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Abstract
Bunyakan, C., Tongsoy, P., and Tongurai, C.
Mass Transfer Coefficient for the Prediction of Volatile Organic Compound Evaporation Rate from

Water Basin: Effect of Wind Speed

Recently, volatile organic compound (VOC) evaporation from open water basin such as an
equalization basin in wastewater treatment plant has been recognized as an important source of air
poliutier.  The amount of VOC evaporation from open water basin can be predicted by using the
two-film theory that requires two mass transfer coefficients including k, and k . This paper studies
the effect of wind speed over water surface on the gas-film (kg) and the liquid-film (k) mass
transfer coefficient. A series of volatile organic compounds evaporation experiments were
performed in a wind tunnel-water tank system in which the wind speed above the water surface
can be easily controlled. The wind speeds were varied from 0 to 4.8 m/s. The water and the air
temperature were constant at 252 1and 28 T 1°C, respectively.

The kg and k_for various wind speeds were determined from unsteady state evaporation of
methanol and toluene from water, respeclively. The results indicated that kg, increased linearly with
wind speed over the entire range while the relationship between k_and wind speed fell into two
regimes with a break at the wind speed of 2.58 m/s. The mass transfer coefficient correlations (ke
and k ) were developed from the experimental data and validated by comparing the predicted
value of Ky .and the evaporation flux (N,..), which were predicted from kg and k_ correlations,
against the experimental data from evaporation of acetone and chloroform from water. The

predicted value of K, and N, . provided good agreement with the experimental data.

Key words : mass transfer coefficient, evaporation, air pollution, VOC
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Film Mass Transfer Coefficient for the Prediction of Volatile Organic Compound Evaporation

Rate from Open Water Basin

Charun Bunyakan1, Preyaparn Tongsoiz, Chakrit Tongurai3

Abstract
Bunyakan, C., Preyaporn, P.and Tongurai, C.
Fitm Mass Transfer Coefficient for the Prediction of Volatile Organic Compound Evaporation

Rate frorm Open Water Basin

The evaporation of volatile organic compounds (VOCs) from treatment, storage, disposal facilty
(TSDF) is an important air pollution issue because of the evaporation guantity and toxicity and/or
carcinogenicity. This paper concerns VOC evaporation from open water basins such as the egualization basin
and nonazerated surface impoundments in a wastewater treatment plant. The amount of VOCs evaporation
from open water basins can be predicted by using the two-film model that requires two mass transfer
coefficients including liquid-flm (&, ) and gas-film (k) mass transfer coefficients. This paper studies the
effect of the wind speed and water temperature on these coefficients. A series of volatile organic compound
svaporation experiments were performed in a wind tunnel-water tank sysiem in which both the wind speed
and the water temperature were easily controlled. The wind speeds and the water temperatures were varied
from O to 4.8 m/s and 25°C to 45 °C, respectively. The air temperatures for all experiment were 2822 °C.

The kL and kG for various wind speed and water temperatures were determined from unsteady
state evaporation of toluene and methanol from water. The mass transfer coefficients (k.r, and kG) were then
developed based on the experimental data to predict the overall mass transfer coefficient (KOL ). Unlike the
existing carrelations, our empirical equations correlate both the effect of the wind speed and water
temperature 10 kL and kG and have been verified by laboratory experimenis with three volatile organic
compounds (acetone, MEK and chloroform). Predictions of the K, by using these correlations were
generally in good agreement with the evaporation data supporting the use of the correlations to predict the

VOC evaporations from open water basin.

Key words : mass transfer coefficient, evaporation, evapcration, veolatite organic compound
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Abstract

Bunyakan, C., Tongsoy, P., and Tongurai, C.
Volatile Organic Compound Evaporation from a Simulated Water Basin with Uniform Temperature
and Concentration

The evaporations of volatile organic compounds (VOCs) from a simulated water with uniform
temperature and concentration under mixed VOCs and unsteady wind conditions were studied
experimentally to assess the validity of previously proposed mass transfer coefficient correlations for
predicting the evaporation flux of VOC from water basin. Two sets of VOC evaporation experiment were
performed in a wind mnnel-water tank system. Furst, the evaporation fluxes of acetone and methyl ethyl
ketone (MEK) were measured individually from the evaporation expenment of mixture of acetone and MEK
in water and compared with the values predicted by the two-film model. The results have shown that the
mass transfer coefficient correlations obtained previously from evaporation of single VOC from water
predict the evaporation rate of an individual VOC in mixture quite well. This indicated that the presence of a
second VOC in the aqueous solution does not have any significant effect on the evaporation rate of the
individual components possibly because their concentrations may be too dilute to exhibit any appreciable
interaction, The second set of the experiments was the emission of acetone from water under unsteady wind
speed with a wind speed range of 0-4.8 m.s . This study leads to a procedure for VOC evaporation
determination under unsteady wind condition using the mass transfer coefficient correlations proposed
previously, The results have shown that the mass transfer coefficients based on the VOC evaporation from
water basin under steady wind conditions can actually be applied to predict the time-average volatilization
flux under unsteady wind speed condition as well. The results from these two sets of the experiments
suggested that the mass transter coefficient correlations proposed previously could be applied to water basin

with unitform temperature and concentration under mixed VOC and unsteady wind conditions.

Keywords: emission, volatilization, mass transfer coefficient, volatile organic compound
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Abstract
Bunyakan, C., Tongsoy, P., and Tongurai, C.
Mass Transfer Coefficient for the Prediction of Volatile Organic Compound Evaporation Rate from

Water Basin: Effect of Wind Speed

Recently, volatile organic compound (VOC) evaporation from open water basin such as an
equalization basin in wastewater treatment plant has been recognized as an important source of air
poliutier.  The amount of VOC evaporation from open water basin can be predicted by using the
two-film theory that requires two mass transfer coefficients including k, and k . This paper studies
the effect of wind speed over water surface on the gas-film (kg) and the liquid-film (k) mass
transfer coefficient. A series of volatile organic compounds evaporation experiments were
performed in a wind tunnel-water tank system in which the wind speed above the water surface
can be easily controlled. The wind speeds were varied from 0 to 4.8 m/s. The water and the air
temperature were constant at 252 1and 28 T 1°C, respectively.

The kg and k_for various wind speeds were determined from unsteady state evaporation of
methanol and toluene from water, respeclively. The results indicated that kg, increased linearly with
wind speed over the entire range while the relationship between k_and wind speed fell into two
regimes with a break at the wind speed of 2.58 m/s. The mass transfer coefficient correlations (ke
and k ) were developed from the experimental data and validated by comparing the predicted
value of Ky .and the evaporation flux (N,..), which were predicted from kg and k_ correlations,
against the experimental data from evaporation of acetone and chloroform from water. The

predicted value of K, and N, . provided good agreement with the experimental data.

Key words : mass transfer coefficient, evaporation, air pollution, VOC
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8 hot water tank and temperature controller)
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Figure 2 Effect of wind speed on overall mass transfer coefficient for unsteady state

evaporation of selected VOC from water at 25 1°C.
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Table 1. The comparison of measured flux and calculated flux at various wind speeds for

evaporation of methanol from water

Wind speed Average VOC Average VOC
at 10 cm above concentration in Flux, Nyge ..
water surface, water, C (ﬁfi)xw
U gem, (MV/S) (mg/L) s
Measured (Eq.3) | Calculated (Eq.4) %difference
0.00 1002.22 0.352 0.333 5.61
0.46 843.84 0.791 0.783 1.13
1.52 688.23 1.387 1.384 0.23
2.58 618.38 1.465 1.464 0.06
3.37 544.28 1.842 1.826 0.85
4.21 567.32 2372 2.464 -3.91
4.79 517.75 2.874 2.763 3.85
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Table 2. The comparison of measured flux and calculated flux at various wind speeds for

evaporation of toluene from water

Wind speed Average VOCU Average VOC
at 10 cm above concentration in Flux, Nyoc avg
water surface, water, C_, ( 8:" )x103
U, (Wi92730170) (mg/L) "
Measured (Eq.3) | Calculated(Eq.4) Sdifference
0.00 107.40 1.097 1.066 2.89
0.46 48.89 0.497 0.512 -3.05
1.52 78.59 1.092 1.049 3.89
2.58 68.42 1.065 1.076 -1.04
3.37 112.74 3.236 3.165 220
4.21 54.95 2.500 2648 -5.90
4.79 45.57 2.5659 2.549 0.39
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Figure 4 Effect of wind speed cn liquid-film mass transfer coefficient for unsteady state

evaporation of toluene from water at 2511 °C
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Figure 5 Effect of wind speed on gas-film mass transfer coefficient for unsteady state evaporation

of methanol from water at 2511 °C
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The VOC evaporation from treatment, storage, and disposal facilities (TSDF) is an important source of
air poliution. Evaporations of 54 selected VOCs from TSDF activities have been estimated to range from
1,600,000 to 5,000,000 metric tons per year (Ehrenfeld et al., 1986). This paper concerns the evaporation of
volatile organic compeunds (VOCs) from open water basin such as equalization basins and nonaerated
surface impoundments in wastewater treatment plants. Many methods to predict VOC evaporation have been
proposed (Peng et al., 1994; Chem et al., 1999). The two-film model is the mast accepled precedure and has
been used to predict VOC evaporation from various systems (Achman et al., 1993; Hornbuckle et al., 1994,
Sadec et al., 1995; Braida et al,, 1988; and Olson et al., 2000}). The model, however, cannot be used directly
because it requires information on the liquid-fim (f(L) and the gas-film (kG) mass transfer coefficients.

Until now much effort has gone into determining a relationship between mass transfer coefficient and
wind speed (Mackay et al., 1883; Lunney et al., 1985; Wanninkhof &t al., 1991; Schwarzenbach et ai., 1983
and Bunyakan, 1998}, Since the water temperature can significatly influence the mass transfer coefficient, the
carrelation containing only wind speed may be flawed. This paper proposes the new mass transfer
correlations for open water application, which includes both the wind speed and the temperature effect on the
gas-fiim and liquid-film mass transfer coefficients.

The principal objectives of the present study were (1} to determine the influence of the wind speed
and the water temperature on gas-film and liquid-film mass transfer coefficients, (2) to develop an empirical
relationship which combines the effect of wind spaed and temperature on mass transfer coefficients, and (3)

to verify the proposed correlation against experimantal data.
Theory

Gas-fim and liquid-film mass transfer coefficients are obtained from VOC evaperation experiments
via two-film model, which is expressed as equation (1)
.  HC
N=K,: C -—F (1)
RT

Here N represents the evaporation flux across the air-water interface (mol m-s ), Kor. 15 the

overall mass transfer coefficient based on liguid phase (m s, CL and CG are VOC concentrations in the
bulk liquid and gas phase (mol L, respectively, H is the Henry's law constant (atm m*mol ), R is the
universal gas constant (atm m’ mol’ K", and T is waler temperature in K. Usually, the wind over the water
surface removes the VOG as they evaporated maintaining the VGG conceniration in gas phase about zero.

Under such conditions equation (1) can be reduced to

N = K,C, | @



The evaporation flux can be determined from mass balance arcund the basin and it is described by

dC
N=-h £ (3)
dt
in which £ is an average depth of water (m). Comkining equations (3) and (2) gives
daC K .
L = _ (8] 8 C-L (4)
dt h
Integration of equation (4} yields:
C K
In A = .-2Ly (5)
€. h

o

where (jL! . is the VOC concentration at time t = 0. By plotling experimental values of In

against t, the

Lo
K s obtamned and it can be described by Two-film model as
1 1 RT
_ — 4+ — (8)
KOL /(L Hk(}

where k, ana k, are the tiquid-film and gas-film mass transfer coefficlent (ms”), respectively. For highly
volatile organic compounds such as toluene, H is high (H >4.4x10” atm m” mol") and the evaporation rate

is a liquid-film control (Smith et al., 1981). In that case, we can dstermine kL from the measured KOL as

follows
k= Ky (%)
On the other hand, the evaporation of low volatile organic compound with H <1 23107 atm m” mol”
such as methanel is gas-film controlled (Smith et al., 1981) and the k, can be determined from the measured
K, . water temperature and H according to equation (8)

RTK
By = — 2% (®)
H

Experimental Methods

A seres of unsteady state evaporation experiments of selected volatiie organic cempeunds using
methanaol, acetong, methyl ethyl ketone {(MEK), chloroform and toluene from water were carried out using a
wind tunnel-water tank system. These volatile organic compounds were selected according to the difference
in mass transfer resislance. Since the evaporation of toluene from water was controlled by liquid film, it was
used to determine the liquid film mass transfer coefficient while the gas film mass transfer coefficeint will be
determined from from the evaporation of methanel from water. Chloroform , MEK and acstone have difference
level of resistance in liquid phase. They were selected to verify the validation of gas and liquid fim mass

transfer coefficient via the two film model. The expenmental setup is shown diagrammatically in Figure 1.
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Sampling port (6) insert to middle depth of water

from the bottom of evaporation tank

ater body

04 m

Figure 1. (a) Schematic of wind tunnel-water tank system for unsteady state evaporation experiments

(a)
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(b)

{1 water tank, 2 wind turnnel, 3 blower, 4 inverter, 5 water tank jacket, 6 sampling port,
7,9,10 pump, 8 hot water tank and temperature controlier)

—3 jacket circulation loop, ——9=  water tank circulation locp , —> wind direction

=> VOC evaporation direction, _._.___ water level in evaporation tank

(b) Top view of water tank and wind speed measurement positions
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Basically, there was a recirculating water tank, having a working section approximately 3.9 m long,
0.2 m deep and 0.4 m wide, located under the wind tunne! which was 4 m fong, €.5 m high and 0.5 wide. The
water temperature was regulated by circulating the hot water inside a jacket of the water tark. It provided a
good control of water temperature throughout the tank, as evidenced by the difference of the water
temperature measured at three positions zlong the water tank was within +1°C, The water temperatures used
in this investigation were in the range of 25-45°C as recorded by Scanning Thermocouple Thermometer (Cole-
Parmer Instrument Co.) The wind speed was generated by a fan mounted at the end of the tunnel. The speed
of the fan was controlied by an inverter (Novem Inverters NSP Series, Novern Engineering).

The wind speeds were measured by using air velocity meter (Model TRi-Sense, Cole-Parmer
Instrument Co.) at 10 cm above water suriace for 15 positions along the water tank (see Figure 1b). The

average value from 15 data points was then used as the average wind speeds at 10 cm (U ., ) for each

run. The Ul(]cm in the range of 0-4.8 m/s were investigated. The air temperatures and the relative humidity in
the wind tunnal were monitored for all experments using humidity/temperature meter (Moge! TRi-Sense, Cole-
Parmer Instrument Co.} and they were 26-3C°C and 70-80%, respectively.

Prior 1o starting an experiment, the YOC solution was prepared by dissolving the VOC in water to the
dasired concentration and 120 L of the prepared solution was charged into the water tank. The content in the
water tank was circulated at the rate of 15 L min ta maintain @ unifarm concentration, as evidenced by no
difference in VOC concentration ameng :ne samples taken at three positions shown in Figure 1. This
circulation rate, however, was low enough to ensure that it did net affect the air-water interface, The air-water
interface was affecled anly by the wind speed. The evaporation time varied depending on the evaporation rate
of the compounds. Generally, the experimsnts wera continued until at least 80-80% of VOC initially present
was evaporated. The VOC concertrations were analyzed by gas chromatography (GC). The GC (moce!
5790A, Hewlett Packard), using a flame icnization detector, was operated at an injection temperature of
250 C, a detector temperature of  300°C and an oven temperature of 80°C. The GC column was 6 ft long and
packed with 10% Carbowax 20 M (Hewisit Packard). The internal standard method was employed for
concentration analysis. Provided that the so ution is uniform the change in VOC concentration with tme can be
dascribed by eguation (5). Thus the KUL. kL and kG al various wind speeds and water temperatures can
be determined directly from the concentrzion-time data of each run. The experimental canditions are aiso

suramarized in Table 1
Results and Discussions
The evaporation experiments performed under a range of conditions were used to evaluate the

effects of the wind speed and water tempersture on the mass transfer process. The experimental results were

then used tc develop and verify the mass transfer coefficient corralations as detailed in the foliowing section.
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Table 1. Summary of experimental conditions

1.1 Influence of wind speed on mass transfer coefficient

Run Ui Esios Methanol Run Umcm —_— Teluene
No. (ms) c) Conc. (mg L) Ne. (ms’) ce) Cone. (mg L)
1 0,00 25 1112 8 0.00 25 319
2 C.46 25 1070 9 0.45 25 319
3 1.52 25 1122 10 1.52 25 319
4 2.58 25 1098 11 2.58 25 180
5 3.37 25 1056 12 3.37 25 319
6 4.21 25 1083 13 4.21 25 125
7 4.80 25 982 14 4.80 25 80
Run U10 - b Acetone Run U10 - S Chloroform
Na. (ms) e Cone. (mg L} No. (ms) CC) Cone. {mg L)
15 0.00 25 949 22 0.00 25 744
18 0.46 25 990 23 0.46 25 570
17 1.52 25 925 24 159 25 563
18 2.58 25 1037 25 2.58 25 536
19 3.37 25 959 26 3.37 25 547
20 4.21 25 1059 27 4.27 25 857
21 4.80 25 967 28 4.80 25 661
1.2 Influence of temperature on mass transfer coefficient
,
Run Umcm . o Methanol Run Eisiem - Toluene
Na, (ms’) (C) Conc. (mg L") No. (ms’) (') Conc. (mg L)
| 29 0.00 30 997 33 0.00 30 383
30 0.00 35 1270 34 0.00 35 407
31 0.00 40 1008 35 £.00 40 449
3 0.00 45 1001 35 0.00 45 550
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1.2 Influence of temperature on mass transfer coefficient (Continue)

Run i £ orer Acetone Run UlOcm - Chloroform
No. (ms)) cy | Cenc. (mg L) No. (ms’) gs) Conc. (mg L")
23 0.00 30 G524 33 0.00 30 610
30 0.00 35 931 34 0.00 35 599
31 0.00 40 974 35 0.00 40 509
32 0.00 45 806 36 6.00 45 585
Run e s b sz MEK Run ¥ . . Acetone
No. (ms) C) Conc. (mg L") No (ms™h e Conc. {mg L)
37 0.00 25 1095 42 1,52 31.5 §32
38 0.00 30 9v2 43 2.58 31.5 920
39 0.00 35 1005 44 4.21 31.5 871
40 0.00 40 1084 45 1.52 33.5 936
41 0.00 45 938 46 2.58 33.5 1021
47 4.21 335 1034
Table 2. The name and basic properties of investigated compounds
Compounds Chemical Molecular Henry's law Liquid Normal
Formula mass Constant density boiling point
at25°C at20°’c
(g mol b (atm m’ mal’) (gcm) (K)
Methanol CH.O 32.04 4.54x10" 0.791 337.7
Acetane CH.O 58.080 3.33x10° 0.790 329.2
MEK cHO 72.107 5.00x10” 0.805 352.7
Chioroform CHCH, 119,378 2.85x10” 1.489 334,3
Toluene 8.4, 92.141 8.67x10° 0.867 383.8




Influence of the wind speed and water temperature on liquid-film coefficient, k,

Wind speed dependency of &,

The K, was determined as a function of the wind speed with the water temperature at 25°C from the
evaporation of toluene frem water using equations (7) and (5). The dependency of the wind speed on kL is

shown in Figure 2.

60.00

50.00 1
s 40.00 a Data
E
ol 0 e - TR I I Eq. (9)
k™
= 20.00 Eq. (10)

- -O--
10.00 §--0O-
0.00
0.00 1.00 2.00 3.00 4.00 5.00

Uigem (M/s)

Figure 2. Evaporation of toluene at different wind speeds {t ... =25 )

From Figure 2, two regimes are observec. At U, < 2.58, kL was slightly increased with increasing
wind speed. However the kf_ was strongly dependent on the wind speed when it was higher than 2.58 m/s.
The wind speed above 2.58 m/s Is high enough 1o affect water interface and reduce the liquid film lzid below
the water surface. Conseguently, k,_ was increased significantly with increasing wind speed in this regime. To
obtain the k, correlation, k, of toluene was correizted with the wind speed. They are fitted 10 two linear
segments with a discontinuity at the wind speed of 2.58 m/s, which is the wind speed at which there is alsc an

onset of waves. The kr correlations for toluene are:

k,(toluene) = 233x10° U, + 971x10° (9)
For 0<U,,, <2.58 ms™and 25°C < f < 45°C

k, (toluene) = 189 x10° U,
For 258 <U,,,,, <480 ms~and 25 C <t <45'C

- 338x10° (10)
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k, (toluene) = (1.89 x10° U,,,,, - 338 x107°) (1.072)"* (14)
For 258 < U, <480 ms™and 25 C <t <45C
The kL correlations of toluene are then adjusted for the other VOC by using the dependency of mass transfer

coefficient on the molecular weight as suggested by Ratbun and Tai (Ratbun and Tai, 1988). The general

correlations of k, are

a5
k,(VOC) = (233 x10°° Uy, + 971 x10°°) (1072)% Pﬂ} (5
MW,

For 0<U,,  <258ms™and 25 C <t <45C

Ocm —

0.5
k, (VOC) = (189 x10° U,,, — 338 x10°°) (1072)*% {ﬂ} 18
Voo

For 258 < U,,., <480 ms?and 25 C <t <45C

Qcrr —

The molecular weight was used as a correction factor in our correlations rather than the diffusion
ceefficient as usually employed because of two reasons: (1) we have alrsady incorporated the effect of
temperature into the correlations thus there is no need to account for the temperature dependency on kL via

diffusion coefficient and (2) they are easily apphed because the molecutar weights are readily available.

Influence of wind speed and water temperature on gas-film coefficient, X
Wind speed dependency of k,;

The kG coefficient for various wind speeds was determined from the evaporation of methanol from
water at 25°C using equations (5) and (8) with the Henry's law constant obtained from literature (Staudinger et
al., 19986). Figure 4 displays the effect of wind speed on k. . From Figure 4, it is obvious that kG increases
linearty with increasing wind speed over the nvesligatad wind speed range. Unlike the kL. the k;was
strongly dependent on wind speed even al low wind speed regime ({/ ., < 2.58 m/s}. The relationship
between f(G of methanol anc wind speed observed in this work show the same trend to that obtained for
waler by Liss. {Liss, 1973).

To assess the influence of the wind speed on k; ., the k, data were corralated to wind speed using
linear regressicn. The result is given by equation (17). The index of datermination {i.e, R’) was above 0.99. The

linear regression line is also plotted in Figure 4.

k; (methanol) = 437x107U ., +2.25x107° (17)
For 0<U,,,, <48ms?and t =25C
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Figure 4 Evaporation of methanol from water at different wind speeds (t__ = 25°C)

Water temperature dependency of kG

At zero wind speed, the kG of methanol was determined as a function of water temperature from 25°C

to 45°C. The experimental results are shown in Figure 5.
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Figure §. Evaporation of methanol from water at different water temperature
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From Figure 5, it can be seen that kG increases with increasing water temperature. The kG at other

temperatures is then correlated to 25°C water temperature as described in the previous section

ks, (methanol) = k... (methanol )6 (18)

where 6 is a correlation parameter that can be determined by perferming a non-linear regression an kG—
temperature data. The best-fit of O was 1.034. The correlation equation of ks is then.

k. - (methanol} = k (methanol)(1.034)" % (19)

The combined effects of the wind speed and water temperature on & (methanol) are cbtained from

G,25°¢C

equations {17} and {19).
k. (methanol) = (4.37x107°U,,,, + 2.25x107%)(1.034)"® (20)

Equation (20) can be adjusted for other VOC as discussed in the previous section, hence one obtains.

0.5
k, (VOC) = (437 x107° U, + 2.25 x10? ) (1.034)"* 22T
MW,
For0sU,, <480ms*and 25C<t<45C
Equation (153, (16) and (21) are purely empirical based on the experimental data, Caution should be

exercised when extrapolating these equations beyond the experimental condition tesied,
Verification of the validation of k, and &, correlations

The kI_ and kG correlations can be used to predict the KOL of any interasting VOCs. To venfy tha
k, and k. correlations proposed in this work, the K, values of acetoene, MEK and chloroform are
calculated by using equation (6) with the /f values obtained from literature (Staudinger and Roberts, 1896)
and the K, values of these VOCs were also measured at various experimental conditions. The comparisons
of the expermental and predicted KOL are shown in Figures 6, 7 and 8. As shown in these Figures, ths
predicted K, are agreed with the experimental values indicating that the k, and k, correlations can be

used to satisfactorily predict K ,, at varying wind speeds and water temperatures.

The comparison of mass transfer coefficient developed in this work with correlation based on

boundary layer theory

The empirical of mass transfer cosfficient used in chemical engineering work i1s usually expressed in
the term of Sherwood number, Reynolds number and Schmidt number as equation (22)

Sherwood number = cons tan t(Re ynold number)? (Schmidt number)® (22

Although many correlations of this type are exist for many different systems, only the correlation
based on boundary layer theory that possibly be used to predict the mass transfer coefiicient for VOC

evapaoration from open water basin,
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These include the correlations for laminar flow and turbutent flow over the flat surface as shown in equation

(23) and (24}, respectively.

kL pUD/- 1727 H 143
— =0.626
5 ( P ) (pD) (23)
For Re < 5x10°
0
aa 20037 Y Lyr _15.500] 24
D pD 7

For Re > 5x10°

here, K refers to gas or iiquid film mass transfer coefficeint depending on typs of fluid that flow over the
surface, D'is diffusion coefficient of solute in air or liquid. {/° s the fiuid velocity far above the surface,  and
Lis the length of the plate. While pand prefers to density and viscosity of fluid flow over the flat surface,
respectively. For evaporation of VOC from water surface into air stream as in this study, equation (22) and (23)
can then be used to determing the gas film coefficient. The kG of methanol, acetone, MEK and chloroform, at
water and air temperature of 25 and 30 °C, respectively, were then caleulated for various wind speeds from

these equations and compared to the values predicted by equation {21} as shown in Table 3.
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Table 3. The comparison of kG value predicted from correlations developed in this work to the value

predicted by using the correlation based on the boundary layer theary

[ — k Methano! k. Acetone
{ms) x10°(ms) X107 (m s
This work Theory % difference | This work Theery % difference
0 2.25 0.00 100.0 1.67 0.00 100.0
C.48 426 0.84 80.4 3.16 0.68 78.5
1.52 8.89 1.52 82.9 5.€0 1.24 81.3
2.58 13.52 4.14 £9.4 10.05 3.37 66.4
3.37 16.98 5.87 66.6 12.61 4.52 63.4
4.21 20.65 7.22 65.0 15.34 5.88 61.7
4.79 23.18 8.25 64.4 17.22 6.72 61.0
Uioem ke kg
(ms) MEK Chioroform
x10° (ms’) x10° (ms )
This work Theory % difference This work Theary % difference
0 1.50 0.00 100.0 1.17 0.00 100.0
0.46 2.84 0.62 78.0 2.21 0.62 71.9
1.52 593 1.13 80.9 4.61 1.3 75.5
2.58 9.02 3.09 65.7 7.01 3.07 56.1
3.37 11.32 4.23 62.6 8.80 4.21 52.1
4.21 13.76 5.38 60.8 10.70 5.36 49.9
4.79 15.45 6.16 60.1 12.01 6.13 49.0

From table 3, we can see that the kG values predicted by the correlation based on the boundary

layer thsary for all investigated VOC were about 50-100% lower than the values pregicted by our correlation.

Particularly at zero wind speed, the difference is 100 % because the theory predicts that there is no mass

transfer, which is contrast 1o the experimental results. The discrepancy between the values predicled by our

correlation and those determined by correlation based on boundary layer theory may attribute to the deviation

of water surface from rigid surface assumed in the boundary layer theory. The circulation in water body in this

experiment, which could nol be done in rigid surface, is another factor that can explain such discrepancy. For

environmental application, the conditions are more close 1o the conditions used in this investigation than those




assumed in boundary layer theory. Base on this fact and the comparison results shown in Table 3, we can
conclude that the mass transfer coefficient correlations, which are developed from experimental data, are

more suitable to apply to predict the mass transfer coefficient for VOC evaporation from water than the

correlation based on the theory.

Conclusion

The wind speed and water temperature are two impaortan! parameters influencing the evaporation of
VOC from open waler basin. Empirical equations correlaiing the wind speed and water temperature io liquid-
film and gas-film coefficients have been proposed to predicl the overall mass transfer coefficient. These
carretations have bsen verified by laboratory expenment on acetore, MEK and chloroform, which represent
low, intermediate and high volatile compound, respectively. Predictions of these correlations were generally in
good agreement with the evaporation data supporting the use of the correlations to predict the VOC
evapcraticns from open water basin. Finally, we can conclude from this investigation that the mass transfer
coefficient correlations developed based on experimental data yield more reliable in predicting the mass
transfer coefficients for VOC evaparation from water surface than the correlations based on the boundary layer

theory.
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Abstract

Bunyakan, C., Tongsoy, P., and Tongurai, C.
Volatile Organic Compound Evaporation from a Simulated Water Basin with Uniform Temperature
and Concentration

The evaporations of volatile organic compounds (VOCs) from a simulated water with uniform
temperature and concentration under mixed VOCs and unsteady wind conditions were studied
experimentally to assess the validity of previously proposed mass transfer coefficient correlations for
predicting the evaporation flux of VOC from water basin. Two sets of VOC evaporation experiment were
performed in a wind mnnel-water tank system. Furst, the evaporation fluxes of acetone and methyl ethyl
ketone (MEK) were measured individually from the evaporation expenment of mixture of acetone and MEK
in water and compared with the values predicted by the two-film model. The results have shown that the
mass transfer coefficient correlations obtained previously from evaporation of single VOC from water
predict the evaporation rate of an individual VOC in mixture quite well. This indicated that the presence of a
second VOC in the aqueous solution does not have any significant effect on the evaporation rate of the
individual components possibly because their concentrations may be too dilute to exhibit any appreciable
interaction, The second set of the experiments was the emission of acetone from water under unsteady wind
speed with a wind speed range of 0-4.8 m.s . This study leads to a procedure for VOC evaporation
determination under unsteady wind condition using the mass transfer coefficient correlations proposed
previously, The results have shown that the mass transfer coefficients based on the VOC evaporation from
water basin under steady wind conditions can actually be applied to predict the time-average volatilization
flux under unsteady wind speed condition as well. The results from these two sets of the experiments
suggested that the mass transter coefficient correlations proposed previously could be applied to water basin

with unitform temperature and concentration under mixed VOC and unsteady wind conditions.

Keywords: emission, volatilization, mass transfer coefficient, volatile organic compound

'‘PL.D. {Chemical Engineering) Lecturer, ’B.Sc. Master Student, 3D.Eng. {Chemical Engincering) Asst.
Prof,, Department of Chemical Engineering, Faculty of Engineering, Prince of Songkia University, Songkhla

90112, Thailand. Corresponding e-mail:bcharun@ratree.psu.ac.th

3-1



UnAada

s < =t d v £=3
o¥o yymayer! Uiensel nesaden unz 1in3a neagls

o < 1 T ': o y :
masuripvesnsilsznoudunis sunedionnuvanidaeafiiiguugiiteza Nududuminaie

ASNAABIANEINISLINoUIAIUsEneUBUNT H52IMBdN (Volatile Organic Compound, VOC)

F=9 a 9/

' :‘ s 4 5 i Qs 1 o
nunaniiessiteempitezamdufuminane meldannzhiivoc saunuey uazanuEIay
1o & e ' el oar ¢  a & ¥ 1 o a d aa o
sunlinsdiaie ifagdssmadudnmeaszvaeuanuilulfidhiziierauninduiinaves
ar =y a:i" 3 -:h o o dy i of dy @ ar 4 c'; v
FutlszAntnsaigTounan Idianniuneunihiinldlumsinneddnduss voc fiszmannunal

¥ [ 3] r
v minanosfiieatesuieeniiu 2 yannacesie gadl 1 dums@nnmanidndninnszime
- | =y ~ = r :, :i-::l 3 as 1] <y P=] 1 t:iv 3«
yesadlauuay wiia 193a Alau (MEK) vinunaaiiiasiiaermuiueguaznfisudioudiiiala
as v A a 9 = o = L 4 ¥ A1 9
fusiineTasldmguiaeeflan (Two-film) raninmsnymundinlseinimsdiwleunind 14
[ ¥ ¥ [
N3EUIUNT MIsEMEued VOC herquinmmaniniuansalfinnsandyeadar voc 7
t : Aa as g 3 a1 ¢ o 1 A= at L] ¥ : :a 1w
semtpvinuanii voc sauiued 18 naesdfifiuiinisdil voc saudueglunndainiuey hidawa
1 @ a4 o4 * w o t 3 d 1
nssnuadiiteddudeindmszmovaausios voc Mallewidumsizhwanduduves voc o1
& = [ .:'1 =y o = ey 1 1 8/ c:t
sedanaiunimisiasuniUifsnlansznin voc 18 menanesanaeaudiumsnassinisTzimg

= 1 : 94 o gy o [ ] P =
veapzdlaunnundainieldanudauuuyliaed  Taglunaazmanaassnnusiauazinieg
t Ll =& ;n 11 1 9/ o esw a -4 4 A
o911 048 ms' Fannmsanuiii llgiims 1faruninduRidavesduilssanimanwTounad
v ¥ e d? 1 9t dv ' a o 4 1 o [ :‘ 9 o
|@iaurautaunihi lunrnaldndmasues voc Tusanarhauls ninmaanihiaiglaniangan
v ulyé n v o T d oo a as P ' d'l-v
npasn e SanamananedlduasddidiuimumsduidavesdudszAninisdwlounnaiila
s 4 :131 o W & ° 3 3 ad d N e ¥
Fandumeldnandaanuuuadniy aunsoinnbszgndlddunsdifiaannd aanlinedald Tau
= u’z’ 9/ 9 2 o r o as o s a =
ﬂs‘ﬂuﬁ’manﬁﬁﬂmmnmﬂawﬂﬂwmaawwﬂuuﬁﬂﬂummmunmaumﬂawaanﬂs:ﬁmms
' TR P W o o 43 3o v d da a LT
aaTeumnan lgwantunswmihimusaiwmlszgnaldiuumaniy flgunQuuazAIMVHVUYBS
- A [} g 9 P o L] = = no a
sz nensunidizmeds mirave neldanned fivoc saudusguaziaiudiaumuyhined

o 1 1 ¥
viarula

3-2



¥
dnfeinlsenueamnassuvaieizinn wu Tsenunszay Tsanundadanaadnuas
- o = Qs - = o " P
wodwed Tssarundnd Snazlasilsenaudunidsemedin (Volatile Organic Compounds, VOCs) 714

»
dudninsmelulsamdniu suwmuens sxdlau aaslsvesn wudu uazylodu valuegdae

u
>

A :’ ad 1 dy r by U ] : ] & . 3 o - |
e pasieiwdgnarligndaes lsausglunmaainllamy  Equalization basinluszuutimiminde
= ad 1 = (=1 1 1 9~ g} [
misdszneudunsdsemaitehdusgfozsameguisenadesa ifasanizmeanmield uaziudu
dunsteasdaliiialasasianals 1nYeyans1991u13Tan Ehrenfeld (Ehrenfeld et al, 1986) wuiilu
Frnmdmanldiinmlssnuddingsuneies voc snszuuiiliaindoguissimagada
1,635,000 fuAl Fdeumuanigeminldiinsesnaguuieaiuguamstass voc gusssmsnas
Aruald Issnuaamvnssudessisuliumures voc masagussonmibulszdmnll (wit
i 1 [~ A o r r & ae ;" = ar v A
1995) INMITANEINAINLIRLIY anuauinad el waindaiuiledmdnsidewmald voc
1 [l & rol =1 L") o ]
IMqUITEIMAIdaE1sInE 191N sAnyIRnveIRIE IaNAesAT NI THIMEYDY VOC fuat
W
niarneisTasnis19g Tusnantufeall §iidn1s(Mackay et al, 1983; Lunney ot al., 1985; 1182 Bunyakan,
1998) taznsAny1 luMATUI (Wanninkhof et al, 1987; Hartman et al. 1984) 8ausi 10 15fnyin0ves
od " e ) o oy AN Yo o ' - «
i nusadaninmsizivoves voc TasldgTusaanesduizonsildsumaseniy ualunmsdnudi
L] q‘; o = v ny
srmiunnmsnanedlug Tusdandunsfnminissaveves voc meroinumasthneldanus
as ] n o = = A 1 : = 3 =4 Ay
auuadad oo19 lsnamlunssssussanuiuAwariuva i ndeduszdunms aui liag
a ] a = v :,-’ v :’ = aa =1
AuAsziimsaouitlaegaaeanay anvialuanauindonnlssaugamunssuaiifeeil voc wau
i )
fuagInndl 1 vl Tadudludesdouinisszmoves voc maldannzmaiilasiisandszasdiie (1)
L4
ANy INaYBan1TaUATU{NTo1 (interaction) 5211314 VOC Aondndnisszineves vOC vinunanii iay
¥ F
2) AnpwmavoInsaunuy hinsdsenAndmisameves VOC 91numanil #asnmsanyin:
A e o Saoe ar = n‘ 1 P @
annsaldaseaevarndy i IdnstivowmunisBuiisavesdudscaninisse Townan 1w
A . o o 3w v Y da - Y 3 3 & o
Tuneumihiinisiuunanihitaungitazanududuues voc miwue meldannedail voc

Y ¥

a 1 = [ e
poufiuaguazinnirauuy lusdaiarnld

ginsal uaz3inmaaes

ganaaedtliznoududassve (Volatilization Tank) 3UTMAsNe11 3.9 ias ni19 0.4 1wAT Uag
= :3 L} A ar
g3 02 was andeeglanTuadan 012 4 1WA 033 0.5 was HAZEY 0.5 WA Fayadeseivouayg Tuen
Y < = :‘ = .y [ =
anfisanuuuldmnsonivauanuiaumieAnivazgunplvenimeludeszmeld soaziden

ANUBIYANTINARDUAAITU Figure 1 naziis1ea1u139a 11 (Bunyakan et al, 2001)



oo

ater body

Sampling port (6) insert to middie depth of water |

from the bottom of evaporation tank

Figure 1 Schematic of wind tunnel-water tank sysicm for unsteady state evaporation experiments
(1 water tank, 2 wind tunnel, 3 blower, 4 inverter, 3 water tank jacket, 6 sampling port,7,9,10 pump,
% hot water tank and temperature controller)

~— jacket circulation loop,~=¥ water tank circulation loop , = wind direction

=’VOC evaporation direction, ——-—-- water level in evaporation tank

¥
nIsAnEIHaYeLNTs o UAsfATMIEZNINe VOC  AmIssineyay VoC Pnnasii Tauesouas

e = o = 3 - = ey 8 g :
asaanauUDd 025 Tay nay wnda wia Alau (MEK) luiniuias 120 @asIAlanumuiuvenie:
= 1 .‘,” =Y ay ar [} ar dl k%3 LE
$Tau uaz MEKIumauitlsziin 1000 ua/das @umsazmiednanasludasznenldnaaes
= AT = - A o e v o r - Yy a it
2adladulnadsuve s smaitalhinanms Inadeuveniimeludessmodasdasinig lnadszinm 15
- a & o @ o ¥ a o : & P w
Sasianit dialfarudutuves voc uazgangivenihneludszmelidnsuzaduanenin

o P a t = 3 [ H a ad al (]
anoanisnaass alanaayfiinszuaauiaruinideanuiiauideans tazGunuAIoemI
' a a as :: =4 o a 1 4 3

azamfiaauEuduwiuduves voc JudiTemataziaInInufaziin i udlIediiaIn1en

] »
aruiifvua Bauduganisnaned

3-4



o, o ' ar o ) o woA ot
lasismsnimdvdedianzmsfannudanl i idsiuivi ldswaulfudy ey vaz
= 4 4 - o 3
ALY, 2544; Bunyakan et. al.2001) AT IaUMABATTOE 10 wudAwas milafni (U, ) 714 ums
¥ ¥ ¥ g
Anwifleglugae 0-48 washni guupliveniimeludsnivaudinid lnadeulunSaiavesds
¥ [ 1 k3 P
semolasgungivenimAnuiiiswsnnn 2571 °C Tuvuzfgampiuazanuiuduiniveseinia
Tugaedishms@nyifianlssum 2811 °C naz 70-80 % mwddy Memevsamsazaeifufinaiag
] o o - '3 1 =
safin Hludibunaziimsdimszdminnduduves voc udazwiialasld ufalasuInnsiil
(Hewlett Packard, Model 5790A) 1191139937911 (Detector) ¥1in FID yiarudigainnii 300 °C quwnil
(Y] o Fe) = o aw . ” roos a o o
YBUAIBL (Oven) (W11 80°C HazguMNlval BUIBATU (Injection port) MY 250 °C aeduinldiuns
o 4 o a 1 o
Inndiiuiinaedininiiue 66 V55381810% Carbowax 20M lazdasinis lnavswRansiify 20
= ¥ g T = q'u = ¥ o Y o Ld 1 oo - (]
va/anit anudutures voc udazeiiaiia ldnnmangezgmilimnzimadudss fninisaw
¥
o o as
TeunnauazdangusInIsszIneuss VOC 1
n13ANEINITITIMEvas voc vnuwaniinldanzanus aumuuiaedavilaoms wiey
¥ 1]
zaward laulnhIdiianudududss i 1000 un/Gas msazasdanandiings 120 fas gniludh
' o oy = & A q ¥ ) o 2 R
gasszimamzilaily lnadeuveadasemmiie Idanududuvesssd Tauminawenaneds dalisunsy
o P - & 4 A o o 3es c{ w e < P
Yiuanuiwesduneimeimeniuauanuiivesiaau imrdfoundasiunal aaiuanusauh
w w ey el ' A o . : A ool d ' &
WinduAnimelusnafidmua (time intervald, ) ssfidmeifianuiiaunmita (U, uazez
= Y oA e o = ) & ' @ L & o 1. ar
waguliishainanuglaudnamisluriinadahl medmesarnmvesnszaauy hinsdaw
= o J 1 o v or ]
sssumdanusanludazsnanzgndmualilidd s usaeansnaaes Tagluidaznisnanea
o = ) 1 =, <t - :’ as
AuIay (U)) slinlaousgiznin 048 wasAundil tazeasanismanssguugiveniluds
9 A o v = - ' < '
sempzgaadupuliagif 2531 °C dauguwpiinaranuduveseninaaantievesmsinuegiu
¥4 2811 °C uaz 70-80 % Awd 1Ay luszninmsnaasaazihms Tannudutuveezdlaufimiong
lunnavidinanin TaelsusalasnInanidseazdeadedy arududuveez3Taufitalan
r o 1 v PO O =) o \ w
¥ (§) wazanuEion (U,) duqueatanznisnaassszgmi lSnngimamdnduenis

¥ r Y
TEMEAUTUNINAABITLY tazan Iz uduraININAeIA 1R ¥ lumsAnuiluaasds Table 1

manisnaasILazIalsal

[ sy v = q‘ ¥ w d
Havedunslfierszning voC deduidszimEmistiglewnianiy (K,,) masvdndves voc
(N,oe ) NezHEINIHAIN

i & A1 1e ¥ ¥ . 9 q.¥
msszmeved voc ninmaninlan hifinis Tuamuiazesnues voc sinunaniniunsesinle
Y v . 4 <
armduduves voc lunwdnhasasmnmidmandy Figure 2 Fenndoyavasnimududuiinm

Anfiezannsammdlseinsnisoie Tounaasu (Overall mass transfer coefticient, K o) I8

3-5



Table 1 summarized the experiment conditions

1.1 Evaporation of acetone and MEK from water at steady wind speed

Run No. U 10em twatcr Concentration of VOC in water
(ms") CC) {ma T
Acetone - MEK
| 0.46 2511 990 0.00
2 2.58 A5t 1037 0.00
3 4.80 a5t| 967 0.00
4 0.00 251 0.00 980
5 0.46 2511 0.00 1094
6 2.58 2541 0.00 990
7 4.21 25%1 0.00 1050
8 0.0 2511 1020 1061
9 0.46 25t 1033 1143
10 258 2511 1015 998
11 421 2511 1001 1052
12 4.80 251 986 995

1.2 Evaporation of acetone and MEK from water under unsteady wind speed pattern I and pattern 1T

1.2a Wind speed pattern I : (1

willer

Time (s)

0

3600

5400

9000 10800 | 12600

U, (m 5_1)

4.2}

1.52 4.80 2.58

1.2b Wind speed pattern II: (1

water

=251 g * . =281 °C, Initial acetone concentration =1019 mg L-l)

=2511°C, L, =281 °C, Initial concentration of acetone = 844 mg LY

Time 0 1800 3600 7200 | 10800 | 11400 | 12000 | 13800 | 15600 | 16800 | 18000
{s)
U, | 152 | 152 | 152 | 00 | 00 | 479 | 479 | 046 | 046 | 421 | 421
(ms’)
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Figure 2 Typical concentration-time data for volatilization of acetone from water at 2531 °C
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yadu7 U Table 2a 1Az Table 2b AMIUNTIzIMBVOIRzE Iauuaz MEK A ud 1Ay

Table 2 Simultaneously volatilization of MEK and acetone from water

(a) Wind speed, concentration, volatilization time and mass transfer coefficient for volatilization of acetone

from water in the presence of MEK

Yoo Ciro Cor R— t, A \' Hx10°
md5 | el [ GeLh (mg L™ (s) (m’) (m’) | (atmm’'mol’)
(a125°C)
0.46 1033 161 594 28,800 1.47 0.12 3.33
2.58 1015 242 556 8,000 1.47 0.12 333
4.30 986 a1 504 7,200 1.47 0.12 333
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{b) Wind speed, concentration, volatilization time and mass transfer coefficient for volatilization of MEK

from watcr in the presence of acetone

Usoem Cro Cpr C average ¢, A v H x10’
(ms") |(mgL") | (mgL™) (mgL) | (s (m’) (m) | (atmm’mol’)
(at 25 °C)
0.00 1061 607 889 32,400 1.47 0.12 3.33
0.46 1143 127 625 28,800 1.47 0.12 333
2.58 998 152 527 10,800 1.47 0.12 3.33
4,21 1052 91 479 7,200 1.47 0.12 333
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Figure 5 The comparison of measured volatilization flux of acetone to the calculated value

at a water temperature of 2511 °C
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Figure 6 The comparison of measured volatilization flux of MEK to the calculated value

at a water temperature of 253+1°C
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Figure 7 a) Diagram of the unsteady wind speed pattern I and b} the concentration of acetone as function of

time for the volatilization of acetone from water at 2511 °C corresponding to unsteady wind speed pattern |
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Figure & a) Diagram of the unsteady wind speed pattern Il and b) the concentration of acetone as function of

time for the volatilization of acetone from water at 251 °C corresponding to unsteady wind speed pattern II
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Figure 8 a) Diagram of the unsteady wind speed pattern I and b) the concentration of acetone as function of

time for the volatilization of acetone from water at 2511 °C corresponding to unsteady wind speed pattern 11
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Table 3 Experimental data and calculated parameters for the volatilization of acetone under unsteady wind

speed pattern |

U, t, Gy k%10’ k,,x10° Hx10°
(ms") (s) (mgL") (ms") (ms’) (atm m’mol”)
(at 25°C)
0.00 36060 837 1.67 1.22 3.33
4,21 1800 648 15.34 5.76 333
1.52 3600 379 6.61 1.67 333
4.80 1800 225 17.22 7.14 3.33
2.58 1800 127 16.05 1.98 133

Table 4 Experimental data and calculated parameters for the volatilization of acetone under unsteady wind

speed pattern 11

U, ¢, ot kg x10° k, x10’ Hx10’
(ms) (s) (mgL”) (ms") (ms’) (atm m’mol )
(at25°C)
1.52 3600 830 6.61 1.67 333
0.00 7200 621 1.67 1.22 3.33
4.80 1200 489 17.22 7.14 333
0.46 3600 354 3.16 1.36 3.33
421 2400 225 15.34 5.76 3.33
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Figure 9 The average volatilization flux of acetone under unsteady wind speed
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