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Effects of Airflow on Emissions of Volatile
Organic Compounds from Carpet-Adhesive

Assemblies

J. M. Low, P.E. J. 8. Zhang, FPh.D.

Member ASHRAE

ABSTRACT

The effects of local air velocity and turbulence on the
emissions from carper-adhesive assemblies have been studied
in a small-scafe chamber. Velocisies in the range of approxi-
mately 0.01 m/s to 0.25 m/s were imposed along with either a
low or a kigh turbulence level The concentrations of totul
volatile organic compounds {TVOC) and of nanane, decane,
and 4-phenylcyclohexane (4PC) were measured as a function
of time from which emission rates for each were computed,

For the conditions studied, it was found thar increased
velocities generally resulted in increased emission rates during
the first 30 howurs of a test in the higher velocity range of those
studied and that increased turbulence levels also enhanced the
early emission raves at lower average velocities. Howeves, for
the cases with the increased peak emission rates during the first
30 hours of a test, there were no perceptible corresponding
reductions of the long-term emission rates as would have been
desirable from an indoor air qualily perspective.

INTRODUCTION

The emissions of volatile organic compounds (VOCs)
from carpets and carpet adhesives in office buildings ate of
conzern because of their potential influence on the wellness of
buiiding occupants, Many studies have been conducied 1o
investigate the emissions of VQICs from carpets, adhesives,
and building materials. The local air temperature, relative
hunmidity (RH), and air change rate were usually kept constant,
while the concentrations of VOCs from different carpets,
adhesives. and building materials were measured {Black
1950, Colombo et al. 1990; Black <t al. 1991, Hawkins et al.
1992, Watlace et al, 1987; Litle et al. 1994, Nielsen 1985;
Bayer and Black 1986). A study published by Sollinger et al.
{1593) found that air velocity had lite effect on the rate of

E. G Piett, Sc.D., P.E.
Member ASHRAE

C.Y. Shaw, Ph.D., PE.
Member ASHRAE

emissions of VOCs from a carpet. Data on the effect of air
velocity and wirbulence on the VOC emissions from a carpet-
adhesive-concrete assembly {a typical case for office build-
ings) have not bzen reponted previousty.

This study investigated the effects of local air velocity
and turbulence on the emission rates of TVQCs, nonane,
decane, and 4-phenylcyclohexane (4PC) from carpet-adhe-
sive assemblies. The carpets and adhesives tested were typical
commercial products normally instalied in office buildings.
They were tested al several velocities and turbulence levels in
a test chamber (Zhang et al. 1996).

When new material is introduced 1o a building, itis gener-
ally found that the emission rate of materials increases, which
reduces the indoor air guality. If the cause of this increascd
emission rate of updesitable material could be altered or
enhanced during a short period of time while the building was
unoccupied so that longer-term emissicn rates were reduced
for the periods during which the building was nccupied, this
would be considered an improvement on the present situation.
Although it is known that increasing the air change rate can
improve air quality, this is done with an associated energy
cost. Consequently, the aim is to reduce emissions during the
occupancy peried without incurring a significant penalty
terms of energy costs. This study was imtiated to determine if
increasing air velocity and wurbulence in the early stages of the
emission process (i.c., before occupancy of the space where
the new material was introduced) would resvh in a reduction
of undesirable emissions in later suages of the emission
process when the space was occupied.

The results of this study will also help to increase under-
standing of the ermission processes and their characteristics for
carpet-adhesive assemblies, which will be helpful for the
development of a suitable model to predict emission rates,

J. Michele Low is a system packaging designer for Nottel in Quawa, Ontario, Canada. 1. 8. Zhang is 4 research officer and €. Y. Shaw s a
senior research officer at the National Research Council Canada in Ottawa, E. G. Plett is a professor a1 Carleton University in Qttawa.
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EXPERIMENTS

Test Materials

The primary test materials, which are carpet and adhe-
sives, were donated by their respective manufacturers. The
28 oz level-loop nylon (polypropylene) carpet was of a
graphic construction, made using 100% nylon fiber (space

dyed) and a synthetic jute textured back. It was stored in

mylar bags from the time it was manufactured until the time
it was used for a test. Vapor samples extracted from the mylar
bags containing the carpet were analyzed and found to
contain a TVOC concentration of 4,45 mg/m®. This was
taken as the headspace test result for the carpet. The synthetic
latex base adhesive had a 3% mineral spirit content. Head-
space tests on the adhesive consisted of placing a small
amoumt of adhesive in a glass vial and sampling the vapor
above the adhesive after 72 hours, which yielded s TVOC
concentration of 1661 mg/m®. The concrete substrate slab
(250 mm x 500 mm x 40 mm) used for a test was placed ina
50 L static chamber for 24 hours, after which a sample of the
vapor in the chamber was analyzed indicating a (headspace}
TVOC concentration of 0.43 mg/m>,

Facilitles

A 1.0 m x 0.8 m x 0.5 m stainless steel chamber (Zhang
et al. 1996} was used to test the carpet-adhesive assemblies.
A schematic diagram of the measurement sysiem is shown in
Figure 1, with the test chamber schematic diagram in Figure 2.
The chamber consisted of an inner and outer chamber. The
outer chamber, which housed the inner charnber, was located

A PRI
Syl e
Water oo

Figure 1 Schematic of the small chamber test system.
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in the test roomn. The inper chamber housed the test assembly.
An axial fan was used to circulate the air through the inner
chamber. The fan’s DC motor was meunied outside the outer
chamber to avoid introducing contamination from the motor,
A TFE-sealed bearing was used to support the fan-to-motor
shaft where it penetrated the wali of the outer chamber. Holes
were drilled through the cylindrical housing of the fan w0
discharge the air drawn from the inner chamber into the outer
chamber. The inner chamber had screened attachments at the
air inlet and outiet to provide uniform airflow and to create
several levels of wurbulence. Two paralle] fine mesh screens
spaced 20 oun apart were used for a low wrbulence flow. A
higher turbulence level in the flow was achieved with 13 mm
holes spaced 22 mm center to center. Before the emission
tests, the airflow characteristics over the material specimen
were measured,

Figure 3 shows the mean airflow velocity and turbulence
kinetic energy distributions above the carpet surface for the
velocity and turbulence level range of the six test cases
discussed in this paper, which are documented more specifi-
cally in Table 1. The air velocity across the carpet sample was
measured with a TSI hot-wire anemometer that was placed
above the mid-point jocation of the carpet sample and 4 ¢m
above the carpet surface for the emission tests.

Methods

The chamber was cleaned and purged with clcan air (see
Figure 2) for a2 minimum of eight hours before each test, This
puarging resulted in a VOC concentration of fess than 0,01 mg/m®
¢0.015 ppm). The carpet-adhesive assemblies were prepared for
testing as follows, First, the carpet was removed from the mylar

1. Quter Chambes

2. inner Chamber

3. Fiow Seftling Screans
4. Perorated Pizte

5. Glass Window

6. Inpier Chambser Suppost
7. Sample Containa’

8. Buffer Platg

B.Fan Link
10. DC Motor

Figure 2 Schemaric of the outer and inner chamber
assemby,
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bag in which it was stored, a pigce suitable for the test was cu: & Mean air velocity:

250 mm by SO0 mm), and the remainder was placed inthe mylar reTwE TV, PR
bag. Adhesive was spread onto the substrate and allowed to get % u .%' o LI o ¥ dismaLow
“tacky” for about 20 minutes before the carpet was placed on the P > (L4 v ¥ om G
adhesive. The carpet sample covered the entire surface of the g & é;{ ':;_\ :};‘ O OB v, HIGH
substrate coated with adhesive, and, if any adhesive was inadvert- 5 o . .

ently left uncovered by the carpst, it would have had 2 film E oe w v a

formed over the new adhesive by the time the test was conducted, z e o - :

In addition, any area of ed ge would have been much smaller than § o > .

the surface area of the carpet sample so that edge effects were (X4 %, L

considered mintmal. The carpet mass, carpet area, and the adhe- 5 a g" _‘H o 5‘ v

sive mass used were measured and recorded for cach sample 2 » "o L

assemnbly. The test assembly was placed in the inner chamber and ,-:. ." by g : v

the chamber sealed in preparation for gas sampling to begin. The o - o ” v
test conditions of air change rate, air velocity range, end wrbu- e 4 Voo, e

lence range were selected for each test, and the TVOC concen- b, Tucbulence kinctic energy:

wation, air velocity and turbulence data, air temperature and R

relative humidity, chamber pressure, and zirflow rate were b 4 * o o
continuously measured and recorded for each test. a: “ g 8
TVOC concentrations were continuously menitored £ . >, & g & i}
during each test with a hydrocarbon analyzer with a flame g . e owmlow |
10nization detector (FID} to obtain the information needed to T feos b o
choose appropriate sample sizes for the more detailed gas 3 amo & a
chromotograph with 2 mass specrometer analyzer (GC/MS) % R o 8
analysis, which was done from samples taken at discrete time ¢ o R o
imervals. For the GC/MS analysis, sorption tube samples were i 2mo § . &
taken from the chambet’s exhaust air, The sorption tube used S q”
had a 4 mmn inside diameter and was 229 mm long with a bed : & °
consisting of glass beads, 150 mg of Tenax TA of 25 to 35 N P — — 2 — J
[} bl

mesh, and 150 mg of Ambersorb of 25 to 35 mesh, During the
tirst hour, sarples were taken every 15 minutes, then every 20
to 30 minutes for four hours followed by sampling at one- to
two-hour intervals untit the TVOC concentration began to
decrease. Samples were then taken in the morning and late
afternoon for the next two days, followed by one sample per

Turbunnce Kinetio Enarpy. 107 (nvis]”

Figure 3 Airflow characteristics above 1he carper
surface measured ar three velocity levels:
0.05 m/s, 0.15 mss5, and 0.25 mfs, and two
turbulence levels: low, with screens. and high

day unti! the seventh day when the test sequence was termi- with the perforated plate.
nated. The sampling frequency used dependad on the
measured rate of change of TVOC concentration in the cham-
ber. The sorption tube samples were analyzed using a gas chro-
TABLE 1
Actual Test Parameters
Test Carpet Area Carpet Mass Adhesive Masg Airflow Average Velocity | Average Turb.
m? g S Lpm m/s kin?
4 0.124 297.7 59.1 6.67 ¢.04 0.003-L
5 G.124 3018 5.2 6.67 0.10 0.004-L
6 0.123 300.0 5135 &.65 ¢.22 0.008-L
6rl G.124 3283 50.6 6.65 0326 0.008-L
: 6r2 0.123 300.8 55.0 6.65 0.26 C.008-L
7 b oa2e 299.5 59.0 6.6 <0.04 0.077-H
8 i 0.122 299.2 58.0 5.67 0.26 0212-H
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matograph (GC) equipped with 2 flame jonization detector
(FID). The reference compound used for the GC calibration
was cyclohexane. The GC results of the gas samples taken
from the chamber tests of the campet-adhesive-substrate
assemblies were compared with the results of analysis of the
individual components taken as headspace tests to identify the
individual compounds and determine their concentrations.
The cancentrations of TVOC were cajculated by summing the
area under all the peaks of the gas chromatogram and using
cyciohexane as the calibration standard.

Seven tests were preformed to investigate the velocity
and turbulence effects on the emissions of YOCs from carpet-
adhesive assemblies. Table 1 is a summary of the actoal test
parameters. Alf tests were run at 23 £1.3°Cend 45.5 3% RH.
Tests 6r1 and 612 were repeat tests of test 6, performed to
verify the repeatability of a typical lest.

RESULTS AND DISCUSSION

The measured TVOC concentration data vs, time and the
TVOC emission rate vs. time calculated from the measured
TVOC-time record are shown in Figures 4 and 5, respectively.
The results indicate that Test 6 (with an average velocity of 0.22

&, Full data set;
W= i Toat 4, 004 miy, LOW
15 e Tolt B, 010 sy, LOW
ﬁ ¥ =ty Tout §, 0.22 v, LOW
| B Tot 7, 8,08 Wy, HIGH
. G- = =0 Teal &, 035 mvy, HIGH
¥,
100 \“.
‘l
£ .
LY
by
o ™ 300 15 200
T h
b, First 30 hour data;
e 8 Toal 4, 0.0 ma, LOW
q emoy Ton 5 01D AVE LOW
150/ d \ Yo« iy Tami B, 322 vy, LOW
\r by - n 0 Tout 2, <054 s, HIGH
¢y kﬂ\ O — v Tont K, 0.25 my, HEIM
A

THIC Concentiion, mg/m”
0
" ;K&
v
g1
/&
4 1/}
4
py

o 8
Y
'
s/
i ;‘
1
r' f
o Je
7
"t’
il

Tene, b

Figure 4 Measured TVOC concentration vs. time.
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nvs, average urbulencesrelative kinetic energy k/(u?) of 0.008)
and Test 8 (velocity of 0.26 my/s, turbulence K E. of 0.212)have
higher peak concentrations and emission rates than those of
Tests 4 (velocity of 0.04 /s, turbulence K.E. of 0.003), 5
(velocity of 0.10 m/s and wrbulence K.E. of 0.004), and 7
(velocity of <0.04 mys, turbuience KCE. of 0.077). Based on this
vbservation, it appears that the emission rates during the initial
30 hours of testing are increased by increasing the velocity of
air blowing over the sample assembly. However, after this
initial 30-hour pericd, the emission rates are not noticeably
affected by the airflow velocity or turbulence level for the
range of conditions examined here.

It is suggested that this first period in which the emission
rates are influenced by the velocity of the air over the sample
is a period during which the release of the volatiles 1o the
surrcundings is not being controlled solely by diffusion effects
internal to the carpet or adhesive layers but rather by a combi-
nation of the internal diffusion effects and the external convec-
tive transfer effects. This result is not quite the same as is
observed in the case of drving large slabs of wood (Rohsenow
and Choi 1961). In the case of the wood drying, as long as the
air at the surface of the slab is saturated with water vapor,

a. Full data set:
"0

®-= o Teta, 004 m, LOW
e = Tt B 095 mon WOW
vy Toat & 0.22 mip, LW
B===@ Tout ¥, .04 KGN
G- == Tt B, 028 myp, MiGH

Enbssion Rate, mgam’h)

Eminslon Rale, mpXm'h)
§

ame

Figure 5 TVOC emission rare vs. lime.
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external convective effects determine the rate of drying,
during which time the transfer rate is constan if the convective
coefficient 1s constant. Thereafter, the rate of diffusion of
water to the surface determines the drying rate, as long as the
external convection continues to remaove the water as it finds
its way 1o the surface. In the case under stody here, the emis-
sian of volatiles from the adhesive-carpet assembly, thersisno
neriod during which the mass transfer rate is constant in spite
of the fact that the conditions determining the convective coef-
ficient are held constant. Since the emtission rate during this
early period is affected by the change of convective condi-
tons, however, it would suggest that the rate of emission
during this period is influenced by both the external convec-
tion rate and the rate of diffusion of volatiles to the surface,
The physical changes that oceur in the adhesive-carpet assem-
biy that cause these two distinct regimes are the focus of an
ongoing study.

The emission characteristics of nonane and decane, which
originate from the adhesive, and 4PC, emited by the carper,
were cxamined to determine whether these specific
corapounds followed the trend described above for the TVOC

a. Full data set:

! | e @ Towt &, €04 e, LOW
@ Tom §, 010 e \OW

Emissm Rate_ rgrien’h)

@ ’ = "we 158 Lo

b, First 30 bour data:

P
&

; Limmn
-n .30 1V,
a0 .:ﬁ:\ Py Torl 8, 0.2 mis, LOW
3 u 03 == i) Tool 7, .04 miy, HIGH
E , ' O — -0 Tusl &, 0.28 miy, HQH
! v e
3 o® o
£ E o
P .
3 n"i/
i o { '\
&
" h&&;
’- N
" [ N N ~h‘
‘--.h_ .-~
“'*-3311:1
*s 0 20 x

Figure 6  Nonane emission rate s, lime.
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concentrations in terins of the effect of velngity and turbulence.
Figures 6 and 7 show the ¢mission rate vs. time plots obtained
for nomane and decane, and Figure 8 shows the measured
concentration for 4PC as a function of test time for the same
tests for which the TVOCs are shown in Figures 4 and 5.

Tests 4, 7, and 8 had adhesive masses of §9.] g, 59 g, and
58 g, respectively. Figure 6 indicates that Test 4 exhibited a
very high nonane emission rate during the first two to thres
hours, but then its emission rate dropped rapidly, whereas the
emission rate for Test 8 did not peak quite as high as that of
Test 4 but remained higher than that of Test 4 afier the cross-
over of the two curves at about three hours. Except for Test 4,
the nonane emission rates vs. lest time consistently show that
during the first 20 to 30 hours, a combination of air velocity
and turbulence level determine the rale of emissions, as
observed with the overall TVOC emissions. The two tests with
the highest velocites (Tests 6 and 8) exhibited the highest
emission rates during the first 30 haurs, with Test 8 showing
slightly higher rates during this period, perhaps because of the
higher turbulence levels. Then, as the velocity wes reduced,
Test 7, with a lower velocity but higher turbulence level than

8. Full datz set:
B0~
See W Towid, 0.04 i, LOW
e Tom 5, 0.0 mys, LOW
40 o=y Tont 0, 0.22 o, LOW

Goeef Toal7, <004 mvi, HIGH
G- = w@ Towl &, 020 MV, HiOH

Emission Fats, mgm’ly

-] ] 10 18 00

(5

Emdyalon Fioke, mplim’h}

We— o Towt &, 004 e, LOW h )

-
e Tast 5, 0.1 e LOW » g,
v - Y Tel B, 02 miw, LOW T,
W= To 7, 104 MV, HIGH JEYY, B

- — -0 Tt &, 0.8 vy, HIGH

20
Time, h

Figure 7 Decame emission rare vs. time.
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Figure 8 Measured 4-PC concentration vs. time.

that of Test 5, exhibited a higher emission rate than for Test 3
during the first ten-hour period with almost identical rates
during the next ten-hour period.

Figure 7 shows that the emission rates of decane also
show trends consistent with those observed for nonane and the
TVOCs. In this case, Test 8, with the highest velocity and high
turbulence levels, produced the highest ernission rates during
the first 20-hour period, followed by Test 6, with slightly
fower velocity than Test 8 but with lower wrbulence levels.
Test 7, with much lower velocity than either Test 8 or Test 6
but with a high turbulence level, showed lower decane emis-
sion rates than Tests 8 or 6 during the first 12 hours or so but
then crossed over both other rate trends to show higher ermis-
sion rates after about 20 hours. Test 5, with jow velocity and
low turbulence levels, showed the lowestrates of decane emis-
sion during the first 20-hour period, but then it, 100, joined the
trend shown by the others. Test 4 began strongly, as with the
nonane, but fell off sharply after a few hours.

Figure 8 shows that the 4PC (emined by the carpet)
concentrations wers very low (by severzal orders of magnitude)
by comparison with the nonane and decane (emitted by the
agdhesive as discussed earlier). It was noted that the 4PC
became detectable only after approximately 50 hours due to
the sampling volume and GC sensitivity chosen for quantify-
ing the high levels of concentrations of VOCs from the adhe-
sive. This indicates that the YOCs emitied by the carpet are of
negligible concernrelative to those emitied from the adhesive,
at least during the first several hundred hours after the adhe-
sive is applied, which is the duration of the observations in the
tests reported here.

A preliminary set of lests was conducted to examine the
effect of the carpet placed over the adhesive, as compared with
the adhesive alone, on the rate of emission of the volatile
compaounds that originate with the adhesive. Three tests were
conducted, one with adhesive only, another with carpet only,
and a third with the carpet placed over the adhesive s it would
be on a floor assembly. Figure 9 shows the TVOC emission
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Figure 9 Comparison of TVOC emission rates between
the material assembly and the individual
materials.

rates computed fTom concentrations measured at selected time
intervals for these three cases. The TVQC emission rates from
the carpet alone are too low to show meaningfully on the same
scale used to show the emission rates from the adhesive or the
adhesive-carpet assembly. Examination of the emission rate
for the adhesive alone and comparing it with the emission rate
for the carpet-adhesive assembly indicates that the carpet
creates a deiay to the escape to the air of the volatiles being
released from the adhesive layer beneath the carpet. Since the
emissionrate with the carpet over the adhesive is jower during
the first 20 kours but luter is higher than that with the adhesive
alone, it would suggest that the volatiles are somehow trapped
for a short while in the carpet and subsequently released. This
process is being examined further.

“The concentration vs. time for Test 6 and the two tepeat
tests, 6r1 and 6r2, are shown in Figure 10. The band of
measured results gives an indication of the repeatability of the
measuremenis reported in this paper.

CONCLUSIONS

The primary focus of this research was to detennine
whether local air velocity and turbulence levels had an effect
on the emission rates of volatile organic compounds from
carpet-adhesive assemblies,

Tests with higher velocities (Tests 8 and 6) exhibited higher
TYOC emission rutes during the first 30 hours than tests at
lower velocities. As the velocities were reduced slightly, tarbu-
lence Jevels had a greater impacton the early emission rates than
did the average velocities. After the initial 30-hour period
(which may be a differens pedod with different adhesive-carpei
assembiies), the velocity and turbulence levels had no ohserv-
able effect on the voiatile emission rates. [ is suggested thal the
resistance to reiease of the volatiles internal to the carpet-adhe-
sive assembiy became dominant after this initial period (30
hours in this case), whereas during the eurly period, external

ASHRAE Transactions: Symposia
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Figure 10 Measured concentrations vs. time for the repear
rests.

convective effects, characterized by parameters such as velocity
and turbulence level, played an important ¢ole in determining
the rate of emission and mass transfer from the surface,

The implications of these findings for indoor air quality in
buildings in which new carpet has been installed with the type
of adhesive used here is that higher purge rates dunng the firu
day, or slightly more, will hasten the emission rates slightly
Juring the period for which the emission rates are very high
already but will not affect the emission rate and, hence, the
curing time significantly when the second phase of the process
sets in, This study is continuing to seek a better understanding
of the mechanisms involved in the hope of developing some
practical means of accelerating the overall curing provess in
order to make an office habiiable, with good air quality, in ¢
shorter period of time after new material has been added.

The results reported here were somewhat preliminary in
the sense of providing qualitative resulis as well as ingights
into the parameters thar may be of imporiance in the phenom.
ena being studied. They do not provide 2 final quanutative se
of data. Further tests 1o achieve this eng are being done Some
quantitative inferences can be drawn by noting ihat all effeon

ASHRAE Transactions. Symposia

discussed are more significant than error bars that could be
inferred from the test case repeated three times. as illustrated
in Figure 9,
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DISCUSSION

Francis Allard, Professer, LEPTAB, University of La
Rochelle, France: Thank you for your interesting presenta-
tion. In yourexperiments, did you check the dependancy of the
emission rate vs. the Reynolds number? We know theoreti-
cally this dependency and your experiment should allow us 10
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check it. The low influence of turbulence at low velocity can
also be explained because, in this case, the boundary layer
building up along the solid surface in jamirar and this case is
then very close 1o the pure faminar flow.

E.G. Plett: We have not specifically correlated the emis-
sion rates with the Reynolds number. The information to do so
is contained on our graphs. Several questions must be
addressed in order t0 do so meaningfully, For example, what
length scale is appropriate and at what time in the curing
process is of interest for the correlation. The length scale is
simpiy & tinear multiplier so would not change the nature of
the telationship, but the time is crucial since st early times,
there is an effect of flow velocity, but at later times, there is no
noticeable difference of emission rates with change of flow
velocity. Consequently, any correlation would be time depen-
dent.

Xudong Yang, Massachusetts Institute of Technology,
Cambridge, Mass.: This is a very interesting study. Under-
standing the effects of air flow rate on material emissions is
especially important to indoor eavironment modeling. An
important finding from the study is that for the carpet-adhesive
assemblies, air velocity only affect the early stage emissions.
This bekavior looks quite similar to that of a typical wet mate-
rial. In the experimemts, did you make sure that the adhesive
had no direct exposure to the chamber air so that the “edge
effect” was indeed negligible?

E.G Plett: The behavior at early times has some charac-
tenistics like wet materials. hut not catirely. As noted in the
paper, this dots not behave as the simple drying of 2 solid
when it is very wet on the surface. In the case of drying a
porous sotid that is wet on the surface, as long as the convee-
tion rate is constant and the surface remains wet, the rate of
drying remains constant. That is not the case observed here. In
the case of the carpet-adhesive combination, the rate of emis-
sion decreases with time even in this early period, suggesting
a resistance to emission which is increasing with time, unlika
the simple evaporation at the surface of & wet, porous solid.
The edge effect was ¢stimaied (o be essentially negligible in
the test results reported here.
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