ Ct_ VB -

Singley eg al. (1980) and ﬁég (1981) determined H using
a similar method. The-initial cnﬁcenfration was computed
from the wvolume of organic compound adﬁed to a cerEfin vol-—
ume of water in a syringe. After Standing two-hnur? in a
temperature controlled room at 4 or 20°C,mthe syringes were
shaken and a vapour phase sample was analyzed to find final
concentrations. . %

Munz and Roberts (1982) point out that‘thsir method |

vielded lower H values than the diffused aeration column
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&4

[ == d

values, althaugh the values were still often in agreement
with other literature values. They attribusg-this partly to
the fact that equilibrium may not have been reached due to

the.short - contact time and little shaking. Volatilization

N : . . ® . . -

during} sample  transfer 1‘«:.!2 liquid-liquid extraction is also-_
: o ‘ !

L]
-

a possible source of errar, and would‘éxplain the :larqe
.Standara deviatiqns observed {(Munz and Rnberts: 1982).

Mqﬁz (1983) describes improvements of this methua. One
impro§emeht,:calléﬁ “Equilibrium-PartiFioning in Closed Sys-

. .
tems", was based on- a comparison of mass balances in two

'similarlsystems {vials), at the same tempefature, containing

the same total mass of solute (CLoVi.}, but different liquid

.

volumes. . Equating the Expr9551ons of total ‘mass 1n terms of
. ’l . - :
"equilibrium concentrations for both systems [Eq. {(3.16)1,

-

.

and using Henry’'s law [Eq. (3.6)1 yields (Munz, 1983):

= : )
CLm % ) l ' "o
e Vie — Vea
._CLA ] .
H = —=-==——= B=yr——— o (Z.18)
' CLm ' :
Vaa — ET an}
Cia .

or, in terms of gas phase concentrations (Munz, 1985):

=

Cma

—2—!Vea — Vin N\ ;fffy

Can ! , ’ !
H = —o—— e g : | (3.19)

Caa e :
Van — -2=| Vaa
b Can
*

where A, B = subscripts referring to systems A or B

P.
4
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Mqu‘ (1985) applied this method, measuring con-
centraﬁions in both phases, which allowed h;m to Dbtain H
values in 3 different ways: | by direct determination CEq.
(3.6)Y1, and 'using the two preceding equations. Gas chro-
matographic analysis was performed with direct {njection 6?
-bofh the gé? and liquid-phase samples. The results obtained
were inconsistent: H values computed in different ways were
"different. Losses of gas from the gas—tight injeétion sy-—

- ringes and .lnsses from equilibration vials were possible
causes (Munz,EIQBS)..

The "Multiple Equilibrations techniqué“, anocther im-~

pravement;ﬁf the Dfiginal closed system method evaluated by

85), consists of measuring the concentration in one
phase after equilibratibn; expelling the_QaS phase; intro-

volume of fresh, unccntaminh!sd.gas tair) (a:

olume such t? t hé gas to liquid volume ratio remains con-

sthnt); letting the system equilibrate; and, going through

the same procedure again. A variable volume vessel, such as

3

a syringe, is neeQed to keep the gas to liquid volume ratio

-

constant if the liquiddphase is Sampled{J_

From Egs. (3.6) and (3,16),'iﬁ can be seen that (Munz,
. Co ' .

. J
198 y
- = Vo

Coo = Civ|1 + H —| | - ) (3.20)

. V| ‘

. [ <9
"After the first equilibration, C. becomes the CLo of the

f

next équalibration. For u equilibfatiané (Munz, 19895): H



observation that H decreased with increasing turbulences

-

Vo

In Cu = 1n CLe — ul|ln{(l + H — (3.21)
Vu

where CLu = mass concentration in.the liquid phase, af-

ter u equilibratiaons (kg/m=)
Thus, =1nli1+H(Va7V. )] will be the slope of a plot of 1n(CLu)
against u, which allows H to be computed (Munz, 1985),
Munz (1983) applied multiple equilibration using 100 mi

gas—tight glass syringes with Teflon® plungers, on which a

66

microvalve and septum were attached. Only 1liquid phase

!

measurements were taken. At the time of this writing, the

outcome of these experiments was not known. : !

Munz and Roberts (1982) mentioned that the closed sys-—

tem methods for determining H were simple and inexpensive,

and could be very,useful.

3.1.3 Factors Affecting H Values

B
" The vapour-liquid equilibrium relationship depénds on
pressure, temperature, and composition of the phases (Al-

Dhowalia, 1982; Mackay and Shiu, 1981; prerts and.- Levy,

1989; Singley et al., 1980). However, since ambieng-condi—‘

’

tions prevail in packed tower air stripping, the pressure is

almost constant: and its effect becomes negligiﬁle (al-

Dhowalia, 1#82; Roberts and Levy, 1985; Singley et al., -

1980).

. When determining H values. by diffused aeration column’

experimen{;:mﬁqﬁkfénd Roberts (1982) could not explain their

Al 1

theoretically, H being a thérmodynamic praoperty of the so-
: .
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lute, it should be independent of such factors. Subsequent
experiments by Lalezary'et al., (1984) 5howed'no statisti-
cally significant  dependence of #H on hydrodynamic condi-

tions, as stated.by Roberts and Levy (1983)..

3.1.3.1 Temperature Effect on H g

- '
Since “temperature affects both the solubility and

’

vapour pressure of a solute, Henry’'s law constant will
surely be dependent on temperature (Mackay and Shiu, 1981).

Kavanaugh and Tfussell (19480) obta{ned, from thermody-

namic principlesy a van't Hoff type eguation relating H to

temperature. The van't Haff equation is (Stumm and Morgan,
. ) - :

-

1981, p. &9):

d In(Ka)  aH _
e S (3.22)
d Ta RTaA= ' o ‘

!

£

F
i

A

M

Y
:

I

= ratio of activities of species (equilibrium
. ° constant) '

enthalpy change at standgrd state

. : (kJ/kmole}

2

L} *

jHen?y's law constant expresséa as’{hehratio'of part{ial pres—
sure to “mole fraction in the ligquid phase, Hg, is the ratio

of activities in a. vapour-liquid system in -~ equilibrium
- - [N

.

(Stump and Morgan, 1981, p. 44). If the enthalpy change at

standard state caused by dissolutian D%‘the solute in water,

AH=, is considered independent of temperature; integratiar

]

of the above equatian yields (Kavanaugh .and Trussell] 19B0O;

-
-~

Stumm and_Moraan, 1981, p. 70):

v



(=)
[ —AH -. “ - .
In Ha = ——= + K o B (3.23)
where K = constant i

Kavanaugh and Trussell (1980) correlated data from Kruis

(1976), using logzo Ha' 1n5tead df 1n Ha, to flnd the valﬁes_

1
(=]

of aH and K.

. ~

Singley et _al. (1980), using another route, arrived at

- ’

a relationship very similar to Eq. (3.23). Thay state that

over reasaonable temperature ranges:

In H = Bo * Bs/Ta (5.24)"

-

where Bo, B: = canstants ; . a

. ' -
- . . ]

Singley et -al. (1980) and ESE (1981) cnmputed-Bo‘and By by

correlating H data they obtained in tr1p11cate by the Sy—

ringés method, at two femperafureé (4 and 20=C). -
.1.3.2 Effect on H of Sgplute’'s Concéntration ’

The sélute’s cnncentratinn'in the snlufion could affect

-

its H value since its activity coeff1c1ent in water varlea

with concentration (Mackay and Shlu, 1981) -Kavanaugh gnd
Trussell (1481! stated . that H Qaruesl'obtained frnm;vapnur
. . i Lo \ .

pressure and -SDIubility dafa wuuia bé su1table fDr hlghly

cuncentrated solutlans, but that the extrapolated values for

- . r

N low environmental Foncentrat1nn5 may be too law. - LT

Munz ahd Raberts (1982)"a150’ment10n that an increase

.

in:H with decreas1ng concentration. could be observed 1? hlgh

Ty v

1n1t1a1 cnncentratznns (near the’ 501ub111ty Iimit) and low
» 1 < : - - .

final concentrations wege studied.” They ‘present this argu-

- . AR . :

-
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-lated their results to " find the value of the constants in

g -+ ~ ". ’ o,
e .« # - W v s [ [ .
- Doawt . [ LYY !
- e .- X ' N
! N P TR B i ‘e y v 6%
. RO : ; R
' H ‘ e Ty R y » . a3 .

Tow

pends’bn cgncentratlmn,'é} dependence they d1ﬁ nct Jbserve

when déterm1n1ng' H values" by the d1ffused aeratxon method\

. .
kN -_.v T .

‘(the ln(CL/CLo) aonlnst ) ’Eo) Curve was a*stra1ght llne).

L)

'Hunz and . RobertsH-LQB“) even ghowed theoretlcally that H was .

.
7 e e ) . . .o

constant for very dilute solutions.

. * - B ' . M ?

Mackay had mentlmned in 'glphecéding .paper”(hackby et

al., 1979) that, the assumption that the valume of solute .

- o TN . R
vapour “formed was negligible . dompared to .the stripping aas

volume may not _be trde’at-thé beginninj'bf diff sed aeratlon
. S ‘ - -
treatment bﬁ hlghly concéntrated‘sclut1nns, whlch wuuld ex—

A

‘Qlaih the turvaturE of. the first part DF the‘logarithm Df

-cbncentration againgt  time curve. Mackay and Shiu (1981)

i . - - . ! . . . - '
beliEye,the effect of solute concentratiaon to be negligible

. . . y . . oot
if. the concentration is low and solutes are non-associating.

Sinaléy et. al. (1980) ,- howéyer,‘_ gathered H-data, at

two temperatures, cavering a range of initial concentrations
L - s Rty ‘ A

between 0.1 ‘and ‘100 Bg/1, by the syringe method, and corre-—

K
' ‘ . -

the formula:
'1nH = Bo + Ba/Ta + BzCl L (3.25),

where B; = cbnstant ;" R

Ed
.

Contrary td"their‘expectations,_ 311 three constants were

w

statistically significant (Bx légs than Bo and Bl) and com-

pound dependent. However - the coefficient of determination

’
’~

obtained when fittiﬁg the data toJ the above formula® was

-'95.642, while . r= obtained by fitting thé-data to Eg. (3.24)

-

‘meﬁf_as a p0551ble reason fur Mackay s statement that H de—“

I

v
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'Roberts,:. 1982) .
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However, other compoqnds sucb as methanol are sometlmes

L] f4 S

LIS S e i '.‘ N ! R

added ;n the water to‘lncreaSEforganzcs solubllxty-(ﬁqnz and -

L o s - -,

The amount addgd can be relat;ve!y sxgnlfy— R

cant, amd Munz and Roberts (1982)'dgﬁelope&‘gquafions-to ac-
count for tH15-add1t1on LT e . “ o .
] ol vf-d L] - ". r e ot - . : ',r' -..." “. . .‘ e .
e * Henry's 1 aw ConS{ant,for a compound inwa mixture of
. . .) » .. P . - .
. - .o o . .
Solvents can be expressed as (Munz and Roberts,‘IQBZ):' .
o rs . o * .7 - . )
- - N *
. in H:m =Yg 1n H:n-* Ys Ip Has = Baz Yu Y:; (3 26)
N : - »
"y .where B,y = emplr1ca1 coeffxcrent relevant to a system-
" T comprrded‘bf compqnents i and 3 ;A: .
h Lok = Henry S 1aw® cohsfant of component of'sof.*
P lution din solvent j (mass concentrab T
- . . tlon/mass cgncentration) <! \
. " Him = Henry s Taw, condtant of component i df so-
ey oo o ”lutlon in a mixture of two*solvents (mass
= o concentratlonIMass concentratlon) .
oy M _: R PR mole fract1onbof comﬂonent i’ of 'solutionvim - .
’ - ' ‘ thi 11qu1d phase (hole/mole) '
. ¥ -~ xn R r-‘_“ k3
~anpd the solution composltion iﬁ&‘. . - » .
‘ ,ll' _ o } _.’. '.— o ., }‘- f\‘ ~
oA compapent 1 'F solveht (e.g,, water )™ , .o .
Ao . L T, P i St -
‘Component 2 = solute (organic compound) - o y * .
o O ) £ U-‘f w7 .- “ -
- component 3. = soclvent (e!qg., metRanol) . el N7
€, " . - 5 L L -
This equation can be rearraﬁged as'follows: ) )
* [2 - o1
7 In(Hzm/Hzs) = (Y2 + Y5 =1)dn Hzae+ Yz 1n(Hzs/Has) )
. "+ “ . ’ 8 " , .
- Byix¥,Y= - B ot (3.27)
’on " 0 . o ) t
If 1t is assumed tHat Components 2 anegh X aré:igfinitely -
dilute in Solveﬁt 4, and thag"tomponent 2'is a'lso'?infin'i'tel'y1
i = o v . i P
dilute’in solvent 3, or expressed differépt}y: . =
. r FE ¥
. > . X .
for the ternary system: Yz << 1 vy Y3 X< 1 4+ Y, 3 1
T for. the binary oystens: Yz <1, Yy ~1 .
) -t-‘ L+ ‘_» . - . . - I - .
M o C ¥x <G 1Tyt Ya = ] o
' - . o ‘? , e ,
- R ; AT . r“ '{Yz' <<| 1' ’ Y:: :pl z g
- . E IS ' i n . * »
. o . - . ‘ i .

—\‘
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- EAE ) uherés#$*r= act1v1ty coefficient of compunent i 1n 'sol-
Y '_'?} _" . © - vent J‘at 1nﬁ1n1te dllutlun N s

(9% b
K .- -
e

) .
! A ' R
. Lot

PV The ratlp- HxsiHal can be cnmputed from the follow1ng relaw e

1»' -

= tzonsh1p_(Munz and Rnberts, 1982)*
LI - i ?J\ ' e E»' a4 ‘l’. - . )
e LN Bax = Baist ¥ ll'l_((szsYl"f?:.) ﬂ {(3.29)

. + . e

P _ Munz andr querts 1982} recommend thatntexperimentaL-

e

™

! ., . . * .
- A - . :

SR ~values 6f - activity coefficients be used hhépevérepossible.*

. . ‘ :
‘4 ‘. " Raberts (1982) found that the correlation of Pilerroti et al.
' o l . ‘ . 3 N )
.. ) ) (195%) gave“reaEdnable estimates for.the water-methanol sySs-—
'temf‘ "For ﬁlightly:sdlugle compaunds, activfty”coeffici

[ - .

can”be estimated from solubility (Munz “and Roberts, 1982):
L v . L y : — 0 By
’ - Y = 1/Ya. . . . (3.30)

T - N vl'.

o _ . where Y = activity cuef?iciént_nf solute

- e caw”
- . . 4
- : . . .

Munz and” Roberts (1982) used-the above equatidns to

*! . E

W

4

‘evaluate the effeet of meﬁhannl (Y= = 1.8 x 10-=) on H val-
Y

A 'ues of" chlorofdrm and carbdn tetrach10r1de.: The ant1C1pated

' -~
;o L e d - rs

: effect was found“negllglble, ,(Hzm/Hz;) = 0.9986 for canbon:

"ﬁ-

P (1982) also conducted dlffused a1r CDlUmn exper1ments tu de—

termxne H at»vérxous methanol cuncentrat1nns.. H varlatlons

fEd - / B o .

. were random, leading to the cqnclusxnn that they were caused
w * e :

ca . w R ‘ .
[  #Qtherwise, geperal correlations can be used; Munz and

o :tetrachldridé (Mdnz. dnd Rmberts, "1982). - Munz and Roberts

Y A .. S
then emplrxcal dbefﬁ1c1ent5 By 5 can’ be fguﬁd from™ {Munz' and .~

"1.
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eugn1f1c9nt effect.

’dﬁcating’that

“

4

Lhunz

-

2 *

-~ W
-
- -
] .
. v a
’ -
-~ - ~

T .
R
K R ‘:.-‘\-'
‘and,. Roberits ., (1982)
X '.|. » ,." ‘.- hd
= Fa * . 1

3
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R
- - . »

3 rd - - . »

~ ! ’ v
n -l

0 ‘.

s -

mentloh that the Dctanol—water

n -

fDr methanql 15—ema11er thap dne,‘ln—

L.t s e
TR

[} . .- N
aldohol,; which would suppnrt the *above rasulf% SR S
w Y P , Cer F ey e
. 1 - ’ " J N, )
302 Packed_ﬂalﬁhn.ﬁir Stﬂipping-Stuaié§ . " .
o H i b oL R - [ - .- L
13 . “ ~ l‘." ] “ , . . .
¢ \ '. L ! ~ o : - L n : .4-
).2 1 Equ;pment Requ1red “for Packed Column Stud1e5 v
. . H ' i , L. ! B . . - _ . |
- : . . L L L .
L. 2 Tz 1 The CDlumn and Its Ihternals._ ’ . . .
" . VR I — - N . e S , .
'.; T s, . . . . ', LIRS . ,

general 11qu1d-

d15tr1butxmn is -1mpqrtant_because "

»'-

-

1th the‘ﬂpacklng w111

b

)

'?packlng that

column desxgn”

H

~

i

L

Leva

There ere Sume general con51derat10ns related to packed

he .
‘f".‘.~ L

(195&) states that although there is no

*
ar

LS

aLready favayrs

.

-

dlstrlbut1on devlce dES1gn,

be~wetted

N

initiar.

- ~ 1,

it affects the degree to

eVen.fDr;randbmly dumpeﬂ

‘1 cen o

11qu1d d1str1but10n.-TD avo1d

11qu1d maldlstruﬁutlon, such . as channellng (concentratzmn of

.

-

P

‘the lxquld flnw at the walls Df the column wh1le.m05t of the

‘1east~8 tcfi,

13

qaé flnwé

qeqomhends-that

he o

t1Dn that the packlng

-

Ry

through the ceenter of the amlumn)

-

LAS fnr

should have

‘n‘

s

PR -

.

J

>pack1ng support

a_free

t

a column—to—packxng dlametér ratlo

anduprefefably

tween 2 and IO'times the column diameter

.

Treybal
.l'\ [

of. at
up to 15 to 1, be used- flow

redlstrlbutcrs Shuuld also be 1nserted at depths Narylng be--

.

T
-

(Treybal l1‘?80)..)—

.

Y

sgpport; gr;d:naf‘

Morr1s and Jackson (19b3) ‘men-~
‘r -, t

.perfdrated Rlate

"n

(1980) -

dpace at - least equal -to the voidage of
» o : o ) to
. t ,' - o N ) . -
N N i .- - ' 1 ¢ -
» i - . . - ]
r . . ; . -
4 - 1- ’ “ ! '

-

liqUid N

~

methanol aets chemlca}ly‘mute*lee{water than l;w



‘quired. " Inifial liquid distribution was obtained fEDm dri—

PR - ‘ . - »

- 4
- N . - AR t LN
- o : + . N noot . X

the pack1ng tp_prévent prqmature f1n0d1nq - beva (1953) rec;-

. -
.,..- N » .

- ommends u51ng "gas-— 1nJect1on we1r type“'suppurt plates (Fig;~

-, e PR - .

3.1) to prnv;de adequate'?ree area*wh1le be1ng 5tructura11y'

w

strong; this ., type. of plate also prnv1des better gas—lxquxd

contact- through the cqlumn.(Leva, 1950). ’ :

-

o ~

[

'ies, these recommendations ﬂere‘deﬁérally fo;lnweq.w A‘Col;

~umpn~to-packing diqmeter‘_rqﬁic greaten than il (Ball et al.,_

“

1984; Lamarrer ét*a{.,A 1983; Stover and Klncannmn, //83,

\ - . -
- ! - , \

et al., ‘1985;'Ruggier0“ and Fe1gé\\~19ao. angley ‘et al.,

- 1

'1980; - Stover, 1932) ﬁas used in many 'studies. - .ThHe need for;

Such'higﬁ, ratios ié--fécnghized by .authoﬁshthat used lmwer
[ . - . N

? s

ufdfsi(Ball et aI.; 1984; Umphfes et al.; 1983), at spacing’

il

Equivalehtntoctwohgolpmﬁ qigmeters, while ‘others (Singley etpﬁr

+

‘al., 1980) mention that redistributors were available if re-
. - - [ ] N .

Fl
-1 N

-+ N K

fices (Singley et éﬁm, 1?80) ar- nezzles (RDbEFt5: et al.,_

1985; Umphres et 91.,}1983) in the thtDm of 'a dlstrlbutlon

basin or bucket; or from a shower head%(ﬁlﬂDhowa}1a; 1982).
L o ] " T

The~ cGlumn was often made of glass (Roberts et al.,

1985 S1ngley .Et al., .1980; Stover, 1982;.St0venlﬁnd’KEn—

cannan, 1983), sometimes af clear polyvinylfchloride‘(EVC)-

4 ) P Lo

(Al Dhowalra, 1982) . or ‘stainless steel “{Lamarre et al,

-
P

.-1983). It was often made of sections aof pipé 0.5 t0'0.& m

e - . . F
~
! -

z . - e [

~1

' In packed column volatile organics air stripping stud--

ratios (Al-Dhéwalia, 1982), Some' authors used rggist#ibﬁ“

Uhphfés et"alﬁi 49833Jand sometimiéfgreater than 15, (Rnbeﬁts .

‘o
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"

+all detected \vo1ds ta improve bed humogen91ty. Thzs re—'"'-

-sul ted in 15/ more spec1f1c surface aréa but pressura drops }

. v - v ‘ - Lo : ' h!
Iang.(ball et al., 1984; Roberts. et ql.{'l?BS; Singley et ;-J
al., "1980; tmphres/et al., 1983). - '

. / 7

The “packings used ‘iné;udé 25 mm saddles .made of
polypropylene (Ball et al., 1984; Ruggiero -and Feige, 1983; -
A AR . , \ A ; SLEeY .
A

‘Umphres et al., 1983) or ceramic (Al—nhnwélia, 1982), 12.5

- . Lo ’ , T -
mm cefamic‘ Berl saddles (Roberts et al., 198%), 6.25 mm ce-
ramic Intalox® saddles (Slngley et al-,.1980),.25'mm stain-
N . o . { oy .t - : '

less steel Palr rings (Lamarre Et al., 1983), and 6.5 'mm

’ o - . L t

glass Raschig~ rings (Siaver:' 1982; Stover lénd"Kincannﬁn,-“ )

N

'4983).‘ The packzng was suppurted by 5ta1nless steel sCreens

~

' (Al Dhowélza, 19825 Stnver, 198 Stover and Krncannon; ;

- ' . -

1983) or a gas injection type plate made of ceram1c (Singlgy

‘et al., 1980) or IEflonQ (Roberts'et al.,'1985);’ )
. N - ) : B * ' . 4 -

'The wa& fiﬁ whicH the pack1ng was loaded -in the column’

.

is addressed Dnly hy Roberts et al.'(1982) whd”meﬁtinn hav—

1ng loaded a water f111ed Column, but having filled manually E ~

+

’ L o ”,

- -

much larger ;h%p ant1c1pated. _Thg recqmmended‘way‘tn "dump”
hackgpg.r?ndomiy :is to 1pad it iﬁtn a watér‘fiiléd‘coiﬁmh: .
:without-fi%liﬁg up .the“voiaé ménually -(qutqni.ﬁnhﬁan},
'1477).‘ - It can be.gséumea_féatfthis-lnadiné-methqqlﬁés u;eq -»_:

AN . ] b - - L
} “ .

for' the other sttdies.’ IS SRR Co .

- N . .

J.2.1.2, Equipmeht édFrgunding-ihe Column’ - RN L Y

. A -t - v c . ) ~ v
. iy . B .. . .
- K PR ' .

. Some investigétors nere carefuﬁ ‘to use ’6519..Tef10n®

tublng, ‘and’ even Teflnn@ flttlngs and gaskets, wheréger-ppsf_" _1

*
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, ' _ ’ N\
sible; to prevent adsorption (Roberts et al., 1985; Stover,

1?82; Stover and Kincannon; 1983), while others used regular

i

oy .PVC .piping and valves (Al—Dthalia, 19682).

Aécurate air and water flow measurement devxces are tm—
_— .

. portant camponents of a packed column air strxpp:ng system

S 77

(Ball et '51;, 1984); ﬁihuid flows were often measured with

- gley-et al., 1980;,Umphre5 et al., 1983), and cantrollee by

_a rheostat on the peristaltic liquid pump (Rdbergéfeg;al;,

\\\< Y 1985) or by a meterfhg valve (Slngley et . al., “1980). Gas

.\\. ‘n 'fluws, supplled 'by a campressor (ﬁl Dhowal1a, 198“) .a blo—

wer (Lamarre, 198&. S1ngley et al.y: 1980 Umphres et alu,

- v [

1985)‘nr compressed air (Stover, 1982; Stover. and Kincannon,

1983), or ' a‘tank' Df cempressed niﬁtmgen“(RDberts’ et al.,

‘a rotameter. (Al-Dhowalia, 1982; Roberts et al., 1985; Sin—

. 198h ,.were'Jeahtrelledjﬁyjfhé regulators in.series'(RoBerts
S ; _'et ala,LIQ?S):?br_by éemeteringﬂvalve (Singley et al., 1980)
?ﬁ ».,' ' 'brﬁé@té b‘veive.ifﬁem;rre,et'el.,LIQBS). ‘They wefe ﬁééﬁéree ;
. o wigh‘§-.59t;qggék (Al-Dhowalia, 1982; Singley et_al.,"1980;
- Stovef,{19é2; ,Stdﬁer‘%nd K1nc;enon,.1983) a pitot . tube;e
y'? TT ; ,;.(Leﬁarre et al.:.1981) ;J“ofifiéé flowmete;'}dhphres et'
w‘:; {;-.el., 19@3{} ‘Dr aiipe;c151on mass flnwmeﬁee (Roberts et al.,
- T £ i . - - . iy _ N
L e - e T T :

. - - " - - .
v - ;“ R R W o- - N ! » M», ' -~ i
Ty . X 3. ZLQWPaCked CDlumn A1r gtrlpplng Exper1ments T
B l:é:é:?;IfégheFfme:taf:Ccnaiffnns"‘" : q“g,ﬁf“'. - S
’r;j ;-‘,j"}u__;Qpieﬁile-queﬁieef’éirjsfeipéingﬂ exper1ments have.been
:i”ni ) ' conducted on‘gimundwéﬁer_(Lamarre et al., 1983; Ruggiero and_
' ‘ f:: . :L“ B | L



w2

Feige, 1983; Stover, 1982; Stover and Kincannort, 1983;
Umbhres et al., 1983;2 treated surface water spiked withior—
ganics (Umpﬁres et al., 1983), treated wastewater, spiked
(Ball et .al.,-19§4) or not spiked"(AI—Dhogalia, 1982), and
syntﬁetic waste 'made by spiking pure -wataﬁ(yith organics
(Al-Dhowalia, 1982§ Roberts et al., 1982; 1985). When the
solution was Spikéd, orgaﬁics\were uéuailfiselected to cover
Voo, '
a wide range of volatilitieé‘(Al—DthaIia, 1982;'Ba11 et
al., 1984; Roberts et al.y 199i{;1985); and GereFfirSt'dis—
solved in ethanol.;ymphres ét al., 1983), methanni (Roberts
et al., '1982), or a mixture Dfﬂmethanol and i1sopropyl alco-
hol (Ball et al., 19284). |
Experimenters varied liquid loéaings in the column at
constant gas—-to-liquid ratio (Umphrés‘et al., 1983T;r6fwa1—
lowed both the liquid loading and gas to 1liquid ratio°to--
vary (Al-Dhowalia, 1982; Ball et al., 1984; Lamarre et al.,
lqéS;IRoberts et al., 1989; Ruggiero and Feige, '983; Sin:
gley et al., 198B0; Stover, 1982; Stover and Kincannon, 1983;
Umphres et al;, 1983) . .Some authors also collected data at
the same flow rates at maay packed depths, usually to iso—
late end effects (Al-Dhowalia, 1982; Ball et al,, 1984;
Roberts et al., 1982; 1985; Singley et al., 1980; Umﬁhres et

al., 1983).

-

3.2.2.2 Sampling and Analysis . | -

To insure | that steady state was reached, experimenters

. allowed the column to run_one-half hour (Singley ‘et al.+”

-

a*

o
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[

3 1

. - 4 - - , . [l
1980) to one hour {Ball ?t “al., 1984{ Ruggiero and Feige,

1983) before- sampling. . Roberts et al. (1982) started sam-

- }

e

'bling aftec‘40-minutes;pf'tun,land sampled at regular inter-—

vals unt{l their influent-reservoir was empty; they assumed
- N - : \

the last .fiVEWSamples théy cpllectaed were at steady state.

Samples were colletted inl.15 mi glasé bottles (Roberts et

=

“al., 1982), “or in’60 ml (Ball et al.; 1984; Singley et al.,

-

““1980) or - 200 ml (Umphres et al., 1983) ambér ‘glass bﬁttres,
[ Y ) -

all capped with Teflon®lined septa- Ball et al. (1984) put’

. , . . .
‘0.3 ml of 2N sodiufm sulfite to quench “any residual free
- f

chlgtine in-the sample bottles.

Ay

v - Water qgﬁlyéis for vnlatife organics ‘will be.disgussed
—yet -’ o . . -h .
in the following sections. In volatile organics air strip-

- \

- .5
_ping studies, the Drganjcs were extracted from water by lig-

o>

uid-ligurd extraction using henﬁane as a solvent (Ball et

al., 1984;° Roberts et al., 1985; Umphbres et al., 1983), by

statig headspace analysis (Singley et al., 1980), or by dy-
’ J 4
namic headspace analysis, also called purge and trap analy-—

sis (Rugyiero and Feige, 1983):

. o~
B
ot

3.3 Water Analysis for Organics

) ’

Analysis for organics usually includes the 'following

L -

steps: - (i) sample preparation (collection, extraction, and
cancentration); (ii) components sepa?ation; and (ii1) compo-

nents identification and concentrations measurement (Al-

el

'Dhmwaljg, i982; Trussell and DeBoer, 1983). Currently, ex-

. tractiun,agg’}&Gncentration of the sample are the limiting

- -

- v
»'f -
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~

factors-in trace volatile organics analysis (Al-Dhowalia,

. 1982). The gas chromatograph is essential for separating

the many organics that may be present in a sample (Al-
{ .

‘bhowalia, 1982; Trussell and DeBoer, 1983). Some aspects of

these steps are discussed in the following sections.

3.3.1 Extraction and Concentration of Organics

kS

A ~

There are many ways of extracting and concentrating an

agueous solution of organic chemicals. For volatile organ—
. . /

hY

'ics, liquid-liquid extraction and "purge and trap" are hrnb—

-

ably the most commonly used techniques. These two tech-

niques are discussed in the following paragraphs.

- - - . Y

3.3.1.1- General Extraction Procedures

In liquid-ligquid extraction, the sample is shaken in

[

the presence of an organic solvent immiscible with water
{Al-Dhowalia, 1982}). _Many volatile 6rganic51 being more

soluble in the solvent (pentane, hexane, methylcyclohexane)

r

than 1in ‘water, will be transferted to the solvent " phase
(Trussell and DeBoer, 1983). ‘The phases are‘thén allowed to
separate, and  a portion of the sﬁlyent phase .is injected
into the gas chromatograph (Al-Dhowalia, 1982). Partition-—

ing between the phases is a function of temperature, com—

¥ t - ’
pounds, and ratio of volumes of phases, and controlled con-—

-

ditions will vyield reproducible extractﬁons-(Trussell and

DeBoer, 1983). Most 1liquid-liquid extraction procedures

80
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also pravide a certain degree D{.concentration (Trussell and

DeBoer, '1783).

In purge and trap analysis, an inert gas is bﬁbbled
. 0 ‘ -
through the sample, farcing the organits out of the sample;

-

the inert” gas stream-then goes through a cnlb&n of sorbent,

the trap, that retains the organics while:letting the carri--

b *

er gas out (Al-Dhowalia, 1982: Trussell and DeBoer, 1983).

The organics are -then thermally'desnrﬁéd from the trap into

the gas chromatograph (Al-Dhowalia, 1982); B§ purging large
: L ; 3
volumes of sample, 1000. fold concentration factors can be

achieved (Trussell and DeBoer, 1983). .

s

 3.3.1.2 Comparison of Extraction Methods = : -:_

-

1 '

The two extraction techniques discussed above have com—

mon advantages. Both are applicable'fb a wide range of com—

pounds }Kirshen, 1981; Trussell and DeBoer , 1983).. Both are

- ~

accurate (Otson et al., 1979; Trussell et .al., 1979;

-

Trussell and DeBoer, 1983), rapid (Al-Dhowalia, 1982; Glaze
et al., 1981; Henderson et al., 19764; Kirshen, i?Bl; Mieure,
19773 Norin and Renberg, 1980; Reding et al., 1979; Richard

and Junk, 1977; Trussell et al., 1979; ‘Trussell and DeBoer,

- -

1283, convenieht (Al -Dhowalia, 1982; Henderson et al.,
- - S

. . .
1?9765 Richard and Junk . 19773 Trussell et al., 1979), and re-

¥

producible (Gl?ze et al., 1981;7N0rin and‘Renberg, 1980;

L)

Trussell and DeBoér,.1983), -

The purge and trap technique is also sensitive (Al-.

\ el o )
Dhowalia, 1982; Tryssell and- DeBoer, '1983), and requires



- - -

.only a small sample (Tru%selltand DeBoer, 1983) . However ,
liquid-liquid extracfion is, simple ﬂKirshen. 1981; Norin and -
Reﬁberg, 1?80; Otson et al., "1979; Richard and,Junk,'1§77;‘

Trussell et al., 1979;.Trussell aﬁd'DeBDer, i?83}), does bot

L= .

invbolve complex 'manipulatibnS . (Richard and bunk, I??T;

- -

Trussell and DeBaoer 1983), reduires only conventional injec- )
tion in‘ the gas chromatﬁg:aqh (Trussell anhd DeBaoer, 1983),

I - . .
and is easily automated ‘(Reding et .all, 1979; Trussell et

A

~

al., 1979). The ektract . obtained by liquid-liquid: ex-—
' . . - -
traction allows repetition of the test with only one sample

"being extracted (Dressmaﬁ et al., 1?29; Norin and Renberyg,

a

1980) . J R , .

The purge ‘and trap-is inexpensive to operate (Trussell
and DeBoer, I?B?), but requires enpenéiye‘sﬁecialized\equipH

ment or instrument modifications (Dressman et al., 1979;

Kirshen, 19813 Mieure, 1977; Trusgell and DeBoer, '1983;“
Varma et al., 1279). an thé other hand, ligquid-liguid ex-

traction requires minimal instrumentation (Henderson et al.,
19763 Kirshen, 1981; Miehre, 1977; Richard and Junk, 1977; .

-
]

Trussell et al.; 1979; Trussell and DeBoer, 1983), but céﬁ ;

be costly in terms of ekpendable materials (Trussell and Dg—

Boer,, '1983).° . While many trials may be needed to find the
\.‘_’ + 7 :

.appropriate volume of water toc be purged, in purge and trap, -

the extract- of liquid-liquid extraction can be diluted if

’

“the concentrations are too. high (Inokﬁ et al., 1984).°" Nu- -

merous liquid-liquid extractions can be done without dupli-

.o
. . . ~
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h *
, . o

cating equipment as would be necessary . for the purge and

trap’ technique: (Trussell and DeBger, 1983).

s

- lne'hurge and. trap also requires tranéfér Df'the sample

- frdm the original container to a strippiné vessel, with the
i s . . ' . . . ) .

“aésnciated possibility “of. losses, while the liquid-liquid

r

extraction. can be done in the original sample container

1
8

(Trussell and DeBoer, 1983J; but even in liquid-liquid ex-—

r

- - . - - 1 L
traction, organics losses may occur ‘during concentration

~ v

“ (Al -Dhowalia, 1982). Sample preparation time is longer\for
liquid-liquid extraction than for purge and trap (Reding et

al., 1979).

Lo
- " . -

One majcr-problem.of ligquid-liquid extraction 1s.inter— .

ferente, which may tame from impurities 1in the‘.so{vent
(Dre<sman et al., 1979;: Trusself et al., 197§;:T;usselr and
DeRBoer, 19B83% ;U.S. EPQ, .1979) ér from the 501§enb peak'iﬁj
ée}frintérfering ‘with.componeﬁt peaks (Al—Dthalia,. 1982;

Inoko et al.,-1984; Trussell and DeBoer, 198%}. 'Interfer-

ence is favoured because the solvents used are not selective’

f.ar purgeable’ organohalides alone (Reding et al., 192?;.

Trussell et al., 1979). Anqtﬁer problem of liquid-liquid:

extraction is its limited sensitivity due to the small

amount of solvent that camn be injected (Al-Dhaowaliay r'782);

Tﬁuséell et al. (1979) also state that its extraction effi-

ciency may be erratic.

b

Field sample - tests showed the precision of both tech-

'ﬁiques'to be comparable (Dressman et al., 1979; Otson et

 al., 1979; Reding et al., 1979).

’
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'3.3.1:3 Effect d? Exterhal‘?ariables
Y s o - . . ot / ) R ) .

Varmaletadl.“(19795 mentjon that over-the range'qf con—

N w

centrations studied (0 to 55 ug/I),’thg.remcverx of gne ar— .

ganig by quuid—liquip extfa;tipn or purge and trap was'ﬁpt

- L} - ., A ¥ -

affected by the presence of ather urganics..gSimi1arly,_fén .
[ - | N

.
’ ‘

liquid-liquid extraction, Richard 'and Junk (19%7) found that

using Qariqus background’wéters- l&iStiLlEd, tap) ‘did} not
. B v A - ‘. ¢ \ '

. . ..
‘effjciency, while . large.

éignificantly affect extraction
~ A hs 3

\

amounts of other drganics, such as 20%_methanol , only had -a

slight“effect. Glaze et al.;,- (1981) also réport that the.

) . . LI ‘

reffect of-vgrying pH,kignic strengt

4 4

h, or methanol content.of

x "
-~ . .

- the Eolutfdn ‘Dh liquid—fﬁquid extraction efficieAcy was in-
N s - g ~ - ) v
significant. For purge and trap wanalysis, Mieyre (1980)

states that increasing§ the 'tempeéaturé will intgease--the °~

s e . ) v,
vapour phase partrtioﬁing coefficient, and thus the recov- -

. .

ery, and that incredsing ionic. strength 'will produce a'shlt—

. y b . Ll

' . hl - v
‘. ’ o, - .
1ng out effect and thus also increase recovery. :
: . . - Pt - . . . 1
w * . .
N . . . M ]I
3.3.2 Chromatographic Columns . R

¥ , . - . Fd

S .

\

In a gas chromatograph, once a sample has been -i?—

Jec}ed, it iS;carriédﬂby an ihér; gas, through t%érchﬁbmatn—
. = - . \ ]

-
L]
-~

graphic column, that sld&S down the mavemerit u?-;ome.cmm—
{ . L bt - _ ' ! R
pounds while letting other. compounds élute‘wiﬁh fipFLe re—-

sistance. The two .most popular types of dnlumns-inr_gas

chromatographic'ana}ysié af wvolatile organics are ﬁackeﬁ
] \ . T A K ’ g N .

columns and capillary columns. In a packed celumn, thé”lidf

]

N Fy



' - uid phase ‘that will slow down the movement of the.cumprnds-‘

. - . - .
- ' w . -

\ is coated nn‘§ solid phase’"packed" in the column; in a cap”
. - : o A ..
illary «column, the column’s internal diameteér .is very'small

_(éapillary)},and_thg}]jhuid hﬁasé coats the column walls di-
rectly. = - | o R

r) 1

N

- . D
-
~

uPaqked columns have a mu&h lrower resulutioﬁ (Df_beaks)
L] - ) 3 ’ . - ‘
- pcwer”th@n% capillary columns, kaing them less convenient

A ! - .7

, . for the analysis ofv cohmplex mixtures, such as wastewaters

. - : JERY TR . ) ..
. * ' (Al-Dhowalia, 1982; Trussell and DeBoer, 1983). .Packed
v N . Lo - . ; ‘_ . i : . . s
‘columns are also less sensitive than capillary columns, and

i -

Y

-

f*I?BE)i Packed cqlumné have a higher loading capacity than

. Ccause of their small internal area, capillary columns can

r dniy gccammﬁdﬁté small sample

volumes, which will " ereate
. . . . 1 N . Skl
. . . N

- -

LI ~

v active sites, may appear on them and cause sample losses,

cw .70 1982) .. "Capillary columns aisd require 5pe61a1 connection

. { K \ T ” v -
and injection. hardware, and' considerable -experience
L . - _ ' 14
. ) (Trussell *and beBoer, 1983). Theqe is more general experi-
i R B o . " .
ence i1n separation with packed columns, and packed columns

. ¥
. N {

aré,alsu'leésiexpénsiﬁe than capillary columns (Trassell and
-DeBaer, 1983). . ' . - S
e - | - ‘

. ) Capillary cglumns - haveimproved analytical ‘times,  a

.
-

.+ greater selectivity and they. can withstand extremely’ low

L3 * - =
"

more difficult to prepare ahd maintain stable than‘packed
- . ! \ n 2 ? >a

1

\ ., while capjllary columns are inert (Trussell | and';DeBDer;"

- capillaké‘columns, hoﬁever‘(Truségll and DeBoer, 1983);‘b2h,

. problems in reproducibility and sensi'tivity. (Al-Dhowalia,
Ty > . . .

»

T

temperatures (Trusséll'andlDeBoer, 1783} . However,~they are ‘- .
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- .3,

S

1
-

»

_'Extﬁeﬁely leatilé'

:

.

P graph1c column,

et Ebidm65 (ﬁI“Dh°“anTa’1

(Trussell and DeBoer,

A

1 Detectors

thé
3

i

compounds may

-

1983).‘

’ -
bt

amount

cause problems;
R L T

.

: of each

. - .
1

-

-

1?82' Trussell and DeBuir,_l?BE),

Y

w1tﬁ them

a

\ i

-

3:3;3'Cﬁmpnunds‘ldqntifiQation and Concentratibn Measurement

*DﬁCe the témﬁuunds have qEénﬂsepaFated in the thrDMbt04'

-

e .

'compound cnming Dut of

must be known.' The detectmrs Are used to trans-—

and

. ' the coiumn
1 ' farm-the mass coming oQut 1ntp an electr1c 51gnal #pr mea—
. ' . - 4 ’ - s
oy ’ ) . :
.. Surement . The two detectors,most Cummanly mentioned
]

‘ ot

“
&

.o

S
andlysls papers

\»

volatile organics

getector,and thédélectrcn.capture-dﬁtector; the electrolytic

in

are” the flame idnization

H : -
‘ ?CDnductiyitylﬂe;g:EBQ and the mass spectrometer are alsg
S 4 vt - o
Lused somgtimes. Y " ) " s
‘ . -

o
¥

T ter a baseline electrldal current*when they 1mpact an elec-—
trode inserted in the gas flow (Trussell and DeBoer, 1983).
This detector will respond to most ,carbon containing”

In the

. flame tonizétion _detector,~ Drganic *compounds

that camn be combusted 1n a hydrogen flame form IDn5 fhat al-

h

N

-

.

molecules

(Trussell

and DeBoer, 198&), but will’ not respond

to common
‘wider selection

- ‘ Sensitivity will

tars (Trussell and DeBuer,

In an

ingrganics (H=0, .

of carrier

CO=,

NHs, Nz, He),

LY
.

‘'gases (Al-Dhawalia, '1982).

g

alluwlng a

Ité

be lower than that of. more specific detec—

o

T

1983).

electron capturé detectorsy

pable of absorbing electraons

2. -

~arganic campounds ca-

. decrease the

baseline s{gnal
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geﬁéﬁégedrﬁgl elégtqqns_?mit£édﬂ'#rém é .r;dinéefivg-?éii a;
. . . : v Ct R
, beta radiation. (Trussell and Dg@oar,ilﬁéz)} “Bé@n@;;hénglihe
) most s;nsitive hdeﬁéétnﬁs‘khé;h Fé‘;ate (AlﬁDhawhlia{-igé?i;f
o itvhép.‘;gasqkenwith a.hiqp,dégfee nf‘prg;isjéﬁdﬁa1QQéﬁ #5&
. . qugéq.céﬁta;hiﬁggcoﬁnéend; (AIthowakiatjl?BZ;

4

' . a

» e

-,

Trussell and

. r
- S

DeBber; 1983) . | fit..is, cheQér; limited-ih lingar‘dynamic
T t ’ R ' . " ‘. T "t »
‘range ' (Al-Dhawalia, 1982). . . _ ' s

L u ¢ < " . - 4 e v, 1 4

. In"tHe electrolytic conductivity détector, the halogéns

s b8

t
-

¥,

y 7. .1 P -." - N . . - . -
« . s are’ converteg ‘to the 1onic form as the organics are com—

l ”

L. . o 1 ‘L ’ -

R T . “ LI . S ) ] ' L
. bled.through '‘a nonconducting fluid where the ions generate a -
. . .- . ) -a4 L e

1 . ~

éignélfﬁy allowing elgctrical current to pass'betweén the

- h‘tfo mFééuging'cells (Trﬁésell andeaBo;E; f?Bg?. The advan-—
. *.tage éf.'this &étector, ,whicﬁ tah aiSD be an inconvenience,
is its Kﬁelecfigify for halogenated compounds (Al-Dhowalia,
. ,{%82; Trusseil,aﬁdiDEBDers 19833-
- o Lt . .

The mass spectrometer is more complex. The organic,

d.

- > campounds gpihgi fﬁrmugh it are bombarded with high energy

LS

2 . .
ZJ glectrens that charge ahd fragment the molecules in repro-

ducible patterns; the ions are separated by a magnetic
* ¥

field, as a function of their méss,‘bhd“%he current associ—

ated witheach mass is measured (Trussell and DeBoer, 1983) 4

Ihué qualitatng as well:as-quantitative information ‘on the

-~

sample is obtained.

[

. ‘?E‘DUQtEd in«a'fqrnaCE at BOO=C; the combusted gas is then bub- -
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3.3.3.2 Identification and Determination of Concentration
¥ ' : ) ‘\_ L
} 3

P . The electric signals generated by the detector wiil be

. M . ! 1 '
« plotted ,andl recorded by a plotter or integrator as peaks

. shpwing the variation of the electric signal as various

amounts of different substances go through the detector.

. . | g
The compound tosmhich each peak corresponds can be identi-

. fied by comparing the retention times of ~the peaks.with the

retention time& Of peaks an chrdmatogiams of standard sélu-
tions, of knaown compounds"(AI—Dhowalia, 1982; Truséellnand
. » A . » . o -
.. * ) - . .‘.'~ ¥ ., i ~
DeBper, 1983). Sometimes, an internal standard, that is.a
[
Y .. B - e .

compound: easily.detected and whose retentiop tipe is differ=

¢ . ' L

ent from those of the campounds d?‘interest, isyadqedpin"
< . . . - : * P i
known amounts to the 'samples, and .the ratio of thé retegntion
3 Wy - -‘A. [ ) N . - .
times of each peak relative to the retgﬁtiun Fime of the in-—

+

"

% v . Al
. .

ternal standard .,are cnmpébed :iD idenﬁi?} ccﬁpnuhds‘ For a
better identification of components: in a sample, retention

Y

- 1Y < - ) .
~times can be caompared an two .or more columns; but mass spec—

{

trometry still remains the‘bestimethod for positive identi-

fication of camponentsu(ALFDhbwalia, 19é2; Trussell and De-

»
»

Boer, 1983). e .

1
*

‘To determine concentrations, aone common method consists

of spiking the sample or solvent with a known amount of an
internal standard,‘ald then tohpgring the ratio of component
peak height (or area) to fnternal standaqd peak heiéht (ar

arga) for the sdmple to the ccrrespnnding‘ratié for a stan—

dard solution of known component cancentration (Al-Dhowalia,

1982). This method was used by Eklund et al. (1978), Glaze

v

'

Lo T _ CoL T / T

-

.
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'Ricﬁafd and’ Jupk, 19773 U.S. g?n,' 1979), or compared

-

Il L

I

et al. . {(198B1), Henderson et ?1. (1974) ahnd Trussell et af.';‘
et 0 ‘ - .

(19799, u5ua1iy using L,Z-aibrgmmethane as, the, internal

standard. - Others, compared’ the.samples peak heights tod stan—

dard solutions . peak heights

- AT

r
. » . -

areés~(Ures§mah"ét al., 1@79; Kfrshen, 19280; Mieure, 1977§

- .. f

“Otson et al., 1979; Otson and. Williafs, 1981), .

. oy
I i "

e,

Reding et al. (1979)Aétaté.£hat both ways of assessing
” - .

reéponse, th@tAis;_péék heights and‘péak areas mbthqps, gave

.

. [

reproducible results.. With }espéct'tb the use 6f-aqfintér—

- { N B . M

_ o : L S : _
‘nal 'standard, Al-Dhawalia (1982) believes that' its use re-,

[
~ ~

-

' duces errors’ due to _sliéhbwchanges in flnw rate, %empera—

- - _.4- " . N . .. . . %
ture, or due teo detector fon—linearity and ‘injection non—re-

‘ . - . v . ~ PP . .
-producibility.
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directly (Rediné et al.,-L???;'

peak .
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T EXPERIMENTAL APPROACH - = - -

. . T
-~ ~ . .

Eqs.'12I16$,’-12;19),;(2,2r3, and (2, 2*) shuw that ex .

1 Tb t

. ' periment&l,determinatian of .mass transfer rate constants,

K;e,_requires a‘'wide ' array .of. data. Scme parameters, such

i ar . . .. |

as concentration ‘and flow rate, can be measured dlrectly.
as

L
h -

~ [
[ ¢

o Dther.parameters, such as liguid dens1ty, can be Dbta1ned

- R 1nd1rect1y by temperature measurement. Hewever, less data

is available for Henry s law cnnstants.

The' motivatiaon for this study came from the necessity

'yto treat 'groundwater contaminated ' by leachate frbm a land—

o -fill s@te in Gloucester, Ontario. The six contaminants that

. . - - s * 1
’

cmncentrat1nn 1n the ccntamlnated groundwater, represent ‘a

- - .

- - wide range _of volatility and solub111ty, as shown*lanable

N s ' . . - ‘ Ve
R} - . . - - -

4.1.  Most of these comtaminantg prEsent'a healtﬁ“hazard.t'

. N Thusa’fn NeQembEr 1985 the U, S. EPA publlshed standards for

. -e1ght vclat11e nrganzc chemlcals, trzchldrnethylene and ) 2*

. o d1chlorcethahe were among the flve volatzle organ1c Chem1~

N

- N

. ' mum contamxnant levels‘ of 5 ng/l were -propnsed, (RHNA,

- } . ' - L
A

1985a) . o - - ‘ e

P
s

. : Since no value of Heryy's law canstant for etner_ceuid

‘cals cqn51dered as’ prnbable carc1nogens, and fqr wh1ch max1—'

.

3

were selected- for thxs study, present in moderate,tn h1gh“

-~
\

be found ' in the  literatur ahd because of the caomments of - -

a

o~
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A

same authors (Section 3.1.2.1), Henry’'s law cahgfanté?WEfé'

-

also determined experimentally.“ﬁ To determine Hepry's.law
a RERIE ’..‘-" -

canstants, H, as well as to determihe K_a, the concentration

of organic compounds in water must be measured. They were

-
o rr

PO

measured as follaows. - ) ".., L v
4.1 Water Analysis for {Organics
4.1.1 Analyticgal Instrumen§5 =

The organic chemicals were isolated using a Varian

] Vista 6000 gas chromataéraph (Varian Instfument Group)

equipped with a flame ionization detector. _The detector'g‘,

n ad

STy electric signals were transformed into concentrations by an
A, . i P
\/P) '\ - ~

\\\\‘— HF 3392A 1ntegrator (Hewlett—-Packard Company). The samples -

P
~“could not be injected directly into the gas chromatograph,

because the water could affect the chrdmatographic coiumn,
and because for dilute samples, volumes larger than the col-

umn capacity would have to be injected. Samples were cop4

centrated with a Tekmar Liquid Sample Concentrator LSC-2

(Tekmar Company}, a purge and %rap unit.

These three instruments formed a fully automated net—.
wor k. Once the sample was transferred into the purge veg—bs.
sel, all {hat had to be done was to push the start button ;ﬁ
the concentrator. The sample was purged, and. the gas chro-—
matograph and integrator started automatically as spon as
the trap desorption stage was reached; at the end of the a=-
nalysis,hthe integrator printed the cuncen?ratians and ﬁheﬁl

gas chromatograph cooled down, while the concentrator was .

1

&

I3



)

L

. -y
e

Fal
- -

ready for anothéf ‘run. The concentratar had a miniature

I

V%Lve~+dr'§ingle flow through two, right—angle.port options,

't- equippedwﬂith a Teflon® female luer connector, which allowed
: : + .

‘l'iptrdduétipn of a 5§ ml sample. directly into the purge.vessél

'?toﬁ'é Syringe-with {uer lock or luer tip without'removihg
‘tﬁe Vessel from the concentrator (Fig. 5.1).

Since‘the .éamples to be analysedlcontained only a few
organic chemicals, the resolution pnwer'of packed chromato-
graphic columns_ was considered adequate fSectimn S.3.2).
The columnglselected was a 2.44 m (8 ft) long by 3.2‘mm”<1/8
in.) externa1 diameter stainless steel column packed wi£h 1%
SP—-1000 on 60/B0 Carbopack-E (Supelca, Inc.). . The trap gf

-~

the concentrator was a -304.8 mm (12 in.) long by 3.2 mm (1/8

-

in.) external diameter trap packed with Tenax®. Table 4.2

gives data on the gacses used.

. - A ..\(h .
:4.1.4. Operating Conditions

-

The gases flow rates and'aperéting pressures are gjven
in' Table - 4.2. Table 4.3 lists the other instrument operat-

ing conditians.

"+ -4.1.3. Instruments Preparation

¥
~

¢ -

Whenever the concentrator and gas chromatograph were

"o

uged after loﬁé periods of inéctivity, the cohcentrator-s

trap was baked and the chromatographic column was condi -
tioned according to manufacturers’ instructions, to remove -

possible contaminants. ) -

B ) -



.Figure 4.1:

~

o
Purge vessel and valve



Table 4.2: Gas data , .

' .W S Pressure Flow rate
Function Gas Type kPa (psi) (ml/min) .
carrier gas - UHP*= nitrogen *°.S31 (77) 30
purge gas. UHP nitrogen ' 138, (200 . 40
detector gas zero air 414 (&0 250-300"
detector gas zero hydrogen 2?6‘-(§0) 30 .

PR . i ‘ —— .— g e e ——— ke e e e I - -
= UHMP ™ ultra-high purity .
r * - g L]
- .I/‘:-._—‘

+ Table 4.3: Instrument operating.conditions
e e : u;mm”WWMA&WWWWW_"_Wwamﬁ_W —
: Concentrator Bas chromataograph
Operation Duratiaon’ K Temperature o
‘ (min) ~ (=) Injector temp.: 200<C
purge 11 - Column temp. program:
. . B ) ) 45=C for I -min.; in-
de'sorb 4q . 180 crease at BeC/min.;
' - hold at 200<C for
bake . 7 200 . 5.63 min.”
) - ) * Detector.temp.: 220°C
) sensitivitf rangr: 10—*?
A ¥
“ ]
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Since the detector ‘s seﬁsitivity may change, the

-~

26

instrument must be calibrated regularly. For calibration, a’

. _ . /

standard solutian _wWas prepared in a Teflon® bag closed by a
Teflon® faced silicone sepfum, 2.5 mm (S/B'in.)liﬁ diameter
by 3.2 mm (1/6 in.) thick, fit in Va stainless eteel
Swagelaok® 6.35 mm (1/4 in.) 'union ~ (Fig. 4.é;- Anhydrous
calc;uq chlnride (CaClz) pellets (FlShEF Sc1ent1f1c, chemi-
cal No., C- 614) were dlSSUlVEd in tapvwater to a cnncenera-
tion of 0.64275 g/l, to approximate :the ignic strength of

the Gloucester groundwater.  Approximately 970 ml of this

solution;jand 32 ml1  of HPLC (high performance liquid chro-

matography) grade methanol (CHzOH; Fisher Scientific, chemi—

cal No., A— 45“) were poured into the_bag,-which'was;weighed .

befére and | after each addition to determine 'the 1velume-'

added. Before the bag was closed,.all air that could be re-

moved was exhausted. T

[y

Known, amounts of the organics of interest, ‘obtained

P . !

vfrom the suppliers listed in Table 4.4, weré injected into™

the bag, to achieve toncentrations of'5 mg/l (or .concentra-—

tions of 10 to-35 mg/} for chlorofarm). All injections and

sample collection‘=Dr‘preparation,. were ‘made  with Hémilpdn

‘
P

' ¢ N v
Microliter® syringes ~#7Q1 (10 p1) with .fiéed needles, or

N

with Hamilton Gastight® syringes #1710 (100 hl),‘#lOOi_(l
LY, #1005 (5 ml), “or #1010 (10 ml), all with Teflon® luer

lock tips (Hamilton Company) "to which Hamlltcm model )FF728
i

(gauge 28) or KF722 {gauge 2“) hypndermlc needles could be

-
“ ’ N

attached. The solution in the,bag was m14ed on a magnetlc

' N

T
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Table 4.4:*- Suppliers of organic cﬁgmicalsf

R4
.o
L '
. t

~

I

LY

" Scientific

. Compoung - - - Supplier Co Grade - Supplier No.
» trichloroethylene Fisher - A.C.S. T-341
v e . : Scientific - .
1,1-dichloroethane Aldrich Chem—  — D&y 155-5 ° .
o ical Co., Inc.
toluene . J.T. Baker Baker, - - 3-9460
' : anal ysed Con
chloroform J.T. Baker  Baker 3-9180
N ’ analysed : . '
1,2-dichloroethane Fisher _A.C.S. E-175
’ Scientific : . -
. 'J LN ) :
ether - Fisher E-138 CB

¢ .
;

-

Table 4.3: Compounds teééntion times

P

- / Ve
- 1]

Approximate retention - Calibration-

Compound - time (min) number
trichlorocethylene 17.72 : 5
1,1-dichloroethane ‘ 11.47 1
tqluene + 24,89 &
chloroform T 12.78 3
1,2-dichilorcethane 13.47 N 4 -
ether : 12.43 2

“"’ ) |‘
) \
! *

~—
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Y
- 1

t . . . ' - . .
stirrér four  hours or more, and stored in a refrigerator at
. H ¢

: approximately 6°C overni'ght.
| " . b ‘
. The mext mqrning,JDr soon therea+te{, a known amount of

3

i

.:'étaﬁdard soclution was injécted-in a 9 ml syringe containing

\ N . . ! [
calcium chloridg solution, and the resulting 5 ml of solu-,

hd ] .

~ tion were immediately transferred into the purge vessel and

'analyspd. The integrator, that plotted the detector 's sig—a

LA

nal's as peaks, was progrﬁmmqg to compute congentratitins as—

.

suhing«they were directly proportional to the respective

- .

i N - . - -
peak areas. The same amount of standard was injected five

times, and the average response factors. (concentration/peak
. 1 L] -
areal) were stored¥in the integrator’'s | memory. Compounds

were identified ‘by peak retention times, and no internal

-~

standard was usgd. Fig. 4.3 shows a typical chromatogram
‘and report; vthe cqmpounds”i retention times,‘given in Table
4.5, are print'é.d by the integrator{a?t the peak tips.

To be sure that £he deté&tor response was lgnear, f}e..
the detector signai was always prépartimnal to"the amount of

substance going through it, samples*obtained by dilution of
. standard éplption in calecium chloride solution were anal-
ysed. These samples wkre made to céver the range of concen-

trations expected in Expérimentai‘runsf The amount injected

%

‘was plotted against the amount detected, the line of best

fit obtained by the mefﬁod of least squares was drawn, and

9

. the coefficient of determination, r2, was comhuted. . ar

Calibrated and checked for - linearity, the instruments -

were ready. for use. While in uée‘ to check that the detec-

’
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Figure 4.3:
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24540
51
st
RUN & 75 OCT/11. 95 17:53:54
". WORKFILE I10- B
WORKF ILE NAME :
ESTD
RT - AREA TYPE CaL % " AMOUNT
2.674 4 1713E+88 t5HE . 4. 1713E+a2
7961 AR89  PE 189399 A
11.472 555959 pg | S1 344
12.431  279a68@ gy 2 136 670
12776 652648 Y 2 194 S79
17 471 1858488 VB 4 92 AazT
17 721 396508 BY SR 47 251
12,169 52152 vB " 52152.909
24.846 2515188 PR & ° . 53 5eo

TOTAL AREA= 4 2525E+Ag8
MUL FACTOR= 1. 8986E+a8

N

Typical integrator printout

il



tor ‘s sensitivity ’and‘instrument'uupérating Eonditians did
. qot;thange, known amounts of standard solution were anal ysed
every'twn'to three weeks. Blanks (calcium chloride solution

with no organics) were analysed daily to check that the trap

and chrnmatogréphic column were uncontaminated.

3
.

4.2 Henry's Law Constants Determination

]

-

A methéa very similar to that of> Munz and Raoberts
(f@BZ; Section J3.1.2.3) was applied to deteémine Henry's 1aw
constants expgrimentally. A stock solution of the.mrganics
of interest was prepared in a Tedlar® 3.8 1 gas sampling‘bag
with septum Yalve (Cole—Parmer Instrument Ccméany) cnntain"
ing methanol and a calcium chloride salutiaon (0Q.64275 g/l)s
the.bag was closed by a Teflon® faced silicone septum de-
scribed previously, fit in a brass é&ééelqk@ 6.30 mm (174
in.} union (Sectign 4.4.3, and Fig. 4.2) . Thé'solution was
mixed at an aﬁﬁroximatg' frequEnﬁy of- one éycle per second
for over two hours on HFiéhér Shéking Ngﬁer Bath, modél 127
(Fishe; Séiéniific) dﬁizhich a platfnrﬁ ;as';it; it wés then
5t0r7ﬂ at approximately édé{’ ‘

(The temperature of a l?orﬁa \Lag environmental. room
(Forma Scientific) was adjusted to app;oximaéely ZOfC. One
ml of stock sclution was injected iﬁ a 10 ml syringe con-
f;ining ? ml of aqueous calcium cplo;idé solution, yielding
a solution of concentrations as shown in Table 4.46. The sSy-—

ringe was closed with a Mininert® Teflon® syringe valv#tfor

o i‘:’l
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Table 4.6:

£

4

i
Approximate average organics concentration in
. stock solution for H determination :

*

o+

L

1027

L

Organics concentration {(jig/1)
for experiments at ..

Compound 19.9=C 29.75°0C.
trichloroethylene 1200 1550
1,1-dichloroethane 1400 1300
toluene ‘¥ 1450 1250
chloroform ) 7650 7630
1,2-dichloroethane 1500 1400
ether 900 900 H

-~

’

>

i

+
W
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't

. luer lock syringe,(ng. 4.4),

W - " ;
L - . A -

»

and ‘sbaked_apﬁkcximatély 20
- g - . . . -
- B 3

minutes at 1 cyecless on the'shakiny wé{ér bafh_in the envi-—

- R .,

ronmental room. Five nl of the. resultant solution were then

-
-

analyséa, the plunggr of the“sy%inge_ﬂas anIEq back so; that -

5 ml of air were in contact with the rémaiqing‘ﬁ ml of solu-

tion, the valve was closed again ana the syringe‘wasvshaken

at ¥ cycle/s in

the environmental room. Aféer 24 houps of
> ‘ .

continuous shaking, the S ml of .air were expelled under a

fume hood, and the solution analysed. This proceduré was |

a -

repeated for s@ven other 10 ml syringes.

-

I

t was suspected that  there would: Be some  grganics,

losses by volatilization from the syr&hge—vaive system over

the 24 hour period; therefore, the above procedure was re-

peated for allfeigﬁt..syringeé, with the difference that no

N

air was drawn into the syringe after the first 5 'ml-of solu-
tion were transferred in the purge vesselZ Thus the change"

in concentration ' of the

solution was due to losses alone.

To assess _the effect -of temperature on H, the above manipu-

‘lations for Henry’'s law constants and losses determination

~

room

- s

were repeated with the _environmental temperature set

around 30<C.

- n -
N
[

- - L)

’

7.3 Mass Trénsfer Rate'CDnstants,Détermination
4.3.1 Set Up Déscription

L4

b

Fig. 4.5 .is a schematit representatiuh ot the experi-

K

w

mental set up. THé-mainqwate; tank, made up of painted'alu—

minium, had

a capaq}ty

of 1560

1.

A Monarch model BE-33,
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type A ceptrifugal sfeel pump (Monargh Industrieé‘ Ltd) ~
- . L - w ‘h-- . Ay o

LN

pumped ﬂhe1§agén_frbm;thg,main,tank to the painted aluminium -

a
T 1.

- ground. A}l,pipes between the two_tahks, and.Eﬁéﬁramoiable“
drain pipes, were 50.8 mm (2 in.) i.df‘Pvt-pfpeé. .
There wére: three_remﬁvab;e drain pipes, of lengsh lii
mm (4 /8 in.), 225 @m (8 7/8 in.), and 390 mm (15 S/B.in.s,f
respectively, that c¢ould be ‘pr955QFe fit in the flange in
“the bottam of théhédnstant_h%ad'tank. Thus by changing the

-~

‘wqﬁgr Tevel, three different liquid flow rafesscould be ob-

e v e . -

£

" tained. Liquid flow rates were ‘measured by recphdiﬁg‘the
time needed to collect a given-weight of water at known tem-—

o

perature.

To bring the flow ratés ihtd the desiced range, énelof:

the 19.05 mm (3/4’in.) brass gate valves at the exit of the

constant head tank was partially closed, and afﬁach;ne‘streﬁ

va

was fixed in it so that the vaive‘tould.éiterwards be_opened

"3

fufly‘and closed bgth ta the same aegree-jpf opening. A

" steel machine screw was used _for the first experimental

-
]

- runs, but it corroded in

o .,"' X

15 and ‘Lﬁ,\andj‘waé replaced by‘a brass mathine Sgﬁéw for

the few months that separated Runs

+f

wt
-

constant head tank, installed approximately 2.5 .m above:

. Runs 14 to 4?:‘ - ' AR
h.?- The othgr 19.05 mm brass gate could bé'fuily opened or - -
- Glosed,'éna l.&:a'_‘-:_1_.11:‘.15%:1‘r as a flﬂwfcqt—uff vafye. A 192.05 hm_
- -(3/4:in:):ﬂ:dr“Plexiglas@ pipe, and Plexiglas® and brasé:?95~
f ‘benﬂgﬂbfoughtv the water from the caonstant head tank tﬁ.the
. o . :
nooa EY - . .
backed column.x Brass ports in the pipe allowed removal by
w - L. . -
. ) ., ~ - A e e
) R o - P -
- bl . =
ﬁ A, . L

“x
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a

’

suctiﬁn of the air trapped at high points at the beginning .

D¥'the runNs. ' - B .

-

) A concentrated solution 6futhe volatile brganichSFJ;n—
- L-

»

terest was; contained in a 20.3 1 Tedlar® gaé sampling bag

with anoff_jvaive (Cole~Parmer Instrument Company)} to which ..

IR

. Y R
a removable Teflon® resin stopecdck for burets was‘gdapted to

i'facflitate closure,of the bag (Fig.-4:36). fhipistaﬁameterihg

pump (FMI Lab Pump' model RP-D-0SSY; Fluid Metering, Inc.). -

LT om -

was used to pump the organics ‘solution into the infigent' ff L7

pipe through 6.35'mm (1/4 in.)'i.q,;Teflonﬁ tubing; fhe sin—

‘tered carbon lining of the steel piston was assumed not to

-

affect the organics solution. The flow—rafe, adjusted froms -

the metering plmp, was metered with a rotameter (Lab Crest

-

Series 100 Century Flowmeter; Fischer and Porter) using me—
. . - !

ter tube No. 448-225 and .a staiﬁless steel float;'inrthe ro—

1
-

tameter the solution was in contact with stainless steel, -

glass, Teflon®, and Viton® 0 rings. The organics injection
. N i
apparatus 'is shawn on Fig. 4.7.

To be able to assemble aﬁd'¥diémantie the column, the
sétond send of the-influent pipe, was attached ta the influ-
ent pipe and pauked ‘column By sleeves made of 25.4 mm (1_
in.) i.d. Tygoné'tubing, as shown in Figs. 4.8 and 4.9. The
pieces of Plexiglas® pipe e&tend;bg from the, two arms of the’

bend were always brought as close as-puésible_-to the ex—

tremity D?, the infldent pipe and to the piece of pipe go-

»r

-t
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Figure 4.

-

-
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_ Stopcock
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Figure 4.9: .Ihfluent pipe flexible connection
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* rated .brass cap (Fig. 4.10).r . C ‘

- C . . .

1 4 -

ing iptb “the cdlumn) -dnd all cf_tHésé were usually in con-—

tact. T _ _ ’

Thus,. until - it r;achéd the ﬁacked‘colpmn, fhe'only.mé~
tEfiQIS'SQSpECtEd\Dfleing abié to adsorb‘o;ganics that came
into cSntact with'the' i?flhent érganic soldticn ara Plexi-
élaQQ.and ;ery smai{ amounts of' Tygon® tubiné. En th; col—~
umn , tP? snlut;Dn ya; q;;tributealanﬁhe'ﬁécking by a-pe;{ﬂf‘

Al ’

4

The column was mé&e of 304.8 mm (1 ft) lang sections of
101.6 mm (4 in.) i.d. Plexiglas® pipe 6.35 mm {1/4 in.)

thick, joined by couplings made of 114.3 mm (4 1/2 in.) i.d.

"Flexiglas® pipe sections 114.3 mm long (Figsr 4.8 and 4.11).

Up to six¥ of these .packed qeétions could be assembled (Fig.

4.12). The influent and effluent sections were shorter, to

minimize contact time between . liguid and gas.outside the

-

"packingf . Thus the liquid distributor cap was approximately

B mm (1 1/2 in.} above the top of the packing, while the

effluent section was about 152.4 mm (6 in.) long.

_Figs. 4.8 and 4.11 also shew that a Fleéxiglas® redis—

tribution ring, extending 12.7 mm (1/2 in.) into the column,
and a ’ packing support screen made . of 6.35 mm (1/4 iq.)

'

galvanized steel screen were fixed in the middle of each

-
-

coupling. WA packing support screen is shaown in Fig. 4.13.
Viton® D’ rings 3.2 mm (1/8 in.) 1in cross éegtfcn, needed to

. - 3 / . -
prevent fluid leaks, were placed over 25 mmw away from the

coupling's center to minimize contamination of the liquid or

adsaorption from it.
~ * I

; - . 11y

s

»
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The column was packed with &6.35 mm (174 in.) or 12.7Mmm

(1/2 in;) - ceramic Raschig rings, or 12.7 mm (1/2 in.) ce-
ramic Intalox® saddles (Fig. 4.14), all obtained from The
Norton Company, Chemical Process Products Division.  ' +he

lchoice of pacgking tvype was based ton availability and wide

.

use in indﬁstrial applications. The sfqes chdseﬁ insured a
column—to-packing diameter ratio of at least B to 1 (Section
3.2.1.1). Also ceramic was not expected to adsarb Drgaﬁicsﬁ

Influent and effluent samples were collected in the 10
ml Hamilton Bastight@ syringes closed with Mininert® valves
Vused far Hen?y's 1aw CnnsfantS determination {Section 4.2
and Fig. 4.4). The safipling valves were Hamilton miniature
inert valves for flow. tﬁ}augh three ports (Fig. 4.15), de-
signed to.have a low dead volgme; They were tied to the in-
fluent and effluent pipes by éhort brass fittings, again to
minimize‘deaé volume. The Teflon® lﬁer tib of the Mininert®
syringe valves could be fit in the Teflon® female luer con—
nector ,D? {the éampling valves, to minimize possible
volatilization losses when sampling.’

é 19.05. mm (3/4 in.) brass gate valve on the effluent
liquid pipe (Fig. 4.5) was used to control the effluent flow
rate, insuring that a depth of 10 tg 30 mm of water always
remained at the bottom of the column, below the packing and
influent air distributur (?ig, 4.8). This water formed a
seal , ¢o;cing the gas up through the packing.

The air flaow, provided by a- Brunngr madel H~63, two

cylinder single stage air“compressor (Dunham Bush), was con-



Figure a.15: Sampling wvalwve

.Figuré 4.16: Aerated effluent basins
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trolled by a gaté valve on the compressar ‘s tank and metered
using a Gilmont shielded bypass flowmeter no. 5 (Cole-Parmer
Instrument Comp;nf), a rotamete%, with a glass flopat. A
hand level (Keuffel & Esser Canada, Inc.) approved‘thelaccd—

racy of thé;rotémeterlﬁeadings.- The pressure at the rotame-

ter’'s entrance was measured with a u=tube, open end, manome-

1146

ter containing water, while a mércurialﬁbaﬁcmeter with slid—

ing vernier (Sargent-Welch Scientific Company) was used to
~ !
determine the atmospheric pressure. Another u-tube manome-—
. . A
ter, filled either with water or red gauge oil (specific

grav££y10.827) gave th; pressure drbp‘through the packing.

The effluent gas was returned to the atmosphere via a
fume hood. The effluent liquid* was pumped into the same
fume hood, where it went thr,ough fDur. diffu;ed aeration
basins in series to remove afi remaining vnlatiie Qrganiﬁs
before sending the water &D tae sewers (Fig. 4.16).

4.3.2. Experimental Conditions
F
. h

Table 4.7 summarizés the experimental conditions stud-
ied. . .

Experi%énts were conducted at each packing depth far
each of the three pairs of liquid and gas flow rates. " Ex-
periments 28, 29, and 30 were designed to determine fhe cor—
rection for end effects as Roberts et al. (1983) did, using
an emphty qolumn (Section 2.8); thus anly the in?lqent and

s

effluent sections, with no packed sections, were used. A

[

packing layer approximately 10 mm deep was spread - on the
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Table 4;7: Experimen%al conditions ..
Run #'s 7-15 164-21  22-27'° 28-30 ~ 31-3& 37-42
Dates 28/05~  16/09- 24/09- 02/10-~ 07/10= 15/10-
(1983) 046706 | 23/09 01/10 04/10 14(10 23719
Facking &£.35 mm 12.7 mm 6.35 mm 12.7 mm
material Raschig Raschig Raschig Intalox®
rings rings rings saddles
Paﬁking 0.914 C.214 . 1.524 0.010 0.914 1.524
depths (m) 1.21% 1.219 1.82%9 1.219 1.829
1.829 C - .
————————————————— Liquid flow rates, l/min———————————f———————
gas 1/7min
1.3854 1.4209 1.3385 1.3303 |
103.9 184.7 184.7 184.7
1.5300 1l60a§_ 1.5299 1.95150
114.8 153.9 133.9 153.9
1.811% 1.8607 1.7836 1.8137
135.9 123.2 123.2 123.2
——————————— Desired influent concentrations (ug/l)--——-=———=-
TQE 1800 180¢ 2000 2000 2000 000
L}
1,1-DCA 1000 1000 2000 2000 2000 3000
toluene 1600 1600 - 2000 2000 2000 3000
. - -
CHCls 7000 7000 7000 7000 7000 7000
" 1,2-DCA 1000 1000, 2000 2000 2000 2000
ether , 800 800 2000 2000 - 2000 2000
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screen, in the'goupling uniting the two sectians, to change

the flow characteristics of the distqibutor cap jets, to re-

- s

produce in. the effluent section the flow patterns observed

in the other experiments. : v ro e

-

‘ . “ . * 5
Liquid flow rates were adjusted and measured beforz Run

7, and ggajn befdre Run 16, when the steel machine screw in
the gate valve was replaced by a brass ﬁachi;é\-screw .
(Section 4.3.1). Flow rates were measured agéiﬁ, with" no
,readjustment, after Runs 30 and 3?9, and the flow;rate values
shown in . the table weré cbtéined. The wa; in-which these
different values were accéunted for is discussed in Chapgénf
3. The gas flow rates, that were adijusted and measured eaéh
run,'were changed for Runs 14 and following, tq~cnver.the
wiaest range of géé to liquid ratioé ppssfble while rehain—
ing in the gas pressure drop zone of 200 to 400 N/m= per me;
tre of packing for 12.7 mm Raschig rings, as recommended by
Treybal <(1280; 'éection 2.4). Fig. 2.4 shcwslthe operating
conditions on the generalized gas pressure drop.cnrreiatic;
curves, assuming a water: temperatureluf‘éS°E ﬁcloée'to e2x—
perimental conditions) and using thé flow rate values  in -

Table 4.7. .

The actual influent Concentratiun‘ values were ustally

within 10%Z of the desired concentrations. The influent énnr :
centrations of some compounds had fo xbehincreésed between
Runs 21 and 22; and between Runs 36 and 37 to keep the ef-
fluent.concentratiuﬁs above 10 ug/1, believed to be close to

the Iirer limit of detector linearity.
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e, X T - Kince there .« was a. packing support screen at each cou-—
[EW - R -
Fly -

. _ "W pliny, each section of the‘badked'tawer could be packed sep-
oy, M ., - . )

13 .

e, . 3 . . CoT )
“raratel Y.~ »To«insure maximum randompess, . each section was

3

- N '\ — . o .
. ., Packed in a.water taok with a depth such that the top of the .

T &y e ot Cim e . ’ ey :
“ & T, section ‘was . at Teast.. 100 mm ‘below the water surface; the

. ﬂéuh- ) packing”hés-ualcwéz dumped at\the water sumface, . as recom-

~
.

mended by the manufacturer (Norfon Company, 1977; Section

wt

»

.ﬁapping one

T.2.101). quosity of .the bed was abtained by
- P . “dh “—,\

eXtremity of ‘a packed  section Df'cdlgmn, weighing-it, fill-

. [N st *
ing the voids with water at a known tempé?aturg and weighing ., ™
it agaimn to determine the volume of water added. D}vidind -

+ the volume Df*water by the total sectian volume vyielded

porosity,

’

4,3.3 Preparation of Expérimental Runs

Y
o

The gas chromatograph, concentfator, and integratmn\"

e

préparation were discussed in Section 4.1.3. A Fisher Acc—

e R E IR

umet® madel 210 pH meter with combination Eléctrode, and-a

Radiometer Copenhagen. type CDM 2e conductivity meter”we?e' -
also useds ﬁhey were calibrated acﬁofding to manufacturer s
- ., o ‘

inst}uctions, and their cgfiprafian was checkgd periodi-

cally.

B~

The main tank-was"~filled with 'tép water,.and,caiciumr
chloride was dissolved in -it- to yield a 0.64275 g/l solu-

tidn. The splution was prepared at.least one day before
any Experimenfél_ run. Thps, the water temperature equili-

- -

brated with ambient temgerature, yielding a more constant



@

\ .. . . -

water temperature Ehroughcut the runs, and the géseé‘di54 w
solved in tap water came Dut,’aiminighing the possibility of
[ .

bubble formation in the . influent pipe and associated ﬁldw

Pl

rate variation. The main tank contained. enough waten for,.

Fi
five experimental runs.® - . oL g

. . 5 - o
The organics solution was prepared in the afternoon of

the day preceding the run. - One litre of methanol wasjpagréd'

into a .81 Tedlar® gas sampling bag described previously

- wr

‘(Section 4.2 and Fig. 4.2), the air was removed and the bag
was closed wusing a Tefloﬁ@-facéd sepium.- Knbwn-amduqts of _,
- '.. Pl R , . . . . R ),‘_-—4,

organics were injected ihtao . the bag, that was- then shaken

two hours on the shaking water bath*in’ the "environmental ”)

room (at 48°C).  This solution was tﬁéﬁ‘trgnsfenred into a
20.3 1 Tedlar® gas sampling bag closed by a buret stopcock,.. -

described in Sec. 4.3.1 (Fig. 4.4&), that already contained 3

»

1 of calcium chloride solution (0.64275 g/1). The air was
’ Fa

again removedL\_and the solution shaken two hours in the en-

a L

viranmental room, where it then'remained until the next
1 ’ .".

morning.

”

4.3.4 Experimental Runs s c . e T s
The first step of all® experipental runs was to fill .the
organics injection apparatts (Teflon@'tUbing,”ﬁétérinﬁnpump,

: S . . ' . .
and rotameter). with an aqueous calcium . chlorige solution

(0. 64279 d?l). This was done, to eliminate ‘from the appara-—

tus air\bupbles thaj may cause flow variation. The organics

- o ) . N
N Pa—-_— o, bt -
’, -
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. screw stnhped it. . The air flow rate was adjusted, immedi-

121

N S . P : ]

solution bag was then hooked to the tubing. ‘The air comz

pressor was started. >

Then the appropriate removable drain pipe was fit in

the comrrstant head tank’'s %lange, and the centrifligal pump

«

started. Air bubbles were removed from the influent pipe by
suction provided by a Little Giant model 13154 pres-

4 »

sure/vacuum pump, (Gelman Ingtrument: Company!, aqﬂrtﬁe gate

valve closed to the predetermined éetting, where the. machine

]

w . ‘ ] y

ately after -~ the effluent liquid flow rate was adjusted to

(3 . ¥ ,

create a water seal at the bottom of thé column. The or-

'

!

- Fi

ganics golution metering pump was then stafted.anq organics

flow rate adiusted. The arganics flow rate varied'thnmugh—

out .the' runs,.and was readjusted every 10 minutes, by modi-

v L

¥ying the length of the course,of the metering pump’'s piston

(Section 6.301.5). _ - / ‘

5, To allow the system time to reach steady d4tate, the

firsdt pair of sémples (qne~inf1uent and one effluent sample)
" N > t N
was collected one hour after,K the metering pump was started.

3y
"

-. Three pairé.of\samples were collected in .the same manner ;" at

10 minute ihtervals, the influent sample always b%ing cpl-
. ’ . I . | . ) )
lected before the effluent sample. Before sampling, liquid

was allowed to flow, through the sampling valves, to obtain a
H * . , 3

sample as. fresh as _pos%ible. The liquid used, to flush. the

valves was collected in Teflon® bags and used to determine

~

the ipflﬁent_ahd effluent liquid pH and canuctiQity:

r

-

Al

]

.
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All air bubbles were rémoved from the 10 ml sampling

syringes, that . were then stored in a refrigeratar, at ap~-
-~ . o i -

proximately 6=C, wuntil they could be analysed.” Five ml of-"

) * . LY

L]

-

each of the first, second, and tHiﬁd effluent samplb were

analysed, in that DrdgF: followed by 5 ml\of the first, sec—,
. L .

ond, and third influent sample. ﬁfter analysing %i ml of
C;Lcium-chlnride ’SDIGtiDn;,thE remaining S ml of samples
wérg anal ysed, in.the ,séme Gﬁdér. Because gach analysig

lasted approximately 40 minutes, even though the first sam—

ple was anhalysed immediately after it. was collected, ‘the
last. sample was analysed eiqht hours later.
Besides organics cbncentrations,-data on ambient tem-

-

perature in the packed column room and compressor room, Com-—

pressed air temperature, and water temperature in the con-

o’ !

. i ! :
stant head tank and first' aerated effluent basin, were col-

lected. ., The atmospheric pressure, and readings of the two

" manometers, were'.alsu recorded. To find avérage values for

these parameters, 'thgir values were recarded 20 minutes be-
! . i

tore the first sampling and 20 minutes aftter the last sam—

1
i

pling, and averaged. .

— -



.CHAPTER 5 -~ .- - -

RESULTS = !

- 4

S.I‘Lineariky of Detegtar - o

»

. 1
.As mentioned in Section 4.1.%, the flame 1onization de-

.

125

tector was tested for 1inear}ty. Twenty—fivé samples rang-.

~

S ’
v1ng in  organics ~concentration between 5 and 3000 pg/l°

(between 70 ‘and 6000 g/l for chloroform) were analysed.
. B . 4 - '
~-The amount of each compound -introduced into.the concentrator

fl

- .
Lamount }ﬂﬁected>.}is plotted against the amount detected in

Figs. S.1 to S.b6: the bottom graph is an enlargement of the
lower left-hand caorner of the top . graph. The amount in-

jected was evaluated by multiplying the volume of standard
Sqluti?n used b; thé standard Solutionis average concéntra*
tion.' | . o . T
For .each &6mpound, the equatién of the begt fittiné
S

line: :
v = i .+ oW : ' . (5.1)
where i = ihtercept .
5 = slope . '
w = independent variable (amount detected, in
this ‘case) . . i -
y = dependent variable (amount injected, in this
case) ;

¢
+ ) ~

‘was determined by the method of least Squareé; thus (Kennedy

-

and Neville, 1976): -
4 P

~u,
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Figure 5.1: Linearity data for trichloroethylene,
first test
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; LINEARITY DATA _FOR
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i = L Z77T . (5.2)

NEwy = IZwly .
5 = e ‘ y (5.3)

The coefficient of determination, r=2, was also computed

(Kennedy and Neville, 1976):

(NEwy — ELwEy)= ‘o

r2 = - : (5.4)
[NEwZ — (Iw)ZILNLy= — (Iy)=] '

Since the éaefficient of detérminatiqn is symmetrical with
respect tao vy and w (Kénnedy and Neville, 197&8), the choice

of the independent and dependent variables will affect i aﬁd

'S but not rZ*; the amount injected was selected as the depen—

déﬁt.variable, ¥, vielding the results in Table 5.1.

To verify if there was any interference between chloro-
form and ether integration, a new gtandard solution was pre-
pared that contained all compounds but ether. Twelveﬂsam—
ples, ranging in concentration between 10 and 3000 g/l
(between 70 and 5700 ug/1 for chloroform), were prepared by
dilution of this solution and anaf;;éd.--Ether was added to
the standard éolutiun, and another series of twelve samplés
in the same ccnéentration range analysed. The results are

\

given in Table 5.2, and the chloroform and ether data are

plotted in Figs. 5.7 to 5.9.

¢



Table 5.1: First linearity test results

Compound . i = r=
Tri:hloréethylene —-2,4644 1.0074  0.9995
1,1—-dichlorcethane -4.174 1.0132 0.9993
Toluene ¢ -7.847 1.0889 0.9992
A  Chloroform . v —16.120 1.0640 0.9791
1,2-dichlaroethane -4.520 1.0547 - 0.9994
.Ether . ~10.457 0. 32864 L 0.9745
Table 5.2: Second linea%ity test results
s —
: Without Ether With Ether
Compound i 5 r= i s r=.
Trichlorao- i " .
ethylene’ —6.602. (140366 0.9999 -3.413 1.0391 0.9998 .
1,1-dichloro- : v .
ethane —2.753 1.0047 0.9999 -&4.241 0.98466 00,9994
Toluene ~16.262 1.1744 0.9997 —11.524 1.1739  0.9997

[

Chloroform -83.730 1,6698 0.9998 23I.914 1.0634 Q.9914 -

1,2-dichloro-

ethane -13.488 1.0586 0.9997 -7.384 1.0357 0.9997
Ether L ~24.173  1.0220 0.9981
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5.2 Hehry'g Law Constants -, - ": -

. . -~ t ) ' ; .

..r .'_ A i ’ 1

5.2.1 Experimental Determination Yo . .

B | ' . 5
As mentioned in-‘Section 4.2, Herry's law constants were
determined, by, a method ' similar to the closed éystem methad

of ‘Munz

“and Roberts {1982; Section '3.1.2.3).. Losses from
. the*syrinqeé’ over their 24 houwr period in the environmental

’

-
M

roém wgrg' assessed. by analysing the first S5 ml of.solution,
’ . N . . "

.which yielded ' the initial concentrations, Clo. The syringe

was then agitaﬁed one day in the envirpnmental rpom} and the
o . - Ca T )

Lreﬁéining 5 ml. of <olution analysed, to abtain the soldte’

. concentratidn after-. a day,' Cos - (Section . 3.1.2.3). . The
pﬁbceﬁure was }épeated_ﬁoh all Eight.éyrinQES, and the ratio

N . ) " " ) . . ' ! I . ' . . -
\CPR/CLO computed for each syringe and each compound, vﬁhen,

. when:computing Henry's law constants, the inmitial "concentra-

tipns, Clc, weré,hultipfﬁed .by ther CL.1/CLo ratio computed
for the sagpe syringeth temperature, and compound, yielding’
" the edpfvalent ;initial concentration, t;,, once losses of a

.~ day were.accounted for. From this value and the equil:ibrium
cancentration®value, ¢_, {(concentration afterr " hdaving shaken
for one daoy the syringe -contaiming 5 mi of solution:and o ml,

oL - 1

pf¢é§r);‘HenF§rs law congﬁants‘wene,determined as: - -
Cia o '- L Lo

- H = -g— — 1 ! " (5.5}
o .

- i ~
[ L

) This equatioﬁ is Equivéient'to Fqg. (.17}, and reflects the

-

s

:fact,tﬁqt_\the ligquid “and gaé voldmes;-VL and Vo, respec-—

tivg}y,ﬁwére equal. The experiméntaf resylfﬁ and a sample ;

v

r . = ]

/

/

S
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. ‘ _ ) PN
calculation can be found in Appendix Ay Table S.3 preisﬁté

r - A

the average and coefficient of variation values fDE:tHEZdata_

at each température. The average or mean, w, of ‘a\set of N
. . 0

variables, w, and its standard deviatign, Sw, are (Kennedy
P

- n

and Neville, 1976)':

_ ZIw
R , . (5.6)
“ N P
’ \ .
NIWw= — (Ew)=| 2= o |
AT A ' \ (5.7)
N(N-1) . ' o . N
and the caoefficient of variation, Vw, is simply: <
Sw '

S Vw = - ox 100 ) (5.8)
“w ‘ ‘

5.2.2 Effect of Methanol

' . . . N -

Methanol was used to. increase organics sblubility.bcth

.

'in the . Henry's law canstants and mass transfer experiments

-

stock solutions (Chapter 4).. he effect, of methanol on

S

"Henry's law constant wag evaluated for chloréfnrm, the cam-—
pound found in highest concentration in the solutions, using

the thepretical ’ method of Munz and Roberts (1982; Section

/

TL1LE.3). Theé calculations are shown in Appendix B. It was

-

found that methanol 'decreases chloroform’s Heory's. 1aw con-
stant by approﬁimétely 2%.
i

9.2.3 Effect of Tempeéature

v

s

T The QEpendence-bf,H Dh°tempergture wds expresséd by the

equation: ’

. . . )
-



Table 5.3: Henry's 1aw constants data summary

Table S5.4: ‘‘Henry's law constant

Temperature (=C) 19.9
L% . L]
' - Henry's law constant, H
« Compound Ave. Coef. of Var.
. . . -
TCE ., Q.75 .o17.6
"1,1-DCA _ o a.220 . 17.3
Toluene 0.189 63.0
CHC1 = 0. 153 23,
1,2-pta  "0.059 ‘61.0
Ether ) 0.047 39,6

Ave.

Q.45%
Q.268

0.X75

0.185

T 0.0B0

(mass conc./mass conc.)
Coef. of Var.

parameters® | s .
' Determination
) ) Parameters== coefficient
Compound o po b; (<K) r=

Trichioraethyleneﬁg S. 041 -1768’ 0.423
1,t-dichldroethane - 4.796 - ~-1BS¢t 0.403
Toluene, - ' 25.742 -8100Q Q0.417
Cﬁlordforp ) . 4.457 LIEQS 278

1,2 dickloroethane - 11.872 4384 0.124
-49468 0.234

ues at 29.75=C; see Appendix A).

A

\

«~ Parameters of Eq. (5.9, ln H = bo #+ ba/Ta

-

'?arameters for.each .compound were abtained by correlaping
nine data points (four H values at 19.9°C and five H val-—

*
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. . ' , 178

- b‘ N . N . - r
In H = bo + —- S ¢ - . (5.9)
Ta . ‘ '

-

where bo, bi = constants : .
Eq. (5.9) bhas the samé form as Eq. (3.24) of Singley et al.
- (1980). - The nine MHenry's law cﬁnstant values obtained for

- each compound . (Appendix A)

were used ' to find the line of
\ ! -

best fit by the method of least 9quéres ‘ [Eds. (9.1) ° to
(5.3)1, éubstitutiﬁg InH for y; be for 1} bi forhs, ahd 1/Ta

for w. The resuiting values of- boy, bi, and r= CEg. ,(5-4)1]
- - t
arE'gfven in Table 5.4, TaBles’S.S and -5.6 give correlation

parameters found .by Kavanaugh and Trussell (1980), Singley
f ) b ‘

et al. (1980), and ESE (1981).: Kéyanaugh and lTrusEEll*

.

(1980) fit data from Kruis (1974) to a modified version .of

f ‘ ’ o - '

Eq. (3.23): \ - ‘
' . . . 7 - 5.
L=} } , '
- _A!_’ .- . . ) ‘
10910 Ha = =o7 + : E . (5.10)

‘ B - 4 RTA f . N o ' " "

- S

»

To juddé 1f the ‘values of - Table 5.4 wére re;sonablf, '
for each cnﬁbound the line representing Eg. (5.9) was platr N
ted on a, graph ;f lqg;? H againét-l/Tn, aiung with the éﬁrf
rélgiions preseqteq in Tables 5.5'and‘.S.é,-and‘literétuﬁe'

values of H presented {n Tahles 5.7 to-S.11. .All H values

€

.in Tables 5.7 to '5.11 were converted to units of mass con—
- ’ - . S

centfation/massfcgncentration. The experimenﬁal data, found

~ - N 0 . 2

‘ . . . ! | - .
An Appendix A, wasg alsoc plotted on these graphs (Figs. 5.10

~

' to 5.15).

-

!

Raberts and al. (1982) showed.that a change of }202 in -

‘H values - had only a small effect Dn\expérimenta;ly deter-

' . . . - s '
el

.
- - L - + t
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Table 5.5: Kavanaugh and Trussell® Henry’'s law constants

temperature correlation parameters
‘ - -

'

[y
A\l

o Parameters==
Campound ) AH (kcal/kmole) - K
— — e re 4 rmmen et = S T - e e e e E - . . [—
Trichlorgethylene 3410 8.59
3 N '
! ) .
l1,1-dichloroethane - 37890 8.87
/' Chlorafarm 8000 ' 9.10 ,

= kavamaugh and Trussell (1980).

. N A =] - P
ww Barameters of Eq. (5.1 : 10gio Ha = (-aH /RTa) + K
where R = 1.987 kcal/kmole-~K.

~

~

.« - ! .

Table 5.63; :Singley et al. and ESE*” Henry’'s law constants
temperature correlation parameters

' ) . . Parameters=* -,
Compound | . Bo Bi (=K}
*Trichloroethylene o 14.451 -4489 L
1,i-dichloroethane ) 14,270 YT -4599 "

. Teluene 14.014 . -4574
Chloroform C 16.499 5310
1,2-dichlorbethane*=* 4.048 =~ . . -2361

: e e - ,
- Singley et al. (1980); ESE (1981). )
“* Parameters of Eq- (3.24): 1lnH:= Bs + Bi/Ta
Values obtained from Singley et al. (1980) except for
1,2-dichloroethane.
~*» From ESE (1981): e ) .
! - M . o
' p
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Table S5.7: .

Literature Henriy® s law’ canstants for-trlchloro~

s

ethylene ’
. H . Temper- | ) i
mass conc. . ature ‘ L .
Mmass conc. AeC) - ‘Source* Cg@m?nts Referenteu '
Y 0.49 25 . Comp. D1111ng (1977)
0.40 20 .Comp. . h Dilling (1977)
. . '
0.41 20 Comp." . Kavanaugh and
) v L * Trussell - (1980) .
0.371 - . 20.. - Exp. os ' Mackay and Shiu
s ' I (1981
0.4104+0.031 20 | Exp. . Munz and .
. R L ." Roberts ¢1982)
0.300+0.053 .20 Exp. Closed system ‘Munz and
: . . measurement - ‘Roberts (1982)
0.381 ° 20 Lit. Exp. . Munz and
N ‘ , L - Roberts (1982)
0.42+0.01 * 20 Exp. Deionize&d water Rohgrts et 31.
: ' . o0 (1984)
0.51+0.03 20 . Exp. Filtered second= Roberts bt al.
' Y . ary wastewater  ({984)
) i - effluent . . ST LT
0.4 ‘20 " Exp. -, Roberts et al.
L T s (1983 .
Q. 042 25 Exp. : b1ngley et-al.
. ) . “(1980) T
0.493 235 Comp. . - Singley et al.
.. ‘ (1980)
0.42 , 20 © 7 tomp.. . Thomas (1982)
*F-SDurce:' Cmmﬁ.: Values computed frmm 501ub111ty and
' - . vapour pressure data. -
1/( Expa.: Values obtained from’ exper1mental
. ' meaSuremEnts. '
Lit.: Valdes found in Dther lltarature.
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Table 5.8:

/

Literature Henry
roethane -

‘s law consfaﬁts for 1,1-dichlo-

_..Reference _ -

Dilling' (1977)

Mackay and Shiu
(1981) t
‘Singley et al.
(1980}

Singley et al.

H_ Temper- i
mass conc.  dture - ey
Mmass ceonc._ (=C)_. Source* Comments
0.24_ _ 25 Comp. .
. ‘ U BN _‘ '
0.234+0.008 25 Recommended
- : ’ : value
Q.313 25 Exp.
0.218 25 , CDmp.’ .
- ———— = .-"'——‘."‘———————\—'——'"‘:-'"——--'T ——————————————— o e e g e
* Source: Comp.: -Values computed froem solubility-and

i}

. _ vapour pressure data.

Values obtained from experimental
measurements. i

Values found in other literature.

\ ¢

] -

- s

Reference
Kavanaugh and
Trussell (19280)
Mackay gt al.

Mackay et al..

141

-

Mackay and Shiu ’

Mackay and Yeun
Singley et al.
(1980) '
Singlgy et al.

(1982)

H Tember— -
mass_conc. . ature ,
mass _conc. (=C) source” - Comments .
0.%251 25 Comp.
0.271 25 Exp. _
- /- (1979)
0.272 - 25 Comp. .
- . . ! . (1979)
0.270+0.014 25 Recommended
' value (1981)
0.215 ! 20 Camp. '
: ) (1983)
0.26%3 25 Exp. - .
0.240 25 Comp.
. o ) (1980)
x//6:28 20 * Comp. . Thomas
* Spource. Comp.: Values. computed from solubility and

&

Exp.s-

Lit.:

vapour pressure data.

measurements.

”

Values obtained from exporimental

Values found in other literature.



Table 5:105

L1terature ﬁenry 5 law

chlnrofnrm

/ L.

»

constants for’’

T

-~

>

Values found in other ,literature. !

~ H Temper-—- ' o
mass cénc. ®  ature : v
mass conc. =) _Source* - Comments. Reference
0.16 25 Comp. Pilling (1977)
L - . - N
0.128 .20 Comp. " Kavanaugh and
- : Trussdell (1980}
0.136 20 Exp. ) Lalezary et al.
- ' ! (1984)
0.116 20 Exp. . ‘Mackay and ‘Shiu
- =, ‘ . (1981 "
0.129 25 Exp. . - Mackay and Shiu.
. ) ‘ (1981)
00153+40.012 25 Recommended - Mackay and Shiu
, ’ value (1281) :
0.224+0. 031 20 Exp. - . Munz' and ]
. . Roberts (1982)
0.111+0.040 20 Exp. Closed system Munz and
) Coa measurement Roberts (1982)
0. 104 20 Lit. Expe« .  Munz and - - .
_— ' ' . Roberts (1982)
0.24+0.02 20 " Exp. Deionized . Roberts et al.
" o, ‘water (1784)
0.33+0.02 .- 20 Exp. 'Filtered second— Roberts et al.
a ary wastewater (1984) -
P effluent '
022 20 Exp. Roberts et al.
, (1983}
0.267 25 Exp. R Sipgley et al.. ..
- o (198Q)
0.166 25 Camp. Singley. et al.
(1980) .
Q. 200 20 Comp . ' Thomas (1982)
“ Source: Comg.: Values computed from 501ubili£; and N
vapour pressure.data. ‘ -
Exp.: Values cbtained from exper1mental‘
' measurements.
~bLit.:
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Table S5.11:

L1terature Henry’'s law constants for 1,”—
- dichloroethane

H

- N

-

o

_Reference

Dilling (1%977)
kavandugh and
Trussell (12809
Mackay and Shiu
(1981)

Mackay and S5hiy
(1981)

Thomas (1982)

+

Values obtained from experlmental o

Temper= e
mass_conc.  ature:
,Mass conc. (=C) _Source* Comments
. [ R . - 4
0..050 23 ’ Cqmp. ) .
' 0.046 25 Cdmp.
- 0.040 25 - . Exp.
0.044+40.004 25 Recommended
_ 0. 04 : 20 CDmpL
.= Source: Cdﬁﬁ:iumvélﬁééfkomputed from solubllxty and
‘vapour pressure data. ’
i ; Exp.:
measurements.: .
Lit.:. Vatues found in other l1terature.

’
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mined mass transfer rate cpnstaﬁts, Kia, for stripping fac-

tor values §5 > 1.5. However, the valgeé of the Henry’'s law

constants also affect the K a values predicted by the models

of Onda et al. (1968). and Shulman et al. (1955c) [Section

-

S.4; Eq. 52;7)3. To evaluate’this effect, Kia- values pre-

3=

dicted.by both‘models were computed -using ‘Henry’'s law con—

LY

stant values equal to 1.2H and 0.8H,- and these predicdted K_a

were divided by the corresponding predicted Kra using 1i.0H.

v L. 5 .o . . e,

For each packing and each model, the highest and lowest Kia

ratios are presented in Tables 5.172 and 5.13, cespectively.

5.3 Packed Tower AirSt>}Eﬁ}ng Experiments

.3.1 Data CDllected . '

Section 4.3.4 presented a brief list of the data col-
lected. More specificélly the following daﬁa were recorded
in each experimental run:

— Packing media: size,.type, porosity of béd, depth of bed
— Liquid fluw‘sﬁﬁe: length 'of removable drain pipe

~ Temperature (2): packed column ronm, cCompressor room;
compressed air; -
water in constant head tani, water in
effluent tank -
- Manometers readinds (2}: packed ceplumn manometer, gas
rotameter manometer

- Atmﬁspheric pressurd (2)

~ Gas rotameter reading (2)

.~ Specific gra#ity of packed column manometer fiUid

3
-~

—_—



Table 5.12:

Ratio of predicted K_a using 1.2H to
Keg using 1.0H

a

Model

6 N
‘Packings*

Trichloroethyl ene

1,1-dichloroethane

Toluene

Chloroform

1,2-dichloroethane

Ether

1.005

1.003
1.007
1.018

1.020

" R.r.: Réséhig rings;/l.s.: Intalox® éaddles.

predicted
Onda et al. ) Shul man
et al.

12.7 mm 12.7 mm 12.7 mm
R.r. I.s. Ror .

16 31 16

1.005 1.010 1.006
) 1.009 1.01é 1.009
1.010 1.020 1.011
1.013 1.023 1.014
1.033 1.057 1.035
1.034 1.062 1.038

== Experimental run number.

!

-

~

-
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- : . -
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Table 5.13: Ratio of prEdICtEd Kia using O.8H' tD predlcted
. KLa using 1.0H
- Y et ) e i e e mm
Model “ . . - pnda etnal.F ' ' i Shulhan
. ' - ol , et al. -
s I f I
Packings=~ S5.35 mm 12.7 .mm 12.7 mm 12.# mm
R.r2 -~ Ra.r. I.s. y/ﬁ.r.;
. / [}
Run # - 1S ‘ 16 53 T
e e e e o e o e 7 : e
'Trich!ormethylene Q.9%94 0,992 a.%85. . . 0.99]
1,1-dichloroethane 0.993 0:987 1 0.976 . . 0.986
Taluene T 0.993 0. 985
Chloroform 0. 990 0.980
I,2-dichloraoethane 0.974 - 0,932
Ether . 0.972 0.948
“ R.F.: Raschig rings: Ils.:‘lntanyG saddles. .
““-Expeﬁimental run number-. '
. - 3
B ‘Y hd
s o~



r
Iax e

3

,SEhts_comphter printouts listing the recorded data and re-

v ‘ . .
- Water' composition: pH, conductivity of influent énd K
/ effluent liquid; e

.}nfluent_and effluent liquid - . °

The number  two in parentheses, (2), follows the headings of

-

measurements that were recorded twice, ten to twenty minutes.
' 14 ‘ A .

b?fdke and after sampling (Section 4.3.4). Appendix-D pre-
™~

sults of the firsﬁ\ ccmpuﬁ:’:ns. .
' \ g
- T Ta v o - . -

5.3.2 Flow Rates v . o v

5.5.2,.1 Gas Flow Rate

/ -
7 N . L .
As mentioned in Section 4.3.2, the gas flow rate was

-~

adjusted and rotameter read at each experimental. ran. The

-

1

rotameter s average reading was converted to a gas flow rate

\ ~

value, in 1/min, using a manufacturer suppriéd'plat of flow

3

‘rate against' scale reading. Division by &0 000’ converted

' / .

el >
‘§bé flow rate value tp units of m¥/s.
{

THis $low rate value - was converted to the equivalent

’

flow rate value at standard temperature and pressure accard.— ’
-

ing ' to manufacturer 's instructions, ‘using the formulat
. . \

530 pe 12

Qac = Bon |[——— —=- sl
Trcn 760 ! )
i . - . Al
g where p» = total rotameter’s inlet pressure (mm Hgi .
Bac = gas volumetric flow rate at standard tem- >y
perature and pressure (m3/s)
Uom = gas volumetric flow rate read from rDtamqé;
ter conversion chart (m>/5)
Ten = Compressed air temperature ‘%Apréssed in =K

eF + 4560) .

-
b

ccnantratlons of organics in the ' ‘

24

»



. .
) -~ .
? . - 4
L

Ihe'tqtél flowmeter: pressure,, pe, '‘Wwas the sum of the baro- _
. ' ' T - ' ' ,

/. metric pressure. dnd the gauQE'pressure‘head on. the flowme-

’
¢ . . ‘
3 . i

ter, Pmas ~in mm *Hg: Since the Dpen_ene-u—tube manometer

preceding the“retémeter was filled with-wéter,‘pnn was qdm—

r

. puted as: - . ~
. Zrm '_‘ Z.L.m y , N A , , . )
. Pixa = —————T——m . ) e ) . o (5.12)
' - 13.3694 . o Co : -
R where Zha = rotameter s manometer ligquid level low!
: . pressure- side (mm Hz0) ° . .
ZLa‘=_rDtameter s ‘manometer 11qu1d level, hlgh

' pressure_ ide {mm H:U) 4
’ and 13,3694 15 the average nec1F1c grav1ty of mercury. The
] . N O VL - . . .,

' : - ' . s

gas flow réte,at ambieﬁt-eond1timn5 was found from the ideal

4

gas 'l aw: . L C . o
> 1 . . . . . c' R .
: P 760 _TK , y ) 1 o
. Ba = Quc - _._‘__--__ ‘~ ’ ' ’ * 2 (5-11_:{)
i Ty bn 223,191
wher'e P ;’barometric (ambient) pressuré (mm Hg? )
- ) Tie = absolute temperature in packed. cnlumn room’
. = e, 2Ky

-LJ 3 . * ’ - -
’

A sample CaIFuIEticn can be found;ip 9ppendix C. Table
.14 lists the values for all experimental runs. -
. t A .o i

= r

5.3.2.2 Liquid Flow Rate.

Becéuse,water flow rates were measured by weighing and
recordinq"time . (Section 4.3.1), they could not beé measured
'during'each experimental run. For Runs 7‘tD 15, anly one
‘seriegs of flow rates measurements was performed, BeforeuRun

7 (Sectiom~ 4.3.2); liquid flow rates were assumed constant

throughout'hyns 7 to 1S, For- Runs lé.to 4z, however, flow



\
!

4
Table 5.14:‘Exberimen§af/;a5 flaw rates

- Liquid’ - - .
Flow Rate 'wa , Medium
Packing — . ;
-depth Run Bo Rur (B
(m) No. (mS/s) No. (m=/5)

. / 6.%5 mm Raschig rings

¥

0.214 | 15 . 176.39x107°2 _ 14 195.33x107°

1.219 . 12 175.56x10~= 11  199.84x10-S
1.829 9 177.63x10-° 8 196.0ix10-=
Average 176.53% 105 197.06%10-5
Std. .Dev. . 08x10~5 2.43x 10"

‘Coef. Var. Q.6 1.2
12.7 mm Raschig rings
0.714 18. 314.530x10~= 17  259.96x10—°

1.219 20 215.67x107° 21  260.99x10-°
1.524 .24 F15.5B8x107= 23 260.24x10°°

1.829 2 3t16.36%1075 . 24 260.19x 108
Average . Z15.598x107= 260,.35%x107=
Std. Dev. Q.84x10~= 0.45x10"°=

Coef. Var. * 0.3 ’ 0.2
.. ’ . 6.35 mm Raschig rings

0.010 30 31L2.84x107° 29 259.07x107°

12.7 mm Intalox® saddles

0.914 33 312.98x10-2 32 258.42x10°5
1.219 35 313.368x1072 36 260.39x107°
1.8924 39 314.56x107° - 38 262.11x10%°

1.829 42 314.39x107° 41 260.52x107°
Average 313.8B3x107= . - 260.61x107°
Std. Dev. 0.77x10"2 1.11x10-®
Coef. Var.- 0.2 7 . 0.4

. -\ﬁ-

Run .
No.

13
10 .

16
19

L]
<

23

 Be
(m3/s)

251.77% 10~
235.06x10-™
233.42x10-°

233.42x10-°
1.65%x10"%
0.7

206.80x10~"
208.01x10-"
208.61x10—"=
209.82x 1077

208.31x107®
1.26x10"=
0.6

208,092 1102
Q

207.74x10°=
208, 76x 10-°
210.48x10-°
208.80x 10—

“20B.79x 10 =
1.14x10"™
0.5

o

w
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r;tes were " measured begaré Rhn 16, and after Runs 30 and 39
(Section 4.3.2). o - :
(o For Runs 28 to 30 (émpty column_experimgnts), the ;01—
umn wads a few mm higheF th&n it should have been, and conﬁé—

quently'én air‘pybble approximately S mm thick by 25 mm imng
was trapped in the influent pipe immédiately after the sec—
ond bend. | A bub@le this size was liable to affect liquid
flow rates; thué, the flow rates recurded.after Run 30 were
assumed to be the flow rates prevailing for Runs‘ZB to 30.
 For ‘Runs 16 to é?,‘and 31 to 42, it was assumed that
flgw rates decreased lihéarly. Liquid fiow rates me;sured
before éun 16 were xassumed to be the flow rates at_mafk a,
and those measured after Run 39 were Associated with mark
25. Flow rates for Run 16 to ¥9 and 40 to 42 were*se;rgquai
to flow rates associated with marks 1 to 24 and 26 to 28,
;(;,respectively (%ig. 5.16). Note that Runs 28 to 30 were in-
cfuded.and the corresponding flow rates tomputed;
Table 5.13 lists the varués for all. experimental Funs.
The values measured for Runs 28 to0 30 are listed in the

table.
9.3. 3 Water Temperature

The effluent water temperature was /meaxired in the
first aerated effluent basin. Since aeration was expected
to affect the water temperature, water was pumped from a -

tank into the aeration basins, at a flow rate close to“the

experimental liquid flow rates, and aeraté& at a gas flow
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Figure 5.16: Asscssment of liquid flow rates decreasc



T 0:914

15 _ 14 13 3.0198x10-°
1.219 12 2.3090x10-5 - 11 2,5500x10~= 10 3.0198x10—°
1.829 g 2.3090x10-° ] 2.5300x10-= 7 3.0198x10-°
Average 2.3090x10—=  2.5500x10-5 3.0198%x 10"
std. Dev. _ o - 0 0
Coef. Var. o 0 0

12.7 mm Raschig rings
0.914 18 2.3500x10-= 17 2.6627x10-° 16 3.0980x10-5"
1.219 20 2.3380x10-°= 21 2.6387x10-= 19 3.0887x10—°5
1.524 " 24 2.313Bx10-S 23 2.626Bx10"° 22 3.0793x10-°
1.829 27 2.2937x10-° 26 2.6088x10~= 25 3.0700%x10—=
Average 2.3244x10"5 2.6343x10~% 3.0840x10-°
Std.” Dev. = 0.0243x10—= 0.0226%10—° 0.0121x10~°
Coef. Var. 1.0 0.9 ' 0.4
&.35 mm Raschig rings
0.010 30 2.2308Bx10~® 29.  2.5498x10-° 28 2.9727x10—S
- , 12.7 mm Intalox® saddles

0.914 3% 2.2095x10°S 32 2.9728x10-° Tl 3.0512x10-®
1.219 35 2.2473x10-° 34 2.54790x10—° 34 3.0418x10~=
1.524 39 2.2232x10-° 38 2.3370x10—= 37 3.03250x10~®
1.829 2 2.1990x10-5 41 2.5130%x10-° 40 3.0200x10~=
Average 2.2323x10785 2.5430%10~° 3.0364%x10~°
Std. Dev. 0.0268Bx10-= 0.0249%x 10" 0.0133x10—°=
Coef. Var. 1.2 1.0 0.4
- _

- .
t 4

: . . _
Table 5.15: Experimental liquid flow rates

- -

Liquid h . .
- Flow Rats= Low - ! Medium !
. Packing ! ‘
depth Run G Run 8
No.- (m=/s) No. (mR=/5)

Tin)
6.353 mm Raschig rings

2.3090x 10~ 2.5500%x10—°
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'
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rate similar to the experimental one. The temperature aof

-

the water was measured in the tank and the aerated basin,

- S

‘and thé maximum temperature difference was observed to be
i/ ' ’ ‘

. 0.3°C (aerated water was’/ colder). Increasing the effluent

water temperature by 0.3°C caused a decrease in the number B

of transfer units (Section 5.3.5) of less than 0.5%. There-

fore, the effluent water temperature read in the aerated

basin was used, uncorrected, fnr‘all computations.

!
-

BDtH the influent andieffluent water températurés var—
’ 1

ied randomly, dependfng on  ambient conditions. Table 5.16
shows the variation of the average water temperature

(average of -CDﬂEtﬁﬂivhgéﬂ ank and efflueﬁt tank watér.tem—

peratures).

'5:3.4 pH and Conductivity . '

The 'influent and effluent water pH and conductivity -
were recorded  to serve as indicators of the variations in
water compésition. Table 5.17 lists parameters related to

pH and conductivity measurements.

5.7.5 Total Number of Transfer Units

”
Computation of the total number of transfer units,

NTUT& and mass transfer rate constants, kK_a, requlrés knowl -
edge of some paraméters that can be computed from the re-
corded data. The.liquid mass flux, L (kg/m=-s), can be com-
puted from the volumetric ligquid flow ra393 Q. (m3/s), and
ligquid dens}ty. P (kg/m=):



v

Y

‘Table 3.16: Averége water temperatures -

.

,- ~ .

¢

Coef. Var.

»

Liquid

"Flow Rate
Packing
depth Run

(m)} ND.f

0.914 15
1.219 12
1.829 9
Average

Std. Dev. -

0.914 18,

1.219 20
1.524 . 24
1.829 27
Average

Std, Dev.,
Coef. Var.

D.010 30
0.914 33
1.219 35
1.524 3
1.829 42
Aver age
Std. Dewv.

Coef. Var.

6.35 mm Raschig rings®

24.225 14 24,350 13

Q.2 1.9

2.7 mmlRaschig riﬁg%

23.475 17 23.375 S 16
. 24,287 21 . 24.087 19
23,625, 23 24.175 - 2z
23.875 26 24.025 2
23.816 23.916
0.355 . 0,366

1.5 ° ;o 1.5

6.35‘mm Raschig rings
) A

23.125 29 23.575 28

2.7 mm Intalex® saddles
/

22. 468 32 22.475 31
22.375 36 22.725 - 38
24. 450 3 24063 37
24,250 41 24.375 40
23.441 . 23.410 @
1.061 0.949
4.5 4.0 -

Low Medium .
T ' Run T , Run
(=C) - No. (=C) " No. .

. 24.325. 11 25. 275 - 10
24.225 ° .. g 25.000 - 7.
24.258 .- 24,875 /

0.058 . 0.475

24,212

25.375

26.74627

25. 450
1.277

23.8675
24,037

24.43Z8.

24.087

24.0359

0.312°

1.3

22.487

23.175

23.35235
24.912

T 23.525

1.020
4.3
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Table A.3:

259
LOSSES IN SYRINGES, 29.75°C

Syringe Pérameter 1,1-DCA Ether CHCl3 1,2-DCA - TCE Toluene

Co 1318.1 904.12 , 7663.7 1403.0 1576.2 1258.8

1 cil 1266.2 906.54  7391.6  ° 1386.6 1366.0 1055.8

C .

- LG - 0.96063 - 1.00268% 0.96449 0.98831  0.86664 U.83874

Cly 1316.6 908.63  7647.5 1406.6 1586 .% 1261.7

2 €, o 1270.5 903.30  7403.0 1384.0  1380.0  1070.6
CLl/CﬁO 0.96499  0.99413 0.96803  0.98393  ©.86989  0.8532Y

CLo 13442 929.85  7807.2 1438.2 1615.6 1288.7

Rl . ¢, 1270.8 - 906.42  7414.3  1388.9 1388.0 1083.5
CLl/CLO 0.94540 ~ 0.97480 0.94967 0.96572  0.85912  U.B4077

< Crg 1335.1 920.66. 7767.7 1435.9 16063.1 12803

‘R2 c, 1274.2 906.97 (,74680.9 1374.4 . 1391.8 1084 .9

. - "
CLl/cw 0795439  0.985l3 0.96308 ' 0.95717 0.86819  ©.84738
. 1 , - .
j’ . .

Clo £ 1306.0. ~901.48  7618.0 1400.1 1565.0 1252.0

3 C\y 1276.6 910.90  7436.1 1394.2 1371.7 1102.2
" CLl/CLo 0 0,97596  1.01045* 0.97612  0.99579 0.87649  0.88035

'

- o 1313.8 909,93 7637.8 '16406.0  1576.9  1258.3

4 Cyy 1277.2 908.97  7440.1 1391.5 1390.6 1096.8
CLl/cLO 0.97214 0.99894 0.97412 0.98969 0.88186 _ 0.B7165

¢, C 1317.6 913.87  7665.7 1413.0  1583.6  1263.6

R3 ¢\, " 1280.1 912.93 © 7461.7 [397.5 1384.6 1079.2
CLl/CLO 0.97154 0.99897 0.97339 0.98903.. 0.87434  0.85407

. Ty 1284.6  + 891.93  7475.0° 1378.5  1542.2  1231.5

R4 c,, 1282.6 913.90  7468.6 13980 1378.7 1108.1
CLl/CLO 0.99844 1.02457%°0.99914 - 1,01415% ,0.89398  0.89980

re i

Py
-

* A value of C

Ll/CLO = l.OCOOO was used instead of the computed value



Table A.4: 260
HENRY'S LAW CONSTANTS, 29.75°C
Syringe Parameter 1,1-DCA ~ Ether CHCL3 l,2-DCA TCE Toluene
€l o 1316.1 911.89  7709.5 1411.0 1575.4 1256.7
C, 126473 911.89 .7435.7 1394.5 1365.3 1054.0
i cf ’ 991.84" 842.75  6248.7 1272.0  925.06 824.99
H 0.275 0.082 0.190 0.096 0.476 0.278
€.y ‘ 1320.3 913.13 7708.2 1411.5 1589.5 1263.6
C | . 1274.1 907.77  7461.8 1388.8  1382.7 1078.2
2 ci . 981.90 829.09 6175.2 1253.7 919.44 722,12
H 0.298 0.095 0.208 0.108 0.504 0.493
Cio . 1301.0 903.31  7625.0 1407.2 1549.3 1241.9
€,y - 1230.0 880.55  7241.2 1359.0 1331.0 10442
R1 ci 991.46 840.56  6248.6 1270.8 945,88 777 .44
H 0.241 0.048 0.159 0.069 0.407 0.343
1.0 1288.4 892,07 7576.é 1364.2 1545.4 1234.0
C\ ) 1229.6 878.80  7297.1 1305.8 1341.7 1045.7
R2 L 990.80 834.73 6218.9 1263.2 921.29 770.71
H 0.241 0.053  0.173 0.034 ' 0.456 0.357
i 1293.8  B899.45.  7562.1 1388.2  1543.9  1234.7
Cpy 1262.7 899.45  738l.5 1382.4 1353.2 1087.0
3 ' ci 982.91 839.39  6179.7 1265.8 952.87 773.79
H 0.285 " 0.072 0.194 0.092 0.420 0.405
p 1o o 1281.2 887.88  7491.2 1371.5 1537.0 1225.4
\\Cﬁi;y 7 1245.5 88B6:94  7297.3 1357.4 1355.4 1068.1
4 N ci 1020.7 867.22  6394.8 1307.8  958.36 5\£637.6*
H ' 0.220 0.023 0.141 0.038 0.414 >  “——-m=
Lo 12941 896.33  7556.1 1385.9 15541 1239.5
Ll ~'1257.3 895,41  7355.0 1358.8 1058.6
R3 3 CE 1000.8 851.21  6276.3 940.42  2198,1%
H . 0.256 0.052 0.172 0.445 —m———-
L0 9 1270.8 879.40  7496.0 1348.4 1520.73 1217.0
C\y ©1268.8 879.40  7489.6 13484 1359.1 1095.1
R4 ‘ CE 999.64 851.00 6272.8 1283.0 932.12 2252.2%
H o 0.269 0.033 0.164 0.051 0.458  --=-—-

* False result due to a malfunction of the integrator.

concerned were not used in subsequent computations.

All results for the syringe .



LS APFENDIX B

EFFECT OF METHANML ON HENRY 'S LAW CONSTQNfS i+

PR

The theoretical approach used to evaluate methanol's

‘gffect on Henry 's law constants s presented briefly 1n Sec—,

tion Z.1.50735. The components aof the solution considered in

this appendi: are:
I = water: 2 = chloroform; % = methanol

The flow rate of methanol i1n the i1nfluent liquid was

approximately 1¢ ml/min. The lowest liquid {lmw'rate was
appraoximately 1.32 1/min (including fhe 10 ml/min of
methanol). "The average ;hloroform concentration of the 1n-

fluent liguid was 7 mg/l (Table 4.7). The mole fraction of

‘each component of the solution {follows.

Mole fraction of each component, assuming a temperature at

¢

20°C:
Water: " ) )
[(1.32 1/min — Q.01 1/min) x 998.2g/1] moles
e A e = 72_5 5 —————
18.015Z g/mole min
Chloroform: ' \
(0.007 g/1 % 1.32 1/min) moles

o — T T T = 7.740 » 1078 S———-
119.38 g/mole i : i n

N




'

.‘? ¥
.. Do
- Y
r ‘
. 1’
Mefhanol: -y . .
" - ‘e
(0.01 1/min x 791.4 g/1) mol es ¥
e -2 Y L
32.042 g/mole min' "~ _
: : » o
Total flaw rate: S '
72.985 + 7.740 u 1075 + Q.247 = 72.833 moles/min
Mole fraction of each component: @ - L
Y, = 72.58%°/ 72.83% = 0.997 ) ,
. \ "
Yz = 7.740 x 102 7 72 833 = {.063 x 10O—* -
Y = Q.247 / 72.83% = Z.391 x 10—=

o Ca

The values of the activity coefficienté, AR Dbtained from

Table Bl of Munz and Roberts (1982), were.used in Eg.*(3.28) «

to .compute the empirical coefficients By s:

81_,

o -

Y21 = g0 H 812
o SR i .

- .Yz:; = 2.00 : ° +« Bzx
e ' P

Y=, = 1.33 - ‘Bix

(=)
~ 1n Yil_g

= 1n B30 =
= 1n 2.00"=
= 1n 1.53 %

" From Eq: i '(;3'-_29) : Bz = Biz + 1l ———
. " oy ”
A r - =Zz1 -
. H"_.‘:S ) 0T e '
v In ———= = Hax _ B,z = 0.693 — 6.721 =
H:l - ’

Using Egs.

chloroform at

n

(3.8) jand: (3.9),

19.9=C (Table

of étm: -

-
-

Hehry"s law

5.%) cani be

. 4
- -

6.721 i
0. 697
0.425 .

o

6. 028

- . e -

- .

. E S B N
constant value for
; o
expressed in units
N *

El

PR
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' ) ° A S -” - T -
s = (Q.997+32321:10=-11x1Nn203.9 . T
& - . . I"' r ‘
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0 - _ > 4 oy o
= -0.0219 - p
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w-calculation. e
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e W S

;. C.1 Sample Calcdlatdori.
The Egiculationé f
f * " ‘0' r.'.. ‘

tuluene,ﬂar? . p

cade

resen;ed

runs

Ay
-
. a”
» .
LA T Ty .
" L X »
Lo - ) P
>y . . +
k 4 >
.
-,

or

4

in the
'1:'«'.-, I .¢_‘

xperimental

following sections.
i . .

w
used td perfo

- N

of

9

“Rdn 18}

R

rm the

-
Lfar

oysed in phe Cqmpu{er program, are also used below. ST
. . s : W ;‘ , . . .
TN ) . .’
] .- e L & .,P ey )
Cs2-Recorded Data ] . e
- . -}-,‘. r
" ot o P t Y e

s
*

. putations is the bed dep
i o ' .

° Table C. 1

Teadings.

~

Table C.2 pr
5 .w® :

w2

tion 5.3.2.2, was: GO 2 QL =

&
'§f The gas

[
.f‘ ’

th,

.

*

!

Tﬁesonly'packingwrelgtgd'infommétion_heeaed in

Z = 0.914 m.

e

g

‘f

2{3560 % 10—-Sm™gg, s

wh

et »

. ® . . . '
lists 'the recorded temperatures and manometer
ésent51¢he toluen% concentrations.

The liquid flow ratg,;interpdTatEd_asbdeségibed in Sec~

‘ ) . o . '
flow rate , corresponding »to the rotamerer’'s
- r ‘ . ‘

- X A . e el N
. reading .was: Ham = @GR = 30B.67 x 107 °"m~/s. . !
/ L . W
. 3 )
- - P I
H ¢ " o n a‘
. XY
- O
LY G.. - - ()
. N
. 3

_the# com-

fDllﬁhs# thé sample ;3.7

. . . w5 # i PO
comn T T P o P
. . ~ o - o
. , - - ¥ " .. 264,
" - : X ‘. - - [‘ . : - - - - o L
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- o:., ' T " ' '1 é 1 . - 4‘.. u
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. , ‘EDMPUTQTIUN:GFNTDTAL NUMBER OF TRANSFER.QNITS; : . i
B - " - WA X . .
bl . v Te ' ! 1) & o - ‘ . [ * o 1 ‘:‘. -
A e i v ) _ Lo _ « o -
‘. E ‘-'\ . * " ’._ . :: l“ E - - e I - _. " » oLt . - o . 4 - - ~
i »s A sample calculation of the steps rieeded to pbtain the’ :
iy ' - - ' T ot
' T & ' o8 ~ e .
tatal number »of-transfer Uun1t5,’NTUT,' is’'given- below. -A~r
- b, R I R S
- listing of. the Fortran WATFIY program '
. v s < AL .
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LA e o -'.-
g™ &
) ¥ N oo
~¢¥. Table C1$:4Rétohded temperatures an® pressures o -
¥ : " ¥ S e o e. o f . “onn Lo
. . g » P, —— —— - b e il . _ﬁ," .
* T . : ‘e e, E
P ,;‘ “Buantity Measured Symbol . Yalues . At
‘™ ] . :f‘:‘ . . N .- . N i
E Temperature (2C) & 5 o
- ._-’ . . ot . - o ~r b .w‘_ . ;".:
e Packed wolumn Foom - Tw - 2%.80 23.85 W% g o
i ) g ' T P > '
Constant head tank - C
# - water . T, 23.70 . 24.15,
s - . b Y
Effluent tank water TE 22.85 2320 - - p
v S K R : ” .
o  Compressar room- S TG 25.00 25.60 o N
. n .. :'- . U ; ™ . “-;\
N L f % Compressed air 7€ 27.00 27.50
. . . : o ¥ ' T
B " Manometer readings “(mm) .
- . ,;Cplumh manometer: ' e
- = . . E
e . - ,
. - High level HF W 03IB.00 - 538.00 -
o Lagw level LFW 485.50  485.50
» . . - i " & N
kX Rotameter manometer: - .
. " High level © HFG 697.00 . 697.00
e *2 - I i . . '
i Low devel . LFG 330.00 330.00
o o i e " y :
b Barometric’ pressure .- R L N
! ~(mm Hg) - : ' PH 762.10 762. 10 S .
T d e e g e . _
A '
o ¢ ‘.
L3 . . .
¥ .
- _ Table C.2: Toluene concentrations
- s ‘ Concentration (g/1)- ’
.“ )
> ; ‘ ot
; o . . Influent, CI Effluent,-CE -
- . 1244,7 104.99 ‘
‘ 1250.5 103.53 Tk
4 1294.7 101.72 .
' 1301.0 - 99.923 . i *.
1244.5 100.46
1261.7 «?7.859
Bl (' Kal .. -
. . X R . .




o ' v “18 4
. The packed column mén%meter fluid (red gauge oil) spe-

Al

PUER L - K . v'_-,.' . . j.!:"l . :‘:"r - ) A
c1?1c gravity was: RMC = 0.827. % . " B o, & N .
. . o : o - - - B R ' N
" R e ' C e MR « !
Y T Ry = - : ~ w oo AR n

€.7 Bas Flow Rate . e e S .
s - - , . 7 ) .

. : i~ - L L f\ " < ‘5 ’ e e & l:\- ) “
From Eq. (S.12) . ‘ = X
. oW e e s S “
‘. s, Pra = PG = (697 - 330)/13.5694 = 27:0461 mm HF. .+ o
R L . c Ry : 4 s Ca T
pF-=‘PF-:,762:10 +27.0861 = 789.J§6L5mm Hg 'f ~‘x_-
. T T TR v o -~ " .~
o wTer = TER = 1.8 x [(27.00 + 27.50Y)/21 + 32 + 460 .
* L . o 'b ot ',:?. . :"g "

&'t TCR = 541.05 =R L :
L e . - §
S | o e >
From Eq, (5.;})" : PR - o i =
Qo = OBE = S0B.67 » 1075 x |————m-= x ————==—e
- ™S |sar.05 . 760
Y ) PN "
; : . “ sl . .
> BGC = 311.3046 x 10— pS/s -
T = TK = [(23.80+ 2T.85)721 + 273.15 = 296.975 =K
: r . ., N " “

- LWL H . 3
- From  Eg. . (5.13) . -

e Y 760 . 2961975

' '”f:,z Qo = 06 =4311.3046 x 1073 x —————- R ——————

- ;;'f';:L~j e T, . 762,10 293.15
- e B ‘ [
A T L RAB-=314.50 x 1075 mS/s
Y oWy T S ‘

'l‘ . ) . - P

C.4“Liquid “ass qux

~a,

4

From Eq. (5.15) T e L

-+ . . - ‘
' :>==3RL.=.1000-§ C1 4'1;954é|x 10— % (23.475 — 4r1-4é3

P ¢ RL = 997.13 kg/ms [~ . . YT
N 4 ", X . ) . - . )
From Eq, (5.14) " b - .
L =L = (2.3500 x 10~ x 997.13}) / 0.008B107
. L ='2.890 kg/m=is. . - e
. ' S . - : :
K EN
. no & i £
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- E.5 Packed Col%gn FPressure Drop - . .
£ . - . - - hed
) q o . . e “ o -
L . : T Cal Tk )
2. . - . a * o S ¥
% w The manometer’'s fluid density “Sat rosm témperaturé.was &
. . L7 . : ) " . ; -

) : e _ ) .
v . . . .
v Jﬁidet%§m1ned‘f1rsqv . h - .

Fron - | ' ‘ Lo
FromiEq? 15.19) S B . 3

. . " ) s o . om w

v 4 , P_ = RLG = 1000 [t —=,1.9549 x 10-= x (23.825 - 4)'-+°L
-3 E L . \ _?»
RLG = 997.05 kg/m~ . :, 3

~ k-

. . % PawF RM = 0.B27 x 997.05 = 824.56 kg/m> » 3, -
. o

e’ R T

~ -From Eg. (Sv16) - ! ‘ o
¥ i - o ) B
P

. » -
Apow = DPG = [(338.0 - 4BS.S)ILQQOJ'X,§24.56 % Q.Qi
) b Y

5 . : - . : DPG = 424.2 N/m=

-

. Apor/Z = DPGZ = #24.2 / 0.914 = 464.1*N/m=/m LT

. - -
' - . N i e - . e
. N a. T
5

o

-w C.& HﬁHéy'S Law CDnstant ahd-Stﬁipping‘Fac&or : vy

~-. . . . " e . l ".. ... 0
v “.The Henryis—-daw constant “alue at average" water temper--
. ‘ - . -
PR * - . S v
atur? was used. . ; . . 5
-y Fraom Eg- (S.?f. - ‘ . o " ) -
i o . . e , _
H = H p(25.742 - {B100 / (23,475 + 273.15)31..
b © H%.o.2090 t _ .
. ’_'. V“ X " - . R » 1\
TN From Eq. (2.21)
o } B . . - - : ‘ \. o .
Fon - ‘5 =G = 00,2090 x I14.50 x 1072 / (2.3500 z JO-P) o
o . : o T
s = 27.976. : SR T
. . . . ’ -
: ’ ' A MR
Y C.7 Concentrations Average and Standard Deviation
5 ’ . . 4 ' ’ . 5 R .
. LY - : . ) I : i
. For influént concentrations: . . 7 e LT oy
» . - . T . ' } R L T -
: .o Iw = SC = 7596.9 - S I .
e T P
JEw? = GSC’ = 9622044.41 - T o7 ‘
‘ ' - B . . - N \ . . N !
) « [URY N . : . . “y - “
LS + * * -
. . L " B -
:“ L v . ) " ‘ "
. . .. ‘ .
‘ . ~ . .



“ L ’ @ - ’f r.._\ ) A h
] . - . 5 - H =, - By ”
.. Ty " - oy A Lo e L] . ~ - ) a
o~ i~ - i W e, - -~ s y l‘-‘éB
T oa =~ - ' =’ - ! » ' .
x . W . .r. n o~ ) - . - \
A Wy - '.1 - T - v -
L H-- ) et BT = * s s W ‘ PR
v From Eqee (5.6): W= CIA = 76%6.976 = 1266.15
- L\ * . ' ", -t * . ‘ ;4 ‘. -lh .-.I ) ? ‘J—- - ) toz o
. o R - o : b'x 9&22044.41’7 79926.9% ("
‘<« From Eg. (3+/): Sw = CIS = |-——r—"———-— Bammt ittt RS .
“ . 5 = ™ . e X (s -1 T .
. : 3 ‘b A v R . S - - .
. ~ ‘ Cis = 25742, ... ' T
. . - i - - SO " - I W * T ~
. '”“ -In the program, tha Patlo of the standard dev1at10n to
, l__.‘,‘ "-. L .' v Iy MY * x .
. the'avera@e was computed 1nstead ‘of *the cmeff1c1ent mf v_r1-‘
. u " e Lt 4 )
. ation. e - N - o T
ca . 7. CISA = 25,82/ 1266.15 = 0.020 . SR
N S . : MR - . o
. Similar cumputaficns-fdr gffluent concentratiuns‘yreld:\
‘ CEA =.101.414 .. - - L . K .
. [ CES = 2.577 - . !
CESA = 0.025 - -
- . - 7“ ‘-\
3 . . } . . , ) . 1 .
>, C.8 Number of Transfer Units “ '
' rrom Eq. <2;19) [|1ze6.15). -
S ' . 27.97@ 101.414 X, (27.976 - 1) + 1
- NTUT = NTU = —————"= ¢ In\—mm e S ——f
h . N 272976—1 o 27.976 '
. ., NTU = 2.583 .
- PR . - ‘ - . . : o »
 From 'Eq. (2.22): HTU = HTU = 0.914 / 2.585. = 0.354
From Eq. (2.16): REn |
Kea = KLA = 2.890 /(997.13 x 0.354) -= 8.192 x 10~
'+ C.9 Computer Pragram . §

i
]

The f0110w1ng NATFIV prdgram was ‘used to prlnt the
:recorded data and ccmpute H, S, and NTUT from the Experlmen—

tal data. . o S
! .
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36
a7
1
3
40
41

an sURH

-

oo

oo

¥
-

¥ fa.

READ AND PRINT DATEY BUN

NDes

AND PACNIHG‘D}WANETEQQ.R

L -
INTEGER .DAY ,MONTH ,YEAR,QUNNDO,P0R ,MEDT A

“EINTEGER NILZNE,NMI NINT

REAL SIZEHN S[?EIN T42F

269

‘ REAL QL.TUIZI.TI(ZI.TFlzl.4PdCW|7I.LPUC“I?\,TOIZI.TPIZI.HPGCHIZI.L
 SPGCHM{2) ,PBACMHMI2) 8GR, PHC

10

to

30
40

-1

55
!0

70

REAL HPWMME2) ,LPyuM{2) ,HOOUMI2) ,LPONM[2) ,DaMu{2)
REAL TUA.TIA,TEA.HPIA.LﬂiA.Tul.YCA HPG!,LDﬁI.PHl.”T PF 4TCR,QGC, T A,
SRL,QLM Ly RLG,RM4yDPG, DPOZ, T<,30
JEAL PHI2),CYi{2) .

REAL TAAsBOC6),BI{6) HIE1 45063 ,LNT . I )
JEAL CII8 460 4CELE 461,CTAIB) CEAIB)I CTSIB}CFESIB) CISLIBY,CESALS)
REAL NTUL6) gHTULGE) 4 KLALRY s hd
READ.DAY.10NTH,YEAR.RUNNG
READ SIZEMM ,SIZEIN,MEDTIA

IEAD,PIR .
READ,Z.ZF
.PRINT 10,DAY,MONTH, YEAﬁ quxun

roRMAT('L‘.hsi.'OATE' el
IF {NEDIA.EQ.1)
IF (MEDIALEQ.2])
FORMAT( -
$A1%)
PRINT SO,POR

FORMAT (" ',ATX,"POROSITY:
PRINT A0, z ZF

FORMATIL®

TL,38Xy*PACKTING:

READ LIQUID AND GAS FLOWR

READ, QL
READ, Tw {21}
S),LPWCH{2])
SU12) ,PBCHUL
READ, 0GR
READ,RHNC

-

Twil2
TG 1
1,PB

e w
Ll e |
N
- -

» '
. 1
i c

CONVERT PRESSURES FROY CY 79 MM,

DO %0 Ial,2,1
HPVYMM (I )1 0HPYCHITE
LPYMM{TI)=108LPYCHIT)
HPGMMEI}I=10®HPGCHIT)
LPGMW[I12108LPGCHMIIY
PEMMIT)I=10®PBCMITY
"CONTINUE,

2.°

[]
PRINTY ZO.SIZ’““.QIZ
PRINT 20, S1ZEMM,SIZ

E

ST 2%,

Te2R,T2,"

T ATX,'DEPTHI",3x,92= ¢

ATES,

"
r‘N
---

PRINT MISCELLANEOUS ‘OATAG,

PRINT 55,'0°.
FORMATITL,AL)

PRINT 60,4 'MISCELLANEDUS 2
FORMAT('=',54%X,A18) .
PQIMY 70.'95ADIH0 AFTFQ'
FORMATI "0, 95X,A13)

« PRINT 80,'Q UANTITY HEASUQ
‘ [ ] .

ATA'

E)l .

—1.12,

y TRUN a2

HIG 2TNIS?
LOX SADOLES®
foam (T ,FAL2

a2 M0 |
. FO X

TYe

PERCENT ')
WFBa3,t N Y

WFa.2," FTY

Ann'afLAon DATA.

NH
-
ﬂ'ﬂ
[~

) GHEOWC ML),
lll.HPUCH(

nJ"I
.

SYMBOLS ANMD UNITS®,

e1210

*am MIN, -

IN

L )

o,

MIHN,



R ¥4

a3
s
T

LY ]

A7
() ]

“

30

75
A
T?
T3
L4
[ &)

0o

. » ' 270

80 FORMATIY " 37X, AL7,18X,A1T7,0X,A18)
' PRINT 90,'DATA RELEVANT TO PACKED cOLUWN®®
40 FOQMATI'0",22X,A31} .

PRINT 100, TUtll.TY(zI.T!lIl.TI!ZI.TEIiI.TE(z!,Hﬂlﬂﬂlll,HDUHMIZI,LP
SiHMltI.LP'HHIZD .

100 roaMATt'o“. TAGIAMETIENT rrunEqArunE. PAAKED COLUNMN 20N0MY, 3x ,/*Te*,1
T seX,1C, X, Fs.zlxx,r5.z 1,"',21:,'!;?5? YCMPRERATURT.,, CONSTANT HEAD

} rA~K'.11x.'TI .Lox.'c: TP a2 )X FB.2, J."'.ZTK.'VITEW TEMPERATU
STE, QFFLUENY TANK‘.le,'TE',lOI.'C' Tt.rs.z AX 4 B.2ef, 7 "427X,'COL
EUMNTYS “MANQMETER, READINAL 4154 nasssunr'z g THPW ' ,ax, ' uut 66X ,F6a 2.
. S3X ,FEs 2.1.' YLEEX 'L 0W PRESSURC Y, TX, 'LPY .qx,'wu',st Fs.z.ax,Fs 2}

> PRINT 1104"DATA RELEVANT T3 ALIR: counnrssnn-- .
L10 FORMATILILO ", 22%X,A32) - e

PRINT 120.70(4:.701:|.Tct1|.rclzi.Hpcuhtxl,unsuutrl.Loanuttl.chun
ttzl.puuulxj,ﬂannlzr

120 FORMATE®0 ", 27X "AMBIENT, rrqnanTURE. c:uoarssnn ROTW® , 12X, "TGY,10X
$,'CY, 7%, Fs.z.s},r5.z 7e" 21:,'coqontssrq ‘AR TEMOEQAYUOE"',22X,"'T
: sct,10x, " C'.Tx'rs.z.*x FSa2,7," " ,21!.'anU“ETEQ"S MANOwETER QEADI
.. $NG: HIGH PRESSURE %,13x, 'Hsc'.ax.'uu',st FS.Z,JK'FS-’.fg"'.BGX.'LOd'
S‘Pacssuns‘.tx,}ch'.9xt'uql,sx FB o2y 3X,Fha24y/l,! 227%4 "BAROMETRIC
Y ;pnsssdht'.z,x.'pa!.sx. Mt X, F8. z,su.rn .2 ;
.

COMPUTE GAS FLOWRATE, LIQUID MASS FLUX,  AND PRESSUIE DROP.

TYAR(TWILYeTW 2Y) 72, . ° .

TIA®ITI(L)*TIIR2)). /2. ©. ,

TEAS(TE({LISTE(2}) 72, -
 HPYAE[HPWMM (1)1 +HP UMM - ' !
JLPWATILPYMM L) ¢LP wHY

TGA=ITG L)Y+ TGU2Y) /2. .

TCAR(TCILI+TC(2)) /2, - . N .

HPRPGAS{HPGOMM{1) +HP GHH " ' ; X

LPGAS{LPGMMILI +LPGMM (2 \

Paa-lpaﬂrlxlopannczllt . :

L] ' - . .

PG:(HPGA -LPGA) /13, 5594, ' . ‘ o T e

PFzPG+PBA -
. TCRE(1,88TCAL+492, I ] .
.aoc-aon-sonrt!530.1rcnl-19r1730.)l . . o . -

TAZLITIA*TEA) 7 2. ) - o o

RLrloOO.'ll.*ll.SS&BE—El'JQ‘BSITA—&.i!!ix.sulr

QLM=QlL*RL . .
LEGLM/0,0G08207" ;L . 8
i RLO=1000.'Ilt—|1g95t95—5l'l!ABS!TJA §.II-°1.6!|I . B - ‘
RM=ZRMCORLO . - I
) DPG®[HPWA=LPWA}*RMeQ 0098 ¢ T ) . :
OPGZaADPG/ Z e v

TKETYA+273+.15 ‘ . e .
Qo:Opt‘(TsO.IPBAI-{TKIZBB.L5| ’

PRINY FLDOWRATES, TEMPERATUIES, DENSITIES, AND PRESSURE DROP.

PRINT 125,"0° e

12% FORMATITL,Al) :
PRINT 130.'voLuustnxc FLOWIATES T :

130 TORWMAT{Y=",30X,A21])

' PRINT 1«0:QL.QGQ.QG ' o .

Le0 FoaMart®*a’ 35x,.'LIqQy10 tiATE!i".lS!.'QL= T LLPELO. A" -u-gars'.r,'-
S'.!SX"GAS IAIRI. AS READ) Tm2M FLOWMETZ T3, 16%X,"0523 *,IPEL0.2,
stosls o7 3" "p38Xs'GAS |AIR!, CORRECTED FIR TEMPERATURE AMD PRESSUR

~

e




ad

i

'SEXV,ix,%'aG=

_ '33PE10.2," vesasst)
81 PRINT 150,L
82 130 FORMAT{'=",30X,*LIQUID MASS
83 “PRINT 1LB0,TWA,TA

L] 160 FORMATY'=',30X,"AVERAGE
SCOLUMN ROOM:?

1

.. 8% -
‘ 170 FORMAT( '~

$X,"TA=

$22% ,'TWAS

'L FE.3,Y ¢

PRINT 170 RLRM

$.F642,"
ST FE.2,"

e IABX,

ELU!:',QOK,

TEYPERATYRES: "

LI T P

',JOX.'DENSITIES:':I,'D'
KG/Mea3® s *
KG/Mee?)

COLUMNYN

Chy/a"

Sx,'LIauTOD

'L= '.F‘.".l

s/ 1D % 38X, "AMAT FNT,

1435 ,'LTQUID

271

KO/Z(SeMee2| 'y

P ACKED
(VATERIZI? 38

I4ATZIRY:® 46X, YRL=n *
'S MANDMETER LIZUID: Y,

293X,"QH=

a7 PRINT 180,0PG,0PQZ
L 88 180 SORMATI'-"', 30X, '"PRESSURE 72200 IN PACKED COLUMNEY 7, %0 _49x 'TOoTalL
R SPRESSURE DROPI® 30X, DP5x ! ,T5,0," N/Meed? 7 v v 3oy, RESSURE DRO
S $P PER UNITY DEPTHI T 20K 'DP3Zx T4FB,0," [N/uee2)su*)
B c READING AND PRINTING WATIZ QUAL-ITY PARAMETS ?s.
I
89 LT PRINT 15, \?.HUNTH.TE STINNI
T3, 1% TOIMATC! s 43X, PDATE: Y, 02, =t .tz,'-'.tz.zax.'nu* ¥ ',I2)
31" READ,PHI[1} PHIZI,CYII).Clel ‘
92 . PRINT 190,PHIL} ,PHI2),C¥(1) ,CYT2}
91 190 FORMAT("=",3aAX, "VATER QUALTTY PAﬂA“’TEws',r.'o'.us:.'onnungrsns' 1
P S2X, "INFLUENTY JA2X ,"EFFLUSHNT Y 7, "', 40%,"0H? J11X,%4, z.tsx.rh 247,"
ey . s',a?x,'cnuou TIVIYY (MICIOMHIS) ", 7XyF%.0,13%,F%,.0)
C :
LG COMPUTE AND PRINT ABSDLUJE TEnPEPATuaE AND wrnav,i\LAu cansraurs.
. € o . : '
Y TAAZTA®273.1% b
5% © BO(11=4.730 .
86 . S BIC11==185%,
97 - BOL2)z13.708 .
38 - ‘BYI(2)2=H9368 . . )
‘99 - BOi3)=h 457 , -
100 "BI{3ta~1BE3.
101 . BOt{A)z=11.872 .
Yo7, SBIlMY==AIHA,
103 BO(%1=5.041 \ 3
104 BI(S)=-12684 > e -
168 . BO(61=2%4742 - a B
106 - % BI{6)==8100, v ) ’
c -
107 -~ D0 200 Jalyg6yl s . . - N
‘108 T HIJIZEXPIBO(JIIFIBT (I /TALYY - T - )
. 109, ) S{J)aHIJIeQG, AL ’ R .
~310 To200. CONTINUE . :
111 PRINT 195,"'-" . Tk .
112 19% FORMATL =", /,T1,A11) N v C . T :
113 rOPRINT 2104 PHENRY'YS LAW CONSTANTYS (H)IAND. STATPRING FACTORS (S).0
LI, 210 FORMAT('—~",35X,A523) 5t oL D . L
115 -~ EXECUTE HEADIN St b -
115 “PRINT 2204H ’ : R i
117 220 Pnnuavl'a',sx.'n' 5x,nl7ﬂ.f1 Ay 7!1: Lo .
118 ~  PRINT 230,5S ; . -
119 | ..230 FonnArt' ,sx.'s'.sx.s|7x rs.:.Txli . - .
E c . . o .- . . R
c - READ INFLUEN? ARD EFFLUENT cnnccnrnArxaws. CHMPUTE AVERRGES, PRINT
. N o . .. N _ S N -
20~ READ NI.NE* = “
31 ‘D0 240 K31,6,1 .
3 . e . . . -
n o R . )
- DS h - B +
iy . - - T~ k, N :
o - . ) . . -
£ - - s
v - ’ J.‘ - ) L) a
. . - -
e - . -
. .
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122 ] REFD, (CIEK, KLY, KL31,NT)
123 CALL AVERAG{NIZCI,CIA,CIS,CTISAX)
L24 READy ICE(K M) yM=1, NE)
125% CALL AVERAG(NE,CE,CEA,CES ,CESA,X)
126 240 CONTINUE ’
. c
127 PRINY 24%,°
124 24% FORMATITL,Al} -
129 PRINT 250, "INFLUENT [CI? AND EFFLUENT (CE1 CONCENTIATYONS, AVERAGE
£S5 {AV.), AND STANDARD DEVIATIONS {(SOEV),"®
11310 250 FORMAT('-",19X,A95)
131 EXECUTE HEADIN o
137 PRINT 250.'TRIAL' Teae —
13) 2860 FORMATL 'O '~x AS.TID.GtJ!,'CI'.HX.'CE'l|
134 PRINTY 270,
13% 270 FORMAT{TL,Al)
118 NHI:HIHOINX,NE) . .
137 DO 280 KK=zZL1aNMI,1 . o
130 . PRINT 290 KK, CIC{14KK) JCEILoqMKK}Y CIT2,XNY 4CET2,KX) ,CTIY,KK}CELD -
oK) 4CI & XK} yCELMgXKY JCI {5, ) yCELB KK} ,CT I8, KXY ,CELS ,HKK)" ’
139 2930 FOGMAT(® ¥ p6XgI13X,B8I3XsmMTe2,2X,FA,3}) -
140 280 CONTINUE : .
141 - IFINI «GT. NE} THEN DO . . P
142 NINTaNE+1 o
143 DO 300 LL=NINT NIyl
144 PRINT 310, LL.crt1.LLi,CIiz.LL|.crt1 LLY ,CT (A, LL},CIIS,LLY)
$,CIC(8,LL])
145 . 310 FORMATL® " 8X,T1,T2,8{13X,F7.2)]
LA6 300 CONTINUVE ‘ ’
147 ELSE DO
148 IFINE .GT« NI' THEN DO -
149 NIMT=NI+1 i
150 . DO 320 MMZNINT,NE,1
151 CPRINT 330,4M,CEl1,MM)qCEL2,MM]) 4CE1I M) JCEt A MM, CE
$3gHM) yCELE, MM)
152 330 FORMAT {' ', 68X ,T1,T12,8¢12X,F8.3])
1%y . 320 CONTINUE .
154 -ELSE DD . ]
13% END IF e
136 END IF
137 PRINY 340, AV.",CTA{2) 4CTATL) qCTA(2F ,CEAT2] 4CTA(S)ZCEATIN ,CIA(A},C
’ SEA(MIyCIAIB),CEALB) ,CTAIBY,CEALB)
1548 3A0 FORMATUE"O® ,SX 3 A3y TL2 603X, Ta2,2%X,F48,7301)
139 -PRINT 360 ,'SDEV',CIS(11,2ES5(11,CTS5¢(2 .CESlz).CISl)I.CES!!I;CISIA!.
- SCEStA),CIS{3) ,CESI5),CIS(s},CES(E)
160 360 FORMAT(® ':‘x.a¢,71z.st#x.=s.?.3x,r T.31)
181 ) PRINT 380, soEv:av.‘.crsnt:),:E=A(1l.creatzl.cesntzl.crsnlsl.cEﬁAt
$33) o CISAIN) S CESALANZCISAIBY,CESAIS)ZCISALIEY CESALE}
162 330 FTORMATI® *,2X A0, T12 618X T8, 3,8X,F%,31)
[ i-
c COMPUTE AND PRINT NTU, HTU, AND XLA,
c
163 DO sou JIS1,6,1 ST Q
184 TULSTI(SCITI/ISTIII =L o0 V0 ALOGIICIATITI/CEATITYY TS {JI)=1a)¢ ’
!l-lISIJIll - - -
185 TULJIIaZ/NTULJST D) T — . e = - -
168 KLAIJII LIIRL'HTU!JIII } . -
1¢7 400 CONTINUE - .
168 PRINT 405 ,4'="* . ’ . ‘
189 40% FORMAT(TL AL} B - I ;



- N v
e - - -, A - v S
) * -“" . [l
Ty » " . i '
) - A ' ' . .
¥ -, ‘ .
. - N“',. - . - » v ¥ »
- ’ . o 4 - . +
L] - " - . .
[ ¢ * .
. R N - N L
~170 PRINT A10,'NUNMBER OF TRANSEER UNTETS (NTUL, HFETIAOMY 3F & TR ANSFER UN
’ SIT (HTUY, AND MASSATRANSFER COEFFICIEHTS (AN I
171 4—Axa FORMAT(®=",15%,4202) . . -
172 . 4« -LEXELUTE HEADIN ‘x . ; ’ -
173 *rARINT-4205;NTU = vooa :
17s “20. FORHATI'O'.BI.'NTU'.TB Et1ex,F5.31) - . R
179 PRINT &30, HTU - - ot '
176 430 FORMATH:" ‘fSI-'HTU'.TS-6(15!uF5.3)I * . N
177 PRINT pAo:KLA - .- .
178 - ARO FORMATLS -5Xp'KLA',Td,SI11! 1PE9.3H) .o T
119 - .+ PRINT adn, h? . ’ - - . ; .
180 - ﬁ&&‘FORmKT(Tl.AI.I.B!Tiy LAEYAR - . ‘
181 sToe . . * . - .
-G ) WL . - - L) v ‘
c REMOTE BLOCK FRINTING TAALE HEADING,. - .
c ’ N .
182 . . REMOTE BUBCKX HEADIN . - ¢
a3 - PRINT 500 ,"1,1=DICHLNRIETHANE","ETHEQ Y, fcHLOeOr0aY " "1 ,2=DICHL
sﬁnoETNANE','TRICHLDROETHYL N"'.'TGLUENE‘ ' *
184 - 509 FORMATU YO g T14,A20 ;TAL,A5, TSR AL0,T74,3418,TqS,4A1L7,T120,A4AT)
185 END BLOCK -
186 © s - END . Q_ . 4
c .
[~ suanuurINEﬁpoupurxuo concrurqar:nﬁ's AVERAQE AND STAMDARD DEVIATIONS.
[+ N N L
187 SUBROUTINE AVERAG{NN,C,CA,C5,CSA,dJ} . ’
188 REAL SC{SI,SSCIS!,C!&,GI,CAIBI,C${GI,CSA!GI
189 INTEGER NN
190 SCtJJ1=55C({3II=0. .
191 DO 310 II=1,NN,1 .
192 \SclJJIDSCtJJl’C (X2, I1)
193 SSCtJJI:SSC(JJl U2 tSI, TThee2)
194 510 CONTINUE -
193 CA(JIII=SCHIIN FEFLOATINYYY
198 CSUJINI=SARTIISSCIIN = C({FUODATINNITI®{CALIN) #0211 FIFLNATINN-LY))
197 CSALISI=CSIILIICATIDN “
194 " RETURN :
1319 END ‘ %
B 7
SENTRY . . i
o o
~ ’ -
e ,
. !
f‘; R -
;’
> - P T -
. .
™
o o, 12 <
~e -

—



' APPENDIX D :

EXPERIMENTAL DATA AND FIRST COMPUTATIONS

The following cbmputer printouts, produced by the caom-—

puter program- at the end of Appendix C, list the experimen—

tal data and results of the first tcmputations‘for Rups 7 to.

42, :Runs 1 to & were tr{él runs and theic results were not

used.

s
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f : APPENDIX E
t

' ‘ ) COMPUTATION OF CORRECTIONS FOR END EFFECTS

A sample calculation of the gas pressure drop correc-
tion for end =ffects, Apecz, and of the NTU correction for

end effects, NTUC, is given below. A listihg of the Fortran

- WATFIV program Jsed to perform the computations for all ex-

ljff - perimemtal runs follows the sample calculation.
t ‘ - ' . .
£.1 Sample Calculation

4

f
The calculations for experimental Runs 18, 20, 24, ap&j Y

27, and for trichloroethylene are presented:in the fullowinx
L : ) ‘ '

sections. Symbols used  in the camputer pragram are als

used below. -

- . >

.E.2 Input Data . . J v : §\\\\ ;

F —

The necessary data are listed in®Table E. 1.

Table E.1: Input data °

Liquid fressure

Eﬁa : Packing Liquid Density - Drop Tctaf
e Run # Depth Mass Flux PL=RL . &pevr=DP NTU

Z (m) L (kg/m=-s) tkg/m™>) (Ngm=)  NTUT=NT

118 0.914 2.890 997.13—— 424 .2.688

20 1.219 2.875 996.93 489 3.4495

’ 24 1.524 2.846 997.10 578 4.054

\ 27 1.829 2.823 997.03 667 4.924

% - -

’ /
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-E. % Equation of Best Fit Line Thrqﬁgh Pressure Drop Data

v

Iw = SUMZ = 5.486

Iw= = SUMZZ = 7.9892 T

Ly = SUMF| = 2158

*

SUMP2 = 1197870

Iy=

”

o v Eyw

SUMZP = 3084.442

From Eq. (5.2)

(7.9892 x 2158) - (5.486 x 3084.442)
i = AP = —mm = 172
R 4 x 7.9892 —- (5.48&)=
. From Eq. (5.3) ' . . . L
Y (4 » 3084.442) — (5.486 x 2158) -
s = BP = —o———m e e ——= = 248

4 x 7.9892 - (5.486)=
From Eq.. (5.4} ' ‘ ‘
(4 x 3084.442) - (5.4B& x 2158)1= . “
r2’= R2P = ——————mmme e ——— e .
) [(4x7.9892)—-(5.48B6)=Ix[ (4x1197870)-(2158) =1

RZF = 0.9948
E.4 Pressure Drop ﬁer Unit Depth:

Spme = 1 = AP = 172 N/m=

for Run 18, ?rom Eq. (5.23): 8pe = CP = 434 — 172 = 252 N/m=

N
8pe/l = PZ = 252 / 0.914 = 276 N/m=/m
Results far Uthec‘runs are presented in Table E.Z.
. Table E.Z2: Pressure drop per unit depth
: &pa = CP apu//'= PZ -
Run # (N/m=) . (N/m=/m)
18 292 279.7
20 317 - 260.0 .
24 406 266.4
F? 495 270.6




— i
Iw = SUMPZ = 1072.7
Iw= = SUMPZZ = ZB7803.81
From Eq. (5.6): w = PZAV = 1072.7 / 4 = 268
From“Eq- (5.7) \ .
(' 4 » 287803.81 - (1072.?)2
- Sw = PISD = |———mmmm—— -
4 x 3
6. 645
“From Eq- (5.8): Vw = 100 x FPISA = ————= » 100
2468

E.S Equation of Best Fit Lime Through NTU Data

Ly = SUMNT = 15.1110
Ty® = SUMNT2 = 59.7741 “j
\“
‘f; Lyw = SUMZNT = 21.8406 o -
Iw = SUMZ = 5.4864; Iw= = SUMIZ2 = 7.9892 as in Section E.3J
From Eq. (5.2%: . o
7.9892 3?15.111 - 5.48& x 21.8406
i = BNT = ——— e e
4 & 7.9892 ~ (5.4B6)7
R Wigomi.
From Eg. (5.3): toL
4 x 21.8406 - 5.486 x 15.111
5 = BNT = -~ ————————————— i ——— - — =
. 4 w 7.9892 - {5.486)%
From Eq. (3.4): &
‘ (4 % 71.8406 ~ S.4B6 » 15.111)7
~r_€2 = RZNT = e e e e e — e e e e e

‘RjNF = 0.9936

’

-

- -
El

E.& Confidence Limits for NTU vs Z Line

-

For Run 18 and trichloroethylene: :

[(4x7.9892) ~{5.486) 2140 (4559, 7741) -{15.111) 7]
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~

From Eg. (5.19): _

-~

res, = RES 7 2.6488 - (0.488 + 2.399 x 0.914) = 0.007314

-

Residuals for the pther runs are given in Table E.3.

" Table E.3: Residuals of NTU vE Z line

Run # res, = RES
L 18 0.007314
T 20 0.032419 o
2 -0.090074 .

27 0.04B229 ' .
— et _-b . \\

Ires® = SUMRS2 = 0.011357
=z

From Eq. (5.18):z Svw = VARNT = .0.011357/(4 - 2) = 0.003779

fw = SUMZ = S.4B6; Iw= = SUMZ2 = 7.9892 as in Section E.3.

. . . t " B
From Eg. (35.21):%  Elw — W)= = 7.9892 - (5.4B&)3/4 = 0.48652

From Eq. (35.6): w = ZIAV-= 5.4B6/4 = 1.3715

At Z = 0 m: ' . ' o )

From' Eq. (5.20): : o
{0 - 1.3715)=

0.4652

mn
<
Il

0.Q0577%

VARMN

The t statistic for N-2 2 degrees of freedom and the

95% confidence interval isa

{

t =T = 4,30 C.
. Ci

From Eq. (9.22), the confidence interval is equal to

0.488 + 4.303 x (0.0248) 7% 0.488 + 0.678

To plot the NTUT vs Z qrcaphs, these limits were also

computed at depths tZ) of 0.45"7;~

respectively.

'y

4, 1.372 and 1.B29 m,,
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E.7 Mass Transfer Rate Constants

1}

dard deviation and coefficient of vériatfcn were_ccmputed
using the extrapolated NTUC value. But the computation was

repeated with the empty column NTUC as shown in Appendix G.

-'E18 Computer frogram

Y

. . Pl :
The following “WATFIV program was used to cmmpute‘ppmé,
’ ‘ . LT

Ape/Z, NTUC, and the limits of Eanfidence interval values.

Ly

h

The mass transfer rate constiants, their average, stan- -
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+

-
Oee~NAEFENF

12
13
14
© 1%
Y]
© 17
is

11
20

21

22
23
24
293

il

5408 .
c
¢ THIS PROGRAM COMPUTES NTUC, KLA VALUES, AND THE 95 X CUNFIDENCE

.C INTERVAL LIMITS ¢ € LINES 100-10271 FOR THE MNTYUT V3 Z 9LDTS.

c -
¢ DEFIMITION OF SETS\OF VARIABLES,
c .

: INTEGER RUNO(A&) F
REAL F|‘I.L[AI RLIUA) JDPIAY S NT LG o &)
REAL 'SUMNT(6) ,SUMNT2 {81 ,SUMZNT (5}
REAL NMAP N

)
3]
"REAL CPlA&F,PZIA) .
REAL Deuur(sl.Nunurlsl.unnqusi,Aufrsl,awrtul,nznrtsg
REAL RES(6;4) ySUMRS2({B8)4VARINTIE) .
REAL NEUZ]SI.VARHN[C,&I.NNT16'5I uan(u.sl.LOLnls,Si . .
REAL NTNIG,4) gKLATE,4) ,SUMKA{R] ,SUHKAZLS)
(3 1) 8)

1
AREAL KLAAVY ;KLAsotsl.KLAsAt

c s
C READ AND PRINT INPUT DATA,. . - '
- ) !
READ, N ) ot i ) et '
00 10 I»y, .1 . !
READ, R NOltl.zlIp.thl.nle:.oPlIi
READy INTIU JyI) pJ0x1,8)
10 CONTINUE
PRINT 20, "THE YINPUT DATA FOLLOWST®
20 FARMATI("L ", 10X,A23)

PRINT 30, 'RUN !'.‘PACKING OEPTH' TPRESSURE DRAOP®,"MUMBER OF TRANSF
>

* SER UNITS, NTUT®

30 FORMATI =", TO03,A0%,T104,AL3,T28 ,A13,T%3, Ao

PRINT A40,%Z (4] "Dp (M/Mes2}*, 'TCE‘ '1.1—oca° 'TOLUENE'.'CHCLJ'.'

$142=DCA", "ETHER"

&0 ronnnrltx&.noa.rzc,a11.T42,Aos THO,A0T, T8O, A0 T, T71,A0%,TA0,A07,T91

S,A05,7,% ')
DO 50 K=l ,N,1
PRINT 60y RUNG K} ,Z (K] 40P Kl,tﬂfinu K1oNNTL, 81
50 FORMATITOS yI2 yT144F%:3, 7T .r5 O,TAO,!lFE.S.Axli
50 COMTIMUE

¢
C COMPUTE SUM AND 3UM OF SQUARES OF ‘DERTH, PRESSURE OROP, AND NYU.
: .
sunz-sunzz-sunpasunrz-sunzPLo
DO €% LN=1,$,1

SUMNT {LN) ZSUMNT2{LN}=SUMZNT(LN)=0

. 8% CONTINUE )
v DO 70 Mal , N, , ,

SUMZ=SUMZ4ZLIM} . e -
SUMZ2Z=SUMZ2e¢{Z(M)ee2]} . ;
SUMPaSUMP+DP I M)
SUMPZRSUMP2+(DP{MI®e2)
SUMZPaESUMZPelZIMIsDP I M) )

DD 80 IIN1,8,1 .
SUMNT(IT YaSUMNTITI ) #NT(TI M)
SUMKTZ(II)=SUMNT2{TIT) € (NTITTI M1 002}
~ SUMZNTIIIFSSUMZNTEIIIN+{ZIMISNTITI, M)
sQ CONTINUE

70 CONTINUE .

COMPUTE COEFFICIENTS OF DEST FIT LINE THROUGH PRESISURE DROP DATA.
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39

60
1

[ ]

'Y

[ %]
[ 1]
&7
L 1]

70
T1
T
T3
TA

T%

TS

c
C con
c

.
v

: ’ B 353

-

DENZIIN®SUMZ2)=(5UNZes2)

DENP=INSSUMP2 ) =(5SUMpes)

NMAP®(SUMZ28SUMPI=(SUMZesSUNZR]

NMBP = [NSSUMZP)~{SUMZeSUMB]

APzNMAPZDENZ ‘ _ . )

BPaNMBP/DENZ A ‘ .
R2P=({NMBP /SQRT (DENZSDENP) 142

PUTE PRESSURE-D éPS PER UNIT DEPTH, THEIR AVERAGE AND STANDARD DEV.

e _SuMRZESUNPZ220

50

6onon

PRI

100
110
120
130
140
150
170
160

180

-

- T8
C T
40

[ 21

1 &3
t [ X}
a5

L 11

.
"

11

180
200

[
C com
¢ .

210

220

NT {PRESSURE ORGP RESULTS,

DO 30 TJzlgaNgl -

CPIIIIZDPLIJI=AP =
CPZEISIECPIIIELZIIN

SUMPZEIUMPZHPZITJ}
SUMPZ2=SUMPI2e¢iP2ZII N} *®2}

“CONTINUE !

PZAVISUMPZ/N I .

PZSDESQRT (({KeSYNPZ2)I—(SUMPZee2) )/ INSIN-1 )]

PZSAIPZSD/PZAV ! - : -

PRINT- 100, *THE EQUATION 3F THE BEST FIT LINE THROUGH PRESSURE DROP
$ DATA Is:* .

FORMATL®=",7, "=
PRINT IIO:AP.BP
FORMATLIYO?, T10, "DELTA PG=
PRINT'lZO:ﬂZP . ‘
FORMAT('O ‘T10|'COEFFICIENT OF DETERMINATION Reel=
PRINT 130,'THE PRESSURE DROP RER UNIT DEPTH TS1*
FOAMATSL "= ‘705.A37r

PRINT 1.0: MUN 8% ,"PACKING DERTH®,

',Tb5'll‘|
‘!,"3..'0‘. Y "'-5.0‘!2"

taFT.A)

"pRESSURE DROP PER'

FORMATI0®, TO3,A0%5,T10,AL3,T27,A17)
"PRINT 180,%2 (M)*,"UNIT DEPTH (N/7Mea2 My
FORMATITLA, A0S, T25,A21) j '
00 180 -IKm1gN,1
PRINT 170,RUNDIIKS 21IC},P2LIK)
FORMATITOS gL2 yT14F323,T33,F3.0)
CONTINUE .
PRINT 180, AVERAGE®,PZAV

TOJ,AOT;TJ!.F5.0L

STANOARD DEVIATION®,PZ30D’
ronnAT(v03=A1u.Tsz.F1.3! .

PRINT 200, "STANDARD DEVIATION/Z/AVERAQGE® ,PZSA
FORMATI(TO3,A26,T33,F6.3} . -

FORHITI'O':
PRINT 1930,

PUTE COEFFICIENTS QF B8EST FiT LINFE THROUGH NTU DATA, AMD PRINT.

00 210 IL=1,8,3 o
DEMNT (IL) = [N® SUMNT2LILI1 =1
NHANT (IL) = (SUNZ2ZeSUMNTITL)
HMBNT (IL] = (NS SUMZNT{ILI =1
ANT [IL)ENMANT (IL )/ DENZ
ANTCIL)SNMENT(IL)/DENZ
RZNTCILI= (NMBNT (IL1/SQRTIDENZEDENNTIILI M) 002
CONTINUE . :
PRINT 2204
FORMAT("—
PRINT 230,

SUMNTITLY #*2)
1= (SUMZOSUMZNTIILY]
SUMZPSUMNTITILH]

YYHE COEFFICIENTS OF
,‘I_l
TCE®,

NTUT = (1/HTU)ISZ & NTUC ARET® N
TOM,AB0) .
1,1-oca'.'TOLUENE'.'cncLa'.'x.z—DCA'.?!THER'

- 'v_‘ ‘

‘



2
23
4
3
e
7
L2

*
1090
10t
102
10>
104
103
108
107
100
109
110
111
112
113
L14

119
118
117
1is
119

120
1213
122
113
12a
123
128
127
129
129
130
131
132
133
134
13%
138
137

13

- 1%

140

aoon

Nno

non

o o : . 354

. %,

58 ADT,TA8 A0T,THE R0, TES . AO0T,TT76,A05)

230 FORMAT( T
ANTUIM) JIMz1g8)
'
(

*o
PRINT 240
240 FORMATITO {F8.3s4X))
PRINT 2930 BNT{IND, INTL1y6}
250 FORMATITOI, A0%,T2%9,86(F8.3,4X))
PRINT 280,%COEFFs OF DETa, Re®2% , (RZNTIJT),JI=1,8)
280 FORMAT(TO3,A20,TZ25,81IFC.844K}) .

* 3
'i o !
J:Aos.rzs
»

r

e

COMPUTE LIMITS OF CONFIDENCE INTERVAL FOR NTUY VS 7 PLOTS.

ZAVESUMZ /N

LC=95

IF {(K.€GQe3) Ta12,708

if TH.EQ.®) TaA.303

DO 28% MI3148,1
SUMRS2(MI}=0

. 2853 CONTINUE.

DO 270 JJm1,4,1
0O 280 JKEL,N,1
RESUJJIg JKISNT LIS IKI=(ANT(SITS(ANTYSIE®ZLIKE) )
, SUMRSZ{JIIRSUMRSZ(IIVN « (REST JIy UK e 22) :
280 CONTINUE , .
VARNT {JJISSUMRSZ (S II7TIN=21} .
DO 290 JL=1,8,1
NEWZIJL)=0,43723( JL—1)
VARMNIJJ3JLIZVARNT{JII ({1 /N (LINEWZIJLI=ZAVEI® #2] 7 (SUMZ
E2-(I{SUNZe*23/N)11} . .
NENT{JJ g JLImANTIII) +(BNTISSIONEYZIILY)
UPLMIJSy JL)SNNTIII o JL I+ (T*SQRTIVARMN (IS, LT}
LOLMIiJIg JLIINNTE JI, L =(TeSQRTIVARMNI SIS, UL )
280 CONTINUE _
270 COMTINUE

PRIMY LIHMIYS OF CONFIDENCE INTERVAL FOH NTUT ¥vs F PLOTS-

Pn:ur 3004*NTUT VALUES ALONG THE BCST FIT Lrn:s ARE Pntszurao BELO
‘sSwet
300 FORSATII=0,,7, -7 _TO3,ABT) ' . o
EXECUTE HEADIN - )
DO 310 JM=l 3,1
PRINT 320 4,NEWZL{JM) JtNNT (INy IM) g INZ1,6)
310 CONTINUE
320 FORMAT({TOS  FB.,3,T13,48(F8,3,4x)) ‘ .
PRINT 330,"THE *,LC,y" X COYFIDENCE INTERVAL UPPER LIMITS ARE:'
330 FORMATI"=*  TYO03,A04,[2,AA0})
EXECUTE HEADIN Pe)
DO 340 KIx1,%,1
PRINTY 320 NEHZIKID.tuPLntKJ.K!l.KJll.sl

340 CONTINUE

PRINT 330, "THE ‘,1C,* X cunrtosucc TNYERVAL LOWER LIMIYTS ARE:" st
EXECUTE HEADIN o
DO 3%0 KK=1,%,1
PRINT szo,usvzlxxl,(LOLM!KL.KKI.KLux L3 ]
330 CONTINUE

COMPUTE AND. PRINT KLA'S, THEIR AVERAGES AND STAMDARD DEVIATIONS.
DO 3%% MJU=% 6,1 ‘ e
SUMKAIMJI)=SSUMKA2I{MIIa0
33%% CONTINUE

7/
e
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- = ! i ..
. . . : . . R
N Y . * [»
N o . . - ! ‘ -
e - " i - ., - » . .
- = ¥, ’ 3 r. " . N
o s 1y "
* - e ' 4 3
- - toa . H
“ T + . - ' B . . . >
A - . -
1 X3 " 0o 360 K¥FzL, 6,1 . RS " . - 7 iy . o .
BT ¥ . ~ DO 3TO.KN=1,R,1 * : N . ' S \ R
143 . B Nrulnu,xﬂlsnrtxu.<u¥-AuT|xwi-r B S~
1446 “ KLAC KM K ]=‘L‘K"I.HYNIN“.KH]|I(NLIKQ|‘thnlx} ey Hk'h
145 - . CEUMKA(KHTESUSMKAEKY ) XL AIKNFKN]Y . PO - - -
148 } - ,‘SUFKAzlxul=suuunzxxu|3t«Lh(xn,:u!rtz! AL
187 370 . *CONTYINUE o - ‘ s N g
148 ” WLAAV IKME ZSUMKATRM Y 74 ) . . A -
188 - xLaso(Kuinsqntiglutsu-<A21x-!|—(sunxl(<~|q-:!ittu-tuJ;:i3
1%0 v T ORLASA [KM)IIKLASDIKM) FXLAAVIKN) ; o . ..
51 380 CONTINUE . .

PRINTY sno"Tne MASS TQANSFER hngt CONSTANTS AﬂE:ﬁ.

3tohroanafl'- .l.'-"TOJ.Aavi : L R ..
TRRIN Js?.'nuu At ,'PACKING DEPTYHY, "HASS TQANSFER BATE CONSTANTS, x
sSLA tIirssy ' .

JlOHFORNATl'0')Tb).lOS.TlO}AIS.Tﬁo.A!’I . :
rnENr 400492 lHl{.'Tc:'.'1.t-nca'.'YoLuENE'.'CMCL:t.'l.?-OCA'.'ctn
SER ¢ : A
A00 FORMATITLALZADY,
DO 410 LIBLgN,l : .
PRINY ozo.nuuothl.ZILxl,liLAlLJ.L!l.LJnt.ui
FORHAT{TOS.IZ.Tl&.?Sq!.Tt5.!(lPEQ.S.l‘l!
CONTINUE : . o L.
PRAINT &30, AVERAGE® yKLAAY .
FORMAT('0O® TOI AT TR 6(LPES 3, 8X1)
PRINT 480,V STANDARD DEVIATION',XLASD
FORMATITOILALE,T25,6(0PERLI, 8T}
PRINT 450 ,°5TDas DEV./AVERAGE® 4XLAZA
FORMATITOIGAL7,T2646 (FEa3,9%))
sTapP

tzl.As.T&t,a?.rsc,Ajfrvz.As.vlg.anJloi.}51,-
A '
420
A10
A30

4a0

430

c ) - . '
- ¢ REMOTE @QULDCX PRINTING TASLE HEADING,. i .
< :

149 REMOTE BLOCK HEADIN . :
170 . PRINY B%00,'MNEW 2 (nl'.'TCE'.'t.t-oc&'.'TOLUEN".'cwcui'.'t-zfo
SCA® ,"ETHER" v ‘
171 200 " ronuArl'o'.rs.As.rtv.n:.fzs.Ar.tss.av.fAu,n1.1$s.nv.ruu.An
172 £ND BLDCK , , .
17y END
 SEMTRY . _ :
. T - . . A
9 ' )
- N
A
\.
o T
"~
,/\‘-_
\
e .
w

r
r
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L o= e ‘ : : (5.14)
0.008107 : .

in which 0.008107 represents thé'cross sectional areavo+’thé

packed column, 1n m<%. The. liquid was assumed to have. the

i

density of water, which was determined using the correl;ffga

-~
o

formula of Heggen (1983): ' . ('
— 7

fo= (1 — 1.95949 1 1079(T - 4)1-+2) »x 1000 (5.13)

The average of the influent and effluent water temperatures

was used as T. ot -

B . - v N

The_pfessure drop computation requires ;hglkhowledqe 0{
the packed column manomeéer‘s fluid dgnsity, P kag/m3).
For Rdns 77t6115, the;Fluid Qas water, which was replaced by
red gauge il {(specific brawity 0.827) for Runs 16 to 42.
The flu?d denéity,??m, was obtained by multiplying water’'s .
density (Eq. 2.15) at pécked column room temperature by the

fluid’'s 5pecffic gravity. The total pressure drop, measured’

g} the manometer,'wgs computed as: ' .

- AN
L. — I .- ' . . , . .
ﬁpcrr = |- Pr-,_ ® 2.8 (5-16)
1000 g i -
where Zy, .= column’'s manometer liguid level, low pres-
gure side (mm)
ZLe = golumn’s manometer liquid level, high
.- .pressure Side (mm) ) )
&peor = total measured pressure drop (N/m3)

The values BF"Henry‘s "1aw constants for each compound

-

~at average waték,tempggafurm\-were needed . to compute the

stripping factor. - The correlations developed in this work

H

(éq. gS.?), Table 5.4) -were used to compute H, and the val-

ues obtained , were substituted in Eq. (2.21) to vyield the



v

3

v

stripping factor, S, value for each compound. The total
number of transfer units was compﬁtéd by Eq. ({2.19), using
the ‘average influent and effluent concentrations. Eq.

(2.22) was used to determine HTU, and from it Eg. (2.16)

-

. vielded K.a. ‘

16=

Sample calculations can'be~yfnund.in Appendix '€, which

" also iﬁcludes a listing of the computer program used for the

computations.® Appendix D presents combutgr printouts list-

ing the recorded data and rééults of the above cnmputat@ons.

0

" 9.3.6 NTU Correction for End Effects o

ot
Il

The total number of transfer units, NTUT, vélﬁéﬁ com—

puted from éxperimental data include the-remcv31 abﬁVe and

-

below the packing.  Two ways to account for “these end ef-

. ) .
fects (Section 2.B8) were applied to the experimental data.

5.3.6.1 Empty Column Method . : -

Roberts et al. (19B2; 1955)-5uggested that the NTU ob-

‘served in  the column without packing should be used as the

correction for end effects, NTUC, at the same flow condi- -

\

tions, and substituted.ih Eg. (2.50) to yield the net NTU,

NTUN. _ | . N

Experimental Runs 28 tD'SO,weFe_made with an empty col-

1l

umn at flow CDndié?ﬁ;ﬁﬂfimilar to those of Runs 16 to 27 and

31 to 42 (12, mm™iaschig rings and 12.7 mm Intalox® sad-—

dles). However, due to an air bubble in the influent pipe,

r

liquid flow rates for Runs 28 to 30 were slightly lower than



they should have been }éection 9.3.2.2) . 7 To obtain NTUC
values as close as possible.to NTUC at fld@”cpnditions of
Runs 16 to 27 and 31 to 42, the thréé ~TUc'f @, pdirs avail-
able fﬁr eaéh compound weré usea to find.the-valueg 6f the
constants in quadratic equations similar to the equatian

Roberts et al. (1982) derived:

~

NTUC = Bx # BaQ. =+ BoB ® C (5. 17)

where Bx, Ba, Bs = cnmpound‘depenaent constants

L BRY

From, these equations, the NTUC values at the Q_-values ab-
tained by interpolation for Runs 28 to 30 (Sectian S.3.2.72)
were computed. Table 5.18 presents the recorded'and cor-—

rected NTUC values, -and .the values of the constants of Eq.

(5.17)» for each campound. °

5.3.6.2 Extrapolation Method
K v - . ', s - *

.

Rall et- al. (1984) and Umphres et al. (1983 measured

L

NTUTfat different packing depths, I, ‘and found by_extranolé—
tion the valde of NTUC at depth Z = O. .
s c . .

-~ -

In this’ work, NTUT values were ;vailablg at I (Runs 7

.

164

to 19) , or.q depthd (Runs 16 to 42) and a line of best ¥it.

was detecmined for each data set “by. the method

i

af ieast

Ky
-

squar‘es EEqs._ (5.1) to KS,S)J: .The coe%fi&%ent Df determi~

"

nétian# ﬁZ'EEq.i5.4)], for each rine ié?givéﬁ-in'Tahleqs.lq;
Table 5.20 lists the exéraﬁolated NTUC values [the vi value

- .
, S

;~q$ Eq.&SrIfj ‘as well as the.’co}cespondingaNTUC‘Qalues aob-—~

- ‘. yee '
,

N - Fa
tained from e%pty column ﬁests.



4

. . Table 5.18: Empty column NTUC values. -

i lﬁ' * -tﬂ
Run No. _ J ° . ' . , ' ‘
’ or Qe TCE -1,1-DCA Toluene CHCls 1,2-DCA Ether
Constant (1/min) Q . - ' O o
N . . r . . ' . \\' .
oL Initial NTUC vqldés ) .
2 1.7836 0.267 . 0.265 0.249 0.247 - 0.208 Q.167
29 1.5299 0.29% 0.293 0.276 0.274 0.251 0.217
30. 1.3385 0.329 0.326 0.30B 0.353 0.290 0.237
L  Constants of Eg. (5.17) & st
Bs o L0.925  0.842, 0.811 2.216 0.72Q —0:049 .
Ba T4 T0.675 -0,572 ".-0.559 -2.258 -0.425  0.492
o 0.172  0.139. "0.137. 0,647 0.077 -0.z08
Corre;ted‘NfUC values
28 1.8344 0.264 0.261 0.246, 0.251 0.200 0,153
29 1.5545 . 0.290 0,289 0.273 '0.270 0.286 0.213
z0° 1.3665 '0.323 0.321 0.303 0.339 0.284 O0.235

Table S5.1%: Coefficient’'s of determination, r2, for NTUT vs Z
: ~ lines R

[y

3
Liquidl ICE 1,1-DCA Toluene - CHCls 1,2-DCA " Ether
flow rate ‘ S . '

- - e N

6.35 mm Raschig rings

Low 0.9954 0.9948 09958 0.9958° 0.9893 0.9947

Medium  0.9853 0.9833 0.9839° 0.9830 0.9705 0.9480
» High  .0.9942 ° 0.994% 0.9946° 0.9947 0.9915% 0.9940

T J12.7 mm Rasﬁhig rings . oLl -

> .-

Low-  0.9957 0.9768 '0.9959 0.9951 0.9948 0'9933
Medium = 019985 0.9981 0.9992 L 0.9986 0.9990 .0.9971
High -  0.9804° 0.9833 0.9872 0.9865 0.9851 0.9845 °

N
-

iy S - 12.7 om Iaté;gx@ saddles _ﬂ - .7i

Law:  0.996% 0.9972 0.9976  0.9971 0.9978 - 0.9962 -
Medium  0:9993 0.9984 - 0.9996 1.0000°' 0.9999 0,998

THigh = ' 0.9972 0.9934 . 0.9962° 0.9948 0.9955- 0.9936
T . . -;." ! . - .o - LN El
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~Table 5.Z20: ExtrapcIated and empty coiumn NTUC values
T UL LI AT, ..,-'.., - 3 B O S

. . y i i . Ch A T i .
. o \ e f .

ﬁécking?

v Empty cbfumdl'

2

e 6.35 mm

"..-;_ Ror.. .

12.7 mm
Rer.

. e PR

1207 mmt
Is. K

Empty cclumn

W,_-gg”'

L

o -..‘ ‘wf S
"_" é- 35" mm- .
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. interval limits. are also g1ven._ To.compute the coniddence

then (Kennedy and Meville, 1976) 3
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- 8 -, RO
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Nev1lle, 1976). ’ O ) ; 'f',';._
""..'k Sl m : . : .. ,".' ‘('5..,,:!.8)
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Co ¢ . . f H N -
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. e R Lo T b -
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‘_'r ) g i . " R - . L - { '
' . JE oo L . A - o ~
resa = yaU'> (i + swid Lo (5. 19)
o A S 5. Tz e
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confidence interval ‘= y, + t S, . - T (5.22)
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# A \ )
data ‘were ' .computed [Eqs. (5.6} toth.B)J and are presented

v - ) .- F . . T . B

in Table 5.23. 'The éxtrppnldted &poc Value ‘was used to com—
1 " N ' B L . .

P

K L _ } - g Sy : «
pute Apg.™ ﬁpgend1¥ E presents a sample calcuylation.
z’._ ) -’:, l.“i -:‘: ."‘., . — E » Y, o S * - -
‘ i - . . 3 g x S .
2.3.9 Mass Transfer Rate Constants ' .
n ) . . i . -
L . - . . i I )

The HTU éﬁﬂ Kea values -af - ther computelr prbntouts
< 5 Wt ’ . \ .

(Append1w D)"were computed u§1ng thé NTUT values (Appendxx

- n’
cr. HTU:and;‘aLa should be computed .from Eqs. (2.22) and

(2.16) using™NTUN [Eq. (2.50)1 ‘as the NTU.

¢ . A

In this wdrk, the empty column NTUC was used to compute

NTUN, wiheneverr available. Tables S5.24 to 5.264 presenﬁ the

" ’a ) ._‘.

resu1t1ng KiLa values. A sample calculation is presented 1n

ry .
LA

Appendix G, which also shows a Ilst«ng Qf the computer pro-—

L]

grams used for the computations. ' I T
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5.43{Mass:Tran5fgr Rate‘Cpnstant Models

N v
H

1 - -

-
-

-

5.4.1 Application of Models X o

1 -

-

*The equations and parametgrs needed ‘to combute the mass
. ] . i s
. . ! .
transfer rate_ constant, Kca, values using the models pre-
k4 LU S . .

\ . . . S :
sented im Chapter 2. ar€ ‘given im the.following sections.

.
LR
A

5.4.1.1 Mass Transfer Rate Constant Correlation Formulae

)

:ESSEﬂtiallY,\thE - farmul ae pF95ented
. N v . '\‘_. '\.‘ <o .
used to ., compute K a values, iémlating the kra, ko, or ka

in Table'?.Q‘were

- t - A

term as required. Fpr.ﬁhe_mmdéls DfHOnUa et al. (1968) énd
Shulman et al. (i?SScJ, tﬁé kg"kg, and a. pr”é-térms were

’ ' i ‘ ; - . -
combined using Eg. (2.7) to yield KLé values. 'Since Sher-
wood and ﬁolloway (1940).£§ébméd;ééé‘ﬁﬁgse massikrans%ér re-
sistance was negligible (Sectian éibuZJ, Kia ~ kea for that

N
v . .

The only Eguétiqn{o% T?ble 2.21t6at Qas %héﬁged i;iEq.
(2.39)._2‘$incé the pa;king sizé;ﬁéé\bé{owxlﬁumm, é_value‘ofﬁ*
2.0 was 'supséituted.foéj5;23-in £hét;equa£i0;;*as éngesteq.
By Onda et al. (19683 Section 2.6.4). - 2

e

1. N

The following sections give Qa;ues‘qf . constants and
formul ae ié"compqte'pérémeters needéd"to_apply the models.
fhe K;a"prgdictédgby the model(s) ‘were computed at the flow

- - ’

and temperature conditions of each experimental run.

’



bl ' ) -~ - - ) W ' ) v
’ 1 . - - .
. - - . - 2
¢ ~ . - , ' . . ! - - _ . S . ,
: .Y, - S9.4.1.2 Known Constants R S
. y - ) L R ' s - - e . ‘ " N .
- \ ' \ " R . - . . ‘- . I\! . o .
.o o ’ ‘Values Df' packimg related cnnstants are glVEﬂ i'n’ Table

9.27.. . The values of Sume ccnstants, such ae q anﬂ W fDr the

' y - . ..
A "

%gdel of Sherwood and Hollnway (1940) and da, dl q,'and h

— i Ty I4 \

fcr the model Df Shulman et al._(I?SScﬁ, were avaliable iny

¢ . : .

o~ v b ~ .

- for 12, 7 ‘mm Raschzg rlngs, and these mndels could be app11ed

F
[ . . ‘.\ R . 3 [

“-Dnly tD-thqt patklng. D

v
¢ - . ‘5‘

1 ' : .o . ML
5 - - N

“o. ... . . For.Onda et al. s (1968 mbdex,ﬂthé-valuesln¥ ¥ depend
‘,unly dn the waterial = from’ wh1ch the packxng i made- 5ihée

all packlngs were made ‘of ceram1c,_6c = 61 x 10 = N/m (Perry

~

. .
- -

“ per1menta11y determ1ned values Df ED were used

-

187 .

et al., 1984). For Shulman et al.’'s (1955:) model, the ex-ﬂ

I /
. 5.4.1.3 Mass Fluxes ) = ) ' » _- “_
1 B P
oL The 1rqu1d mass flux, LS was cumputed from Eq. (3. 14).“
- B |. . hal v \A e, -
- ~The gae mass flux, G (kg/mz-s), was nbtalned frnm a s1m11ar
g ' ‘equation: E oo ) . 4 - ,
Y - |
' - QBPD . - . ‘ ) _ . " - ) .
7 ‘ "B = m——mem o . o (9.24)
st . -0.Q08107 . .- ; e '
Lo - [ -
A i ’ " . ,
N . .
. Lo~ e
ST T 94014 Den51t1es, V1sc051tles, anid Surface Tﬂn51ens
e : i ae ". ) “. B ) : l S
I\T\GR\ I DFnsity, viscosity, and surface tension are temperature
' ~dependent ﬁrnpeﬁfies. The correlation formulae of Heggeﬁ‘
(1983) were used to determzne the 11qu1d prcpert1e5 at. ex— -
o, perimental average water temperature. - The liquid density,
o A qes'determined.by Eq. (5.15). ‘The liquid viscosity, ‘I,

‘was computed tas: -, B ‘ ) '

P
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“ ¥

S L EeRlit 0.62, 0. a4 0.71

. . . 1 - \
. : R . : ) * N = v
e N P “ . * N . .
I Loy - . e .
— . e .
Y - 4 . - - R
' 3 ] » .
- ' .
. - e - » B '
" . - - -
d . o ) . ° )
N - . i N -
T
” - .
" ¢ [y Y
. . T
5 Do T L3
L | . .- : ) - N

o

. Table 5.27: Constants-for K.a models

. Packing® material . .- - -
.. vCenstant« 6.35 mm .. 12.7.mm- . 12.7 mm Reference
- _:\.-?. ' R.I"". ) _- R.r.-' :_ . " I"S' A ._ ' -
LT 07t Onda et al. (156B) - S - ¢

A

T ae (mE/m®) - 7&4 . 8Q7 < 525 -Ludwig (1979

LT e tm T 0400635 0L0427..  0.0127 .
e v It T e oy e e '

w- =t Shérwbod. and Hollaway (1940)

o woat v 7f  - 280 . . - . ’'SBherwood and

- - " o . Holloway (1940)
- n - 0.35 : .. Bherwood and

‘ L - : :  Holloway (1940)
s Shulman et al." (1955c) :

-

v de (m) “:f_;. 0.01774 . Traybhal (1980)
q - ) 14, 69 ' R Treybal (1980)

q ' . (0.01114L ° Treybal (1980)
+ 0.148) -

b % -0.111 Treybal (1980)
Ludiwig (1979)
. I

" o exptr . 0.54 770,63 0.74

-

S Riiﬁf Raschig r&ngs; I.s.: Intalox® saddles

fe= Experimentally de%ermihed_Eb

-+
3. -t

e s T .
< . - ox

188
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. = {0.20319 + 1.5883 exp |~——— x 10—= (5725)

¥

and the ligquid surface tension, 0., as:

r O = (20987 - 92.613T)°-4%e x 10-= " (5.26)

. where-T = average water temperature (=(C) s

Since the relative humidity of the air was. not known,

the air was assumed to be dry. The aensityﬂof'ﬁry a;r€né;
camputed as (Weast, 1977): 7
1.293: . Pn .
Po = ———mem R ——— . (5.27) -
1 + 0,00347T 760 \
where T\é/iacked column room temperaturg (=C) =
No correlation could be fcuﬁd“for air viscosify, la. There-—
‘faore, a Tcurye was fit to air viscosity data at sténdard'at—
mospheric p#éssure, at 10, 20, SO,Iand 40=C, Dbtained’;Fﬁﬁy
" Daugherty and Franzini (1977), yielding:
lo = (1.71 % 0.005T). x 10-3 - (5.28)
Qhére T = packed boluﬁn room tgmperatureﬁknp)
5.4.1.5 Diffusion Caefficients h
Tucker and Nelken (1982) neQiEﬂéd the Equat;dns avail- =

o
\ |

able to estimate diffusion coefficients in gases and lig-
‘ A 1

uids. The equation of Hayduk and Laudie (1974) was used to

compute diffusion coefficients in liquids:

13.26 % 10-=
Do = |-memmmmm e x 10~= : (5.29)
(10005, ) 1-1% (Y,)o-=0>

where Vs = molar volume of solute, estimated by LeBas
incremental method (cm>/mole) -

—r
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"5.4.1.6 Predicted K. a

190

To estimate Dm, the method of Fuller, Schettler, and Gid-

dings (1966), recommended by Tucker and Nelken (1982), was

-

used: -
10'—3 Tnl.'fﬂ MR]./".-_"
Do = |/ x 10— = - v (5.30)
[ L?T(Va:'/:: + VQ;/S): . / :ﬂ
where Ta = absolute packed column room temperature (=)
. - Va = molar volume of air (20.1 cm¥/mole)
o "V¥Vo = molar volume of solute, estimated by the 1n-
- crehental method used by Fuller, Schettler,
and Giddings T1%944) ( cm>/mole)
and
" Ma +'Mo . .
) Ma = e . (5.>1)
"*-. MQ"K MQ g
__WhEFEVMn = molar weight of air (28.97 g/mole)

Msa = molar weight of solute (g/mole)

The values of Ma and Vg}given above were obtained from

-
-

v Tucker and Nelken (1982, ;WHD”alsu list the volume incre-

‘ments that may be added to obtain Vm or Va. The increments
used amp presented  in Table-5.28, while Table 5.29 lists the
et . v, . .

resul ting values of Vo, Vo, and the values of Mo, that were

used to compute Do and Do. ‘ -

4

A sample calculation, and listings of the computer pro-
grams used to cnmpate the prediéted K a at all éxperimental

Eonditions, can.be %Dund in-Appendix G. Tables 5.30 ta S5.34

.presentnthe predicted K.a values, computed by the program

‘ pzesented in Appendix G.

X, - —

~

\ - '
-/; L
f \ . ° .
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Table 5.28: VYolume increments*

‘Volume increments (cm=/mole) -

Atom >3 Ve \ Vo ’ Ny
e 14.8 8.5
H 3.7 1.98
0 (no esters a;.ethers) + 7.4 5.48‘ - i R
€1 ) 24,6 19.5
b—membered Eing ~ ~—15.0

Rings . —20.2

From Tucker and Nelken (1982)

Table 5.29: Molar weights and volumes

| Ve Vo Mo
Compound ) (cm>/mole) -~ (cm>/mole) (g/mole)
[
Tnichloraethyle;e 107. 1 93.48 131.39 )
*1,1-dichloroethane 3.6 79.92 98.9é&
Toluene 118.2 111.14 ?2.15
Chloroform 92.3 ' 76.98 119.38

1,2-dichloroethane ?3.6 79.92 . 98.24 _ S

Ether 106. 1 91.28 . 74.12




a(s_l), for 6.35 mm

L

predicted by the model of Onda et al.

ig rimgs,

Rasch
{1968)

L

Mass transfer rate constants,

Table 5:30

142-DCA

ETHER

TCE 1,1=DCA TNLUFNE CHLORNAFNBR M

PUN H

Mmoo
oo
111
W w
« o
T e o
LN i~
. s 9
L]

MmN
(=N =N
11
Wy,
N o
o 3,
nNoo
* a2 2
‘mv-('-'l
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5.4.2 Comparison-df Expér;mental and Predicte& Kia

For each packing, and for ééch model applicable to it,

N v

a plot of the logarithm (base 10) df the Kea values pre-
- } R

. N

dicted by the mndel at all_experimentel\ifzéitidns studied.

against the logarithm of tﬁé‘torresponding experiﬁental (bﬁ
observed) Kia values was produced (Figs. 5.28 to 5.32).

‘For each set of data plotted, the cueffiﬁienﬁs of the

I . : ;

equation of the line of best fit (on the iogarithdic'blot).

.

and the corresponding coefficient of determihation were cam-

1.

puted using “Egs. (5.2) to (5.4). The line of best fit was

not plotted on Figs. 5.28 to 9.32, but its equation and the

4 b .
values of = are given in"Table 3.35. Since there were
dnubté concerning the accuracy of the chlaroform and ether
data,kvalues of i, s, and r= were also computed usiﬁg the

‘data relatéd, £G the other four comﬁounds anly: results are

nagaiq preseﬁtéd in Table 5735. .

The goodness of fit of the best fit line to the data is

= .

indicated b; r=. To estimate the amount of error involved .

in a prediction situation, the standard error. of estimate,

- SEE, was Céﬁputéd_as shown by Roscoe (1969); for this spe-

.

+Ccilflic cases:.

"E(ngxo Kidprma = 10010 KLdobmal) T 172

SEE = |- (5.32).

Resulting. SEE values are also given in Table 5.35. A sample

calculatior, and 1listings of the computer programs used to

compute r= and SEE, are presented in Appendix G. The values
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Table 5.33: Comparison of mass tra
diction models

nsfer rate

[

constant pre-

-

e

e

No. Regression eqﬁatibn"
Packing* Model =~ of i = rz -.."SEE
comp.’
65.35 mm R.r. Onda & —0.7007 0.3360 0.7245 0.1041
12.7 mm R.r. Onda o -Q.4247 0Q.7929 0.760% (0.Q3F17
12.7 mm R.r. Sher. b —1.4127 0.3093 0©.1841 0.0BZS
12.7 mm R.r.  Shul. 6 -0.7377 0.6114 0.B664 0.0993
12.7 mm I.s. Onda = 0.1945 1.0720 0.9430 0.,0466
6.35 mm R.r. Onda 4 =-0.8978 0.3376 0.6767 0.1002
- "1. B
12.7 mm R.r. . Onda 4 -0.0012 ¢.9928 0.7919 0.0224
. &
12.7 mm R.r. "Sher. 4 —1.0229 0.4940 "0.2644 0.0440
12.7 mm R.r. Shul. 4 -0.7398 0.6108B 0.77462 0.0911
12.7 mm I.s. Onda 4 0.4744 1.2081 0.9288 0;0446 o e
— ——— e [ —_——— - [ -
® R.r.: Raschig rings; " I.s.: Intalox® saddles .
=® Onda: Onda et al. (1948)
Sher.: Sherwood and Holloway (1740)
Shul.: Shulman et al. (1955c) -
'o&: all compounds; 4: chloroform and ether excluded

Coefficients of Eq.:

logioc KLlprea = 1 + 5 10g10 KLdoconma

1
]
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obtained by Raberts et al. (1985) for 12.7 mm Berl saddles

experiments are presented in Table 5.36.

The average Kia values {(ohserved or predicted) at each

flow condition (Tables S.24 to 5.26, and 5.30 to 5.34) were

'alsdypdotted against the average‘bas flow rate and liquid
-, g _ :

“flow rate (Tables 5.14 and S:15) on logarithmic axes. A

typical plot 1is shown in Fig. 5.33. The 5lnts for all com-

'pnunds, packings, and flow rates,-are in ﬁppeahix H..

. 9.4.3 Effect of Model on Facked Depth

"™Using a modification of the design procedure given in

JTaUTE 2.1, the depth of packing required to achieve a given

" removal of ly2-dichloroethane, chloroform, and trichloro-

-

'ethyléne under: the conditions ofF Run‘IwaaS1CDmpu?Ed. with

the experimentél (observed) mass. transfer rate constant as

[t

well as Q}fh‘tﬁe predictedﬁcmnstants; Details of the calcu-
[ ~ne - o

lations arelsﬁown'infﬁppendix L. ‘Table 5.37 gives the ratio

Z04

of the packing. depth computed from the predicted Kya value.

1

to the packing depth computed from_the obée%Qed Kra value.

. .
-~ .- . .
S

Lt
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Table 5.36: Literature® results — mass transfer rate‘cnn—

stant prediction models

Regression equation!

i
Model =~ i 5 r= SEE
Onda 0.274 1.108 0.951  0.0845
Sher. "-0.118 0.934 0.865 7 0.125
Shul. 0.893 1.377 0.909 0.198
" Results of Roberts et al. (1989), for 12.7 mm (1/2 in.)
Berl saddles :
=* Onda: Onda et al. (192&48)
Sher.: Sherwood and Holloway (1940)
Shul.< Shulman et al. (1955c)
* Coefficients of Eq.: lo0io KLAprea = 1 + s 10g:0 Kidapma

L,

~Table 5.37: Packing depthgratio of experimental and pre-

dicted K_a /

o : :
Model” Ratic Zorema/Zanea

TCE ~ CHCls 1,2-DCA

Onda et.al. (1948) T 1.056 1.002 1.022

Sherwoad and Hplloway (1940) 0.9%0 0.712 0.848 -~

Shulman et al. (1955c) 0.818 0.779 0.803

S
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N " 1V1-DICHLOROETHANE - ]
_ 12.7 MM RASCHIG RINGS - '
"3 I T I . 3 e
AVERAGE MASS TRANSFER RATE CONSTANT (1/5)
. " .
“_‘ i
+ OBSERVED
X ONDA ET AL.
™ SHERWOOD AND HOLLOWAY
Y SHULMAN ET AL. .
2 . )/\__ ‘ |
T 4 ot 3 s Hd'
AVERAGE MASS TRANSFER RATE CONSTANT (1/9) S

Figure 5.33»

Typical logarithmic plot of average gas and liquid Tlow
rates against average observed and predicted mass trans-
fer rate constants . '



CHAFTER &
DISCUSSION

6.1 Water Analysis for Urgaﬁicé- !

6.1.1 Method of Analysié

-

As described in Section 4.1.1, tﬁe_ concentrator, gas
chromatograph, and integrator formed a fully aufqmated net—
work. Errors in  the volume of sample to be purged were

1

probably the main source of discrepancy in analysis results;

207

even sample manipulation was minimized by the purge vessel 's-

valve with female luer connector.

No internal standard was used tog identifygand quantify
thé chemicals (Sections 4.1.3 and X.3.3.2), but it was felt
that the separation of the peaks (Fig. 4.3) and full autoaaﬁ
Fion of the system insured praoper identification. For ﬁuan—
fificatiun, the computation of both Henry's law cnnstan}s
and mass transfer constants required only relative concen-
tration values -(influent/E4f1Qent concentration, ini-—
tial/équilibriﬁm Concentratidn), and only a very sudden, and
thQS nﬁgiceable, Sénsitivity change would affect the value
T

of this ratio.

The laong analysis time (approximately 40 minutes) im-—

plies that the last sample of any experimental run is not
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v

analysed until 8 hours after the first one (Section 4.3.4).

Volatile organics losses from the syringes in the refrigera-

tor were measured and acc%Hnted for in Henry's law constants
. N

measurement experiments (Section 5.2.1), and some losses can
bé Egpected to occur over an 8 hour period. Since other.
factors, such as the order of analysis Df‘the samples,. will
éffect the, losses, they 'will be discussed later. 0Organics
losses from the septum closed baés contaipihg standard solu-

tions may also have occurred, but no significant difference

could be observed between samples analysed within a few

days; these losses were thus assumed negligible. '
6.1.7 Linearity of Detector

Results of the first linearity test are presented in
Figs S.1 tao 5.6 and Table 5.1. The coefficient of determi-
nation, r=, wvalues for 1,14ﬁichlorcethane, toluene, tri-
CHIDrOEthylehe, and 1,2—dichluroéthane were all above 0.9%#,
showiﬁg fhe goodneés of fit of the séraight lines to the
data. Figs 3.1 to 3.3, and.S.S sRQow the data points to al-
ways be close to the line of bééf fit. The fact that most
data points beiow 100 jugs/1 are above the best fit‘line while
above the 100 ug/l mark, thg data points are mostly below
the line, 1is thought to be due_tD thé use of different sy-
ringes for the injection of standard Solution_}n calcium
chloride (10 and 100 ul syringes.fnr amounts below 100 ug/l,

1 and 5§ ml syringes for larger ‘amounts). This hypothesis is

supported by the fact that the points show no tendehﬁy to



™~
~

-

209
N

' )

deviate away from the. line, in one directjon car anather.

Thu%; the detector is_ﬁonsidered'linear'for‘these four com—

~

pounds. .

-1
14

However, for etﬁér and chlor?¥orm,.thé ‘values ‘of r=
dropped. | Fi&.'§;4 ev?n shaws_that fDé chlnro?orm the data
points are well below 'fhe line uptil the 1 mg/1 mark, and
‘then go far above the line ofubest fit. Deviatioﬁ; frﬁm the
best fit line are also greéter far ether (Fig..S.é) than for
the other compounds. STt appeared that the ether and Chlmra—
farm peaks may have béen tbo closé-to_each ather (Fiéﬁ 4.3)
‘and that the integration of one maf_havE.interfgrgd Qith the
integration of the other. J
Results of the second linearity kast (Figs 5.7. to 5-9,

and Table 5.2) confirm this. In the test without ether, all

r* values including that of chloroform were above 0.999

(Table 5.2). .The chlorofarm data %as also above ‘the line

‘until the 200 ag/l mark, and then mostly below the line,  as

for the other compounds. When ether was added, r= values of

_chlorbform and ether dropped below‘O.???,,and the chlioroform

plot changed appearance (Fig. 5.8), while r2 values of other

compounds remained above Q.999.
Because of this interference, the experimental data for

chloroform and ether should be used and interpreted with

caution.
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6.2 Henry's Law Constants

-

6.2.1 Experimental Determination

~

-~

Henry's law constants were 'determined';experiﬁéntally
Y | . . :
because no value of H could be found for ether in the liter-

ature, and because the" varrpus;factors (spolute concentra-—

tions, water composipi;n) affecfgzg H ﬁefe‘ thﬁs accounted

- for (Section 3.1.&215. The closed”gystem measurement methdd

of Munz ‘and Robertsl(lqag) was gelected becauseﬁthmlsyhinge;
and valveshrequired were avajlablg ana‘aféorééble.

Munz and Roberts (1982} blémed{the sﬁorg contact time,

little aﬁauﬁt of shaking, ‘énd volatilizéti?n during sample

transfer for liquid-ligquid extractioﬁ for the apparently low

). The

wl

H values obtathed by this methadk (Section T.1.2.

valve of the purge vessel, in these expefiménts, reduced the

possibilitires of volatilization during sample transfer; and
. the syringes were agitated all day. long.” With respect to

the effects of temperature, the environmental room’s temper-—

-

atufe'varied by less "than 0.2<C " over the experimental ﬁe—

T iod. :

TQE ‘Syringes used . were totally inert  (glass and
‘1 - .

Teflon®) and reputed "gas tight", but volatilization losses

3

nevertheless occurred over a day. As mentioned in Section

- L
5.2.1, losses computed once for’ each syringey compound, and

temperature, were then used to compute the equivalent ini-

tial concentration after one day, CLa- The plunger may not

have fit“the same way in the syiringe barrel when at the 5 ml -

- 12 o
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mark (during losses determination) and at the 101'm1‘mérk

r

{(during H determination, wifh o2 ml of liquid and S mlznf

]

. gas); at the 10 -ml mark only a short lengthiof barrel re-

mained to guidé the plunger. Also the valves had tp"be re-

imoved from the éyringes after each run, to allow injection
of the standard‘éolution in the calcium chloride solution
. . . N N . ’ .

contained in the syringes. . Although care was taken to al-

Wéys use the same valve on each syringe, both of the above

-
- *

- factors maQ have made the losses'ccmbuted different from the
~losses occurrind’_during H determination. Because of the

56a11 volume of the syringes (10 ml), the relative effect of

T .
H

any, slight+ measurement errar or dead vclude may have been
significant, These fécfors may have caused the wide varia-
-libﬁ of the data, reflected by high coefficient of variation

4

;vélpésYin %able 5.3. ' L

g,PrDbiems were experienced with the intedﬁatar during
‘tHese éxﬁe;imeﬁts, and consequently some data had to be re-—
jegﬁédiﬂéppgp&ix- A). For the 1least volatile cémpcunds
_4é£her @nd .i,z—dichloroethané), losses were 5; small and

.

equilibrium .concentrations s=o close to initial concentra-

~ tions Eﬁa% some samples were observed to gain volatiles,
while negative H vAlues were observed in other cases. Where
ther? was a negative loss, or gain, of volétiles it was as-—
sumed thaf na losses occurred (Co:/Cio = 1.0). All;resuitsl

for any syringe for which negétiwe "H values were observed
: ; ‘

hage been rejected. According to Chauvenet ‘s - criterion



» »

(Kennedy aﬁé ‘Neviilé,;§976),__noné‘of the remaining values

~
£

'could be considered to be outliers. ‘ e -

SDlutélconcentratidns possibly affe;ﬁ_ﬁlgalues; lSince
there is no'agreément in tﬁé literature;with.réspect to this
Question (Séction 3.1.3.2;,.anq’ be;auéé thé solute concen-
t?étions fﬁr H dgterminatinn. tbsts (Table 4.&) were in thé
"range of the packed column influgqt conQentrations'(Table

4.7), solute cnn;eﬁt#ation effect was assumed negligible.

6.2.2 Effect of Methanol
v -_ . . f_

It was evaluated that_methanol addiltion decreases chlao-
’.coform's Henry's law constant by slightly more than 2%.  In
view of the accuracy of H determina&ion'(fable 5:3), and
sincé approximately the same amount of methanol will bg pre-

sent in packed column infliuent liquid, this decrease was

considered insignificant,

- ~

6.2.7% Effect of Temperature

'

O0f the  two forms  of correlation equations used to re-

-

late Henry’'s ' law constants to temperature, Kavanaugh and

Trussell ‘s (1980) eguation is fundamentally correct, Ha be-—

ing the true expression of activity ratio.in a vapour-liquid

system (Section 3.1.3.1). From Egs. (3.8).and (3.9):

. o

. P -
In Ha = 1n H + 1In RTa =- (6.1)
M.
Thuslqu £g. (2.%) and the eqdation of Singley et al. [1980;

Eqg. (3.24)]1 +te accurately represent the theoretically pre-

-



4

dicted temperatute dependence of H; the lnRTA(9L/M;¢ term -

should be included. . It was, hawever, féltisafe to ﬁéglect

the term, in view of the "small range -of absplutg_tempéca—_
: . R - ‘ . -

tures examined, apgd Eq. (5.9) was used to correlate the ex-—

& ) . . ..

/ perimental data.” The straight line appearance of the Ka-

1l
-

vanauQ? and Trussell (1980) wcorrelation, plotted oh Figs.

- 1

5.10, 5.11, and 5.13, illustrates the insignificance of the '

4 s

ngarithhig term in that range of temperature.

Betaﬁse of © the scatter of experimental: H:' valugs -
(Qppéhdi% Ar, reflected by the large coefficients” of varia— .

- L3

L]

tion in Table 5.3, and because aof the fact that H was deter-—

1
.

mined at only two témperatures, the caoefficients of determi— -
[ R ] b Lt . \f' i

" nation associated with the derived correlations were very

~

o R - - ’ . . .
low (Table 3.4}, Tables 5.7 to 5.11° Shaﬁ‘that\ the 1lit-

- - A ) P
erature values of Henry’'s ldw constants at a given tempera-—,

4 - .

. . - - T
ture vary significantly from one source to another; - these
. - , \ : . ..

- - v

variations are sbmetimes explained by differences .in back--

ground water (e.g., Roberts et al., 1984), but often could

'

‘not be explained. The correlations® of Kavanaugh and -

. ‘ b s
Trussell (1980) and Singley et al. (1980) also gave differ—
- - ) -
ent results at the same temperatures, as shown on Figs.'

N

5.10, S.11, and S.13. . ‘ ' T

Figs. 5.10 to 5.14 show that, in the 20 to 25°C range,

- €

the experimental data correlations .of thisfwmfk were within-
the range of literature data and correlations fDr.chlofofqrh -
and l,1-dichloroethane, and' slightly outside of it for

toluene around 20°C and for 1,2-dichloroethane and tri-

N -
H ‘ . L . . !
~ L
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»

‘H values had only a'smalt,be%fect'nn"éxpérimentally déter-

b

- . < . . oo . 214

vt . ) -

: Lo . -7 b
chloraethylene around 25%€, "Thus, it.was ¥elt that the cor-
.‘ - L - ) " - - - v “ - T s . .
relations of this work .could be usefl, ‘since they were close

. ) . ] ) " ) ) . N . ' ) \.
to the wxdely'ranglpgf data, and shouald be used, since they

were derived under this qg(&'stpecific experimental condi-

’ \ )

tions (water compositiom, solutes conséntratian)J o e
- : r. . '

-
L] ! .
\ - ©

. The correlations Df-this‘ work rould be refined. 'How-

J roe

.ever, Roberts et al. (1982) found thaffé'cﬁénge of + 20% in
- . - \ - b ' . - ' .

'
-

, . v

mined- mass transfer rate constants K.a for stripping factor

-~

— v

valdes,-s > 1.3.. | Since the lowesth Stripprﬁg-féctmr vaihe
> . - 1 . " ] )

was above X in this wo?k, the correlations can be safely ap-—
~ - N St ot A ) : o ’ )

plied,tm" compute_expe?imental K a. The effect of H on k. a
. Co v ! : -

' . P .t - .
~values predicted " using Onda &t al.'s (1968) or Shulman et

)

dichloroethane and ether, as_shnﬁn in Tables 5.12 and S.13,.

-

but still the correlations of. this wﬁrk were‘appliéd

1 1
A Sy . o ! . . '
4.3.1.1 Manometers ' - - ‘ !

. . Ty -
4 ’ .
-~ '

Liquid levels in the\u—tubé manqmeters'could be read' on

millimetric scaies fixed beﬁinﬂ 'the u—tubes.

- ~

The accuracy

r -

ﬁpf”the re;dings,:negleciing ~the péﬁéllax éffect,»qas + 0.5

mm. __This accuracy was .considered suitable for the pressure

’

the rotameter, K since the measured pres-
\ . N K
|\. R ,, - N ' -

measurement before

A

1

. al.’'s (1955c) models was more important, especially.for 1,2-

to «com— .
N . ] . .ok
pute predicted, KLa values. ) ’
6.7 Facked Tower Qir-Stripping'Experiﬁents_
. i . ) - t - ! i :
' 6.3.1 . Ekperimental Set Up and Conditions
. . . . .



_ correct the 'meaeured

'dure was .added to "t

‘ eaused‘by a O 5 mm i

'~ acceptable.’

.

?

‘ a ,

(=760 mm of. mercury)

pecked}columh s .gas
esting But nmt essen
an’ 1nd1cgtor Df flhw
, L

. -
L

'4.3,1.2 Adsorbent HMat

)
Y

It Was mentloned

-

lutlon came 1n conta

Tygmn@ tubxng,-and Vi

eorbed some Df the Qr

thrDughDut all runs,

above;materlals tD t

,Six experimental run

were not used in' fu

‘saturate ‘any adsorpti’

’

6.3.1.3 Samples Colle

As,deechihed in
idqhig sahples’JQere'
eqhippea with' Hinine
Samples were drawn fr

prev1ousLy {lushed

4.15). : The samplzng

1
.

he much “'‘greater barometric pressure to.-

A .

. flow _(Section 5!3.2.1)£, the. erﬁoF

.
Bd r

naccuracy, relat1ve to amblént pressure
I . .

y - appears tao 'be 1n51gn1f1cant. "I.‘h'i:_--' "

preesere drop meaeuremen£ was an lnter—f

t;alkmeasurement‘ that cneld be ueed as!

cohd1t;en5. An atﬁuracy'df.10,5 am Qaei
\ A S O

erial L.

o . .
o . o IO - . '

1n Sectxon 4 o . 1 that the Drganxcs SD—

ct wlth'P1e51g1as®, Short eect1ons Df

ton@ D rings, all of wh1ch may have ad—'

-

ganzcs. Since the same parts were used

-y

1t was assumed that the equsure ef the ?_

he “organtics solutlen uuripg ﬁhe fireﬁ
e o " : .

5,-whi&h "were trial runs whose results

s . . —._‘ S N .

rther cbmputatieﬁs,vﬂwas sufficient to .

[}

on ¢apacity. . : . L -

AN ) - . -.. -
ction -and” Storage : l o
. ! . 1 R w‘ .

Chapter - 4, the influent\and?effIQEﬁt

rté.Teflan syringe valves (F1g. 4 4)",

v

om’ the m1n1ature 1nert sampllng valvee,
thruugh—female luen- caqnectnrsr (F1g.T
5yr1qge5 were also used to transferiS

. -

-

cnligcted in 10 ml Gastighfg'sﬁringescﬁ‘\

e

L3
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“ M & L ) -1‘ :
- ':. . =, . - 1 . ‘T:; ™ . *
b PE] L it
. k(’ "" \‘ (2} ‘; - - ‘.‘! - ~
-': . A‘. ? i ‘h‘ P B - Yol K T
Lo 'ml samﬁles 'dnixheg_pu&gfanVESsel ’through.;the miniature
» -, - oo ”.> .
'valve equ1pped Hlth a’ female Iuer ccnnectcr (Flg. 4, 1) .
* N S . R - "
r -
' Thus} there’ was abmnst ‘nd dead volume, and sample. ma-

5 ; - Cw T k
B n1pu1at10n5 were reduced-tb a m1namum.'

Thefdnfx:dﬁeﬁ.éir

.

o Saﬁpie.é;nlpulétlans bccu;r;dw;ﬁmed;étei; aftér"‘éampling;
;ulwhen'£hé-«smarl ai; bubbles soﬁe;imé; érawn intﬁ thé gy%iﬁge
; n&urlng %ampllng f@ere reéoved; and gge gample vblume was ad -
. Justéd tm 10 m%— under’the fume hnoﬂ howéyerj thi§ task wag

i1acccmp;1shed 1n”1955 “than Gne m1nute. i o . -
W Samgies ﬂerei'tPEp étn%ed ng a;hrefrigeratbr{ saie  of

<

v R T e

them fnr up”: to 8 hdqu,“-befnre 'déing”.ahalyséd“(Secfxon

o v ",

433;4%;:v01at11123t10n ‘Df mcgah1cs may have ocrcurred during

fihat périadé. AS mentloned ins Sectlon 4.g.4 the contents. of

1-each 5yr1nge-~were aﬁalysed Dn;e befnrg the cohtents of any
K 1.‘. - . ' . " + C . '

5‘5yrihge werE aﬁalysed au secmnd time,f Sb.tﬁat_iosses-wmuld
r . . e L LI T .

an

Sl

nbt,be much,more 1mpnrtant fbr'{the last'éyringes énalféed.

- . . . -

than foﬂ the flrst‘ Dnes. Lusses were not quantlfled here,

[ -

~ but thé\ syrlnges hav1ng beén stDrEd Dhly B hours or- less 1n
.1 -~ 'y M N Voo

"a'refr1geraﬁor \at 6°C‘ ghey.were «gxpECtédwftU_ hayg much

smalrar?ldsses than the i16$5é5\6bser52d during the Henry- s
'- ) - N , . . . i

law—constants detErmlnatlon (Abﬁéndix R . . -

LY

e . \ - -
~ .

“a -Somé“tiny gas bubbles, bexng tno small to bp revaed

-4 RN

remaxned in the syrxnges unt11 sample ana1y51s.‘ In‘llght Dfi

- .
.

- "'

. ble concentratlnn changes . due to the liéuid‘and gas pstab—

115h1ng equ111br1um Were cnnsiaered-négligible. Simiiarly,

N -

thelr small volume relative tD the-voLume of liguad, possi—'

errnrs that . may Have ,beeﬁfcauséd'by inaccurate sample vol-

1
1



umes, aé measured by the syringes, were neglected, sincelthe
syringes were accurate to 0.1 ml (Chramatographic Spe-

cialties Limited, 1985; Supelcao Canada Ltd/Ltee,: 1985).

-
. ! -

The low cnefficientslgf vqriatfbn for }nfihenf and Q?;'
fluent concentrations (usually the coefficient of variation
was below 3% for influent concentrations, and Below.ﬁz for
ef fluent concentrations; see Appendix D) were interpreted Hs

an indication that losses were small and that sample col-

< .
lection and storage procedures were adequate.
B '.:- :f - . -

6.2.1.4 Flow Patterns ‘ o

-

As mentioned in Section 4.3.1, there was a packing sup-—

T

port scréen at each coupling, allowing for each column “sec—.
‘tion to be packed separately. .Asisections QEEE assembled,‘
the packiné settled slightly, and this settling‘"combined
with space taken by the“suppnr£A screen and redistributor
ring, resulted inm a gap (< 25 mm) in the packiﬁg at ‘each
cougling. Although the flow pattern in the gaps was di}fer—
ent from that in the ﬁacking, the gaps weée small cumparéd

to.the total packing depth, and their effect on the results

is believed to be small. .
o !

- ¥

The gaps, however, allowed visual observation of chan-
neling in the column. Packing depths in this study ranged
from 0.914 to 1.829 m;: they were selected so that end ef-

S "
fects would be small compared to removgl in -the pa;kiqg.

Effectively, NTUC values were below 15% of NTUT values fof

12.7 mm Raschig rings and Intalox® saddles, and below 40%Z of

o



e

NTUT for 6.35 mm Raschig rings (Section 5.3.6 and Appendix

: t
D). Roberts et al. (1982)- mention that packed heights

. .

) - ° . . .
greatersthan 1.5 m are typical of full scale applications;
packing depths 1in this study aere in that range. Hawever,

for higher Eowers, the praobability of channeling increases.
-, it

Even tﬁnudﬁ'thg column to packing diameter ratio was at

e

least 8 to 1, and redistributor rings were placed at spaces

“equivaiengtfu Z column diameters; as suggested by Treybal

(1980}, channeling was significant, as shown on Figs. 6.1

and &6.2. The'fﬁortion of “flow channeled was not measured,
but visual observatien in the gapsg at each couplind gave the

impression that wup to 25 te S07Z of the f1ow was channeled

i

for 12.7 mm Raschig ringg; visual abservation also showed

that channeling appeared to be less important fDr.12i7 mm

. : a
"Intalox® saddles and &.35 mm Raschig rings. The redistribdg-

tion rings appeared to fiemporarily,reduce *the channeling,

3
*

and .a better redistribution ring design may have helped, but.

-

it was felt that a larger column to paﬁking ratio would be

-~

the best way to reduce channeling. Since tracer tests were

s

not perfdémed, the extent of the effect of channeling could

not be estimated. The. mass transfer rate constant, Kea,

»

values for a given backing and flow conditions did not show

any tendency for the K, a values to decrease as packing depth
increased (Tables 5.24 to 5.26), which is an i1ndication that
the proportion of flow channeled, did not increase with

depgh, brobably because of the redistribution rings.

-
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The empty column runs (Runs 28 to 30) did notfaccu—

rately reproduce the flow conditions of liquid above “*and be-

¥
sl

low the packing, as éhown‘in Figs. 6.3 to &6.59. As described
in Section 4.3.2, a 10_mm” deep layer of &6.35 mm ‘Raschig .
rings was spread on the screen in the coupling, to break the

jets of the distributor cap and change . them to small
. N - A -
streams. Thus flow conditions in, the effluent section of

the empty column were probably close to conditions below the .

packihg in a packed column (Figs. ~ EJB"and 6.9). In the

empty column influent section, however, the packing laver

was anly 10 o 15 mm away from the distributor cap, while

the top of the packing in a packed column was apprbximately

Z0 mm under the cap (Ejgs. &.3 and 6.4). Thé effé&t af thi%
difference on NTU and Kca is not known, but it was believed :
tm‘?e negligible. The effect of ‘the packing layer on th%
ehbty column gasﬁpressure drop values was certainly maée

important.
With respect to flow conditions in the effluent section

of the packed ;Dlumﬁ, it is worth noting that as the level
of the water seal was determined by the setting of the ef-
fluent flow rate control valve (Section #4.3.1: Figs. 4.5 and

4.8), this levél varied. This variation, however, was kept

within Z0 mm of the bottom of the section (that was 152.4 mm

.

long), and as the rémdval in this section was expected to be

low in any case (little contact area between gas and iiquid,

T
rl

and low driving force since the water was already partly

]



Figure 6.3: Flow pattern in an empty column
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Flow pattern below packing, in a packed column
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"treated"}, the effect of.this variation was expected to be

1

negligible.

6.3.1.5 Flow Rates and Temperatdres:

A

As mentioned 1n Section 4.

A

.4, the flow rate of the

concentrated organic solution pumped in the 1i1nfluent pipe

[

had to be readjusted every 10 minutes, ‘since it kept

decreasing. Tiny air bubbles that accumulated at the dis-—
: L .

charge side of the pump, befn?e thé rotameter, are thought

1

. ~ -
to hanf caused the decrease. These bubbles may have #e—

sulted*from a gas leak in the system, but the Teflon® tubing
had to be heated to fit over the glass elbows and the pump

1

and rotameter fittings, and no leak was expected. Thé bub-

bles more likely come fraom an air bubble trapped between the

Teflon® resin stopéock and ° organics salﬁtiﬁn bag, and from
. - Co

which the smalllbuhbles weuld have been dragged throughout

the run; this explanation is suppmrted‘by the observation of

tiny air bubbles all along the Teflon® tubing betweeﬁ the

bag and éhe pump . Regardless of what may. have caused the

problem, the flow readiustments kept the influent wrganics

‘concentratinns fairly constant. Appendix D shows that coef-

ficients of variation were usually below 3% far influeit -

-~

concentrations, and below 5% for’e?*luent concentrations.

Roberts et al. (1982) considered a coefficient of variation

of 10% or less to be an acceptable indication of steady .

¥
@

state. Therefore it appears reasonable to assume’ steady

state was reached.
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The flow rate of air tu.the.packed cofﬁMh wés read and
adjustéd at .the beginning of each run. The gas flow rate
was difficult tp read,” as the centre of thg float ﬁéd to Ae
read. But .a haﬁd levélzeliminated most parallax errors, and
since the rotameter's sﬁale was linear, the readings at the
top and ,bgttdm of the float were averaged. Readings were
always aroﬁnd thé middle third Ef the scale (betwéen 30 and
60 on a scale of 0 to 100), which is desirable siﬁce rotame-—
- ters are usually mDre;aﬁcurate ¥0r mid-scale readingg.

Adjustment of the gas flow ra£95 from a.gate valve on
the compressur’'s ténk was .difficult to acﬁieve, and Ilew
~ rates qid vary Slightlyl from one exéérimeht tD. the nexf.
The variation for a given packing qnd flow conditian was so
shgl[ (&oefficients éf Qariatiun < 1.22; Table 35.14) that
its effect.was assumed negligibie.

,The flow rate of the influent liquid_té the packed col-
umn aisn varied. Small gir bubbles (5 mm or less in di;mE*
ter) Qere_sometimes seen in the influent Plexiglas® pipe (19
mm in diémefer); they probébly came from cavitation at the
iqflﬁent flow rate cogtrol gate valve. |Becau5e of their
small/éize and number, it was assumed the bubbles would be

rapidly saturated with organics, and that they would not af-

'fect tﬁg liquid flow rate.

bl
Fraia

The liquid " flow rate did decrease, however, probably

"due to wearing of the machine screw used to stop‘the influ—

“ent flow rate control gate wvalve at a certain . opening -

;(Sécticn 5.3.1). As explained in Section 5.3.2.2, the flow
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L / ' ‘ '

rate variation qould not be assessed for the experimental

runs with 6.35 mm Raschig Fings. These runs were performed

with a steel machine .screw in the valve and the wearing of

the screw, and thus the flaw variation, were probably mini—

mal . For the 12.7 mm Raschig rings and 1nta10£@ saddles,

-~ the fluﬁ- rate was assumed to decrease linearly for each rﬁn

L

P u]

(Section 5.3.2.2). The wvalidity of this assumption is not .

known, but in view of the small flow rates decrease,-this

assumption seems reasonable. Since _the ‘coefficients. of
. ; , _ i

variation were  always less than or equal to [.2% (Table

S9.13), liguid flaw ratg variatinS'weFe considered negli-

gible. -

As described in Section 5.3.3, the effluent wateé tém—
perature was measured in an aerated basin, and the péssible
difference in tempergtufe caused ﬁy‘aeration was estimated
after alh; experimental runs were made. Be%ides liquid flow

rate, the temperature change caused by aeration depended on:
N *

i
-

the water and air temperatures and the relative humidity of

air, all of which were not controllable beyond a certain-ex-

g

tent; and, the rate of aeration, Ffixed by eye. Thus the

¥

temperaturé change for given experimental conditions could

v

not be determined with certainty. Since the estimated ef-

fluent water temperature change caused an NTU decrease of -

less than 0.5%, it Was considered reasonable to use the un-

~

corrected efflqent'water temperature.

»

The liquid temperaturé‘varied within a run, as well as

from one run to another.- Within a run, the influent and ef-

-

Il [ [
-
-
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v

flueﬁi water témperatures increased by 0.1 to 0.5°C in thé.

hour that separated the measurements (temperatures were mea-
sured before and after sampling). The effluent water tem-

perature was lawer than the influent temperature,‘but gener—

ally by 1less than 1°=C. Since the air was nat humidified,

Y

evaporaﬁ?on was probably the cause Df'thfs temperétuke drop.
These va;iatipns being shall, it wa; considered adequate to
use the average water temperature {average of infl;ent and
effluent water temperatures) in other computations.

For the same packing and flow conditions (e.g., Runs

18, 20, 24, and 27) the maximum difference of average water

A -

S )
temperatures (e.g., hetween Runs 18 and 20) was below 2.6°C

for &.35 mm Raschig rings and 12.7 mm Intalox® Saddlés, and

below 1°C for 12.7 mm Raschig rings (Table 35.14). These

dTT?erences being 'small, their effect was assumed to be neg-—
ligible, -
The plots of NTUT against Z (hppgnaix Fr showed no ab~

parent relation between NTUT and ;yerage water temberatures,

gas flow rates, liqufd flow rates, or: a combination of

these. ‘Since the temperature and flow rate variations were
small, the fact that no trend or link tould be seen_does Aot
mean that there was no relation, but merely that other fac—

tors had a more significant influence on NTUT.

6.3.1.46 Concentrations ..: y

As stated in Section 4.3.2, the coﬁceqtratiuns'of some

arganics in the stock solution had to be indreaséd Signffi—

.
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’

cantly between runs performed at 1.219 m and runsfperférmed
at 1.524 m of packed depth;;bbth during the 12.7 mm Raschig -

rings and Intalox® saddles experiments (Table 4.7). On the

-

,

‘plats of NTUT agéinst' Z (Appendix F); no varié;ioh of NTUT-

L ) -

consistent with concentration .variation could be aobsarved:’ ' .

~

For Intalox® saddles at medium flow rates, ,the data - fi::r'-'

!

chloroform, 1,2~dich10roethane, and ether, whose“concehfﬁqﬂl

- - B -
" '

"tions were not changed throughout the runs, wWere mgre lingar. ' .

(i.e., narraower confidence interval, higher rZ value) than,

the Dtherficompound's data; but the ﬁlofs for the other com-

pounds at this flow rate did not show NTQT variatioﬁ5\that

Al )

could be associated with concentration variations, and.no

similar situation was observed at the other flow conditions.

It thus appea?s ﬁﬁat influent organiQ cun;entrgéioné
did not  have a significant influence 5n NTL. Coﬁgequently,
resglts'of this work shoula be™, applicéple to Gloucester ‘s
landfill leachate and surrounding groundwater even thoﬁgh
the brganics concentrat;pns used were aifferént; the differ-

'
ence in wéter composition, however, may cadse discrepancies.®
. ; 3
7

»
L

6.3.2 Number of T}ansfér Units -

-

65.3.2.1 Empty Column NTUC

A% explained .in Section 5.3.6.1, the'emptyicQ}umn NTUC
vafuegﬁﬁere obtaineafat slightly lower liguid flow rates

than those at which packed column’ ekperimgqﬁé‘ were per-

- . .

formed;. Eq. (5.17), similar to an equation o%lRDberts et ali

« -

.(1982), das then Q%ed to detérmine NTUC at the desired flow

¥
‘

)

.
-, o228
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}ates TTabie 5;18). ‘Rmbents}et‘al-'s (1982) quadratit equa—-‘

tion was derlved for the case Df constant gas flow rate and

v, . - “ “. _

water temperature (su:h terms were nqt 1ncluded ln the equa—' v

.. - . ) L

tion’), and was used here fcr' varylng ﬂq and T.. ﬁ;nce’the

s ' FE :
. N

liquid flow . rate dev1at1ons were small, the changesfin;NTUC

% suggested by Eq.-S 17 wEre also small, and 1t wWas assumed -,
A' .
that the effect of Qo and T wuuld be negllglble.: W

. Y

TTable;S.le _adso sths rthat at all three .flow Eenai;P'

. - .
f e ., . -_ C e
T . ) . [}

tiuns, empty tolumthTUC 'values of trlshlornethylene nd

r

1 1- dlchlaroethane were close to each other. a slmllar 51tu—-;

at1on was Observed for toluene and- Chlcrcfarm at h;gh‘and

med1um 11qu1d flow rates, ‘but never ﬂur NTUC values eatrapo—’

-, lated from NTUT_vs Z plots (Table 5. 20). The emnty cUlUmn
‘NfUCAvalue",{or chloroform at IDw 11qu1d lew rate (Run 30)

-

appeared to be higﬁer than-it should be. And tﬁe Qneftl—

=

. cient pf 'varlat1on qf the effluent "Dncentratlon of chlord*

LI

v \
~form for Run QO ;was 15. 64, twace the value Dbserved in any

b . -

ctﬂer nun (Append1x D)- thls palnted tD'aﬁ 1su1ated errmr,

Y ahd toluene: and chlmro*nrm NTUC - varues wnuld probably have

been cldse tQ each. cther Lf this: error had nut Dccurred Y

L ~-

6.3.2.2 Comparisgn-df NTUC: Values = LT S

The empty cnlumn NTUC values were always beluw the NTUC

values extrapmlated frum 12. 7 mm Rasch1g r1ngs data' and

. \ + .

above the "NTUC values entrapolated frnm 12 7 mm‘.IntaIOXG

saddles data, except fur chlnrbform at‘mEHium arid ‘1ow llqu1d -
/

. fluw rates 'where the empty column/NTUC Naa larger than bnth”

—
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- R e ektrapelated NTUC'(Appendlx‘F).;\Emdfy volumn NTUC were also

e R ‘. “)_

e ‘.ly5ua}1y w1th1n the 957 ' c0q+1deﬁte interval® limits of" both

B N L3
- : -
- e 4 . e i

L ’eatrapolated NTUC ﬂ Fcr~ch16rnfurm, 1,2- dlchloreethane, and

RN " ~ T3, e

PR X ethernet medlum flow‘_candrtlons? however , Intalox@ saddles

e L] .
e Tex et S Cat - . ~ e
.. -~ W - - K

experimental ‘datd Was very Ifnear‘and the corresponding ton-

~ . e, .y N A
. .

"
[ -,

W fldencE 1nterva1 :ve@y narrow, “did- npt inelude the empty -
c = #_.- . s ¥ L g L -
ot ,'\_-‘.,'1; N Cg] umn NTUC val ue., ". h », . '-4_ ke ',"t:. -

b3
.

]

:f -7 o 35 The e:trapclated‘ NTdC ‘velues of 1;1—didhlerdethane,

a - > Y

= chlnrofqrm, 1 2 dlhhlnrcethame, 'and ether for Intalox® sad-
: N ., 2} \‘ ~ oy
' dLEs, at hrgh and medfum llduxd fluwe, were negat1ve' NTUC
, - ~ A\

valuEs of . chlnrm{orm~§nd ether. at 1ow llqu1d flcw, still for

.or ‘ -

: % -
1;jx\ Intalax@ saddles, were alsn negatlve Neqatlve NTUC values

- . , - ., 'L_.

Yy - "mean that Drganlcs froﬁ thé alr ‘were d15501ved ‘in tbe water
“‘. - S . | .

I

- above or below the packrhg. However, sifice the air compres-—
}h . o "

N SOr was ldcated in a separate room.where the arganics were
- | i b = E E -

.
ol i

L ome . S N . - |
%@"*Dnly StDrEd"fn sealed containers, it is believed' that the:

K - air was Free'efﬁ Drganfcs. : The large ratio of air to water
- 1 ) s,
E. ». flow also .suggests thab - air. above the packing was probably
v - b

o nt A

we - [N s b
e i

s:\ - . v ) .
b

Small (beluw 1_2 af thEﬁlowest NTUT obiserved) they may Have

- R

-bEEH caused by small errohe 1n.a few NTUT ‘values.

LY

o N

" . The Iack p? agreemént between NTUC values extrapolated

from,12.'7. mm Raschlg rlngs apd from Intalox@ saddles data

L
ol -

not saturated wL{h Qrgan1ce._;Tﬁe négative NTBC values being- -

- under similar test conditions, and the negative NTUC values
e - 1, ', o
T - " T \“b L

N o .extrapolated from some Intalox® Saddlesndata suggested, as

<
4

stated earlier by Reberts“étial._({982;_1985), that the flow

. ~. . 5 R - . ! - : S
R ~ conditions ‘above and below the packing were too different . .

-

(3]
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frmm-the plug f&nw observed in the packing, and that extrap-
olation from NTUT vs Z plots was not a suitable method of

assessing NTUC (Section 2.8). The empty column NTUC values

EY

were thus'qsed in further computations.

N

6.3.2.7 Selected NTUC

-

k]

-

"t Since no empty column tests were per#ormed'afﬂflqw cpn-

ditions similar to those for the- 6.35 mm Raschig rings ex-—

.

periments,hthe NTUC “values extrapalated from NTUT vs Z plots
-r1ment >

. : o _ . :
were used. The cpoefficient of determination, r=, values for

6. 75 mm Raschig ripgs data were similar to r2 values for the

' I

other two 'packings (Table 5.1%9), but as only three pacﬁin

depths were investigatéd instead 'of four, the confidence in-

-~

tervals were im@ch brdader and the NTUC-values correspond-

ingly less reliable.
The empty column NTUC values were aobtained from one ex-—

I

perimental run anly at each +lpw condition, and were accord-
ingly unéértain. In  all cases, however, the empty column
NTUC wvalues. were beiow 157 of the corresponding NTUT wvalues;
they were thus low enough that an error in the NTUC value

would have a relatively small effect on the NTUN values' obr-

N [
\

tained by Eqg. (2.350). - . . -

As mentioned in Section 5.3.9, the mass transfer rate
s . ! .,"-r
constants, K_a, were computed for each experimental run us—
R}

ing NTUN (Eq. 2.50) instead of NTU. The NTUC values used"Eb

,

compute NTUN were generally found at flow rates and'tempera—“

v e P

-

tures differgnt fram thbse at which ™ NTUT . was méésureﬂ.‘

i

Il L. -
' -

-

=
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Roberts et al.‘(1982) developed from their data empirical’:

)

correlations relating NTUC to Q@ and T at constant @, or to
B at -constaﬁtﬂQg and T. These correlations were specific
to their - Egpérihental conditions. The amount of NTUC data .

‘ available for this work wWas-tod:small to dgfive such corre-

lations. The effect of these - vairiables was, however, be-

+ lieved to be small (Section &.3.1.5).

Bl
6.3.3% Bas Pressure Drops

. .
T

3.1 Correction for End’Effects

[

" 4.

Table S.21 shows that empty column Apac values and apgé
" values obtained by extfﬁpolatiun from opm vs Z data for 2.7

mm Raschig rings and Intalox® Saddlés.differed by 30 tD’SOZ;
s ':.‘ _ J . . ’ ' . .
at similar flow conditions. Even extrapolated values were

-

f/dffferent for the two packings at each set of flow condi-

L

tions. Thits suggested that presguré drops out ot the pack-

ing were ‘caused by mechanisms different from those causing

-
.

bressure‘erpS in the packing, and ' that the two pressure

Yo

deps ﬁére ndt additive. Thejemptf calumn 8poe would thus
pe themretical}y better; howe;er, because of the poassible
'pre%sure drop “acrsss the shallow packinj layer present in
the emptf’ column, and because only ane eﬁpty column run was
performed at each flow condition, the extrapolatéa‘Apmc val ~
ues could @ be jgsﬁ as close to the true dpgc. Extrapolateh

.

Apme values were uscd in computations. a1
. . . .
' The cogfficients of determination for &par vs Z data

(Tab1e~5.22“, and the coefficients of variation for pressure



draop-per unit depfh, Mpa/l, data (Table 5.23% were good for
12.7 mm Raschig rings, but not as good for 12.7 mm Intalox®

saddles, and even worse for 6.35 mm Raschig rings. However,
[ ' '

AP and  Ape/Z values for 12.7 mm Intalox® saddles were much
. .

lawer than for 12.7 mm Raschig rings; thus a small absolute

error, on a relative scale, was much larger for Intalox® .

'

saddles. It can be noted that standard deviation values for

12.7 mm Raschig rings and Intalox® saddles were close. Far
6.35 mm Raschig rings, flow ccnditidns were very'closé to
the flooding 1limit (Fig. 2.4), and many factors, such as

liquid accumulation, may.have affected the pressure drop
]
values. The &poc and Apw/Z values were thus Expectedﬂto be

more reliable for 12.7 mm Raschig rings and.IntaIUNG saddles

1

than for 6.35 mm RaschigrninQS.-

R

6.3,3.2 Gas Pressure Drop per Unit Depth

The average experimental Apw/Z valueé.were all between

v

65 and 95%Z of the values predicted by Fig. 2.4. .Roberts et
al. (1982), on the other hand, reported measured pressure

»

drops of 6.5 to ﬂT‘Am ot water, while drops belong mm of
water were Expecéed;_they attributed their high upressu;e
draops to the effort put into achieving uniform packing.‘ The
low o8po/Z values of this study may be partl* due' to the lig-
uid channeling, and partly to the fact that.no effgrt.was
made to achieve uﬁifnrm packing. Each column section was

packed "wet” (Section 4.3.2), and if a large void was de-—

tected, the section was emptied and repacked completelvy;

~

.



1

this vielded porosities close to literature dry bed porosi-

ties (Table 5.27).

1
-

It is ,nct\gnnwn what caused the &pa/Z values to be so
low. A direct méasurement of pressure drop across the pack-
ing would ‘havekﬁﬁén preferable to estimation of Apac, 1f 1t

had been passible (it was impossible since water would have

¢ -

plugged the manometer taps). The good porosity values and

the low but reasonable aApe/Z values were taken as an indica-

ion that flow conditions and packing characteristicé of the

olumn were representative of full scale applications.

-

46NT.4 Other Parameters and Assumptions

.1 Liquid Composition and Volatility Range of Organics’

’

water ware recorded as indicators of the composition of the

backgrouny water th?oughout all the runs. The low coetfi-

cient of wvaciation values, 1.0 and 2.2% for pH and conduc-

tivity, (Table ¥5.17) respectively, were interpreted as i1indi-

cations that the|backgrougﬂ water caomposition was basically
- —

constant.
The six compounds studied covered a wide -range aof

volatilities (Tables 4.1 and 5.3). Even if the data far
: chlaroform and ether are- excluded from computations, the

Henry's law constants of ‘the other compounds c0ver1752.of a

logarithmic cycle. | s

274

The pH. and conductivity of the influent and effluent
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6.3.4.2 Isothermal Operation

Theipracedure applied to compute mass. tran%fer rate
constantsnassumes no heat transfer to or fram ghe calumn g
surroundings. Since the water used wéS;pumpEd from a tank
where 1t had stayved for over a da;, the water and room tem-
perature were close tg oneé another (Appeﬁdix ﬁ). The as-
sumption of isothermal operation was then justified.
6.3.4.F Mass fransfér Rate Constants

<
The coefficients of variation of Kr.a values at_differ4

ent'depthé, for the same flow conditions and packings, shown

in Tables 5.24 to 5.26, were never above 7.6%Z. A little

variation could be expected as Os, Q. and T varied from run -

to run (Tables 2.14 to 9.14). These low values of coef-

ficients of variation indicate the consistency of the data.
6.4 Mass Transfer Rate Constant Models
6.4.1 Application of Models

6.4.1.1 Applicability of Models

. :

Based Dn. a review of existing K,a currelatidn model 5
(Roberts et al., 1982), Roberts et él. (19858) stated that
the models of Dnﬁa et al. (19268) , She}wocd and Holloway
({949), and Shulmanlet al. (1955c), were puteﬁtia11y u5efu1
for predictiﬁg mass transfer in thercase of air ;tripping 5f

volatile organics from water. These three models were the



28

logical choice for further study of vaolatile organics air:

’ '

stripping. .
The models of Sherwood and Holloway ¢1940) and éhuldaﬁ

1l

et al. (1955c) could be applied, in this work, to 12.7 mm

Raschig rings only, since the values of some constants were
. N r )

-not available for the other packings (Table 5.27); for. Shul-
man et al.’'s (1955c) model, graphs of effective interfacial’
area against gaé and liquid mass flux also were available

~for 12.7 mm Raschig rings but not for 65.35 mm Raschig rings
or for Intalox® saddles. Onda et al. 's (1268) model could

-

be and was applied to both sizes of Raschig.rings. The wet-

ted specific surface area, aw, formula was derived for

’

Reschig rings, Berl Saddles} Spherés,'and\rods_made of vari-

ous materials (Section 2.4.4), but was also applied to In-

l

talox® saddles 1in this . study; this could be done becausg‘

Onda et al.’'s (19&48) model ‘s only packing related ﬁaramEterS'

are aec, _da, andl Oy wﬁich are Eéﬁd;ly évailable for %Dst
coémerciafly available packings. .

Ligquid and gas loaQing raﬁés used in this 5tudy wefe in
the rénge 2.5 < L < 4 kg/m%-s and o.ﬁs < G < Oqs'kg/mz'S;
Thesé are well within the ranges of loading rateé_in which
the three models were deQeluped and for which'thgy are ap-—
plicable (Table 2.2). The location of experimental condi-

tions on Fig. 2.4 is an indication "that the%ehloading rates

are in the range af full Scalejapplications—faading rates.

-

b

)

Pl
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- 4.4.1.2 Constants

\ 5 v R - ] - e

.

’

4 - i

5

‘- - o ' ~ ’ 4 . < ’
Singe the principal objective of this work was to find

out which aof the thfee models would yield the: best predic—

more suitable  for volatile -organics air stripping studies,

*

the values of « and n given by Sherwood and Holioway((1940)

were used without modification.

n

. (1935c), " the grapﬁs

o1

For the model of Shulman et al
available in the original .papers for the determination of
effective interfacial area; 4, and of total holdup, #., were

very small, and.plotted oan lngarithmi; Coordtnatéé, which

. made them difficult to read. The:correlation formulae for a

and #., given by Treybal (1980), being easy to apply with a

obtained from . the Correlafiaﬁs, for 12.7 mm Raschig rings,
did match thoée found ‘cn the ‘graéh;; thus, predicted mass
transfer rate congtantsnﬁill not ‘have been affected by the
use Df. the correlations.  Since the average water tempera-
tures were close to 20°C, the corrections suggested by Shul -
man et al. (1955a) for departure of-iiquid viscosity, den-—
sity, and surface tension, frD; those of water -at 20°C. were
found to be nedligible. 7

' uhén apply—'ing the model -af Onda et al. (1968), it was
found that total specific surface area, ac, values were d{f—
ferent from one publication to theAnext; the values of a. of

Ludwig (1979)  were used, since they had been deated in

1978. The model was not modified, but as recommended by

i tions, and ndt how one could modif§ the models to make them '

.calculator or computer, were yused. The values of a and #.



Onda et al. (1968) - for packing smaller than 13 mm, 2.0 was

28

used instead aof 5.2 as a constant in the ke formula. The=x

model was also applied .torlz; mm Intalox® saddles eQen

&

though thg S formula was derived from data that did not in-

¢lude that packing type.

6.4.1.3 Densities, Viscosities, and Surface Tension
4 .

The correlation formulae of Heggen (1983), used to com-

pute water density, viscosity, and surface tensiaon at expér—
imental témperatures, were derived from large data bqﬁes,
and the coefficients of deteraination wére good (above
O.??éB)Vin all cases. These formulae gre believed to be ac-
curate enough for the .purposes for thch they aré appliéﬂ

here. L . c .

/Least (1977) does not give any statistical information

about theJ dry air density correlatiaon formula, which‘is'ex—,

pected to be very aﬁcurate.' Since the wet, bulb témpe?ature
0{ the air was 'nét measured, its relative humidity was not
known, and 1t waé assumed to be dry. Thg difference between
dry and moist air',density istsmall,'and‘the compressed air
is no£ expected to be saturated with water; therefcre; dry
air déﬁsity should be a good approximation.

The air viscosity correlation formula perfectlf fit the
four data points used. to derive it'(SEEtion S9.4.1.4). iThe
coefficient of determination was 1.0. '%HE eéfeqt_of small

deviations from standard atmospheric pressure on air viscos—
. y .

ity was assumed to be negligible.

~
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6.4.1.4 Diffusion Coefficients
.The equatian. ‘Df Hayduk and tLaudie (1974)_ﬂés used to

compute diffusion, coeff1c1ents in water, D.. /Tuckeﬁ. and

‘Nelken (1982) réccmmended this method, stating that it was
: (. . } '
-easier to apply; it was comparable -or superior to other

+ methads in terms of input parameters, accuracy, and general”

applicability to a wide range of compounds; and,>because it -
was validated by a more recently compiled data ‘base. . Reid ’

et al. (1?77) also recommended Hayduk and Laudie‘s formula,f‘
¥

while Munz and Robherts (1982) used WllLE and Chang's (1933)

.. ' ‘) - ~
equation bectause it involved less empiricism.

“~ 1

To estimate diffusion coefficients in air, Do, Tucker
LY '

and Nelken .(1982)' stated that the Wilke and Lee , (1955)

@

method was. slighﬁly more accurate for ‘most compounds, and

should be used for polar acids and glycols, but that the

Fuller,'Schettler; and Giddings '(1966) method gave better
estimates fur’hafogen hydrocarbons. Reidﬁet al. (1977) réc-
. . ‘

ommended the method of -Fuller, Schettler, and BGiddings
1
. 1]
(19446) far ‘simple, nanpola?~ systems at moderate tempera-.

tures, and “the method- of Brokaw (196%) for systems contain-—

ing polar components. They noted , that their _comparisons '
(Table 11-2, Reid et al., 1977) showed the Fuller, Schet-
tler, and Glddings (19566} equa;inﬁ vielded slightly béﬁtef-

estimations than the Brokaw (196%) pr Wilke and Lee .(1955)

methods. Since the method of Fuller, Schettler, and Gia—

et
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dings (1966) was afso easier to apply than the others, it

L

was selected to compute De in this work. o
&
"6.4.1.5 Statistical Parameters -

¢
—

Besides the coefficient of determination, the standard

‘error of estimate, SEE, was used to quantify the 'amount of

‘érror involved in the predictions (Section 5.4.2). The term

1

N-2 was used as denominator when computing SEE [Eq. (5.32)1:

td insure an Unbiaééd estimate (Roscoe, 1969); similarly, N-
1 was used when CDmputing\ the standard deviatiaon [Eq.
(5.7) 7. It should be noted that the SEE implies the assump-

tions that prediction errors are normally distributed, and

s

that they aré eq&ally_distributed along, the range of values

(Roscae, 196%9)..

L]
»

6.4.2 Performance of Modelsg

If the correlation was perfect, then:

KLapr-d = KLacb-d .\ (6-2)

or 7

IDg:,o Kl._apr--d = Q0,0 + 1.0 log;o\ Kidabma ) ' . . (6.3)
- 1
If channeling in the column is important, the experimehtal

]

4

(Dbéervéd) K;a value may be lower than it would be if there
was no, channeling.' However, the pﬁedicted_KLa will not de-
crease unless some of thé experimental -conditions are modi--
ffedhto represent the effects of channeling (e.g., lower

contact area). It can thus be expégted, because of channel-

.ing, that abserved Kp_a will be lower than predicted K._a.

I3
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6.4.2.1 ‘Models Performance for All Compounds

TU a%sesg the peﬁ¥ormance of ‘the three ﬁqdélslfur alf
compounds, the rggressimn.equaffons, ré,, and SEEﬁ §§1ue;
givea in Taﬁlef5.35 for 12.7 mm_Raschigvgihés data fréh alir
six organics ca; be compared. It c&ﬁ-be seéﬁ"fhat the r=
valué for Onda et al.'§ C1?68} que{‘wéﬁ élibhﬁiy lu&er:tha;
F2 for Shulman et éi.'s (1955c).mg§e1; howéQéE;‘the regré;—{
sion equatiDn'?or Onda et al.’'s (19a8) mdael was the best 0%

all three, its intercept being closer to.zeroc and’ slope

cloger-to one. , Co j o )

N

If r= is related to the regression equation, SEE, an’

the other hand, is reldted to the 452 line defined by Eg.

(6.2); if all points were on the regression line, r= =.1.0;
but if all points were on ‘the 45° line, then SEE = 0.0. SEE
esti@aﬁgs fhe amount of error invaolved in the prediction, as
statéd éa?lier (Sectton’6.4.1.5). The Iuwest-SEE value wasi
computed for 0Onda et a}.fs (1268) model, follaowed by Sher-—
wood and Holloway's (1940) model. Shulman et al.’'s (1955c)

model yielded an SEE value slightly higher than the Sherwood

}

and Holloway (1940) SEE, but Shulman’'s regression eqguation

qnd r< value were better.

}he plots of predicted against observed mass transfer
ratercanstants (Figsx 9.29 to 5.31) can help to interpret
'theée values. Thus, Sherwood and Holloway's (1949) model
gave a ldwer SEE value than Shulman et al. ‘s (19535c} model,

and it can be seen.that some data points on Sherwood and

-

N
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n

Holloway ‘s plot  were-closer. to’ the' 45= line than any‘point

on Shuimah'sf plot. Shylman's data, hnwe¢¢r! were not ééﬂﬂ A

\
? -
DI
.

scattered, resulting in a ,hiéher r= valﬁeg Onda et al. ‘s

~.

(196éd”daté- were not as tightly,grmqped as Shulman et alj?s

s

(1955¢) data, but the grouping. was better than for Sherwood

and ‘Holloway's (1940) gata; the r2 values varied accord-
Y t v o .

ingly:

"

. It can be DDSEFVEQﬂ"Fid. $.30) that the Sherwood and
‘Holloway (1940) model ngdifted very similar Kea values for
given flow ﬁqnditimns 1n  cases where observed K.a ' values

were very different; it even predicted the same values for

1, 1-dichloroethane and 1,2~dichloroethane at given experi-

. ~ . ! . .
‘mental conditions (Table 5.32). Jhis is so because for alls

three models uséd, the only tompodndﬁdependent.variables {ﬁ}
the kLi ar ko expressions weré Do qnd Do, raised to thg
,.;pgwér 1/2 or 2/3,.respectively; D and De do not distinguish
befween isomers, Tthsg mol ar volume%.are’assu&ed to be the
SaAE.(Tablé,5.29). In the Onda et al.‘(1958) aéd Shulman ét
al.l{1?55c5 models, the addition of k. and ke to obtain Kia-

‘involved Henry’s law constants, whose values were different

fér ly,1-dichloroethane and 1,2-dichloroethane, yielding-djf;'

ferent Kia values. The Sherwood and Hollaway. (1940) madel,

huwever,'yields kKia directly. Roberts et al. (1985) also

noted that the Sherwood - and Halloway (1940) model gave the .

same K.a values for different observed values.

Fig. 5.31' shows that Shulman et al.'s (1955c) model

predicted similar K.a values for a compound at all flow con>

R
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d1t10n§, the range of pred:cted VLa values fnr each compoundn

¢ l

t
15 much smaller than the.correspondlng range tar the other

two models.  Roberts ‘et al. (19820 noted that Shulman etr
.o
al.’'s (1955c) model underpredlcted Iow Fra Maiues and’ over-—

-3 ooy kS

predi&téd high vaers, F1g. Se31 is in ghe range~0f RobertsEA

et alijs (1982) h1gh valueg, anﬂ:the mpdel doea Dverpredrtt
f::l_’.a_ - " . o .. . . . . . . ‘, ) ,..L ‘

s ‘ s 1 - .' oL
Onda:et al.’s (1248) model gave results that’ were not L

!

ag tightly grcuped as those of Shulman et al.'s (1955c) >

model , but that were spread more evenly arcund the 45° line”

\
’

(Fig. 5.29) . The values 1t ’pred1cted for or= compmund .or

for one flow canditlun,ﬁwerg not ' as, qlose td_bpe @"DthetlaS
for, the other models. : . f”_ _i : *ifl_ _"_ﬁin

'%he abavef analysis tends tDﬁSugéest ﬁﬁé§ Onda éﬁ:a}}jé
(196B)lmodel is better to predict KLéﬂfDr yéiatﬁ)é Drganiési*

A L

air ?i:ippxng. - ‘ S , v o

+

budp. 2,2, Exclusion of Chlofo#orm and Ether Data ﬂ

r

Since the 1ntegrat10n of the, ether peak 1nterfered wlth

~that of the chlorofurm peak (Sectlun 6 1.4) and the empty

‘cdlpmn‘NTUC .value of chlorofcrm at low 11qu1d ‘flow- rate,was"

“
)

suspicious (Section 6.3.5;1), the data far chlurnfo}m aHdL'

ether, cbuld not be considered as reliaﬁle as data for the

o
+

other four compounds. ., : : L
HTable 5.35 shows the regression equations, =, and SEE
values obtained for 12.7 'mm Raschig rings when the chloro-

form and ether data are excluded, Séulman'et al. 's (1955¢c)

.y
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;L fﬁ rej}eésiegleauafionxtdid npt change much;? buﬂ JAts r= value
~ : dreppeg, hDWE?EF, its SEE ;alue alsg decreased,.shdwlng that
; oo tée de1eted data was, farther away from’tﬂe 45% 1;ne thén the
i eemainlng data., \Bherénodi and Helloway‘s (1940) model had
: o Sy - S
:i?'7*hlts regre551on e&uatiod'imprﬁVedi'%fs r?ﬁﬂpé&?aSed, %nd?fts
f " :SEE*deéFeégedJifbutjthe'Qﬁ.;dieeri57st;il ve?biléw. Dnda et
o 5;“. rei.'sT¥L96E) 'regre551dn eqeatlon-beceee a;mo;t perfect (1 =
n-—OgQEIZ :' 0:0}_5 = 0. 9959 < 1. O;H 1£5 i vaIuE sllghtly 1n%.
‘_1_ 1";creésed, Qeeéﬁiﬁét*g;eater'khen Shulman ‘s r=, while the;SEE.
R K _ Lo N . _ . N
.o -valqeﬂﬁaefalée.impraLea. i'ﬁ? o 71* “}, a'ﬁ‘ “‘&

s % u  Itis clear in that case sthat Dndas-et al. s° (1968)

- -

A -.Hnw model periormed much better than the Dther twu mmdels.

+ : . - . -

L &.4.2.3 "Suamary . Lol CoT
LI . - + 'f_ N - B . . '7- W .
% 's-' ) Lo T i R Y".' o - L', EX h
,.f; - f_pf:the thrée'madele ?cpns1aered, that 1bffﬁnda~ et al.
L L 1968) perfo?meda_best.ih;-all cases studled. For the most
* . . : = »
1 [ . . .
vdlatiLe'cgmpounds '(trlchlormethylene\ 1 1 dlchloroethane,
. 11 ﬁoluene;7and chlornform}, pred1ct10d5 of‘the - Sherwood and
- T- Hoiioway‘(19402 .model may be suxtable ?Gr design purposes
E QQdeﬁL;Dﬁditipne 51m11ar to those studled herE‘(F1g. S.30) .
‘ ' The model DfﬁShulman etAaI. €1955c), howeye55 DVErpceqicted
k :k%a values for all eamﬁodnds; R .
R 6;4;3hhpplicaxfpnf6f thé]e_ﬁﬂdel totﬂtﬁerﬁbe;kings
' ' i ) Lt '-7 7 . ! - - ‘:" ‘_ N . ‘_‘ \_ . 1 Y ',\
S fSiﬁ¢E‘Dndé et s (1968) modéf'wasifhe‘best for 12.7
i, mm:RascHig rings, 1t5 performance fnr dther packrngs should
LT T
: L . " S g
" be examined. , ‘ o . -
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The data for 6.35 mm Raschig rings were not as reliable .

as the data for fhe.ether two packings, because flow condi-

-,

tians fur‘ these erpnrlments were near’ the column S flondlng

Ilmxtq, and because NTUC~value5 had to be extrapelated frnm

NTUT vs Z plnts -thh three ﬁata points. only (Sectinn
6.3.2.3) . The rESUIting'fegression was nat as good aslfhaf
for 12.7 mm Raschig rings (Table 5.35); excluding dhlorofefh

dndbether q;$a'51ight1y dmproved the SEE value and.the.re—l
gression‘eduqfiee, but tﬁe r= velue alsa decreased Sliggﬁly. .
-/k¥Ze_perfermance:.D+ the model of Unﬁa,et'al;-(1968) for &.35
eﬁ Rasch{g qings was cumpaeable fc th of the model of

Shulman et al. (195Sc). for 12.7 mm Raschig ringé;_hewever;'

F1q 5,h8 éhoeeuthe dgEa to.'pe spread more eVenly_than in
the case of Shulman et qlJ's (195ac) model . T
For 12.7 mm IntalD/@ seddles, neglectlng‘the ehlere;erm
and ether data meroved the SEE value; thE&r‘\2 yalue}Athet
w?e alreaay very higﬁ;n decreased slighfly; ‘The‘régreeeion
Eﬁaﬁétfdﬁedbtaiﬁbd yégs—Halfway betﬁeee.the'equafion }or bqea
R . Lo BRI N

et al.'s‘ﬂ(lqéa) model and that for Shulman et all)’'s C123%c)

+

* model for 12.7 mm ngchig rings data,vwhileT»theﬁSEé was
. by 3

hal fway betweenrlthaﬂ of Sherw od and Holleway =% \1940) and

“ai

that of Onda et al.’ s (1968) m dels, whlch “is 5t111 2ery

“low. Fig. 5.32 _shows thet the data ﬂEFE more 'tightly

grouped than the 12.7 mm Raschig rings deta, as could be ex—

pwected from  the hr@h\ = wvalue, but that all.values but one

W

were moderately Dverpredlcted. ${irL the low SEE and high

-

. =¥ values i1ndicated the model s prediction may be suitable

-
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»

for design, even though the formula for a. was not derived

‘for Intalox® saddles (Secfion &.4.1.1),

' 6.4.4 Compariison to Literature Results

-

= If the results abtained for 12.7 mm Raséhig rings when
Ehfnfﬁfoﬁmﬁand ether data were excluded ‘(Table 5.35) are.

.'.compared to the results Roberts et al. (1985) obtained for

]

12.7 mm Berl saddles (Table 5.34}), 1t can be seen that in

both cases, r* was. the smallest for the Sherwood and Hol-

-
-

'1Dyay (1940) model whife SEE was the largest for th model
of Shulman et "a‘l. (1955c). The nodel of Onda et al. (1948)
géd tHe largest.fz'and'tﬁersmallest SEE value.
- quute;ﬁs af nuﬁbers, the r= vélues of Table 5.35 were
smaliér than those of Roberfs et al. (1982); however, the
regreséion équation for Qnda et al. 's (1%468) model was bet-
ter than that of Roberts et al. (1982). The SEE values of
 £hi5 work also were bettér than those of Table 5.364, fér al}
model s, Thus, fér the model D% Ohda et al. (1%48), Robetts
et al. (1985) determaned that &B% of the predicted Kea val-
ues lied within a factor of 10°-°933 = 1,21 of the observed
values; in this work, 48% of the pradicted K. a values lied
within a factor of 10°-©22a = 1 _05.0f the observed values
for Raschig rings. For Intalox® saddles, 63% of the prd-
dict;; valueé lied within a factor of 1.11 of the observed
values.

The discrepancy between the results of Roberts et al.

-
(1?83} and those of this work may be due partly to the gas

T
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and liquid flow ratéé selected,.which kept the stripping
factoé above 3 while the lﬁading rates ware within the Fange !
of loading rates for which the correlations were deribed,
In addition to that, the Kea values of this work only Ecv—
ered‘approximately three tenths (0.3) of a log cycle, whi}e

the data of Roberts et al. (1989) coveréd 1.45 log cycles.

- !
6.4.5 Mass Transfer Rate Constanégjand Flow Rategh

As described in Section 5.4.2, average B, and'@e values
were plﬁtted oft logarithmic axes against average Kia values
dn &he figures in Appendix H. The data points were caon-
nected sy straight lines, and no attempt was made to repre-
sent any relationship by these lines.

As the ‘quuid flow rate, O, decfeased, the gas flow
rate, O, ’increased; one was not kept constant as the other
changed. Thus, variations of K.a as Qg changed for highly
volatile qompounds were in fact caused mainly by- the @_
variation Dccﬁrring simul taneocusly with @Gp variétiun. The
Kia values decrease with increasing 8e values, observed on
plots of 12;7 mm Raschig rings or Intalox@® sadd}é%/data'also

"

can be explained by @G variafions; constant or increasing
. -4
Kea Qélues would be expected"affh\inareasing 0o values, but
the'decEease in Q. simultaneous to Qe increase caused the
K a vaIQés to decrease:.
The (2.7 mm Raschig rings data plots shaw that the
/\\ '

model of Onda et al. (1948) predictions were clasest to ab-

served bhca values; predicted values were especiall'w close to

h1

.



observed values for 1l,1-dichloroethane, toluene and tri-

2449

/ chloroethylene (high H values). For these three compounds,

and for chlaroform, the predictions of Sherwaood and Hol-

loway ‘s (1940) model were closer to observed values than the

predictions of ’'Shulman et al.’'s (1955c) model. For the two

—

‘ least golatile cqmpmunds, Shulman’'s pred”ctions were claoser

. to observed values than ﬁredictions of the model of Sherwood
N and Holloway .(1940) at medium and at high liquid 1flows
' (medium and low gas fluws, respectively), certainly because

of the increasing iﬁpnrtance of the gas phase resistance to

mass transfer. .

Plots of the 12.7 mm Intalox®. saddles data show“that
predictions of the Onda et al. (1968) model were nDt. as
; Close to observed K_a valugs as.for 12.7 mm Raschiq rings,
but that they were still acceptable; Far 6.35_mﬁ'Ra5chig
r;ngs'data, Onda et al.’'s fl?éB) model did ndt_predict the
‘DbSEFVEd laower Kea value at medium liquid and gas flow
rates; errors 1n the NTUC values at these flow rates {(NTUC
were extrapolated for 6.35 mm Raschig rings: see Table 5.20)
may explain this drop in K_a véluesQ
- 3
6.4.46 Required Packing Depth Ratios
The values of required packing depth ratios given 1n
Table 5.37 apply Dnl}_to the specific case described 11 Ap-
pendix I. Some general conciusions can still be reached
from thege values. Thus, Onda =t al.’'s (1968) model pred:ic-

tions were good for all compounds, while, as could be ex-
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pected; predictions of the Sherwood and Holloway (1940)
model were good far highly volatile compounds (i.e.,

trichloroethylene), but not =so good for low volatility com-

249

pounds (i.e., 1,2-dichlorocethane); the model of Shulman et

al. (1955c) predicted K _a values with an error such that re-

guired Z were always 207 less than Z computed from‘nbserﬁed

Kea values,— for high as well as for low volatility cam—

pounds.
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CHAFTER 7

CONCLUSIONS AND RECDMMENDATIDNS
7.1-Conciu5ion5

-

From this StUdY; the 7.¥ofiowing con;lusians were

Eeacheq: - |

1. The corréction for end effects to be applied to the num-.
her of transfer unité (and to the gas pressﬁre drop) must
be obtained from tests 'performed in the column wlthoui'
paci:ing materia};. extrépo;étion fb a.packing..deptp\ of
zero Sf data collected at various pacéing depths.w;il nét
give accurate correction valués, “evgg at high strippinq.
factor (5) values. ‘ \

. The mass transfer rate constant Corre1ation model of Djda

i-J

. ra v ]
et al. (19468) gives better ‘estimates jof [L_a than the @od-

els of Sherwood and qulLﬁay (19240)\_or Shulman (Bt al.

. , ‘ — -
(1955¢c), at.’ gas and liquid loading rates typical of full

scale applications (Table 5.35, and fFigs. 5.29 to S.21).
- KO ) .
v The made! of 0Onda et al. (1968B) gave good estimates of

Kea for Intalox® saddles (12.7 mm), a packing type for

which 1t has not been derived; these results suggest at
|
— -
1t is possible that this model can be applied to other

¥

packing typés for whigh 1t was not initially derived.

S

s



h

7.

.

-

The model of Sherwood and ‘Holloway (1940) may give K_a

es{imates suitable for design purposes, ., for highly

L

volatile;campnungs, in specific conditions (stripping

\

factor 5§ > 10 to 15).

The maodel of Shulman et al. (1955c) should not be used to

- estimate K.a in volatile organics air stripping; it over-

predicts high Kia values, and is reported to underpredict

law values (Roberts et al., 1982).

N4

Improvements

Improvements that 'cphld be made to this study are

listed below:

1.

-

P

Organics analysis:

]

All compounds of interest should be.neatly separated

on the chrématograms, sa that no inESg?atiDn inter-
ference DCCUFSt ) ' f

Henry's léwrcnnstants: j .

i. Use larger gas tight syringes (100 ml), and-fifferent
syringe valves, to increase accuracy of determination

. . T .

and minimize losses.

ii. Another closed system method of determination should
be uéed to increase' accuracy of detection [the
'"Hultiple Equilibrations technique" may.beﬂappropri—

ate, dependihg on the results of Munz (1985; Sectian

3.1.2.3)]:/
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Z. Channeling:

i.

i

[

To reduce the- amount of channeling, - the column to

packing diameter ratio should be increased, and the
. N |

distributor cap should be changed so that the water

jets coming from it go straight down into the pack-

ing. *

"1i1. A tracer test should be performed to give an indica-

tion of the amount of channeling.

3. End(effects;

VJ}A packind support plate (gas-injection weir-type)

should be used at the bottom of the column, to facil-
itate reproduction of the packed column flow candi--

tions 1n the "empty column® tests.

Flow rates: - &

11.

Temperatures:

™

The tibe extendin@ from the wvolatile organics stock
Soluﬁion bag to‘the Teflon® resin Stmpcotk shauid bae
filled with liquid before evér; expér1mental run, to
hélp aobtain a &pnstant-5£ock solubtion flow rate.

é' flow meter should be used to monitor the column s
influent liquid flow rate, which could be readusted
with the gate valve.

g

The effluent water temperature should be mgasﬁred be -
fo?e the aerated effluent basins, to avoid the tem-

perature change caused by. aeration.

'@
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5

The cdmpreséed air should be saturated with water "be-

N

7. Air: - S .

- - fore reaching the packed column, resulting in less
evaporation of Ehe liguid -in the packed column.

8. Correction for end effects: .

Empty column NTUC values should be obtained at many.

tlow and temperature conditions, and empirical cérre-

lations between . NTUC and Qa, @;, and T should be de-

veloped,.so that NTUC can be known at any experimen-—

kY

tal chditinQS.

-~
9. Massjtranéfer rate constants raﬁgeé
Different gas and quﬁyd Ioading rates,.still Un the
range of typical full scalé applications/A;éluea,
éhouid be - used so that the mass tréggfé?'Fate con-—
sfant va{ueslcover a wider range. j
10.8ystem cﬁeck: _  ' °
) . Effluent packéd cofumn ailr samples sﬁould be CDI—\

lected to _éllow a  mass balance of the system to be

made.

N 7.3 Reummmendgtions. ‘
- - . , - .
Future research could look.into these topics:
1. Henry’'s law constants:
Experiment l‘investigatgon of the effects of soluté

concentration-apd af concentration of methanol on the

Henry's law constafbts.
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. Packeq’cnlumn air stripﬁing:

i. Application of the model of Onda et al. (1968} to

data gafhered from full scale packed towers uséd for
volatile organics air stripping. |

ii, Application of  the model of Onda et al. (1968) to

packings larger than.15 mm, such that the Dri;inal

form of EqQ. (2.3%9) (with é.E; as a constants may. be

used. -

iii. Application af the modél“qﬁ Onda et al. (1968) to
.. B C/ .

other packings +for which it was "not initially Te~

rived.



APPENDIX A
EXFERIMENTAL DETERMINATION OF HENRY 'S LAN’CGNSTQNTS
The experimental data and results of first calculations

for.Henry's law constants determination are preseﬁted'in the

tables following'this-sample calculation.

[

Table 4.1 1lists the abbreviations used in the _table

headings. ‘ | - ; &?'

A.1 Sample Calculation

\
-]

Note: since concentration ratios are always used, the
concentrations in 3g/1 were not cmnvertgd to kg/m=.
For syringe no. 1 and l,l—dicklorcethane,‘at 192.9=C:
Losses:‘, '
“initial concentration (hg/l) Cio = 1366.3

concentration after
' one day (ig/l) Coa = 1315.3

.. " Cuea 1315. %
ratio . ——— = === = Q.94247
. CiLo 1366.3 -
N ]
Henry's law:cnnstants:‘

, initial concentration (Ug/l) Cio = 1313.7° ‘
equivalent initial concen- 7
tration accounting for ’
losses of a day (ug/1) Cia = 1313.7 x 0.96267

()]



‘Equilibrium concentration

(ug/1)

Henry’'s law constant (-}



:T'able A.l:

257
¥ LOSSES IN SYRINGES, 19.9% :
Syringe Paremeter 1,1-DCA Ether CHCL, . 1,2-DCA ICE Toluene
Clo 1366.3 904.81  7557.4 16466.3  1829,3 - . 1589.1
1 ¢ ; 1315.3 858.58  7286.5 1383.1  1640.8  1467.3
CLl/CLO 0.96267  0.94891 0.96415 , 0.94326 0.89700 0.92335
Clo 1374.3 902.75  7597.9  .1468.6  1840.3  1485.9
2 C,y 1294.8 845.34  7174.6 1360.0 . 1615.6  1344.6
CLl/CLO 0.94215 - 0.93641 .0.94429  0.91484 0.87790  0.90491
CLo 1356.2 897.39  7491.2 1458.4 - 1840.6  1440.5
R1 C,, 1285.8 842.45  7143.9 1357.2  1629.7  1312.4
CLI/CLO 0.94809  0.93878 0.95364  0.93061 0.88542 0.91107
Clo 1343.¢ 880.30  7424.1 1437.2  1819.9 ' 1409.8
R2 ¢, 1324.1 867.50  7305.9 1409.1  1673.4  1335.2
CL1/cLO 0.98549  0.98546 0.98408 . 0.98045 0.91950  0.94708
¢y 1384.0 914.97  7638.1 1483.5  1856.3  1494.0
3 c,, 1277.8 836.55 - 7070.8 1344.2  1578.7  1317.7
CLl/cLO 0.92327  0.91429 0.92573  0.90610 0.85046 0.88199
o 1401.6 919.48  7740.6 16496.4  1875.1 - 1498.1
4 ., 1300.6 847.43  7203.0  1365.2  1626.0  1335.5
CLl/QLD 0.92794  0.92164 0.93055 -0.91232 0.86715 0.89146
Clo 1348.8 888.74  7453.7%  1448.3  1830.5  1399:2
R3 - 1309.9 856.65  7242.8 |  1395.2  1636.4  1297.7
c C . -
L1/C . 0.97116  0.96389 0.97171  0.96334 <0.89396  0.92746
B - . .
Cly 1358.0 894.42  7494.7 1456.5  1840.9  1434.6
R4 C,, 1288.7. 841.79  716Q.7 1357.8 1628.9°  1307.4 2
FLl/CLO 0.94897  .0.96116 0.95544 ,0.93223  0.88484  0.91133 .

L3
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-

v s Tabﬂé ﬁ.%:

’ RV . e . S C ~. ' L .
AT HENRY!S LAW CONSTANTS, 19.§°¢ = .. ' ° i
Py T T =
Syringe Parameter {J'.l,l—DCA Ether cac%; : ‘_1.2—DCA.lJ-TCf:’ \ Toluene
¢ - L 1313.7 879.10  7275.6 . | 1422.3 1736.6'y " 1376.7
Cry 1264.7  834.19  7014.8 1341.6 1593.6 1271.2
1 cf" 1112.2 . .852.23. 657613 . 1348%%" 126609109531
i H /7 ONIT . -0.021%~0.075  -0.005*  0.280 .16l
- ‘ Clo 1353.7° ! -899.17 _7485.2 1458.3 ,7.1835.9 1503.3
oy 1;75.4 hqa{.gg 1.7066:3 - 1334.1 = 1611.7  "1269.9
2 c; 1088.9°  830.86  6399.5 1319.2 12259 1065.5
. Ho o« 0.171 0.013 °©  0.104 0.011 '0.315 0.192
Clg 1401.5 918.73 "7733.01 1493.8  .18@2.1 1494, 1
. Cpy 1328.7 862.49  7374.5 1390.1 1666.4 1361.2
R1 ci 1066.4 ©  805.45  6244.8 1280.7 1210.4 1306, 7
H 0.246 0.071  0.18L 0.085 0.377 0.062
Lo 1389.5° 908.63 7669.7 1480.2 18622 1513.7
Cry 1369.3 895.42  7547.6 1451.3 1712.3 1433, 6
, R2 cf 1057.8 814.05 6200.7 1286.2 1175.3 % —-oe- n
H 0.294 0.100 0.217 0.128  0.457 mlemes
Clo 13744 900.72 '7580.8  1468.9 1861.0 4697
Cry i 1268.9 823.52  7017.8 1331.0 1582.7 12963
3 c, 1077.6 828.32  6331.7. 1310.8 1200.7  rul.s
0.178 -0.006*  0.108 0.015 0.318 0.198
. ~ € g 1417.1 930.69  7815.4 1516.3 419 14777
o L, 1315.0 857.76  7272.6 1383.4 168%.0 1412,
4 c, 1048.1 802.99  6164.8 1273.0 Li48.9 SRS
H 0.255 0.068 0.180 0.087 0.466 0.4
Lo 1391.7 913.28  7686.8 1487.2 18643 La77.6
Cry 1351.6 880.30  7469.3 1432.7 1666.6 1370.4
R3 ..~ -cE 1084.8 820736 6341.1 1304.5 L218.% 1625.6
0.246 . 0.073 0.178 0.098 0.368 ~0. 157
Lo 1378.6 903.46  7612.2 T471.3  1844.9 14580
‘ Ciy 1308.3 850.30 © 7273.6 13716 1632.4 1328.7 °
B o CE 1083.0 820.10  6334.3 1302.4 12168 1114.9
H 0.208 0.037 0.148 0.053 0,342 v.lg8 e
.- * Result phyﬁically iopossible. All resules for thé syringe conc;rned Dere not vsed Ln

subsequent cooputations

** False result due to a malfunction of the intégrater.
concerned were’ not used in subscquent computations

All resy

)

L

‘or

tha

-
\l

e d
sTringe
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APPENDIX F _ >
NTUT AGAINST Z PLOTS

The following figures are plots aof NTUT against Z,
along with the best fit line and confidence interval limits
for each compound and fluv condition. Equations of the hest
fit line

and coefficient - of determination values are given

on =each plot. Empty column NTUC values are also plotted

where available.

(‘\
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AFPENDIX G
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.
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EXPERIMENTAL AND PREDICTED MASS TRANSFER RATE CONSTANTS

a

. \ ..

A sample calculation of the experimental mass transfer

ratg'ccnstanF: Ku@; and of the K_a valuesipredicied by the
madels of 6naé et al. (1948), Sherwood and Hﬁf{oway (1940},
and Shulman et al. (1933c), is given below. rFLsfings of. the
Fortran WATFIV Arograms used to pefform the computaﬁimns fgr

r

all experimental runs follow the sample calculation.

G.1 Sample Calculation

The calculations for 1,i-dichloroethane and experimen-—.
tal Run 1B are presented in the following sections. Symbolé

used in the computer programs are also used below.

5.2 Input Data -

NTUC = NTUC = 0.321 N

z =Z - =0.914

Qe = QL = 2.35300 % 1075 m3/s

U = QB = éiﬁ.SO » 10;5 m37;. '
TWA = 23.825°C (packed column room temperature)
TA .= 23.47S°C'(IiQuid's avérgge tempgfafure)

ps = PR = 7462.10 mm Hg : -

NTUT = NTUT = 2.736 "
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»

G.3 Flow Rates .

&
The ligquid and gas flow rates were multiplied by 60000,

to convert them to 1/min, and for  each flow condition

(approximately same @ and Q& value, only packing depth dif-

fering; e.g., Runs 18, 20, 24, and 27}, the aQerage, stan—

dérd»de@i@tion, and standard deviation/average ratio were
computed [Egs. (5.6) and (5.7)1. Similar computat1on5‘were

pﬁesentéd in Appendi&es é\dnd E.

t .
G.4 Experimental{Mass Transfer Rate Constants : '

The liquid density and mass flux were computeJ‘as in

o+

Section C.4, vielding:

297.13" kg/m™

PL=RL

L =L = 2.890 kg/m=3-s .

Voa

From Eq. (2.350): NTUN = NTUN = 2.736 --0.321 = 2.415 -

From Egs. (2.16) and (2.22)

-

n e

Hea = KLAO

KLAD

2.415 x 2.890 / (997.1F x 0.914)

7.658.x 10-3 g1

.
3

G.S Predicted Mass Transfer Raté Constants

a .
- 2 -

6.5 { Density, Viscosity, Surface Tension

~
The& parameter oL was needed only for Onda et al.’s

(1948} modél, whHile Sherwood: and tHolloway's (1940) model

requiréd only f_ and dc.
\J . .
a

g
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. J * s ) .‘ ‘-‘.\ . A
From Eq. (5.29) " 5 . .
~23.475°-7 .
B = ML = |0.203519 + 1.5883 axp —————=————- X 10—~
- . 22

ML = 0.933 x 10— kg/m-s

From Eg. (5.26}

’

T 0L = SL = (20987 - 92.613 x 23.475)°- 430y 10-3
~ M “
. .. SL = 72.199 x 10> kg/s* , B
.. . \ ! oo 4 . ' ' )
*Fram Eq. (5.27) . .
. - 1.2935 762.10 . -
¢ e = RE S e L e
: L L1 # 0.00567 x 232825 " , 760
RG = ,1.192 kg/m> . R
" From Eq- (5.28). S S T
, o = MG = (1.71 + 0.005 x 23.825) x 10—3 .° ’
MG = 1.829 x 107> kg/m-s T

G.5.2 Gas Mass Flux, and Henry's Law Canstant

\

From Eq. (5.24): G = G = 314.50 x 10~ x 1.192 / 0.008107 .

’ G = 0,462 kg/m=-s o R
. ’ 1 e ’ '
" Absolute liquid temperature: - - .

R Ta = TK = 23.475+273.15 = 296.625°K
' - ' o 1ast’ )
From Eq. (5.%):- H = H = exp ([4.7920 — ——e——— = 0.239
: y 296. 625

2’
k4

B.S.S'Diffu;fnn Coefficients
] - -

From £q. (5.29) : .-

' o 13.26- % 10—
Do = DL = |-~ e Xx10—2
: (1000 x 0.933F x 10-F):-14(93, 4)o-o0%

b

DL = 0.990 % 10—-% m=2/s : \ .
i - ’ . : \



]
N

vy

: ! v AN ; R
& " . . T S
e =3 . :.. . L
4 N
Absolute room temperature: . ot
, fP .~ b i} . ) . .
Ta = TWK = 23.825 +.273.,19.= 296.975°K .

From Eq. (5.31) S

.

- N

Mr = (28097 +.98.96)° / (28.97 x 98.9&) = 0.045 mole/g

i © L0-3F % 296.9754- 75 x 0.045472
Dm‘z DG = —:n-—:‘l—_—. ______ e et e e e e v e e e . 1O

‘.‘__&__FI"Dm Eq. 1G.30% - R .

- s W . "
3 \ ~ VU I(762010 7 760) (20.1%7F 4+ 79,9217
o DG = $0.65F x 10~ m3/s * -

e 4 ~ - ..

~G.5. 4 Sherwood and Holloway 's Fredictian
s LY “e :Aa - v
From Eq. (2.28) -7 .
- 0.9%T x_10-F - .
SeL N mm = 945,137
E 997,13 x 0.990 x 10-% - ¥
_From Eq. (2327) VN - "
=, T 10.3048 k. £.890|2-0-35
keay= KLAP = 10.764 x B8O x |———————————Zw=
. h 0,933 x 16—
_-\l' N ) 1 - .
N “ s % 945.149-3 % 0.990 § 10-7
Rl - \ )
N ., ELAF = 7.860 x 10-= s—*,
Ny, T T '

QﬁSlS,ghulman et al.'s Prediction
- -, A
_ S, i

Frdm Eqg. (2.37) T f = 1.508 x 0.01774°-37& = 0.331

Be = PT = ——— e = 0.084
0.01774=

From Eg. (2.32) €% 0.63 - 0.084 = 0.546

~

““From.Eq. (2.34)

“ ReLo = 0.01774 x 2.890/(0.933 x 10~%)

!

594.950
From Eq. (2.33)

Reop = 0.01774 x 0.462/(1.829 x 1079) 448. 107



From Eg. (2.36)
Sce = 1.

From Eqg. (2.31)
a = AE =

AE =

From Eq. (2.29)
ke = KL = 2
Ki. = 2

From Eg. (2.30}

From Eq. (2.7)
Fra = KLAFP = |——
2.
KLAP = 2.3

G.5.6 Onda et al

From-Eq. (2.41)

Vo

829 x 1073/(1.192 x 90:653 x
2

r ' i

10—7)

BOB ® 0_4:62 (’)-O‘l‘lld - .8e%0

0.99C x 1077

Q.01774

614 x 107 m/s

0.01774

X 448.1079-04 » 1, 4693°-35

614x 10~ 37.372

. 's Prediction

/

2.890= % 407
Fri = ———————m +————— = 3.4B5 x 10—4
F97.43= x 9.81
From Eq. (2.42)
Q. 462
REma = —~— e = 42.063
. 407 % 1.82% x 10-S
From Eq. (2.43)°
2.890 -
REL A & — e e e = 7.611
0.933 x 10—=

®x 54.930°-49 x F45.137°-°

Q.544)°- =~

Q.235x2.722x107=2x37. 37

&

397

-t



- ) : o R : 398
w s . . s
\f:] . ' ’
- 5 . *‘ 3 ' - ’ N :
From Eq. (2.44) - S
. - - 2.890= © . 7 ) <
L WeL = —mmmm e - = 2.850 x 107=
. ; 997.13 ;72,199 x 10> x 407 1 -
. v '. - -
From Eq. (2.30) L - T
; - ' . 61 10— o. 7o
aw = AE = 407 - 407 exp}-1.45 x|-———=s——feeor|x Z.6119-1
\ ) © . 172,199 x" 1073
N x(3:485x10¥ﬁ)-°-°§k(2;850x104“)°-fJ
y AE = 148.91% m=/m> oo
From Eg.. (2.43) . ‘ DR - n -
) . 2.890 ' LU - .
v M mtmmm = 20,800 -
e - 148.919 % 0.933 x, 10-= -
From Eg. (2.38) - -_ . \- Lo
e 997.1% —is
ki = KL ="0.0051 % |-———rs———~———- c——=Sl % 200800773
.- ' 0,233 % 103 » 9,81 i '”
“ % 945, 1T77°-3 (407 % 0.0127)°-4 -
KL = 5.07% « 10-= m/s ] ] _ ]
From Eqg. (2.39) . i

ko = FG = 2.00 %(407 % 90,6853 x 10-7) -2 x 62.0639-7

!

* 1.6PTIECT w (407 x 0.0127) =
EG = S.9225 % 107 m/s
From Eq. (2.7)

Kia = KLAP= |[———————femm— o b o
5.077%x10"5%148.919  0.235x5.925% 107 % 148,919

KLAFP = 7.2B8 x 165 g2

L™

G.6 Standard Error of Estimate

For Onda et al. ‘s (1248) model:

<

(109107.288%x10" — 100167.69Bx107F)F = 4.626x107°
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'
~

For a given .packing and @Ddelyitﬁe value of this-dif-

*efénce for all compounds.must be adgad; and’ then be divided

.
:

by N-27° The square rbqt of . this sum will yjeld'SEE.
. ! - ) ] * ' - . ! . ' ’ \ .
. 6.7 Computer Pragrams ) T . ’ S

i

~

' L}

. The following tﬁfee WATFIY programs wefe-used‘to com—’
. - , R T 1

1 - .
-pute experimental K d; and K.a predicted by the models of
Onda et al. (1968), Sherweod and Holloway (1940}, and -Shul-

I r - + . 3

@én\et al., (1955c), respectively. , '
’ ' S T - ; i . . : ’ ' )
These programs were slightly modified when the regres-—

s10n équatiaﬁ Euefficjenﬁs, rz;. and SEE were computed for

all-data'éxcluding.thé data for thloroform and éther.



23

dOonsl NP

11
12
13

1a

15
“16
17
18
19
20
21
22
23
24
2%
28
27
28

30

a1

32, .

33
34
as
3
37
38
39
A0
41
a2
A3
Ak
as

L 1]

-

‘

L

}

400

£408 . y : .
C, PROGRAM COMPUTING KLA OBSFRVET AND PREDICTED AY OWNIA ET Al
' USE DATA FILES "PR(PKIINQYINZI {NCY DATAT-{E, G. PR2 34 NATAY),
c - _ . !
¢ ASSIGN VARIABLES YYPE, READ INPUT DATA, AND PO INT S CME. . .
C N ! .
L INTEGER PKyRUNO(3,2]) . - . .
REAL NTUC(3,6] W28 g0 LA, 40 yAG T 441 g THLIN &) ,T ALY M) 4PBL3,04),NTY
! ST(B.“.G),SUMQL(D],SU“OGI3’0QUUOL%I3L,<UQQCQ|3I‘ ) K
- REAL PLll,hl.L(J.AI,NTUN[1.A,E1,KLAG(\,A,R! .
REAL AvoLtat,Avostar.snnLt3|.=muﬂt3:.qanLr-1,qxan|3- :
v REAL VLARUG) sVC (61 4MC 51,3018} ,8T(6} L -
REAL ML 13,41 p0L 134,50 ¢MLACTY A ,R} | . , -
REAL Q!j.#l.ﬂGJB.k),#ﬁlBs“’LT"3"I.THVI1.A|,@t!,ﬁ!,DTII,AI,ArtJ,J
SI,DG!J.E.GI,Hia.b.Bl.KLIB.Q.BI.KGta,avﬁj R . FE .
- REAL SL 13,45 ‘ s )
c } N
READ s PK 4Ny NZ4NC LT Voo
DO 10 I=1,N0O r - LR » '
. _READ.INTUC!I.JI.J:t,NCI .
. DO 33 K=1,N27 e - v -
A . REAﬁ.QUNU!I.Klp?lI|K!.OLII,KI,06(I,K).TVAIT.KIpTA(I.K),P
b ;) ] 1 - - . -
READ, INTUT [T 4K 4LA) ,LAZ1,NCY ¢ -
30 CONTINUE 2 v
10 CONTINUE R .
PRINT 20, 'THE FLOW RATES STUDTED AREI* T : -
20 FORMATI'1',T5,427) ’ u
* BRINT 40, "RUN #', TDEPTH','FLOY RATFES tLzvTNY
40 FcnwAT('-',Tza,Aa.Tao.Aﬁ.Tan,k1u)‘
PRINT 50,%'2Z (M) ', 'LIQUID,OL ", "6 AS,058" 1
30 FORMATITIO pAD T38,A0,TH0sAR/, 0" . .
DD 60 NM=1,NQ
‘ SUMGL {NM1 SSUMAG [NMI=SUMAL2 [NHMI=SUMNG2 (M) =0 .9 - ~
- DO TO NNZ1,N2Z . L
. suum,(uvg‘:slwoLHuk-a-ﬁoooo.-m_t\w,'m)
’ \ 5UMQL2INH]=SUHOL2IN“I0!60300.-0LtN0,NN|l!‘2 ’
. SUMQG {NM]) ZSUMAG [NMI£60000, QG 1N, NN
. SUMQG2 [NHM) SSUMQGEZINM] + (60000, en0{Nw N1 ee?
. PRINT bO-RUNUIN“.Nul.?tNM.NN:.aoooo.-oLrvu.unn,sooca.-qc
SINM NN :
80 :FURHAY(TZE.IZ.TBO.F5.J,TAO,rG.A,Twu,rs.21 N
T0 CONTINUE ) .
AVQL UNMESSUMOL INY) FNT
AVAG [MM) =SUMOG I NWIZINT '
X sooLlunlzsqprttN?-suuaL?fuu:-suunLcuu)--?lrcwz.ru7_1_ Pt
SDQGlNN_l'-'SQPTIIN?‘SU“’)GZ{NMI—SUMQG!NH] «e2] 7 IN7o{NZ=1 )} 1}
SAGL{NM) =SDALINM) ZAVIL INW) -
SAQGGINMI=SDOGINM) ZAVIGINUY
PRINT 90, 'AVERAGE ", AVOLINM), AVAG N
390 FORMATU O 4 T11,AT T4OFRL&TH0,F56,27" -
PRINT 100, 'STANDARD NEVIATINNTY, SDOL [NMt,SDQGINYY -
100 FORMAT(TE pA18,T674F644,T30,F6,21 . N
PRINT 110, *STANDACQD DEVIATIANZAVERAGE ' ,SAQL{NY) ,SAQGINHT
110 FOQMATlTZ.AZE,ThO.Fﬂ.3,T%O.FE.1,I.'0'I '

EO0 CONTINUE

[+
€ COMPUTE AND PRINT OBSERVED KLA'S.
[

DO—-130 M=1,NQ

.



A7
&l
. 'YK
50
31

%3
B4 -
59
56
57
L34

oo

-3 )
83

8% . .
i

T4

77

a0

83

a8
-89

92

99

1]

8
] 99
100
102
103

: 10a
108,
1067

. 1068 -
109

. 110 C
— 111

113
114
113
118

117
118
119
120
121

122

130 CONTINUE

160 FORMAT( =", 7, "'~

DO 140 NzZ1,47
. RLAM NI =10
LiMyN)=OLL

- po 150 II=
. NTUNT
KLaod{
1%0 . CONYINUE
140 CONT THUE

' THE EXPEPR
VT2,
CALL AVERAG{NQ,NZ4NC

PRINT 160,

- N ¥
COMPUTE AND PRINT PREDI
GC=3.81 H S5C=61
MAIR228,97 H
oM {13=131.39 H
MClal=119,.,30 :
VCI{11=93.48 ;
VClal=T76.98 H
VLB(11=107.1 H
vLALA)=92.) :
BOL1)=57041 .
@otal=6.457" :
BT{11=~1T760. H
BIlwl==1863. H
IF{PK.EQ,1) 'THEN DO
' P=0.00635
ENQ IF
IF{PK.EQ.2],THEN DO
< DP=0.0127
" _END IF o
IFIPK.EQ,3) THEN DO
DP=0.0127
END IF
DO 170 IL=21,NQ
DO 180 IM=1,N7
MLIIL IMI=
. RGIIL,IM)=
MGLIL,IMI=
TKIIL,IMI=
TeKITIL,IMY
t GLIL,IMI=2
; SLIIL,IM)=
’ AELIL IV} =
S(IL.T“IIJAT‘HL(IL.I“
£e (1000.oL(XLyIMI®"2/
. . DO 190 IN=
pLIL
' Lo Do lIL
SMAIR®MC(IN)I 1)} 74PBILT
HIIL,
. KLII%
s;--EOtaooo.-thL.xv
$,IM) /(RL{IL,IH)I DL LI
KGUIL
SL,THI 7LATeMG{IL,IM}]
$1)eeE/ (AT ODF)®*2
. KLAP

~ .
.
¢ v ¢
R
L N -
hd A
' ) -
N ~
00 .*1lea=1.9548/
M NI iM, NY /0.
1,MC
My NgT
My NG T
-

- =

+
ITMENT A
aS 21

SKLAORIUND]) .

CTED XL A'S USIN3
. H y Ex1./)
VAIR=2D.1
MC{2)1=98.9F5 H
MC (%1 =9R8,9F H
vct2y=r9.92’ :
VyCI%)1=79.92 ;
vLBl21393,.6 :
VLR{B)I=93,6 . s
BN (2) =4,790 - :
BOLS)I=1L1.472 + 3
BL(Z}%=-18%1. H
AT {S)=~54384. :
-1 " aTz784. [
- N\
L AT=A0T,
: AT=623,

~ .
4

02031941 ,5AR3EXPITAITL,
et D JO0ARTETTATITL,

1.293711

‘annA FT

oBALn? ?

1|=~furlu.u.rt1—~7uc:u.:ri
I) SNTUNIM N, TTLoLE% N7 (LM NI e Z (e,

“

at.’ MnDEL

H TUF22 uf Ve
actat=92 .15
UCIG):T&,'L'J
ver¥r=111.14
VELR)L=T1 424
VUATII=11%.7
VLB (FI=10%.1
ROT Y =25 747
apIs) =13 .70
AT(I)==A109.
QT {6)Y==4 958 .

TM) =#*0 .9/

L7140, 08 e TWAITL T}

TAITL 4IM)I+273415

STWALIL TH) +273.15%:

anT.

!M)'QG(IL.‘[HII"."L"}"‘LDT
-9z . 613eTafTL 411280

R TN Y
MR E L

- (-2
ITMYY*RRITL,

2
bl |

LOveaslTA(Y NI=&, 19 e1.68]"

~Y)

v -
fIGQ'OBSEDVCD\ WLA VALUES 11/5) ARE:'
L '

L]
FT60.~

‘

s, 1

s He I
NLHAZwN I 2
LW e
-l =w W M@
A = O KD P

L,IM,IN

-

[Le=FXP (=1,45%{SC/SL (TL, T

ZULLITL,, IMY /L

-w

1
eac s yC( TN *=
1

T
- RN - T

ATeNPIewQat
ATeNG[IL ,T¥, TN}/

e = Lo

Fl

1=1.7/1

LlIL.T"'“‘l.‘l“VL‘\(T!\ll"o.ﬁb
Mis e, 75 eSO-RT [MaT+MC{INI]

EYewn2)

10,207

.-HGIIL.TM)IIQG(IL|I'~|‘I‘Dql',IL' IM,

L15% (1000, 9L

(TL,IM}Iwa2e AT/GC) %3405
TLIIHM) ¢SLUTL 4 IM) @aTY ) 280,201,

91
e

QF-T‘tI‘JlfTKI IL.IH)‘
1000 *PLLTL, IV} ((‘*LI‘I’L.IH)‘GC!
™)) -'FIS__CQTtlgofJ"‘-OO-‘“LIIL

e110.99%eG (1
IN)

1o,/ IKL ETIL g TM, T NISAFLILsIMI D #L /1

»

"

401



402

1 ’
¢ N N i
) . SH|IL.IN.INIOKGIIL,IH.IN1-AE|IL.IH)ll - .

124 150 ' CONTINUE i \
12% 190 CONT INUE
126 + 170 CONTINUE -
127 . PRINT 200,"THE KLA VALUFS POFDICTED By ONMA ‘ET &t, FRUATIONS AQE:’
128 200 FORMATL ="', /7y "' ="y T2y A5S] N N
129 . CALL AVERAGINO NZ NG HLAP,IUND])

¢ . :
C  coMPUTE AND PRINT COEFF. OF DSTERPUWINATION, 9082, ANT 57F. {
c .

130 s:Gxn=51GKP:sxGKoz=srcKp2=qrcKnn:srcunaso.o' R
131 i 00 210 VYK=1,NQ ' ’
132~ DO_ 220 MM=1,NZ ' .- 4
: 133 - DO 230 MN=1,NC N Cov
134 SIGKO=<IGKnoAL061¢(KLAanK;uv.uu'i
13% . 510KP=SIGK°+-Ln010iKL-=|v<.vv.uu|| .
138 ‘ - sIcKOa:erKﬁz+ALﬂn10tKLAntuw'uu,u~)1..? ’
* 137 SIGKP2=SIGKPP2+ALNGLO{KLAD tax uw MNIY 0a? -
1. i . } s:cxop=sIGK1°4ALnn1otKLAdcuw,uu,uny:-nLon1o(<Lap¢u<
’ T L PLLER - .
1239 . .SIGM0p=erwnD+lALnG1o:kLnnuux.du.uun1—A1nc1o:xfxoiw
* SK MM MR ) 002 » " .
ILa0 230 CONTINUE :
, La1 220 CONTINUE oy Ct
142 210 CONTINUE ) , -
143 ) GENOSNOSNZONCOSIGKOR=STIGKO" o2 . )
144 DENPZNQeNZeNCeSIGKP2-STaNoe®2 . ‘ .
185 © ANUM=STIGKN2¢SIGHP=SIGKO*STIXKOR . e .
k 146 . s GNUM=NCS#NZeNCHSIGROP =S IGKO®SIGKP
1A7  AZANUM/DEND ° R .
148 B=BNUM/DE'ND - . : <
149 R2=(ANUM/SQRT(DENQEDENPI) #e2 . N .
. 130 SEE=SQRT(SﬂGMOPIANatN?ONC—Z.!1 . . )
1%1 . - PRINT 240,1L0G10 KLAP ='qA,"¢%,0,'L70610 xLaot !
- 152 240 FonnATl'—'./.'—'.Js.ﬁlz.Tln.F?.a.rzs,ua.v?#.rv.s,rns,.1og N
153 _PRINT 250, "COEFFICIENT nF OETERHT?ATIUN, neez:, nd . .
134 260 FORMAT('0 T, T15,435,T41,Ff.4) N . . . -
- 135 . PRINT 260,°STANDARD ER¥OR NF ESTIMATE, SEE! ',SEE ' ,
15% ZEO\FDRMAT(EO',T5.A32.Th0,ﬁ7.h.l.'#',I,'-',I.'-'l,
', 157 sTOP : ~ - -
158 END ’ “
N . € .
¢ SUBROUTINE COMPUTING AND PRINTING KLA, THFT? AVERAGE AND 5T7 DEVIATS.
c - . , , ) .
- ! . .
X 1%3 - ‘SUBROUTINE AVERAGINQ,NZ,NCsXLA,RUNO) ) -
160 INTEGER RUNDOL3,4) . ; . i
181 REAL KLAC3 b gB) pSUMK] T 461 4 SUMK2L346) - . »
¢ 182 REAL'AVK{3,6),5DK 13,87 ,54K13,6] .
“ 1863 ] : PR}NT 5104 "RUN !','TCE'.'I.I-DQA','TDLUENE'.fCHCLH‘.'l.Z-DCA'
. $, "ETHER p X ’ .
Y T 510 . 'FOQ“AR('—'.TgB.Aj,T33.l!,TkS,AT,Tst,A7.T?T.Aﬂ,Tq1,AT,T107,J5,‘ 4
“ - * T ] ’ - ' .
18% DO 520 LN=1,NOQ . . .
- 1EE ’ . pd 530 MI=1,.NC .
. 16T - ) ) Lo SUMK{LNyMIISSUMKZ [LNyHIV=0.0 .
i 162 530 . CONTINUE .. . -
h 169, = 520 . CONTINUE o . 4
L1700 iy DD 540 LKT1lsNQ . * -

- 171 o © B0 550 LMS14NC

L 0



DO 560 LL=1,NZ
SUHKIL< LYY= QUM (LK, LMY+t ALLS,LL, LMY
SU“KzlLK,L“)- U”K?lLK.L“lQ"(L!ILK LL.L"‘I"z

560 CONTINUE
AVEKILEKg LMY ZSUMK LLK LM} /N7
- SOK L K, L“"QOPT[IN?‘SU“KZ(L'( LMY= SUMK LK, L“)"ZIIIN

$ZeiNZ=1.11})
- SAKILKLMI=SAKILK LMY FAVY (LY ,L M)

3% 0 CONTINUE
DO S70 LJ=1,N7.
. PRINT S5A0,RUNDILK,LJY , [KLATLX LU, LTI LI =1,NC)
5AQ - FDQHATI'I’?S.I? TANTARI1IPEQ. 3,RY]}
570 CONTINUE
. PRINT 590, "AVFERASE" , | AV LK KNY ¥NS1,NC)
530 FORMATI®O® ,T11,47, rwo,:¢1o;q_‘,gx”
' PRINT 600, STANDADRN DEVIATINN' ,tSPK LK KM} X M=1 ,NC)
800 . FORMATI(TE yA19, T3 ,610PET,3,6X11
PRINT 610, 'STANDARD DEVIATION/AVEPAGE' yISAKILNy HK] g KR=1y
SNC)
§10 FORMATIT2, AZH.T11|GIFB.3 TAY)
PRINT 520,
8290 FORMAT(TL,AL}
440 CONTINWUE
RETURN ’
END hid * "
SENTRY

43



WNEBAFE N

s 36
k1.1

“AD
A1
42
L]
ALY
A%

A8

- 3

sJos N - N

C PROGRAM COMPUTING KLA 0@SFIVFY AND PRENTLC
¢ USE DATA FILES TPRIPK)INRILNZ)INCY NATA™
c - .
C ASSIGN NARIABLES TYPE,

c

-

aonn

INTEGER PK, RUNDL 3, &) .
REALNTUC(J.BI,Z(J.“'."Lt"u“|Qr"3v‘||
STta.a.sl,suqutar,suuonlal.sunoLzlwi:s

' REAL ﬂLt3.Al.Lt3.a1.Mfuulx.a.il.RLAntw
REAL &¥QL (31, AVAG{3),SNOL{3),5N0%131,5
REAL VLR (6] 4VCUIR) ,MCLAN,ANT &) 2T R,
REAL ML {3 ,4) ,DL 3,4 ,f),XLAPT3,Lyb)
REAL O(3ph]1 yRGE3, 0] M 1Y ea) ,TKII481,Tw
s;.octa.h.si.uta,a,at,KL(j.a,al,xnrj,a,
REAL SL{3,4) -

READ 4P 4NQyNZ,yNC
DD 18 I=1,NG
’ REAp.tNTuc:x,Jl,J=1,N:s " -
DO 30 K=1,NZ . -
. READ,RUNOTI K] gZ0TK) 0L T ,K
$a{I,KI} ‘

30 . CONTINUE

10 CONTINUE
PRINT 20,"'T+E FLOW PATES STUDIED ARE !

20 FORMAT('1',T5,A27)

e

READ, INTUT (T oK, LAT 4L A=1,KC ). |

.

TZD B Y SHERMNND

[ = PO AR
'

AND HOLLD#AY
DATAY . +

QEAD INPUYT DATA, AND POTNT % CME .

AL oa) T

Tw BL3gA) 4BR [ 3, a1 NTU
yanaz

g O

a1

LA ~
LTyt 5anaGiyy

.

i3 eat,GlY 6 PT LA, 6}, AE03,4
N .

1,QQ!T.KI'7VAIT.K|.TA(I,KI.”

!

PRINT 40, *RUM g7, "DEPTH',

'SLDW PATFS (L/uTNY? -

40, FORMAT( '~

Y, T23,A5,T30

W AS,TIN, A1)

“PRINT 50,727

lNl','LIOUI”.OL'|'GiS,Q1'

%o-FOQNATCTaa.As.Tza,Aa.Tso,As,f,'o‘:

DO 60 NHM=1,NG
: SUMQL (NM)=

SUNOGIN"]:EU"OL?(NM}:SU“QG?{“H]zO.ﬁ

SINM NN}

'

~ DO 70 NN=1,NZ -

SUMQLINY)SSUMOL{NM)} + K000, *QLINU, M)
SUMQL2|NM:=SUMOL2(NM!+I,caoo.-nLtws,uv:)--p
SUMOG LNM] =SUMAA [HU1+6 0000, 061N, MNY
5UMQGZ|N“|=SU“OG°l"“19(60300.-OGINM,NV|:--2
PRINT uo.RUNntNM.NNl.7|~u.NN).soooq.-:Ltvu,NNL,eoaao.-qg

~

FonMATlrzﬁ.tz.Twa,rs.3Lrao,rs.a.*¢o.rqLu
CONT INUE

AVQL INM] =S5UMOL [N¥1IN7T
AVOGINMI S5UMOGINUIINT .
SDQL (NM)=SORT(INZ#SUMILZ AN —SguaL (UMb e w2} 7 (N0 (N7-1,7]
SBOGINM)=5QRTI(N7#SUMIG2 [NHM) =SUNMAGINUL #e2] 7 [N78INZ-1. 1)
SAQL (NM)=5DQL{NHMY 7avaL (8K} _
SAQGINM] =SDOGINMY 7AVIS INM) 1

:Mj’

. - ’ -

»

] [l
)

n?VIATTﬂN'.QDOLlN“‘.ﬁOnGINF'

PRINT 50, 'AVERAGE ' AVAL (WM, AvVadINu]

90 FORMAT (0" +T11 A7 ¢ To04FR 4,TR0,K6,71
PRINT 100, 'STANDARD

100 FORMAT (TS A1 8, T&04FA 44 9F50,4F6,21
PRINT 110,°'ST

1146 2

FORMATIT2 jA26,T40 jFB.%,T50,76.3,/
60 CONTINUE :

COMPUTE AND PRINT, OBSERVED KLA'S

DO 130 M=1,NQ

ANDARD DEVTATIDNIANEQAG:',$l0LlN“).SAQG|Nﬂ|

,Iol‘

-



405

P

r D0 140 N=Ll,NZ :
" RLIMyNIZ1000 ,* (1,1 ,9848/71Q0RefTAIM N |<b Jes],_88]})
1 L(M,NI-GLI“ NI'QLIM,NIIO coAld?

“h ' DD 150 TI=1,4NC
I

s NTUNIM, N, TTI) SNYUT(™M TI)I=NTUC (M, TT)
[ wLAolu.u,:r1=vTu~tq,v,rr|¢Llu.u:f|=LrM.N1-ztn,~11
.y 150 CONTINUE
e 140 CONTINUE
LR 130 COMNTINULD
Ve PERTIAT 1%0.'THE EXPEQI“ENTAL (0P OBSEQVFD) ¥LA VALUES (1/5) ARE:" a
n ! L0 FOR“ATI =1,y '=?,T2,4572] :
e CALL AVFRAG (NQ N?,hC KLAD QUMpL ~
L CAOMPUTE anD PRINT PREDICTFD KLA'S USINA SHESWTINN AND HMOLLOWAY'S MODEL
.
" : AL=200, H SHN=0 ,3% v
f1 VLAT11=107.12 : vLBI21=813,5 : VLR I)=110.7
R VLDl a}=92,3 H VLBIS)=93,6 : CONLREGE)I=105.1
W't 0D 170 IL=1,NQ
i D0 180 IM=1,NZ
O] MLITIL qIM)Iz0,20%10+ 1 ,% A8 30 X0 TAITL ,IM) #8023 ,49/(=22,11) -
G DO 1930 INz1,NC
Ty DLUIL ¢ TMyINY =13, 2F /(ML ITL ,IMVi®sw1, 140y LA [(IN}®®eQ, 5891}
e KLAPLIL oTMM I NI=10.7642aL 0 [ 374 80L [(TLHTI¥) s/MLITIL,TM}Y
s-aIl.—SHNltsOnT(IOOOOOO.-HLItL,IVlIIDLlIL.I"!-DLIIL,I“.INIDIGDLIIL’
'S IM,INY 10,0009 ’ - .
s 1950 CONTINUE
e 180 CONTINUE
ra 170 CONTIMUC /
H PRINT 200, 'THE KLA VALUES PPEDICTED 3¥ SHFIWNOD AND MOLLOWAY ARE:*
e 100 FORMAT{ Y=t /7, 1=",T2,A%4) .
e . CALL AVEQAGINO N7 y NCyXLAP ,QUND)
C. COMPUTE AND PRINT COEFF, OF DETEPMINATION, R[ee?, AND SFF, ’
¢ R
70 SIGKO=STGKP=SIGKUZ2=SIGKP2:S TRKOPSSIGMAOP=0,.0
[} DO 210 MKX=1,NC
Al DO 220 MM=1,N2
52 po 230 MNz=1,NC
s : R SIGROSSIGKD+ALOGLOIXKLAQIMK ,uV _uNy |
1A . STIGKP=STGKP+ ALOGLOIKLADEM My wul )
A SIGKO2=SIGKOZ2+ALNGLOIKLANIYY ;Y™ MN]) ow?
8 - SIGKP2=SIGKP 2+ALOGLOIKLAP [MK ;UM aNEY ¢u?
t SIGKOP=STIGKOP+ALDGLO(KLAN[WMK &N MN))ealLOG10{KLAP (MK -
. Sy MM MN Y} . ke
aa SIGMOP=SIGMOP+ [ALOGIN {KLAD (MK, MM MY} ) —ALOGLOIKLADOLM
) LS GMH  MNLY feed R
sh 230 CONTINUE s -
an z20 CONTINUE
51 210 CONTINUE : -
w DENDSNUSNZ*RCRSIGKO2Z~SIGKO® &2
aa DENP=NQ+NZeNC®SIOGKP2=STGKPe w2 '
s ANUM=STIGK02*SIGKP~-SIGKNeSISXAOP
1 BNUMSNG*NZ*NC*SIGKOP~STIGHO® SIGKP .
g A=ANUM/DEND
97 BRANUM/DEND -
3y R2Z=IRANUMSSGRT (DENDSDENP) o2 :
wa - SEE=SOPT(SIGHMOP/[NQ®*KZ#NC=2,.1)) : .
100 PRINT 240,'L0OG10 KLAP =", A, '+, 0, ' L0310 xLAN® ’
ta1 280 FORMATL "=t 0/, 2t S TS AL,y TAD gF T o oT2RJAL,TZA F 7.4 ,4,T36,410)
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PRINTY 250 ,YCOFFFICIENT OF-JFTERMTMATIGN. Dewa; ', RY
250 FORMATT 'O ", T5,A2%,ThlyFRab}

PRINT 260, STANDAPD ERPOR OF ESTIHATE. SEFE: ', SEE
260 FOOQMAT [ "0 ', TS ,3A32 ,THOFT. h.!. -V gt =t 7yt =

5TOP

END ’ '

e N R E]

SUBRQUTINE COMPUTING AND PPINTING XL A, THEIR AVERAGE AND STD DEVIAT. -

SUBROUTINE AVERAGI{NQ NZ4NC,¥LA,RUND]
INTEGER RUNOD[3,4)
REAL KLAILD3 4 ,6) 4SUMKI
RO AL AVKI3. },5C0K 13,61
PRINT 510, RUN &Y, 'rCe

T

3F ) 3 SUVMK2 Y, R}
ySAK 13,6])
Ty '1,1=0CA° P TOLUFNE" 2HCLA ', T, 2~DCA"

Sy YETHER? . LA
510 , FORMAT [P =% g T233A5 ,T33, A3, TAR L A? ,TEL A7, TT7, A%, T91 , 47, T107,A%,
$/, ‘ -
0o 520 LN=1,NQ -
DO 530 MI=1,NC -
. SYUMKILN yMTI=SUMK2[LN,MI}z0,0 *~ L

530 CONTINUE .

529 CONTINUE . .
N 5S40 LK=1,NQ ' N '

N DO 550 LM=1,NC
' DO S60 LLTT,NZ

SUMK LK yLME=SUMK (LK, LMY sHLATLK,LL, LM .
SUMHZ LK LMI-SUMK2IL® LM + KL ATLK LL ,LM)es2
560 CONTINUE
- . AVEILK, LM SSUMK (LK, L4 /N7
- SDK(LK.LHl—SOPTIlNZ'SUuK?lLKﬂLHI—SU“KILK LM)e®2) /(N
$Z%{NZ-1.11]) .
SAKILK,LHI=SDK{LK,LNIIAVK(LK.LHI "

550 CONTINUE
D0 570 LJ=1,N2 N
. PRINT.S A0, QUNO LK, ] JY L EKLAIL® , LA, LTI ,LT=1,NC)
540 FURMATITZS.IZ.TBO {1PE9,3,46X3)
570 R CONTINUE . .
PRINT 59C, "AVFRAGE" , [ AVKILK KN) (KM=1 N} ]
530, FORMATITYO' yT1ln A7,T39,R(10FE9,3,4X1}))
) PRINT 600, "STANDARD OFWTATINANT , (SPK [LK KU} KU1 NC]
600 K FORMAT{TE 4A2 %, TID,6(0REG,3,6%X1 1
. PRINT 510, "STANDARD DEVIATIONZAVEDAGE" ,{SARKILH,HK]} 4KX=1,
$NC) - . :
610 o , FOQMATITZ,AZ6,TIL,6(FR 3,9x))
PRINT 6204 ° ¢
620 FORMATIT1, A1} ' :
540 covwaua . ;-
RETURN

END

SENTRY . !



N N

10
11

13

18

15
18
7
18
13
20
21

23

26

23
2
27
28
29
LT

31
32
33
3
as
s
37
38
39
0
41
42
L]
LYY
43

as

c .
C COMPUTE AND PRINT OB SERVED KLA'SJ
¢ A

e

sJ0B .

C PRO3AAM COMPUTING KLA ORSFAVE) AND PIEOTCTIN BY SHULMAM £7T 4L,
€ USE OATA FILES MPRIPK) INGIINZY INC] DATA™ (€. 5. P02 345 DaATA1,
< .

6 ASSIGN VARIABLES TYPE, READ T4ouT DATa, aRn ooTnT SCwE,

c . ' Lo

INTEGER PK,RUNO{3,4) o
YoTWAT N J&) 4T ALY, 81 48R (3,40 ,NTUL

REAL NTUCT 3,61 ,Z13,81,0L07%,4),0G1%,4
ET(3,4,F0,5UMaL 3] ,5UMBG0]), SUYAL2 (D) ,5UMa321)
REAL RL U3 dl L U380 gNTUNI Y A E) JFLATTIA, 6,5
RE AL AvoLlal,AVOGlBI,%00Ll‘1.<006(3|.QAﬁLlﬂl.F‘QG(!!
REAL VLB (K ¥CI6) yMC {8}, adis) ,a1(K)
REAL ML U340 40L{D,4,8) 4XLAP {3,k ,5)}
REAL o|3,4:,nGla.h!.Mnl3.4v.TK(3.AI.TH*Ii.ai.cts,a}.ﬂfll,hl,lsil,h
) pDGI3, hy6) sHII 8361 yKLUI 0 ,6) yKGII,u,h)
REAL SL (3 ,4) . e
c
READ yPK yNQ g NZZNC
DO 10 I=1,NAq
READ , INTUC LT yd ) 4 d=1,N%)

DO 30 K=1,N7
READ yRUNO LTI gW) o Z0 T, %) ,0LIT K1 4QGET k] s THALT (KIyTAIT K] ,P

$8t1,K])
READZINTUT (T 4K ,LAY ,LAZ]1,NC)
30 CONTINUE -
10 CONTINUE ! .n
PRINT 20,'THE FLD¥ RATES STHUDIED ARE:®
20 FORMAT(Y1' T5,A271
PRINT ao,'auu #','DEPTHY ,*S1L 0w RATFS [L/ZMTN)"
AQ FORMAT (%= T23,A5,T30,A5,T7a8,418) .

' "PRINT %0,"'2Z lMI' 'LIouTn, oL'.'CAq.on' .
Y =0 FORMAT[TJO.AE.Taﬂ A9 Tﬁo,As,;,lo')
DD B0 NM=1,NQ
SUNQLINMi—SUPQGlﬂﬂI*SUMOLZtNNI-SUHQGQIHM|_o o
DO 70 NN=1,NZ
suuoLtNP)—suuaulvv1+soono.-oLtvu.vul u,
SUMQL2 INM) =SSUMIL2 INME+ (52090, wqLTNY, NN]IAU?. ¥
SUMQAQG ENM)I=SUMAR (NM) +600N0, *OGINY, NN
SUMQGZ2INM) SSUMOGZ (N4} + (60000, %0a(NU NN ee?
PRINT B0 ,RUNDINM,NN] 4 ZINM NN}, 61000 *20LINM NNI,B0000.%QG
SINHM NN
80 FQRHATITzs,rz,Ylo,FE.JtrAD,FE.A,T!O,fﬁ-21 - .
10 CONTINUE )
AVOL{NMNI=SUMGLINYTIINY
AVOG (NM) =ZSUMQGINW) ZN7
SOQL{NM)SSART(INZ®SUMIL 2 NU)I=SUMOL{ NI =22 )/ (N7a[NZ
SDQGIN&I:SQRTIIN?'SU“?GZIN? —GUMOGINMY me2) 7 [N7Ze[NZ
SAQLENMI =SDQL ENME ZAVAL INW]
_SAQGI{NM)=SDAGINHI FAVAGINL] ’
TPRINT 90, AVERAGE ",AVALINM) 4AVAG(NV]
- 3o FDRHAT!'O':Tll s AT G T40FB .4 ,T50,F6,21}
S PRINT 100, STAHDARH othATrnw',snoLtuu\.squ(Nul
100 4. FORMATITE pAL8,T40,FRas,T59,F6.2])
v PRINT 110,'51A~onoo nEvrATION;AvrQAGF' SAQL (NMT ,SANG INM)
110 FORMATITR2 A26,T40 ,FR .3, TSO,FE.3,/,'0")
80 CONTINUE

- -
——
-

1

DO 130 M31,NO .



A7
48
49
50
51
5k

SA
5%
56
57
58

.33
82
55
5T
T0
T3
75
TS
82
(1]
a1
91
a9a
7
93
59

100

10}

102

103

104

108

106

107

108’

109
110

111
112
113

114

115
1186
117
118

119
120

c
Cc

c

DO 140 N=1,NZ : ! i .
RLIM,NI T1000+%11.s~1,9%40/10¢aneTAaty, N)=4, )01, 628)
LM N)ZQLIM, NI ®QL (M,N)/0,00%107
DO 1%0 II=1,NC f
NTUN{M,N I =N TuTtu.v.rrn-vfuc(u.Irl
KL AQ { M, FRNTUNIM N, TTY et (™, N7 {201y, NieziM, ~11
150 CONTINUE . .
140 CONTINVE N ‘
130 CONYINUE ~ s
PRINT 150.'THE Expsn:venrAL [D9 QRSEGVENY KLL VALUTS (17/5) arg; !
160 FORMATL ' =", /,"'=",T2,A62)
CALL AVEQAGINO.NZ.NC,KLAQ,?UNOJ . R
.

COMPUTE AND PRINT PPEDICTED KLA'S USING SHULMAN FT &L, “NDFL. -
BT=0.33114 : EPDIO0 .3 ] ns=b,0177s :
S0D=14,619 H SH==0.111 H E3la/}e
MAIR=28,97 : YANIR=22.1 "

MCI11=131,39 ' MG [21=9%,96 H MET3) =92 ,1% - .
MC{41=119.37 ; MC {B) =R, a6 : MCLRY S Th o1

VYCI(1)1=293.40 H —~ NCl2]1=79,92 H VCIAT=111.14%
VCl41=T6.98 : vC(B1=79,92 B VETRI =91 .24 )
VLBI11=107.1 H VLAI2)=93.5% H vep(vy=114.7? .
vLB(a)=32.3 H vLB(B%)=93.6 H VLB {RY=1.0h. T
BO(1)=%.04l H g0 2V =4,790 -1 ANt NI S28% , T4 .
BOt4)=6.457 H an (81 =11.A72 H AROIBEYI=13.704 .
BIt1)=—1768." H BI{2)=-1851. H AT 21 ==5100. ~
BI(4)==1863. H BI(BS)==4304, Hi ATLR) =~4 961,

. DO 170 TL=14NQ . ‘

4 DO 180 IM=1,NZ .
-HLl1L,1N|=o-zo11?-1.SaastFtOtT-trL,ru1--o.n/t-zz.l)
RGIIL IMI=14293/01,+0,003572Twd{TL,TI~) 190A(TL, T4}/ T7GC0.
MGIIL,IMI=1.7140.005*TWAITIL,T¥) . .
L O THLIL,IM)I=TACIL »THM)«273415
TWK(IL, IM)=TWALTL jIME+278,1%
0|1L.IH|=OG|TL.rv!-nPtrL.ru1fo nIA10T
QGUIL,IM}=0. 011148 L [TL ,TH)+0,14" -
PT:IL.IP):tvav.q-LtrL,ruul-onvrn:--z-z.94/19.--5 "
AEIIL.IMI:SD.(BOA.'GfIL,IﬂIISQOT(QG(Ithﬂlli"Q(IL,I“IQL
S{TL,IM)seSH . ¢ .
DO 190 IN=1,NC - - *~ i
DLI§L.T“,I“I=13.?EII“LITL.T”I"l.?ﬁOVLﬁlrwlttc_sqgl
OGL{IL,IM INY =T ¥W (TL,TM)ee] naSTET(tuAIReClININZH
SHAIR'%CIINI))IIIPB(IL.I*!1753.‘IV\I?..E&U'ITQ!"F]"?i
P HIILgIM INISFYP (ANITNI AT ITN I ZTHIIL, TMY )

. KL:IL.I»,:N)=zﬁ.1onL|IL;rv TN Z/({NS*1 7,291 2(1020.%0
ss-LtIL.tﬂl/MLcrL,rM)10-0.45-QQQT|~LIIL,ruitgn wess(RLI I, IMT oL L IL
S,IMLINIY)

KG(IL.IH.rwl=1.19~dochL.Tv.ru)/tcs-:o.--va-:x.-apo'
S+PYTIIL, ul)--0.35-105-G|IL.IM1-10.-0*IMGITL.IM!1o-o.ﬁt-txoo.-uslzu
S,IM)/{RGIILIM)*DG{IL,TH, TNV} *20.233
KLAP { IL g LMoy TNIZ 1o/ {1 ZINLITL JTM,TNY®RENTL,IM} ) 410/
SHIIL, IHM, TN} SKGITL ,IM,INI oA [TL,1IM)})
130 CONTINUE
180 CONT INUE r *

170 CONTINUE
PRINT 200
sE:?

200 FORMAT!'-

cAaLL AVERAG

*THE KLA VALUFS_DPEDTCTED BY SHULMAN ET At ,

g 73 V=" T2, A5 7Y
G (NG 4NZ, NC.KLAP UNO]D

/

-

\

EQUATIONS AR

408
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’\ c + ~ -
C COMPUTE AND pn:ur TCOEFF. or D‘TFPMINATIDN. ="2g ANC SEF.
c . . "
121 SIGKO=5IGKP=SIGKD2= s:axpz srrxao sxawno 2.0 o,
122 ‘DO Z10 MK=1,NQ . .. . 0
123 . DO 220 M4=1, . . .
124 .- C ,po 230 Mw LetC ! s -
12% SIGKO=STGXN+aL NG TOEKLAN M Wb, UND ),
126 - SIGKP=SIGND+ALNG1I0IKLAD (MK, wa L MNY Y . *
127 . ¢ GIGKD2ESTIGX noo-Lnn1o(xUA11u< MRV R .
128 o . CSICKP 2= STAKD 2+ 4L OGLAIKLAD (MK (U MR ) ra? .
- 129 ' . P 'SIGKop—sIGK79+ALoc1O|KLAntuK,uu MN1Y) e ALDH10 (KL AC I MK -
. . $oMM  MN T . N h - ! )
130 -t SIGHDP=SIG~"‘1°0|A'L,C'G].OleADt*w.yw.wue)—ALHG].U(KLAD,:M
- EK G MM MNT) ) P02 . .
13t 230 ' EONTINUE ) - . .
132 ‘220 *+ ¢ONTINUE , L v "
13 210 EONTINUE . . .
138 ) DEND=NQeNZeNCH*SIGKD2=5IGKOE? ' . -
13% ' "DENP=NQ®NZsNC®STGKP2-STIGXPwe2 ¢ ) i
138 . ANUMESIGKD2eSIGKP—-SIGKDeSISZKOP 3 L “

LT - BNUMEZNQ®NZ®NC#SIGKOP=STGKO®SIGKSP ! o i
o138 AZANUN/OEND . ) -
139 B=BNUM/DENO R . ..

1LA0 R::tﬂNuM/Sanlnaun-oeuniioaz . . .
141 SEEHSQRT[SLGHGP!!NQ‘H’-NCr?.l1 . .. .
142 prINT 240,%L0G10 KLAP 7',4, '+',3,% 17010 KLAn'- .
143, L, 280 FORMAT{ "= o /3 "=V g TH  AL2,TLA4F7,4,T26, A1, TR, FTeh Tas.a1ol ,
T Y PRINT "25%0, 'COEFFICIENT OF Jrrrunzuaftou. n--a-' dz . ,
L 1a% 1250 FOBMATIY0 ', T5,A35,TLl,FF.A) . L
148 PRINT 260, 'STANDARD E@PROR 21F ESTTMATE, seE s Y, SEE v .
147 260 FORMAT (70 '3 TS 4A32 4TUOGFT by 2yt ="t /7y =Ty/,'="1} "
148 . sTOP .
148 . €wo , .
" . < SUpROUTIHE CUHPUT!(NG AND PP‘I.'HTING 'KLA, THETR AVERAGE AND STD DEVIAT. .
< . S .
1%0 - SUBRROUTINE AVERAGINQ,NZ,NC,XLA,BUND) . - s
1931 / INTEGER RUNOI3,4&) - .
142 PEAL KLAtJ;&,S),SU-wla.BI.suuxzba,si : .
oLny \ .. REAL AVKL3,6),50K{31,8) ySAK(3,6]) N
184 - PRINT %10, RUN ¥*','TCZ*%,"'1,1- ZDCAY, *TALURNE® 4"CHCL 3%, "1,2-DCA’
~ $,'ETHER"® - . 1 .
1355 © 8310 '-] .FUQMATt' T2 AT a T TN A3 TAR, AT yTEL G A7 s TT T, ASa TI1 ATy T10TyAS,
S N 37 1 R , ' N .
1981 , ' DO %20 LN1, fa, ° . - ' .
187 DO W30 MI=1,NC o . . . 3
198 - L - ' ) SUMK [LNgMT L= <UMK2|LN,M11— 0.0 R -
. 1%% 530 : CONTINUE | -
180 520 CONTINUE .. ‘ . .
181, - DB %40 LK=1,NQ . ~ e
142 . . DO %50 LM=1,NC . -
163 . 8 _ 0D %60 LL=1,N2 ' * ]
184 suulex LM} =SUMK LLK, Lu|+xLAlLk L, L™
19% - . .. - squZtLK.LH)—squthK LMY+ XL ALK, LL Lijen2
L1406 L 1-X S - CONTINUE R
187 . AVEKILK, LM) SSUMKTLE LMY /NT | . -
. 188 - SDKlLK.LMI=SdRTl(NZOSUMKZILK LHI—SUMK(LK.LHJ"Z!IIN e

FZe(NT~1, ) .

. . . - - .
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% 180 X GAK(LK,LM) TSP [LKyLMI FAVK (LX JL M)
170 "y 950 A, CONTINUE .
17, & = Do %70 LJ=1.N7 .
1727 r - LPRINT S80,RuN0ILK, LI , IREBILY LI, LT (LT=1,NCY
w L73% %80 * r-oaun:nﬂ-r?.ho.suugq.\.sn;
g 1Y 570 CONTINVE ‘y
w1783 A PRINT 590, *AVERASF ,lAvleK,r'a'l,wu=1,qc'4
“ 176 %50 N - FORMRATLNO ' ..Tu.\n TAD,FL110F G4 ,8% 1)
SR Sadt : . . PRINT 600, ‘9yaNd ASD NEVIATIAN®, 15K LUK yXM) o M=1 4NC)
o178 5§00 i FORMATITE AL, T3 A, 6 [OBED I 65X - .
179 - v PRINT 610, "STANDARD DFVIATtnNIA\r"aAGE"‘,gsaK(Lw,nrn PN,
- sNC)
180 510 Q&AT(TquZ* fﬁl.&lrs.s faxn
181 - PRI T sz% - L=
L1882, = 620 “ FORMATITIVAL) . .
hop Ay Ny (940 CONT&NUE &
LJlaa RETURN N "
18% ENQ - - »
-~
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APFENDIX H
7 PLOTS OF FLOW RATES AGAINST MASS TRANSFER RATE CONSTANTS

On the fallowing figures, the logarithms (b;ﬁé 100 of
the average gas andl ligquid flow rates are plthed against
the logarithms éf the corresponding average abserved and
predicted maés\trans%er rate constants, for each backing and

each compound.
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Figure H.1
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Figure H.2
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, . . AFPPENDIX I ' ’ !

5 -N

‘ :
VARIATION OF TOWER HEIGHT WITH PREDICTION MODEL USED

Thg purﬁose of the following computations was éimply to

see the ! difference in required packing heights resulting
( .

from the wuse, in the packed tower design model, of a mass

transfer coefficient predicted' by one df the three models

studied or obtained from experimental measurements. - There-
S ,

fore, parameters were selected on the basis of convenience.

¢ -

The conditions of experimental Run 18 (temperature, BDn/Go

\
LS
ratio) were assumed to prevail, and the kK,_a and 5 values of

Run 18 were used,
-~ ¢ 1

[

Computations were made for trichloroethylene, chloro-

form, and 1,2-dichloroethane, using 12.7 mm Raschig rings as

2 packing. '

I.1 Data from Run ‘18

-

Liquid mass flux: L Z2.890 kg/m=-s

Liguid density = fo

997.13 kg/m=

Table I.1 presents the other data.

>

I.2 Concentrapions

[ i

Influent concentrations were selected based.on -the

Gloucester "landfill site concentrations (Table 4.1), except

_/



4=1

v .
o -
Table I.1: Data of Run 18
Farameter TCE CHC1 1,2-DCA
Stripping factor, S 23. 366 21.604 7.308

Experimental Kea (s—1)

Predicted Kea (s5—1)
(Onda et al.)

Fredicted Kea {(s—?%)
(Sherwood and Holloway)

Predicted Kca (s7?%)
(Shulman et al.)

7.901x107=  7,218x107F  46£.682x10-=

7.106%107= 7.204x10"= 46£.538x10"=

7.374x10~= 7. 213x 10"  7.881x10~-=

4
9.165%10-  9.260x10-= 8.319x10-3 _\

-

Table I.2: Influent and

Concentration
Iinfluent, Cy (lg/l)

Efflueqt, Ce (1g/1)

effluent concentrations

TCE CHCl = 1,2-DCA
250 1000 350 )
5 5 5




-~ GET
2 e
[ K *

. . - : t

for chloroform, thch was present in extremely high concen-

tration in the Gloucester grbundwaté?. The concentrations

r

v

used are presented in Table I.2.

1.3 Required Packing Heights . & o .
For TCE: i : ) _‘

From Egq. (2.19) . ) :
. 2% 366 (250/5) (53.366 - 1) + 1

NTU = |—————————— In{———— T
|5z 366 - 1 s 53. 366 : -

\ - I

NTU = 1.019 ' '

For experimental K. a:

From Eq. (2.14)

[N

HTU = 2.B90 /(997.13 x 7.%01 x 10-%) = 0.386 m
From Eq. (2.22) Z = 1.019 x 0.386 = 0.394 m
Table I.3 presents the packing depths computed for the other

Fia values.

™~



e

P

3

[

Z values (m) -

Experimental . . - 0,394,

2.211

2:215.

' . . " . ) . M -
o U ot / )
- . \ e
‘Table I.S:'Réquiréd'pécking depthé ’ N

Ll SR L ,

v Kia valué '™ B i TCE CHC1s 1,2;DCh
‘ S 1_: . ‘;NTG valies o .o
AR . 019 S.506  4.754 -

) ' ,'HTU Qalues ¢m) \ . . ‘

Expérimental- ' E ) ;— 0.386 6.462 0:454'

. Predicted (Onda et.al.) . St o.307 0.402  0.443
'Prédicfedﬂtshe?woqd'and Hbllo&ayf 0. 383 Q.366 O.Eéé
Predicted (Shulman et al.) ’I0q316‘ 0.313  0.348

- 2.062

Fredicted (Onda et al.) " o.a16 - 2.108
Predicted (Sherwood and Holloway) -0.390 2.017 1.748
/ , . ‘ .
Pﬁédicted (Shulman et al.) . T Q.322 ¢ 1,723 1. 6586
. !
. . ‘ )

4
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