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SUMMARY

Seven SF¢ tracer experiments were conducted during October and
November, 1978 in the Bryn tunnels in Oslo. The purpose of
these tests was to determine the amount of pollutants which,
when exhausted from one tunnel, are recirculated into an
adjoining, parallel tunnel. Under calm or low wind conditions,
between 0.4% and 12% of tracer released in one tunnel was

recirculated into the opposite tunnel.
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A TRACER INVESTIGATION OF VENTILATION
IN AN AUTOMOBILE TUNNEL

1 INTRODUCTION

Two parallel tunnels, each with one-way traffic, have been
proposed for construction in Oslo. Ventilation air flow in

each tunnel will be in the same direction as the traffic.

As a result, polluted air from one roadway will be exhausted
near the inlet for fresh air of the opposite roadway. In

cases of calm meteorological conditions, the tunnel ventilation
design may result in the build-up of high levels of carbon
monoxide in the tunnels. These levels could exceed safety
limits inside the tunnel and also act as a significant source

of CO outside the tunnels.

The purpose of this work was to conduct SFg¢ tracer tests in
a similar, existing set of tunnels to determine how much, if
any, of the exhaust air from one roadway enters the opposite
roadway under certain dispersion conditions, and also to study

the dispersion of the exhaust gas near the outlet of the tunnels.

2 EXPERIMENTAL PROCEDURE

Seven SF¢ tracer tests were conducted in the Bryn automobile
tunnels during October 4, 27 and November 3, 1978. In each
test, SF¢ was released in one tunnel continuously for 30 minutes
at a steady rate from a height approximately 0.8 m above the
road. The SF¢ flow rate was determined with a calibrated gas
rotameter. The flow rate was checked at the end of each test
with a soap film flow meter. The uncertainty in the flow rate
is estimated to be less than * 5%. Release data are shown in
Table 1. Instantaneous air samples were collected periodically
at two locations during and after the release. In addition,

as many as 22 15-minute average samples were collected at
various points in both tunnels during the last 15 minutes of

each release. Release points and sampling locations used during

these tests are shown in Figure 1.
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All samples were analyzed within 48 hours of a test using
electron capture gas chromatography. This analytical technique
allows detection of SFg at concentrations ranging from

10”° parts SF¢/part air (10° parts per trillion, ppt) to

10”!'! parts SFg/part air (10 ppt). The uncertainty in the

concentrations is estimated to be less than *10%.

The average air velocity in each tunnel was determined from

a series of 1 minute observations collected at various points
in each tunnel with hand-held anemometers. The ventilation
fans were on during every test except test 4. The wind speed
outside the tunnels was estimated from socap bubble measurements.
Tests 1-6 were conducted during calm or very low wind speed
conditions. During test 7, winds were from the south at app-
roximately 2-3 m/s. The average traffic density through each
tunnel was determined from traffic counts taken during either
a single 1l0-minute period or during several 2-minute periods.
The results from all of these measurements are given in

Table 1.

3 PRESENTATION AND DISCUSSION OF RESULTS

The SF¢ concentration data are presented in Figures 2-8.
During tests 1-4, when SFg was released from point Rl near

the center of tunnel A, concentrations observed near the out-
let of tunnel A indicated that the tracer was not well-mixed
across the tunnel. A similar non-uniform concentration distri-
bution was observed during tests 5-7 when the release point
was placed near the fresh air inlet of the tunnel. In spite

of the turbulence generated by the traffic, it appears that
gas released near the wall at one end of the tunnel did not

become evenly distributed before leaving the tunnel.
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The skewed concentration pattern observed inside the release
tunnel also appeared immediately outside the tunnel. The highest
concentrations were measured along the same side of the road

as the release point. In 5 of the tests, however, significant
SF¢ concentrations were also detected along the side of the
opposite road. These data show that the gas emitted from

one tunnel is mixed across the opening of the opposite

tunnel. Under calm conditions, this mixing is probably caused

by the turbulence generated by the traffic itself and also

by the turbulence associated with the parallel, but opposite

streams of tunnel ventilation air.

The mixing of tracer across both roads resulted in the appear-
ence of significant levels of SF¢ inside the tunnel not used
for the release. During tests 1-4 and 7 where SF¢ was released
in tunnel A, the SFs concentrations observed immediately inside
tunnel B, did not show a distinct distribution pattern.

During tests 5 and 6 where SF¢ was released inside tunnel B,

the highest concentrations observed at the entrance to tunnel A
occurred on the side of the tunnel closest to tunnel B. This
pattern was repeated, with smaller differences in concentration,

at points 32 and 33 in tunnel A,

Concentrations measured near the exhaust of the tunnel not used
for the SFs release were generally less than those observed at
the inlet of the same tunnel. Evidently, the SFg¢ transported
through the tunnel was further diluted by the action of vehicles

traveling in the tunnel.

Air samples were collected in the tunnel upstream of the

release point in order to determine if tracer was recirculated
through both tunnels. In tests 2-4, and 7, the SF¢ concentrations
observed at points 32 and 33 in tunnel A were measureably

smaller than the concentrations observed at points 15 and 16

in tunnel B. However, during the remaining tests, the SFs
concentrations at points 32 and 33 were approximately equal

to or slightly higher than those found at points 15 and 16.



During tests 5,6 and 7 the sampling points were less than 15 m
upstream from the release points, both of which were upstream
of the first ventilation fans. In these cases, turbulent mixing

caused by the traffic might explain the high concentrations.

Instantaneous air samples were collected at the inlet of the
non-release tunnel and also in the tunnel upstream of the
release point. Data for tests 1, 3 and 5 from the first point
are shown in Figure 9 and data for the same tests from the
second point are shown in Figure 10. The averages of the
instantaneous data were in fair agreement with the data from
the automatic 1l5-minute average samplers as indicated in
Figures 2-8. However, the individual values given in Figures 9
and 10 show a large degree of fluctuation. Since the l-minute
average air velocities at a point were generally constant, it
is possible that extremely high or low instantaneous SFs
concentrations were closely related to the presence or absence
of passing vehicles at the time of the measurements. Note also
that the data from Table 1 do not suggest any correlation
between the average air velocity and the average traffic count.
It appears there is a relatively steady, long-term transport

of air through the tunnel which is a function of the ventilation
system and outside wind conditions. At the same time, it is
possible that the transport of gas on a short-term basis, which
can cause extremes of concentrations to occur, is a function

of fluctuations in the traffic pattern. Tests designed to relate
instantaneous tracer concentrations to instantaneous traffic

patterns would be required to confirm this suggestion.

The SFs data collected in the release tunnel, downstream of
the release, can be used to calculate the average air flow rate

and velocity through the tunnel according to

- Q Q
C = 6§Ei or %air = —%Ei Gl
Btar C

where C is the average SFs concentration observed in a cross-

section of the tunnel, QSFG is the average SFg¢ release
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Figure 9: Instantaneous SF¢ concentrations observed at point 13 during
Test 1 and Test 3 and at point 33 during Test 5. These points
were each located in the entrance to the tunnel not used for
the SFg¢ release.
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Figure 10: Instantaneous SFe¢ concentrations observed at point 32 during
Test 1 and Test 3 and at point 13 during Test 5. These points
were each located upstream of the tracer release location.



rate, and QAir is the average air flow rate. The average air

velocity is given by

(@
= Alr
Ycale ~ A (2)

where A, the cross-sectional area, equals 46 m?.

The results for these calculations are given in Table 2.

The anemometer measurements were all performed along the walls
of the tunnels. It might be expected that the air velocity is
greatest in this region because of the locations of the ventil-
ation fans. This could explain the fact that values of u are
systematically larger than acalc. The data collected with the
anemometer measurements are given in Appendix A. Because the
tracer data involves a phsyical process which takes place over
the length and width of the tunnel, the air velocities based
upon the tracer data may be more representative than those

obtained from anemometer data.

It should be noted that during test 7, ambient winds of about

3 m/s were from the south, a direction roughly parallel to

the tunnels. The air velocity data collected in the tunnels

show that the air velocity in tunnel A was increased relative

to previous tests, and the air velocity in tunnel B was decreased
relative to previous tests. At times when no traffic was

present in tunnel B, conditions were almost completely calm.

This observation suggests that during conditions with winds
parallel to the tunnel, the ventilation of one tunnel may be

seriously impaired by operating the ventilation fans.

The average percent of released SF¢ which was recirculated

through the non-release tunnel is given:

R
w e G D00% (3)
Fars B
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ere ER is the average SF¢ concentration measured in

vertical cross—-section at the sampling points nearest the
entrance to the non-release tunnel. The results of this calcu-
lation are listed in Table 2. For test 1, it was assumed that
the air velocity taken from the tracer data for tunnel A also
existed in tunnel B. For tests 1-4, and 7, C., was calculated

R
with data from points 12,13, and 14. For tests 5 and 6, ER was
based upon data from points 32 and 33; values of u for these
tests were taken from the averages for point 33, given in

Appendix A.

The results indicate that while as much as 12% of the released
SF¢ was recirculated during test 1, no more than 2% was recircu-
lated in any of the following experiments. There was no discernable
net air movement outside the tunnels during test 1 which would
account for the relatively large degree of recirculation.

It is suggested that in future tests, recording anemometers

be positioned outside above each end of each tunnel. Although

no air velocity data are given in Table 1 for test 1, soap
bubble measurements indicated that the air velocity in both
tunnels was between 3 and 4 m/s, which is similar to velocities
measured in subsequent tests. The traffic data also show no
significant deviations in test 1 when compared to data for

tests 2-7. The data for all tests suggest that under calm

and low wind conditions the amount of pollutants which might

be recirculated from one tunnel to the next is of order 1% to
10%. Note, however, that none of the tests were conducted during
conditions with measureable winds blowing across the exit of

the SF¢ release tunnel towards the entrance of the adjoining
tunnel. These conditions could cause a larger amount of recir-
culation to occur. Additional tracer tests would be necessary

to quantify the amount of recirculation which might occur during

these "worst-case" situations.

These results can be used to estimate the contribution of

pollutants released in one tunnel to pollutants levels observed in



& IS =

the parallel tunnel. For example, if the average concentration
of CO at the exit of tunnel A is 200 ppm, then the contribution
to tunnel B could be between 2 ppm and 20 ppm. Thus, if measured
levels in tunnel B also equaled 200 ppm, between 180 ppm

and 198 ppm of CO would result from CO emissions inside

tunnel B.

The effect of a roof ventilation outlet in the tunnel upon the
transport and recirculation of pollutants can be examined with
the data from testa 5 and €. Tn test 5, tha flux of EF; past
points 18,19 and 20 was equal to 78% of the SFs released. It

has been assumed that the air velocity calculated from the
tracer data inside tunnel B also existed at the exit of tunnel B.
If it is assumed that no SF¢ was lost upstream of points 15

and 16, then it appears that approximately 22% of the SF¢ was
vented through the opening in the tunnel roof immediately down-
stream of points 15 and 16. This figure could be an underestimate
of the loss through the roof since the air velocity used in the
calculation may be larger than the actual air velocity. Data
given in Appendix A for tests 5 and 6 indicate that the air
velocity inside tunnel A is approximately 2 times higher than
the air velocity measured at the entrance to tunnel A. If this
were true for tunnel B, the SF¢ flux observed at points 18,19,
and 20 would be 30%, and the flux through the roof vent would

be 61%.

Similar calculations for test 6 yield an SF¢ flux through the
exit of tunnel B ranging from 79% to 39% and a corresponding
flux through the roof vent ranging from 21% to 61%. A roof
vent thus appears to cause a significant loss of gas from the
tunnel. However, since the SFg fluxes recirculated through
tunnel A during these tests were similar to those observed in
other tests, some of the recirculation may occur through the
roof vents. Further measurements would be necessary to specify
the amount of recirculation which might take place through the

roof vents.



4 SUMMARY

The purpose of these experiments was to quantify the amount

of pollutants which, when released in one automobile tunnel,
are recirculated into an adjoining, parallel tunnel. It appears
that under calm or low wind conditions, between 0.4% and 12% of
tracer released in one of the Bryn tunnels is recirculated into
the other Bryn tunnel. The uncertainty in the maximum value is
estimated to be 12 * 3%. The recirculation is apparently associ-
ated with turbulent mixing of the exhaust gas from one tunnel
across the entrance of the second tunnel. Between 21% and 61%
of the gas appears to be exhausted through a large vent in the
roof of the tunnels. However, the data do not suggest that this
causes a significant decrease in the amount of recirculation.
This, in turn, indicates that recirculation of air through the

roof vents also occurs.

Tracer data can be used to determine the total air flow rate
through a tunnel and the corresponding air velocity. Average
air velocities determined with the tracer data in these tests
were in good agreement with the average air velocities deter-
mined from 1 and 2 minute wind observations. This work demon-
strates that tracer techniques offer a simple relatively inex-
pensive means of quantitatively studying the ventilation of

automobile tunnels.
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APPENDIX A

AIR VELOCITY DATA

TEST

4

TUNNEL

A

(FANS WERE OFF
DURING TEST 4)

LOCATION

R1
R1
82
R1

13
L3
e
43

Rl
R1

opposite R1
opposite R1

R1

13
13
13
13
13
13

R1
Rl

opposite Rl
opposite Rl

32
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23
13
3
13
1.3
13

AVERAGING
TIME
(min)
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TUNNEL LOCATION AVERAGING
TIME B
(min) (m/s)
A 23 3 4| 28)
23 il 558
23 il iHEES)
813 1 4.2
23 he 2.0
33 L 4.0
—A'= 352 GA at point 23=1.8
GA at point 33=4.5
B R2 1 319
R2 3l 343
R2 1 8.2
R3 1l 3l
50 m from R2, 1 2.8
between fans
R2 1 3
u, = 3.4
A 28 1 3D
33 1 4.2
23 1 3.5
38 1 3.5
23 ], 1.5
38 i 4.0
23 2: 2.0
38 1 3.8
i 3exd u, at point 23=2.6
GA at point 33=3.9
B R3 1 3.4
R3 1 4.3
R3 1 2 )
R2 1 357
opposite Rl in
tunnel B 1 546
R3 i 4.0
u, = 4.2
A R4 15 4.3
R4 i3 4.9
opposite R4 1 6.0
opposite R1 ]l B\
opposite R1 ). 7.0
R4 1 Sind
R4 i 5.8
Ly = S
B 13 il 39
opposite R1l, in
tunnel B AF 2.2
13 fls il
opposite R1l, in
tunnel B 1 1.0
13 1 !
Opposite R1, in
tunnel B 1 o)
13 1 22

opposite R1l, in
tunnel B 1 128
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