4. SHOWER EXPERIMENTS

Shower operation conssts of asingle water activity, that is, no separate cycles. To study this
activity, awide range of operating conditions were gpplied to a consstent experimental design.

4.1. EXPERIMENTAL SYSTEM

A 140 cm x 70 cm x 178 cm (1.7 m?® total volume) shower stall (with bathtub) was purchased to
complete al shower experiments. The shower stal was ingtdled in the stainless sted chamber on a58
cm high cinder-block platform. The platform served two purposes. (1) it elevated the system to an
appropriate height for draining and collecting liquid samples and (2) it devated the shower gal such
that it reached the stainless stedl chamber’s celling, which provided a system boundary. Other system
boundaries included three walls and a floor made of fiberglass coated with an unknown plastic, and one
wadll (acurtain) made of Tedlara .

Showering involves production of a spray of water that impacts on and cascades down surfaces to
the bathtub floor. The floor dopestoward adrain where water is removed from the syssem. The
experimenta shower system required an auxiliary water supply (see Figure 4-1). To meet this need,
the washing machine described in Section 6.1.1 effectively served as atracer reservoir. The washing
machine was directly plumbed to the building cold and hot water supply. Chemicas were added to the
washing machine asit filled (~ 90 L). The reservoir’s contents were further mixed by using wash cycle
agitation. The washing machine contents were pumped with arotary vane pump (PROCONA )
through 1.3 cm OD Teflond tubing to the shower head. An adjustable low-flow (9.5 L/minute
maximum) showerhead (Interbathé ) was used for al experiments. The showerhead could be adjusted
between fine and coarse spray. A 60 mm, 19 L/min maximum rotameter (King Instrument Co.) was
inddled inthe Teflor&  tubing line to measure the liquid flowrate through the system.  The experimenta
flowrates were based on typica vaues and the restrictions of the showerhead. The accuracy of the
rotameter was verified by timing the collection of aknown volume of liquid from the showerhead.
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Figure4-1. Shower experimental system.

Liquid samples were collected from the washing machine reservoir in amanner smilar to the actud
washing machine experiments (see Section 6.1.1). The shower stdl was designed to collect the
necessary samples to solve the shower mass balance equations (Equations 2-28 and 2-30). A liquid
sample port was indaled in the base of the bathtub near the drain. A 30 cm length of 0.64 cm OD
Teflond tubing with a TeflorA sample valve was connected to this port. Liquid samples were
collected as described in Section 3.3.1.

Three gas sample ports were ingtaled in the system to better understand the gas-phase chemical
concentration digtribution in the stal. Sample port #1 was located within the chamber exhaust vent and
consisted of a91-cm-long 0.64 cm OD Teflor&  tube attached to a stainless steel Swagelokéa  union at
which point a sorbent tube was connected. Port #2 was a bore-through Swageloké fitting located on
the wall with the showerhead, 53 cm from the bathtub floor. Port #3 was located on the shower
curtain, 61 cm from the floor of the bathtub. A Swageoka fitting was inserted in the curtain for
sample collection. Because of time congraints, only gas samples collected from sample ports #1 and

#3 were collected as described in Section 3.3.2. The sampling flowrates for sorbent tubes used for
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sample collection at port #2 were measured and recorded before the start of each experiment with
cdean arr. Thus, abubble flowmeter was not used in the sampling train (see Figure 3-1) at this port.

A liquid temperature probe was submerged in the tracer reservoir, and a second probe was
inserted in the shower gtdl near the drain. Liquid temperatures at these two locations were
continuoudy measured using athermocouple and digita monitor. The temperature difference between
these two points was minima for al experiments.

4.2. EXPERIMENTAL DESIGN

The following operating variables were selected for shower experiments. water temperature, liquid
flowrate, and shower spray type. Theimpact of these operating conditions on chemicd volatilization
rates was studied usng a2 x 2 x 2 factorid array. Asshown in Figure 4-2, variable ranges were cold
(T » 22°C) versuswarm (T » 35°C), low liquid flowrate (6.1 L/minute) versus high liquid flowrate (9.1
L/minute), and fine shower spray versus coarse shower spray. Eight experiments were completed, with

two additiona experiments serving as replicates.

Figure4-2. Shower factorial experimental design.
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4.3. SOURCE-SPECIFIC METHODOLOGY
Prior to each shower experiment, the following tasks were completed:

*  Flowratesfor sorbent tubes used at port #2 were measured with clean air

*  Thedesred experimenta liquid flowrate was st using the rotameter

*  Thetracer reservoir (washing machine) wasfilled with either cold or warm tap water

*  Thechemicd tracer solution was pumped into the washing machine asit filled

»  Thewashing machine reservoir solution was mixed by alowing the washing machine to agitate for
goproximately 1 minute

e Aninitid gas-phase sample was collected from sample port #1 in the shower gall

e Twoinitid reservair liquid-phase samples were collected.

4.3.1. Sample Schedule

Shower experiments lasted 8 minutes, during which time liquid-phase samples were collected from
both the tracer reservoir and the shower stdl. Five shower stdl liquid samples were collected a
experimental times of 0.5, 1.5, two at 3.75, and 7.75 minutes. Although the tracer reservoir chemical
concentrations did not change significantly for most experiments, three tracer reservoir samples and one
duplicate sample were collected and scheduled within 45 seconds of each shower stdl sample so that
severd independent stripping efficiencies could be determined for a sSingle experiment.

A totd of 12 gas samples were collected for every shower experiment. Six gas samples were
collected at port #1 for 30 seconds and were scheduled such that a shower stdl liquid sample was
collected at the midpoint of the gas sample time. Three gas samples were collected at each port #2 and
port #3. The sampling times at these ports were scheduled to occur smultaneoudy, as well as at the
same time as a gas sample collected at port #1. Thus, the gas-phase chemical concentration
distribution was determined for three separate time periodsin an experiment. Findly, a gas sample was
collected after the experiment had ended and no water flowed through the syssem. The gart time of
this sample ranged from 5 to 20 minutes after the completion of an experiment. The gas collection time

was 5 minutes.
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4.3.2. Ventilation Rate

Through use of a smoke teg, it was determined that gas primarily exited the chamber through the
10 cm exhaust port. Plastic dryer hose was sedled to the chamber exhaust port and was connected to
a 76 cm length of straight PVC pipe. An anemometer was used to measure the velocity in this 8.3 cm
ID pipe. The system ventilation rate (Q,) was calculated using the cross-sectiona area of the pipe (54
cn?) and the measured velocity. The air exchange rate was determined by dividing the system’s
ventilation rate by the sysem volume. The shower system was well ventilated, with air exchange rates
ranging from 12 to 13 air changes per hour (ACH). The specific air exchange rate for each experiment
was measured during the actud experiment.

4.3.3. Parameter Estimation

Each shower experiment was divided into three periods. initid (0 to 1 minute), intermediate (3.5
to 4.5 minutes), and fina (5.75 to 8 minutes). During each period, at least one tracer reservoir liquid
sample, shower outlet sample, and shower gas sample were collected. Chemica stripping efficiencies
and values of K| A were determined for each time period and averaged, respectively, to obtain final
vaues. Ratiosof ky/k;, kA, and kA were estimated based on averaged values of K, A for each
chemicd.

44. SHOWER RESULTS

Based on the experimenta methodology presented in Sections 3.0 and 4.3, the overdl chemica
giripping efficiencies and mass transfer coefficients (K A, k/A, and Kk A) for 10 shower experiments are
presented in this chapter. In addition, the effects of liquid temperature, liquid flowrate, shower spray
type, and chemical properties on each response are discussed. The determination of k/k; vaues and

associated implications are also presented.

The operating conditions for each experiment are listed in Table 4-1.

4.4.1. Chemical Stripping Efficiencies

Stripping efficiencies for each experimenta chemicd are presented in Tables 4-2 to 4-6,
respectively. Stripping efficiencies were based on liquid-phase measurements collected from the tracer
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reservoir and shower outlet drain. In addition to chemica stripping efficiencies, Tables 4-2 to 4-6
provide the results of the factoria main effect analysis (see Section 3.7 for

Table4-1. Shower experiment operating conditions

Liquid Liquid Gas
Experiment | temperature | flowrate | flowrate ACH Spray
# (°C) (L/min) (L/min) (/hr) type
1 21 9.1 370 13 Coarse
2 22 9.1 343 12 Fine
3 21 6.1 360 12 Coarse
4 22 6.1 358 12 Fine
5 35 9.1 379 13 Coarse
6 34 9.1 354 12 Fine
6 replicate 34 9.1 373 13 Hne
7 36 6.1 364 13 Coarse
8 35 6.1 371 13 Fine
8 replicate 34 6.1 367 13 Fne

methodology). The three factors of the shower experimenta two-level factoria arrays were shower
spray type, liquid flowrate, and liquid temperature. As explained in Section 3.7, the main effect for a
sngle variable was calculated as the average of the differences between responses at two levels of the
factor of interest. For example, the shower spray effect on acetone's stripping efficiency may be

caculated as.
Corresponding Differencein
experiments. dripping efficiencies
1-2 = 121 %
3-4 = 10.2%
5—Average (6 and 6 replicate) = 1.0%
7—Average (8 and 8 replicate) = 11.0%

Average = 10.075%

Asshown in Table 4-2, the difference in experimenta response was listed twice, once for each
corresponding experiment. Duplicating the listing of each difference in response, however, does not
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affect the average vaue for each variable. The experimentd results for Experiments 6 and 6 replicate

and Experiments 8 and 8 replicate were averaged, respectively, before applying factorid analyses.

Tables 4-3 to 4-6 follow this same format.

Table4-2. Acetone stripping efficienciesfor experimental shower
Stripping Shower Liquid Liquid
Experiment | Liquid | Liquid | Shower | efficiency spray flowrate | temperature
# temp. | flowrate | spray (%) effect® (%) | effect? effect® (%)
(%)
1 Cold High Coarse 6.3 121 128 6.7
2 Cold High Fne 8.4 121 10.90 3.6
3 Cold Low Coarse 9.1 10.20 128 6.9
4 Cold Low Fne 9.3 10.20 10.90 5.7
5 Warm High Coarse 13 1.0 13.0 6.7
6 Warm High Hne 11 1 13.0 3.6
6 rep. Warm High Fine 12 T
7 Warm Low Coarse 16 1.0 13.0 6.9
8 Warm Low Fne 14 1 130 57
8 rep. Warm Low Fine 15 o '
Average= 10.075 124 5.7
aShower spray effect from fine to coarse.
b Liquid flowrate effect from low to high.
¢ Liquid temperature effect from cold to warm.
Table 4-3. Ethyl acetate stripping efficienciesfor experimental shower
Stripping Shower Liquid Liquid
Experiment | Liquid | Liquid | Shower | efficiency spray flowrate temperature
# temp. | flowrate | spray (%) effect® (%) | effect® (%) | effect® (%)
1 Cold High Coarse 15 0 15.0 12
2 Cold High Fine 15 0 150 14
3 Cold Low Coarse 20 0 15.0 12
4 Cold Low Fne 20 0 15.0 15
5 Warm High Coarse 27 12.0 15.0 12
6 Warm High Fne 28
: : 12.0 16.0 14
6 replicate | Warm High Fne 29
7 Warm Low Coarse 32 13.0 15.0 12

4-7




8 Warm Low Fine 33

8replicate | Warm Low Hne 36

Average =

aShower spray effect from fine to coarse.
b Liquid flowrate effect from low to high.
¢ Liquid temperature effect from cold to warm.
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Table 4-4.

Toluene stripping efficiencies for experimental shower

Stripping Shower Liquid Liquid
Experiment | Liquid | Liquid Shower | efficiency spray flowrate temperature
# temp. | flowrate | spray (%) effect® (%) | effect® (%) | effect® (%)
1 Cold High Coarse 61 170 12.0 7.0
2 Cold High Fne 68 170 4.0 7.0
3 Cold Low Coarse 63 11.0 120 11
4 Cold Low Fne 64 11.0 4.0 11
5 Warm High Coarse 68 170 16.0 7.0
6 Warm High Fne 75
- , 17.0 0 7
6replicate | Warm High FHne 74
7 Warm Low Coarse 74 11.0 16.0 11
8 Warm Low FHne 73
8replicate | Warm Low FHne 77 110 0 1
Average = 14.0 11.0 9.0
aShower spray effect from fine to coarse.
b Liquid flowrate effect from low to high.
¢ Liquid temperature effect from cold to warm.
Table4-5. Ethylbenzene stripping efficiencies for experimental shower
Stripping Shower Liquid Liquid
Expteriment | Liquid Liquid Shower | efficiency Spray flowrate temperature
# temp. | flowrate | spray (%) effect? (%) | effect® (%) | effect® (%)
1 Cold High Coarse 62 16.0 11.0 6.0
2 Cold High Hne 68 16.0 5.0 7.0
3 Cold Low Coarse 63 0 11.0 10
4 Cold Low FHne 63 0 5.0 11
5 Warm High Coarse 68 17.0 150 6.0
6 Warm High Fne 75
6replicate | Warm High FHne 74 170 1 !
I Warm Low Coarse 73 11.0 15.0 10
8 Warm Low Hne 72 110 1 1
8replicate | Warm Low Fne 75 o
Average= 135 0 8.5

aShower spray effect from fine to coarse.
b Liquid flowrate effect from low to high.

¢ Liquid temperature effect from cold to warm.
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Table 4-6.

Cyclohexane stripping efficiencies for experimental shower

Stripping Shower Liquid Liquid
Experiment | Liquid Liguid | Shower | efficiency spray flowrate temperature

# temp. | flowrate | spray (%) effect® (%) | effect® (%) | effect® (%)

1 Cold High Coarse 65 18.0 110 10

2 Cold High Fine 73 18.0 7.0 4.0

3 Cold Low Coarse 66 0 110 10

4 Cold Low Fine 66 0 7.0 12

5 Warm High Coarse 75 120 1.0 10

6 Warm High Fne 77 4
6replicate | Warm High Fine 77 120 110

I Warm Low Coarse 76 12.0 1.0 10

8 Warm Low Fine 75 12
8replicate | Warm Low Fine 80 120 110

Average = 13.0 1.0 9.0

aShower spray effect from fine to coarse.
b Liquid flowrate effect from low to high.
¢ Liquid temperature effect from cold to warm.

Stripping efficiencies for acetone ranged from 6.3% to 16%, with the highest vaue for the conditions
of warm water, low liquid flowrate, and coarse shower spray.  The single variable with the largest effect
on acetone' s stripping efficiency was liquid temperature, with amain effect of 5.7%. The main effect due
to differencesin liquid temperature, was caculated by subtracting cold water stripping efficiencies from
corresponding warm water stripping efficiencies. Thus, 5.7% indicates an absolute increase in stripping
efficiency with higher temperature water. The shower experiments were grouped according to smilar
liquid temperature, and the following siripping efficiencies resulted: 8.3% for cold water experiments
(Experiments 1 to 4), and 14% for warm water experiments (Experiments 5 to 8 replicate). This result
was expected, owing to the increase in Henry’ s law congtant with increasing temperature.

For the temperatures listed in Table 4-1, Henry’ s law congtants for acetone ranged from 0.0010
MPi/MPys (21°C, Experiments 1 and 3) to 0.0023 n; /T (36°C, Experiment 7).

The second highest main effect involved liquid flowrate with avaue of —2.4%. The liquid flowrate
effect was determined by the difference in high flowrate and low flowrate stripping efficiencies, so a

negative effect indicates an increase in stripping efficiency & low flowrates. At lower shower flowrates, a
4-11



liquid droplet has alonger residence timein the shower gtal, which may lead to higher chemica
volatilization. The experiments were grouped according to liquid flowrate and temperature, and the
following average stripping efficiencies were caculated: 7.4% for high flowrate and cold water
(Experiments 1 and 2), 9.2% for low flowrate and cold water (Experiments 3 and 4), 12% for high
flowrate and warm water (Experiments 5, 6, and 6 replicate), and 15% for low flowrate and warm water
(Experiments 7, 8, and 8 replicate). Shower spray had aless significant impact on acetone stripping

efficiencies

Shower Experiments 6 and 8 were replicated. The acetone stripping efficiencies for these two
experiments were compared and the following relative differences caculated: 8.7% for Experiments 6
and 6 replicate, and 6.9% for Experiments 8 and 8 replicate.

Ethyl acetate stripping efficiencies ranged from 15% to 36% (see Table 4-3). Aswith acetone, the
highest value corresponded to the conditions of warm water and low flowrate. However, unlike acetone,
the highest gtripping efficiency for ethyl acetate occurred during fine soray conditions. The variable with
the highest main effect on ethyl acetate s stripping efficiency was liquid temperature, with avaue of 13%.
Ethyl acetate stripping efficiencies were grouped according to liquid temperature, and the following
average vaues caculated: 18% for cold water experiments and 31% for warm water experiments.
Again, increasing the water temperature increased ethyl acetate’ s Henry’' s law congtant, resulting in
sgnificantly higher gripping efficiencies. The Henry's law congant effect is dso evident when comparing
acetone and ethyl acetate stripping efficiencies for smilar experimenta conditions. In dl cases, ethyl
acetate, which has a higher Henry’ s law congtant, had higher stripping efficiencies than acetone. For the
temperatures listed in Table 4-1, Henry’ s law congtants (H,) for ethyl acetate ranged from 0.0041
M/ s (21°C, Experiments 1 and 3) to 0.0080 nvj;,/nPy, (36°C, Experiment 7), that is,
approximately four times that of acetone.

With amain effect vaue of -5.3%, liquid flowrate had less than haf the impact of water temperature
on ethyl acetate sripping efficiency. When experiments were grouped according to liquid flowrate and
water temperature, the following average vaues resulted: 15% for cold water and high flowrate

experiments, 20% for cold water and low flowrate experiments, 28% for warm water and high flowrate
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experiments, and 34% for warm water and low flowrate experiments. Again, shower spray had aless

sgnificant main effect on ethyl acetate s Sripping efficiency.

For the two replicate experiments, Experiments 6 and 8, the following relative differences were
determined: 3.5% for Experiment 6 and Experiment 6 replicate, and 8.7% for Experiment 8 and
Experiment 8 replicate.

As shown in Table 4-4, toluene stripping efficiencies ranged from 61% to 77%. As expected, the
highest toluene stripping efficiencies resulted when warm water was used. The main effect for liquid
temperature was 9.0%. Experiments using cold water had an average stripping efficiency of 64%, and
experiments usng warm water had an average stripping efficiency of 74%. The gap between the cold
water average stripping efficiency and warm water average stripping efficiency was much narrower than
for acetone and ethyl acetate. For the temperatures listed in Table 4-1, Henry’ s law congtants for toluene
ranged from 0.24 /P s (21°C, Experiments 1 and 3) to 0.38 /M (36°C, Experiment 7).

The second largest main effect for toluene stripping efficiencies, unlike those for acetone and ethyl
acetate, was the type of shower spray, with avaue of —4.0%. Interestingly, the magnitude of the shower
Soray, main effect was highly dependent on liquid flowrate. The difference in stripping efficiency between
shower spray types at high flowrates was —7.0%, but at low flowrates the difference was only —1.0%.
Interaction between these two variables is likdly to influence the magnitude of a chemica’ s liquid-phase
mass transfer coefficient (k). Thus, the associated effects of liquid flowrate and shower spray will have
the grestest effect on chemicals dominated by liquid-phase resistance to mass transfer (toluene,
ethylbenzene, and cyclohexane). Toluene stripping efficiencies were grouped according to the two largest
main effects, water temperature and shower pray type, and the following average vaues were calculated:
62% for cold water and coarse spray (Experiments 1 and 3), 66% for cold water and fine spray
(Experiments 2 and 4), 71% for warm water and coarse spray (Experiments 5 and 7), and 75% for
warm water and fine spray (Experiments 6, 6 replicate, 8, and 8 replicate).

Replicate experimenta results led to a 1.3% relative difference in toluene stripping efficiencies for
Experiments 6 and 6 replicate, and 5.3% relative difference for Experiments 8 and 8 replicate.
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Ethylbenzene stripping efficiencies ranged from 62% to 75% (see Table 4-5). Thisrange was
smilar in magnitude to the range of ripping efficiencies reported for toluene. As discussed in Section
3.2.1, toluene and ethylbenzene have smilar Henry’ s law congtants (for the temperatures listed in Table
4-1, ethylbenzene has Henry' s law constants between 0.26 nv;/n s and 0.57 m?;;/n7), and thus
should yidld smilar volatilization results. On an experiment-by-experiment basis, toluene and
ethylbenzene gtripping efficiencies were nearly identicd. The largest relative deviation in stripping
efficiencies for the two compounds was less than 3% (Experiment 8 replicate). 1t should aso be noted
that the dripping efficiencies for toluene and ethylbenzene were significantly higher than those observed
for acetone and ethyl acetate. Again, an increase in Henry’s law constant led to an increase in chemica

gripping efficiencies.

As expected, ethylbenzene had main effects Smilar to those of toluene. Grouping stripping
efficiencies based on water temperature yielded the following averages. 64% for cold water experiments
and 73% for warm water experiments. Separating the liquid temperature groups to account for shower
spray type resulted in the following average values. 63% for cold water and coarse spray, 66% for cold

water and fine spray, 71% for warm water and coarse spray, and 74% for warm water and fine spray.

Rdative differences in stripping efficiency for replicate experiments were 1.3% for Experiments 6
and 6 replicate, and 4.1% for Experiments 8 and 8 replicate.

Finally, cyclohexane stripping efficiencies ranged from 65% to 80% (see Table 4-6). For smilar
experimenta conditions, cyclohexane consistently had the highest stripping efficiency of the five
experimentd tracers. The largest main effect was liquid temperature with avaue of 9.0%. Following the
format for previous tracers, the average cold water stripping efficiency was 68%, and the average warm
water stripping efficiency was 77%. Similar to toluene and ethylbenzene, shower spray type had the
second highest main effect with avaue of —3.0%. Experimenta results were regrouped according to
shower spray type and water temperature, and the following averages were caculated: 66% for cold
water and coarse spray, 70% for cold water and fine spray, 76% for warm water and coarse spray, and
77% for warm water and fine spray. This second regrouping did not yield results sgnificantly different

from the firgt set of averages for cold and warm water, and was thereby unnecessary. For the
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temperatures listed in Table 4-1, Henry’ slaw constants for cyclohexane ranged from 6.3 n; /v
(21°C, Experiments 1 and 3) to 10 nv;,/n? (36°C, Experiment 7).

Unlike the other chemicd tracers, the liquid flowrate main effect on cyclohexane s stripping
efficiencies was postive, indicating a decrease in gripping efficiency with decreasing flowrate. A specific
reason for thistrend could not be identified.

Replicate experimenta stripping efficiencies had areative difference of 0% for Experiments 6 and 6
replicate and 6.5% for Experiments 8 and 8 replicate.

An attempt was made to compare the chemica stripping efficiencies described above with those
reported by other researchers who used smilar operating conditions and chemical tracers. A summary of
previous research related to volatilization in showers was presented in a Phase | report to EPA as part of
this project (Corg et a., 1996) and are also given in the database in the Appendix. Additiona papers
have been reviewed since the Phase | report was submitted (e.g., Giardino and Andelman [1996]), and
all of these have been added to the database.

Previous researchers have not studied chemicas with Henry’ s law congtants as low as acetone.
Thus, the results described herein are unique for this compound and extend the range of chemica

volatilities to values much lower than those previoudy reported.

Overdl, Giardino and Andelman (1996) used operating conditions most Smilar to those in this study
and will serve asthe primary basis of comparison. Giardino and Andelman studied emissions of
trichloroethene (TCE), chloroform (CHCL), and 1,2-dibromo-3-chloropropane (DBCP) ina 1.5 m?
experimenta shower. Asin the results of this sudy, they determined that water temperature had a
dominant effect on the total release of each tracer chemicdl.

Giardino and Andelman’s Experiment 17 included an air exchange rate of 12.3/hour, water flowrate
of 5 L/minute, and water temperature of 30°C. For these conditions, the stripping efficiency of DBCP,
which hasthe lowest Henry’ s law constant of any chemica tested to date for showers, was only 17%.
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For this study, Experiment 8 replicate included operating conditions smilar to those reported above (air
exchange rate = 13/hour; water flowrate = 6.1 L/minute; water temperature = 34°C). The
corresponding stripping efficiency for ethyl acetate, a chemica with aHenry’s law congtant at 34°C
(dightly lower than that of DBCP a 30°C), was over twice (36%) the vaue reported by Giardino and
Andeman for DBCP. Ethyl acetate' s Henry’slaw congtant is similar to that of DBCP, and thus
differencesin gtripping efficiency between DBCP and ethyl acetate cannot be accounted for entirely by
water temperature. Differences are likely due to differencesin commercia showerheads that were used,

aswell as subsequent differencesin droplet Szes and velocities.

Giardino and Andelman (1996) aso studied TCE, which has aHenry’s law congtant approximately
25% greater than that for ethylbenzene, at 22°C. Thus, TCE would be expected to have dightly greater
gripping efficiencies for amilar operating conditions. Giardino and Anddman reported a TCE stripping
efficiency of 60% for their Experiment 2 (air exchange rate = 10.8/hour; water flowrate = 5.1 L/minute;
water temperature = 22°C). In this study, the stripping efficiency for ethylbenzene was dightly higher
(63%) for amilar conditions (Experiment 3; air exchange rate = 12/hour; weater flowrate = 6.1 L/minute;
water temperature = 21°C). For asecond experiment involving a higher water flowrate (10 L/minute),
Giardino and Andeman observed a TCE stripping efficiency of 57%. For smilar experimenta conditions
(Experiments 1 and 2 of this study), the stripping efficiency for ethylbenzene was observed to be 62%
(coarse spray) and 68% (fine spray). In an earlier study, Giardino et a. (1992) observed TCE stripping
efficiencies of 59% to 67% for Smilar operating conditions.

McKone and Knezovich (1991) aso studied stripping efficiencies for TCE in an experimenta
shower. One of their operating conditions (air exchange rate = 12/hour; liquid flowrate = 9.5 L/minute;
water temperature = 22°C) was nearly identical to those used in Experiments 1 and 2 of thisstudy. The
gripping efficiency for TCE was reported to be 58%, consstent with Giardino and Andelman (1996) and
Giardino et al. (1992), and dightly lower than those obtained for ethylbenzenein this study. The
differences in dripping efficiencies between TCE and ethylbenzene could easlly be caused by differences
in hydrodynamic conditions associated with water flowrate and shower configurations, as well as

experimenta errors associated with each study.
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Findly, severd researchers used chemicas with rdatively high Henry’s law congants (> 2.0
MM ) N shower experiments. 1t was expected that these higher volatility chemicals would have
amilar gripping efficiencies because of the associated inggnificance of gas-phase resstance to mass
transfer. For example, Bernhardt and Hess (1995) studied stripping efficiencies for radon in household
showers. Radon has adightly lower Henry’ s law constant than cyclohexane, but both compounds should
be dominated by liquid-phase resistance to mass transfer. For awater temperature of 23°C and liquid
flowrate of 5.7 L/minute (gas exchange rate in the shower stal was not measured), the stripping efficiency
for radon was reported to be 78%. For smilar operating conditions (Experiments 3 and 4 of this study),
the Stripping efficiency for cyclohexane was determined to be 66%. The range of radon Stripping
efficiencies reported by Bernhardt and Hess was 57% to 88%. Cyclohexane stripping efficiencies for this
study ranged from 65% to 80%.

At liquid flowrates of 2 to 4 L/minute, Giardino and Hageman (1996) measured radon stripping
efficiencies ranging from 67% to 70%. Studieswith unknown operating parameters led to observed
radon stripping efficiencies of 63% to 71% (Gesell and Prichard, 1980; Hess et d., 1982; Hopke et d.,
1995; Partridge, 1979).

Tancrede e d. (1992) measured the stripping efficiencies of five experimenta chemicadsincluding
carbon tetrachloride (CCl,), which has a Henry’slaw constant of 2.3 m?;/n? a 42°C. The chemical
gripping efficiency for CCl, was 59% &t aliquid flowrate of 9.7 L/minute and 77% for aliquid flowrate
of 13 L/minute. Again, these results are congstent with those observed for other chemicas with relatively
high Henry’slaw congants.

Itisclear from this study, aswell as severa othersreported in the literature, that for the same
operating conditions stripping efficiency increases with increasing Henry' s law congtant. It is aso evident
that chemicas of sufficiently high Henry’s law congtant have comparable gtripping efficiencies for smilar
operating conditions. Because the conditions used in this study should represent a reasonable spectrum
of those associated with resdential showering, an average stripping efficiency was determined for each
chemicd tracer and is plotted in Figure 4-3 as afunction of Henry’s law congtant a 25°C. This plot may

be used as a screening tool for approximating chemica stripping efficiencies, given knowledge of that
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chemicd’s Henry'slaw congtant at 25°C, the temperature for which Henry’ s law constants are most

widely reported. The best-fit line associated with the averaged datain Figure 4-3 stems from the
following relationship:

h = 75Xn(H, ) + 682 (4-1)

where

H. = Henry'slaw constant for chemical of interest (L%;o/L>)-

Although Equation 4-1 provides ardationship for chemical stripping efficiencies averaged over a
wide range of shower operating conditions, it does provide ingght into differences in potentia stripping
efficiencies for various types of compounds. However, gpplication of Equation 4-1 to chemicals with
Henry’ s law congtants beyond the range of those used to develop this relationship is not recommended.

Equation 4-1 can be rearranged to solve for the value of Henry’ s law congtant that leads to specific
stripping efficiencies. For example, the value of H, that leadsto h = 55% is 0.19 n;/m’y. This
Henry’slaw congtant is consistent with reported values for chloroform at 25°C
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Figure 4-3. Relationship between Henry’slaw constant and aver age stripping efficiency.
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(Howard, 1990), a common disinfection by-product. Tancrede et d. (1992) reported chloroform
gtripping efficiencies ranging from 52% to 53%, Giardino and Andelman (1991) reported a vaue of 55%,
and Giardino and Andelman (1996) reported chloroform stripping efficiencies ranging from 44% to 52%,
al in good agreement with Equation 4-1.

4.4.2. K A Values

Vauesof K A for each chemical tracer are reported in Tables 4-7 to 4-11. The determination of
vaues of K, A was based on liquid-phase datafor all chemicas. Tables 4-7 through 4-11 have aformat
smilar to that of Tables 4-2 to 4-6, except the main effects are based on values of K, A.

Vauesof K A for acetone ranged from 1.4 to 3.7 L/minute (see Table 4-7). The highest vaue
corresponded to the experimenta conditions of warm water, high flowrate, and fine shower spray. The
largest main effect was liquid flowrate, with avaue of 0.93 L/minute. Ina manner Smilar to that for
gripping efficiency results, K, A vaues can be grouped according to liquid flowrate, resulting in the

following average vdues: 2.9 L/minute for high flowrate and 2.0 L/minute for low flowrate.

Liquid temperature had the second highest main effect on K| A vauesfor acetone. Theliquid
temperature main effect was 0.83 L/minute, which indicated an increase in K, A with increased
temperature. As expected from its greater surface to volume ratio, fine shower spray was determined to

increase stripping efficiencies more than did coarse pray.

Vauesof K, A for the replicate experiments were dso compared. For Experiments 6 and 6
replicate, the relative difference in vaues of K| A was 8.5%. For Experiments 8 and 8 replicate, the

redive difference in vdues of K, A was 8.3%.

Measured and predicted liquid-phase and gas-phase concentrations of acetone for Experiment 7
are presented in Figure 4-4, and are representative of other experiments. The operating conditions used
in Experiment 7 were warm water, low flowrate, and coarse shower spray. As described in Section

4.3.3, each shower experiment was divided into three separate
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Table4-7. Acetone K, A valuesfor experimental shower

Shower Liquid Liquid
spray | flowrate | temperature
Experiment | Liquid Liquid Shower K A effect® | effect’ effect®
# temp. | flowrate spray (L/min) (L/min) | (L/min) (L/min)
1 Cold High Coarse 1.8 112 0.40 1.0
2 Cold High Fne 3.0 11.2 15 0.60
3 Cold Low Coarse 14 10.10 0.40 0.80
4 Cold Low Fne 15 10.10 15 0.90
5 Warm High Coarse 2.8 10.80 0.60 1.0
8 Warm } High fine 34 10.80 12 0.6
6 replicate Warm High Hne 3.7
I Warm Low Coarse 2.2 10.20 0.60 0.80
8 Warm Low Hne 2.3
8replicate | Warm Low Fine 25 10.20 12 09
Average = 10.58 0.93 0.83
& Shower spray effect from fine to coarse.
®Liquid flowrate effect from low to high.
¢ Liquid temperature effect from cold to warm.
Table 4-8. Ethyl acetate K, A valuesfor experimental shower
Shower Liquid Liquid
soray | flowrate | temperature
Experiment | Liquid | Liquid | Shower KA effect® | effect® effect®
# temp. | flowrate | spray (L/min) (L/min) | (L/min) (L/min)
1 Cald High Coarse 2.9 111 0.60 2.6
2 Cold High Fne 4.0 111 15 2.8
3 Cold Low Coarse 2.3 10.20 0.60 15
4 Cold Low Fne 2.5 10.20 1.5 2.5
5 Warm High Coarse 5.5 11.3 1.7 2.6
6 Warm High Fine 6.9
. . 11.3 1.8 2.8
6replicste | Warm High Fine 6.7
7 Warm Low Coarse 3.8 11.2 17 15
8 Warm Low Fne 4.7 119 18 25
8replicate | Warm Low Fine 5.3 o ' '
Average=| 10.95 14 2.4

@ Shower spray effect from fine to coarse.
®Liquid flowrate effect from low to high.
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¢ Liquid temperature effect from cold to warm.

Table4-9. TolueneK A valuesfor experimental shower

Shower Liquid Liquid
Spray flowrate | temperature
Experiment | Liquid Liquid | Shower KA effect? effect® effect®
# temp. | flowrate | spray (L/min) (L/min) (L/min) (L/min)
1 Cold High Coarse 8.8 122 2.6 2.2
2 Cold High FHne 11 122 4.6 2.0
3 Cold Low Coarse 6.2 10.20 2.6 2.2
4 Cold Low Fne 6.4 10.20 4.6 2.2
5 Warm High Coarse 11 120 2.6 2.2
6 Warm High Fne 13
. - 120 4.3 2
6 replicate Warm High Fine 12
7 Warm Low Coarse 8.4 10.30 2.6 2.2
8 Warm Low Fne 8.1 10.30 43 59
8 replicate Warm Low FHne 9.2 o ’ ’
Average = 11.2 3.5 2.2
@ Shower spray effect from fine to coarse.
®iquid flowrate effect from low to high.
¢ Liquid temperature effect from cold to warm.
Table 4-10. Ethylbenzene K, A valuesfor experimental shower
Shower Liquid Liquid
spray | flowrate | temperature
Experiment | Liquid | Liquid | Shower K. A effect® | effect” effect®
# temp. | flowrate | spray (L/min) (L/min) | (L/min) (L/min)
1 Cold High Coarse 8.9 121 2.9 1.1
2 Cold High Fine 11 121 4.8 2.0
3 Cold Low Coarse 6.0 10.20 2.9 2.2
4 Cald Low Fne 6.2 10.20 4.8 2.2
5 Warm High Coarse 11 12.0 2.8 1.1
8 Wam | Hih [ Fne 13 120 4.6 2
6replicate | Warm High Fne 12
7 Warm Low Coarse 8.2 10.20 2.8 2.2
8 Warm Low Fne 7.9
8replicate | Warm Low Fire 8.8 10.20 46 22
Average = 11.1 3.8 2.1
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& Shower spray effect from fine to coarse.
®iquid flowrate effect from low to high.

¢ Liquid temperature effect from cold to warm.

Table4-11. Cyclohexane K, A valuesfor experimental shower

Shower Liquid Liquid
spray | flowrate | temperature
Experiment | Liquid | Liquid | Shower K A effect® | effect® effect®
# temp. | flowrate | spray (L/min) (L/min) | (L/min) (L/min)
1 Cold High Coarse 9.6 124 3.1 3.4
2 Cold High Fine 12 124 5.3 2.0
3 Cald Low Coarse 6.5 10.20 31 2.1
4 Cald Low Fne 6.7 10.20 53 2.5
5 Warm High Coarse 13 11.0 44 34
6 Warm High Fine 14
, . 110 4.8 2.1
6replicate | Warm High Fne 13
7 Warm Low Coarse 8.6 10.60 4.4 2.0
8 Warm Low Fne 8.4 10.60 48 25
8replicate | Warm Low Fne 9.9 T ) '
Average = 11.1 4.4 2.5

& Shower spray effect from fine to coarse.
®iquid flowrate effect from low to high.

¢ Liquid temperature effect from cold to warm.
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Figure4-4. Acetone experimental data for Experiment 7.

periods initid, intermediate, and fina. As shown in Figure 4-4, each experimental period consisted of a
liquid sample collected from the tracer reservoir, an outlet liquid sample, and agas sample. For each
period, the shower outlet concentration in both the liquid and gas phases may be estimated using the
shower mass balance models (Equations 2-28 and 2-30). To determine the best value of K, A for the
shower modd, the resduds between the measured and predicted concentrations were minimized using
the method described in Section 3.6.2. Two liquid samples were collected in the initial period for one gas
sample. Thus, for this period the liquid-phase resdua was based on the average of two measured liquid
samples and a modd -predicted vaue. For Experiment 7 shown in Figure 4-4, the best-fit vaue of K A

for acetone was 2.2 L/minute.

During each experiment, the chemical concentration in the tracer reservoir was relively constant
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between each period. For acetone, the liquid-phase concentration measured in the shower drain tended

to increase with experimenta time, as mass accumulated in the shower atmosphere (gas phase). This
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accumulation resulted in a decreased chemica concentration driving force. The acetone gas-phase

concentration continually increased during each experiment.

Vauesof K A for ethyl acetate ranged from 2.3 to 6.9 L/minute, approximately 1.6 times greater
than vaues reported for acetone. The highest value was for the experimental conditions of warm water,
high flowrate, and fine spray. The largest main effect was liquid temperature, with avaue of 2.4
L/minute. The average cold water vaue of K| A for ethyl acetate was 2.9 L/minute, and the average
warm water value of K A was 5.5 L/minute. Again, values of K, A tended to increase with increasing

flowrate and fine spray.

Replicate vaues of K| A for ethyl acetate had arelative difference of 2.9% for Experiments 6 and 6
replicate, and 12% for Experiments 8 and 8 replicate.

Experimenta results for ethyl acetate during shower Experiment 7 are presented in Figure 4-5. The
vaue of K, A of 3.8 L/minute for this experiment was determined by minimizing the resduas between the
measured liquid concentration data points and predicted liquid concentrations. As shown in Figure 4-5,
for relatively congtant inlet liquid concentrations (measured tracer reservoir liquid vaues), the measured
outlet liquid-phase concentrations increased with time. Thisincrease in concentration reflected the
decreasing chemica driving force as mass accumulated in the shower gal. Aswith acetone, ethyl acetate
gas-phase concentrations increased with experimenta time, rapidly within the first 150 seconds and more
gradudly thereafter. All gas-phase datain experimenta plots represent measurements taken at gas
sample port #1.
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Vaues of K, A for toluene ranged from 6.2 to 13 L/minute (see Table 4-9). Similar to acetone and
ethyl acetate, the operating conditions of warm water, high liquid flowrate, and fine shower spray resulted
in the highest vdlue. However, for toluene the highest main effect was not for water temperature, but
rather liquid flowrate. Thistrend is congstent with a shift from gas-phase resistiance dominating
volatilization of acetone and ethyl acetate to liquid-phase res stance dominating for toluene, ethylbenzene,
and cyclohexane. Because water temperature has its greatest influence on Henry’ s law congtant, for
higher values of H, the effect of temperature is significantly reduced as the Cy/H,. term on the right-hand
sde of Equation 2.27 isreduced. Consequently, hydrodynamic effects on k; and A become more
important.

A main effect vdue of 3.5 L/minute indicated that toluene K| A vauesincreased with
Figure4-5. Ethyl acetate experimental data for Experiment 7.

increeang liquid flowrate. Vaues of K| A for toluene were grouped according to high and low flowrate,

and the following average vaues were calculated: 11 L/minute for high flowrate experiments
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(Experiments 1, 2, 5, 6, and 6 replicate) and 7.7 L/minute for low flowrate experiments (Experiments 3,
4,7, 8, and 8 replicate).
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The second largest main effect was for liquid temperature, with avaue of 2.2 L/minute. When the
experiments were regrouped using liquid flowrate and liquid temperature, the following averages resulted:
9.9 L/minute for cold water and high flowrate (Experiments 1 and 2), 6.3 L/minute for cold water and
low flowrate (Experiments 3 and 4), 12 L/minute for warm water and high flowrate (Experiments 5, 6,
and 6 replicate), and 8.6 L/minute for warm water and low flowrate (Experiments 7, 8 , and 8 replicate).
Fine shower spray resulted in higher values of K| A for toluene than coarse spray as aresult of the

increased tota surface areafor the liquid phase.

Toluene results for Experiment 7 are presented in Figure 4-6. Differences between toluene
concentrations in the tracer reservoir concentrations and shower outlet were significantly greater than
differences shown in Figures 4-4 and 4-5 for acetone and ethyl acetate, respectively. This larger
difference reflects the grester chemica voldtilization rate for toluene, which isless affected

Figure 4-6. Toluene experimental data for Experiment 7.
by an gpproach to chemica equilibrium, that is, reduction in the concentration driving force between

water and air, and gas-phase resistance to mass transfer. For toluene, the ratio of gas concentration to
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Henry’slaw congtant was always small relaive to inlet or outlet water concentration (Cy/H, << C; in
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Equation 2.27). This condition led to nearly congtant values of toluene concentration in water draining
from the shower and congtant stripping efficiencies during the course of an experiment, trends that were
aso observed for ethylbenzene and cyclohexane.

Vauesof K A for ethylbenzene ranged from 6.0 to 13 L/minute (see Table 4-10). As expected,
thisrange is smilar in magnitude to that of toluene. Ethylbenzene dso shared main effects similar to those
cdculated for toluene. Grouping ethylbenzene K| A vaues by high and low flowrate resulted in the
following average vaues: 11 L/minute and 7.4 L/minute, respectively.

Vaues of K A for ethylbenzene may aso be grouped according to liquid flowrate and liquid
temperature. Average vaueswere 10 L/minute for high flowrate and cold water, 6.1 L/minute for low
flowrate and cold water, 12 L/minute for high flowrate and warm water, and 8.3 L/minute for low
flowrate and warm water.

Figure 4-7. Ethylbenzene experimental data for Experiment 7.
Ethylbenzene data for Experiment 7 are plotted in Figure 4-7. Chemica concentration values and
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trends follow those discussed for toluene. Both chemicds had avaue of K| A of 13 L/minute for this

experimen.
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Findly, vauesof K, A for cyclohexane ranged from 6.5 to 14 L/minute (see Table 4-11). Thefact
that cyclohexane has asgnificantly higher Henry’ s law congtant than either toluene or ethylbenzene but its
vaues of K A were only dightly higher suggests that gas-phase resistance to mass transfer was small for
each of these three tracers. Following the trend of toluene and ethylbenzene, cyclohexane dso had the
highest main effect vaue associated with liquid flowrate, with avaue of 4.4 L/minute. Average vaues of
KA based on liquid flowrate were 12 L/minute for high flowrate and 8.0 L/minute for low flowrate.

Cyclohexane data are plotted in Figure 4-8 for Experiment 7. Again, for relaively congtant inlet
liquid concentrations, the outlet liquid-phase concentrations were consistent with one another.
Cyclohexane gas-phase concentrations increased at a cons stent rate throughout each experiment.

Figure 4-8. Cyclohexane experimental data for Experiment 7.

To caculate K A for each chemical tracer using the shower mass balance models (Equations 2-28
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and 2-30), the gas phase was assumed to smulate awell-mixed reactor. To check the vaidity of this
assumption, gas-phase samples were collected at three locations within the shower atmosphere as shown

in Figure 4-1. Based on the percent difference between measured gas-phase concentrations at each
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sample port, the shower stall appeared to be relatively well mixed. The average of percent differences
(absolute values) between gas-phase samples for acetone were 18% when comparing sample port #1
and sample port #2, 16% when comparing sample port #2 and sample port #3, and 16% when
comparing sample port #1 and sample port #3. The concentration differences between sample ports
gppeared to be random between experiments; that is, the relative differences were both postive and
negative. In addition, 85% of compared samples were within 0.02 mg/L. The average percent
differences for ethyl acetate were 20% when comparing sample ports #1 and #2, 17% when comparing
sample ports #2 and #3, and 20% when comparing sample ports#1 and #3. The average percent
differences for the remaining compounds ranged from 18% to 30%. Over 93% of the compared gas-
phase samples for toluene and ethylbenzene were within 0.02 mg/L, and over 88% of the compared gas-
phase samples for cyclohexane were within 0.002 mg/L. Smdl deviations from thiswell mixed
assumption should have no effect on experimentaly determined vaues of K| A for toluene, ethylbenzene,
and cyclohexane, in that Cy/H, << C, for these chemicals.

4.4.3. Liquid- and Gas-Phase Mass Transfer Coefficients

For future mode applications, it is valuable to separate K, A into liquid- and gas-phase components,
that is, kA and k A, and to predict k /k, values for different operating conditions. For a specific system,
vaues of ky/k, should not vary significantly between volatile chemicals (Munz and Roberts, 1989).
Vauesof kA and kA for each chemical tracer arelisted in Table 4-12. A single vaue of k/k; is
presented based on dl chemica tracer experimenta K, A vaues and physicochemica properties, as
described in Section 3.6.3. The relative difference between replicate experiments was 15% for
Experiments 6 and 6 replicate and 3.6% for Experiments 8 and 8 replicate.

With use of the factoria analysis described in Sections 3.7 and 4.4.1, the impact of shower
operating conditions on kA and k,A was investigated. Aswith K, A, the most significant operating
condition affecting kA was liquid flowrate, except for ethyl acetate, which was most affected by
temperature. The most significant factor affecting kA was liquid flowrate, thistime for al chemicals. As
expected, temperature generaly had a greater relative impact on k/A than KA.
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Table4-12. Liquid- and gas-phase masstransfer coefficientsfor shower experiments
(continued).

Asshownin Table 4-12, theratio of ky/k, for showers ranged from 110 to 223, with an average
vaueof 156. Thisvaueiscongstent with the typical vaue of 150 reported by Mackay et d. (1979).
However, Little (1992) reported three values of k /k; for showers based on other researchers’ work
(Giardino and Andelman, 1991; Tancrede et d., 1992). These vaues were 13 for aliquid temperature
of gpproximately 44°C and liquid flowrate of 5 L/minute, 22 for aliquid temperature of 42°C and aliquid
flowrate of 13 L/minute, and 17 for aliquid temperature of 33°C and liquid flowrate of 14 L/minute.

Animportant parameter that influences the back-calculation of ky/k; isthe Henry’s law congtant for
each chemical. Asdiscussed in Section 4.2.1, there is uncertainty associated with Henry' s law congtants
for chemicals, especidly at elevated temperatures. Increasing the Henry’ s law congtant for toluenein
Experiment 7 by 40% resultsin a1.1% decrease in K| A. Thus, vaues of K, A for chemicas of higher
volatility are less sengtive to changes in Henry’ s law congtant. However, thisis not the case for chemicals

such as acetone or ethyl acetate.

Table4-12. Liquid- and gas-phase masstransfer coefficientsfor shower experiments

Experiment kiA K A
# Chemical (L/min) (L/min) KoK
A 13 1,986
EA 7.3 1,111
1 T 9.0 1,380 153
EB 9.1 1,395
C 9.6 1,468
A 16 3,519
EA 8.1 1,807
2 T 11 2,434 223
EB 11 2,384
C 12 2,652
A 8.6 1,723
EA 51 1,030
3 T 6.4 1,274 200
EB 6.2 1,234
C 6.5 1,305
4 A 8.8 1,720 195
EA 5.3 1,031
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Experiment kA KgA
# Chemical (L/min) (L/min) KoK,
T 6.5 1,275
EB 6.3 1,232
C 6.7 1,309
A 14 1,548
EA 12 1,322
5 T 11 1,223 111
EB 11 1,188
C 13 1,439
A 16 2,095
EA 14 1,852
6 T 14 1,776 131
EB 13 1,708
C 14 1,786
A 15 2,316
EA 13 1,945
6 replicate T 13 1,930 153
EB 12 1,855
C 13 1,950
A 11 1,169
EA 8.2 901
7 T 8.6 949 110
EB 8.3 917
C 8.6 943
A 9.6 1,380
EA 9.0 1,292
8 T 8.3 1,189 143
EB 8.0 1,139
C 8.4 1,203
A 11 1,507
EA 10 1,443
8 replicate T 9.3 1,291 138
EB 8.9 1,227
C 9.9 1,366
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Figure 4-9. Resistancesto masstransfer for each chemical in Experiment 7.

Increasing the Henry’ s law congtants of these two chemicas by 40% resultsin a 17% decrease in K A
for ethyl acetate and 23% decreasein K| A for acetone. The decrease in K| A for these two compounds
then results in a best-fit ky/k, value of 46, 58% of the value reported in Table 4-12 for

Experiment 7. Interestingly, the best-fit ky/k; value using only toluene, ethylbenzene, and cyclohexane
datafrom Experiment 7 was 116.

Liquid and gas-phase mass transfer coefficients may also be used to determine the rdative
importance of liquid and gas-phase res stances to mass transfer for specific chemicals and operating
conditions. Asshown in Equation 2.5, the overal resistance to masstransfer (/K A) may be written as
the sum of liquid-phase resstance to mass transfer (1/k;A) and gas-phase resistance to mass transfer
(Vk4A- Hy). Theseresistances are shown graphicaly in Figure 4-9 for each chemical in Experiment 7.
As shown in Figure 4-9, the overdl resistance to mass transfer for acetone is dominated by resstancein
the gas phase. The overdl resistance to mass transfer for ethyl acetate is distributed relatively equaly
between liquid-phase resistance and gas-phase resistance. Findly, the gas-phase res stances to mass
trandfer for toluene, ethylbenzene, and cyclohexane are inggnificant relative to their respective liquid-

phase resistances to mass transfer.
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4.44. MassClosure

For shower experiments, mass closure vaues as defined by Equation 3.12 ranged from 96% to
103% for acetone, 98% to 108% for ethyl acetate, 71% to 90% for toluene, 54% to 73% for
ethylbenzene, and 40% to 74% for cyclohexane. The more volatile chemicals (toluene, ethylbenzene, and
cyclohexane) tended to achieve mass closure vaues less than 100%. This may have been due to the
dissolution problems described in Section 3.4.2. A separate calibration curve was devel oped to assess
this effect, based on a4-day standard cdibration period, that is, dlowing chemicalsto dissolve in the
TedlarO bag for 4 daysinstead of 1 day. The resulting mass closures improved for toluene (77% to
106%), ethylbenzene (64% to 92%), and cyclohexane (66% to 85%).

Previous researchers (Keating and McKone, 1993; Keating et a., 1997; Tancrede et a., 1992)
have aso observed differences in predicted gas-phase concentrations and measured gas-phase
concentrations for volatile chemicals. 1t has often been suggested that there exists a second compartment
in the shower system that acts as achemica sink. Keating and McKone discussed the possibility that the
second-compartment effect could be accounted for by oneto dl of the following: incomplete mixing
within the shower gal, sorption of chemicas onto surfaces, and/or scavenging of chemicas by aerosols.
A number of tests were completed to investigate these possibilities. Cyclohexane is used asthe example
chemicd, because it had the most problems meeting the mass closure requirements.

Firgt, a shower experiment with clean (no chemicals) warm water was completed. At the end of the
experiment, sponges were used to soak up the water collected in known areas on the different types of
surfaces within the shower sal (plastic-coated fiberglass wal and floor, stainless sted celling, and
Tedlard shower curtain). The sponges were weighed before and after water collection to estimate total
volume of water collected on each surface type. Based on this experiment, the totd water volume
present on surfaces at the end of an experiment was approximately 0.2 L. Using the gas-phase
concentration measured for each chemical and assuming that equilibrium conditions hold at the wetted
surface, the expected chemica concentration of the wall surface water may be calculated. For example,
the maximum concentration measured for cyclohexane was approximately 0.01 mg/L. For aHenry'slaw
constant of 10 N/, the expected liquid-phase concentration would be 0.001 mg/L. For atota
wetted surface volume of 0.2 L, the total mass to be added to the mass closure assessment would be
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0.0002 mg. Thetotd mass of cyclohexane in the shower stal gas phase was 17 mg. Therefore, the
wetted surfaces were not likely to cause the difference between predicted and measured gas-phase

concentrations.

Asdiscussed in Section 4.3.1, a gas-phase sample was collected at the end of an experiment with
no water flowing through the system. This sample was collected to determine the extent of chemica
desorption from shower stal surfaces resulting from chemica adsorption during an experiment.
Measured chemical concentrations were consistently lower than predicted vaues based on decay dueto

ventilation.

Asexplained in Section 4.4.2, gas-phase samples were collected at different locations within the
shower gdl. In generd, the shower stdl was determined to be well mixed. For mass closure
caculations, concentrations measured at the system’s exhaust port were used, and for the most part
gppeared to be representative of gas-phase concentrations within the shower stall.

Liquid droplet szes produced by the experimenta showerhead were not measured, making it
difficult to predict the aerosol scavenging effect. On the basis of other shower studies (Keating and
McKone, 1993), it is expected that this phenomenon did not contribute sgnificantly to the chemical
“snk” effect.

When possible, mass closures were determined for previoudy reported studies. Results were
reported in the Phase | report (Corg et d., 1996) of this project and in the Appendix to thisreport. In
generd, the mass closures determined for this study compared favorably with previoudy reported shower
experiments and in mogt cases improved upon mass closures for chemicas with smilar Henry’slaw

constants.
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