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ABSTRACT: This paper describes a study to edtablish ventilation in a sswage outfdl tunnd in Boston,
Massachusetts. During condruction of the outfdl tunnd, ventilation was achieved by means of an auxiliary
forcing duct and multiple, high-pressure fans. At the end of the main tunnd are smdl diameter tunnds
connecting to risers that each terminate a a diffuser head on the sea floor. All services, including ventilation
and power were removed from the tunnd prior to the find sep of removing safety plugs from the diffuser
tunnels. Oxygen a the end of tunnd reduced to below 10%. The plug removal work was to be accomplished
by personnd under oxygen apparatus. Work commenced in 1999 to remove the temporary plugs. After three
plugs were successfully removed, a problem deveoped with the workers breathing gpparatus resulting in
fadities. After the fatdities it was mandated by OSHA that active ventilation be re-established in the tunnd.
This paper describes the options considered in establishing the tunnel ventilation sysem. The system chosen
condsted of using an ocean barge to connect a caisson to one of the firg three risers that had the temporary
plug removed. Seawater was pumped out of the caisson and a ventilation pipe was inddled to fit over the
manhole cover on the diffuser head. The ventilation pipe was connected to an exhaust fan built on the barge.
Ventilation was established on July 13, 2000. Measurements confirmed that the arflow predicted by
modeling was within 3%. Acceptable oxygen leves were edablished in the tunnd within 16 hours and dl
temporary plugs were removed within five days.

1 INTRODUCTION

In ealy 2000, Mine Ventilation Services, Inc.
(MVS) was requested by the joint venture Kiewit-
AtkinsonrKenny to review and recommend a
vertilaion sysem for the Deer Idand Ouifdl
Tunnd. The Bogon outfadl is the largest ocean
sewer oufdl in the world. This tunnded outfdl is
15 km (95 miles) long, and 7.3 m (24 fedt) in
diameter. The pesk desgn capacity is over 55 |/s
(one hillion gallons per day). The diffuser system
condsts of risers that extend from the tunnd, about
75 m (250 ft) to the seabed. The treated sewage is
then released from the riser caps as radid jets. The
risers were congructed usng an oil-drilling rig from
the seabed down to the tunnel. . Figure 1 shows a
location map for the tunnd and Figure 2 shows an
approximate cross-section of the tunndl.

The outfal tunned waes pat of the $4 hillion
Boston Harbor project that included congtruction of
a sewage trestment plant, renovaion of exiging
sewers, tunnels for transportation of raw sewage,
and drilling of the tunnd. During condruction of the
outfal tunnd, ventilation was achieved by means of

an axiliay forcdng duct and multiple, high-pressure
fans.

At the end of the main tunnd are 53 short, smal
dianeter tunnds connecting to risers that each
terminate at a diffuser head on the seafloor.
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Figure 1. Location map of the Deer Island Outfall Tunnel.
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Figure 2. Approximate cross-section of the Outfall Tunnel.

Figure 3 shows the connection tunne to the man
tunnd. The origind dedgn condged of mantaning
ventilation during dl condruction activities except
the find dep of removing temporary safety plugs in
esch gdhort tunnd. All services, induding ventilation
and power were removed from the tunnd prior to
the find step. Oxygen at the end of tunnel reduced
to bedow 10%. The plug removad work was to be
accomplished by personne under oxygen bottle
apparatus. Work commenced in the summer of 1999
to remove the temporary plugs.

On July 12, after the remova of three plugs, the
tragic deaths of two divers in the outfal tunnd
brought the tunnd portion of the project to a hdt.
The divers, who were experienced and certified,
were victims of a falure of their bottled ar during
the removd of the safety plugs The U.S
Occupationd Safety & Hedth  Adminidration
(OSHA) proposed fines of $410,900 for two dive
firms the joint venture Kiewit-Atkinson-Kenny, and
the project's condruction manager. The accident
caused OSHA to demand that the find steps to bring
the tunnd on line could be done only by ventilaing
the entire tunnd.

Two scenarios were investigated to edtablish
vertilgion in the tumnd. MVS assged Kiewit-
Atkinson-Kenny in  reviewing options for this
vertilation. The options included the re-ingdlation
of an axiliay veldion sygem o the
incorporation of a through-flow ventilation system.

The through-flow sysem was sdected. This
system conssted of usng an IB909 jack-up barge to
ingall a caisson to one of the firgt three risers that
had the temporary plug removed. Seawater was
pumped out of the @isson and a ventilation pipe was
inddled to fit over the manhole cover on the
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Figure 3. Detail of tunnel with riser to diffuser.

diffuser head. The ventilation pipe was connected to
an exhaugt fan built on the 1B909 barge. Ventilation
was edtablished on July 13, 2000. Measurements
confirmed that the arflow predicted by modding
was within 3%. Acceptable oxygen levels were
established in the tunnd within 16 hours and dl
temporary plugs were removed within five days.

2 DESIGN INFORMATION AND CRITERIA

The following desgn information and criteria were
used to andyze the two ventilation schemes:

Geometry of shaft (from drawings):
- Depth =128 m (420 ft)
- Diameter =9.1 m (29.9 ft)



Geometry of tunnd (from drawings):
Totd Length = 15,210 m (49,900 ft)

- Azrea (0 to 13,198 m [43,300 ft]) = 42.9 nf (462
ftY)

- Area (13,198 [43,300 ft] to end) = Reducing to
9.3 n? (100 ft?)

Minimum ar velodity criteriafor tunnd:

- 0.51 m/s (100 fpm per contractor)

- 0.15 m/s (30 fpm per OSHA)

Air quantity required at the end of the tunnel

- Duct scheme — 21.7 ni/s (46,000 cfm based on
0.51 m/s[100 fpm] and diesd requirements)

- Barge scheme — 14.2 ni/s (30,000 cfm based on
reduced diesdl requirements)

Oxygen concentration (data provided by contractor

from measurements):

- Surface Ambient = 21.5 %

- Endof tunnd =8%

Atkinson friction factors (assumec?:

- Duct = 0.0037 kg/n® (20" 10 Ibfmirt/it®)

- Tunne = 0.0093 kg/nT (50" 10°*° Ibfmirf/it*)

Assumed dllutlon of diesdl exhaust:

- 0.06 m*/skW (100 cfm/BHP)

Shock losses for bends, entry and exit:

- Per ASHRAE (1989) reference

3 VENTILATION STUDY

Two dternatives were congdered for re-establishing
ventilaion in the tunnd. The fird was to re-inddl
nealy 16 kilometers (9 miles) of ventilation tubing
and auxiliary fans. Because power had been
removed from the tunnd, daging additiond fans
along e tunnd was not conddered to be feasble. A
multiple-fan system at the portd was conddered to
provide for the entire duct length. Studies were aso
performed to determine the rae a which the
vertilaion tubing could be advanced and mantan
acceptable oxygen rates a the work place. It was
determined that this dternative would take many
months to re-establish ventilation in the tunnd.

The second dternative was to inddl a through-
flow ventilation sysem by edablishing a connection
to suface close to the end of the tunnd. This
connection  required  dgnificant  engineering to
desgn a safe means of inddling a duct from one of
the risa's where the temporary plug had been
removed. The following sections describe the two
dterndives and the ventilation analyses conducted
for each case.

3.1 Auxiliary ventilation alternative

This scheme proposes that cassette-type ventilation
duct be advanced in the tunne with ventilation keing
gradudly reestablished with the duct. The man
section of duct would be 1.8 m (72 inch) diameter.
Based on a mass baance cadculaion, evauding the

amount of ddivered and displaced ar to give a
mixed quantity dong the tunnd, it was determined
that a maximum advance rate of 4.6 m (15 ft) per
minute could be agpplied while 4ill mantaning
+19.5% oxygen in the ar adong the tunnd. It was
assumed that the entire unventilated tunnd would
have an oxygen content of 8% (worst case). For this
system continuous oxygen monitors would be
required on dal personng working near the end of
the duct.

In the literature provided by the contractor, the
duct manufacturer recommended a safety zone of 12
to 15 m (40 to 50 ft) ahead of the duct. This advice
was supported by reference to The Committee on
Indudrid Vertilation (1984), which dates that a
blowing duct should achieve 10 % of the exit
veocity a 30 duct diameters away from the
discharge point.

Independent calculations were conducted on the
duct desgn offered by the duct manufecturer. In
asessng this sygtem there were three man
concerns.

1 Can the duct withsand the high operating
pressures predicted by the manufacturer?

2 Can the duct achieve the extremdy low leskage
that was used in the duct cdculations?

3 The friction factor used by the manufacturer of
0.0022 kg/m? (12" 10°%° Ibfmirf/t?) was very low.
This could only be achieved if the duct were
perfectly sraight.

Independent ventilation analyses indicated that a the
fan pressure provided by the manufacturer (9.3 kPa
[37 inch w.g]), and with dl the fans a the dart of
the duct, a maximum airflow of 165 nr/s (35,000
cfm) would be achieved at the end of the duct. It was
determined that if the duct were dlowed to
deteriorate even dightly, then the face quantity
would drop consderably. Under such high pressure,
it would be vitd tha the duct be ingdled and
maintained in excellent condition.

3.2 Through-Flow ventilation alternative

This desgn proposed tha a 1.22 m (48 inch)
diameter pipe be inddled a the end of the tunnd,
such thet it could be used to ether intake air into, or
exhaug ar from the tunnd. Such a layout would
include 128 m (420 ft) of pipe to pass ar through the
overlying rock and sea. This scheme would utilize a
jack-up barge and ventilation riser to connect a fan
to the end of the tunnd. This layout is shown in
Figure 4. For this scheme the airflow would take the
following route:

- Enter through the effluent shaft (on Deer Iand).
- Pass dong approximately 13,198 m (43,300 ft) of
tunnd.
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Figure 4. Detail showing through flow ventilation scheme.

Pass through the diffuser tunnd area to diffuser
#3 (2,010 m [6,600 ft] long, tunnd reduces to
approximately 24 m [8 ft] diameter at diffuser
#3).

- Abrupt trandtion from the tunnd into a
horizontal, 0.76 m (25 ft) diameter fiberglass
pipe.

- Swept 90° bend followed by 69 m (225 ft) long,

0.76 m (2.5 ft) diameter fibergass pipe to the sea

bed

To Tunnel

- Trangtion from smdler fiberglass pipe to 1.22 m
ded ventilation duct (1.22 m [48 inch] diameter).

- Pass through sed ventilation duct to the barge
(52 m [170 ft] verticd), then through a mitered
bend to the fan.

The ventilaion requirement for the tunnd was
reduced for the barge scheme due to less diesd and
fewer people (no duct inddlation). The arflow
requirement was determined to be 14.2 /s (30,000
cfm), based on the diesd equipment, eight people,
and a minimum tunel velocity of 0.15 m/s (30 fpm
as dictated by OSHA).

A ventilation network was established for this
configuration (usng the VnetPC 2000 ventilation
amulaion program). As expected, the modd
showed that the frictiond pressure losses (and
subsequent fan power requirements) to move the air
through the tunnel and shaft sections would be low.
The mgority of the fan pressure would be utilized in

moving the ar through the smdler pipes which
connect the main tunne to the barge (due to losses a
the trandgtions, bends, and dong the pipes
themsdves). The modding assumed tha the fan(9)
will be placed on the barge and exhaust ar from the
tunnd and that the fiberglass and sted pipes will be
smoothrwaled. The folowing fan  operaing
requirements were predicted:

- 17.2 ni/s (36,500 cfm — increased to account for
leskage).
- 3,064 Pa(12.3 inch w.g.) fan total pressure.

This operating point was for two Joy Mode 38-26-
1770 fans placed in series (or a single two-stage fan)
a blade seting #2. Approximaey the same
operating characterigics were predicted if the fans
were placed on a forcing system. This would push
the ar from the barge region through the tunnd, to
exhaust via the effluent shaft. When conddering the
option of ether exhausting or int&king from the
barge, the following issues were taken into account:

- An exhaust system would ensure that the fresh ar
base is expanded from the shaft towards the
diffuser area, which is the direction of re-entry
for personnd.

- It will be easser to monitor and control the
discharge of the low oxygen tunnd ar if an
exhaust system is used. The region immediady
around the fan discharge can be cordoned-off,
and sampling can be conducted while the ar is in
the ventilation duct.

- If there are any leskage points in the fiberglass or
ged pipes, and there is a build-up of water, then
the exhaust system would draw more water into
the pipes due to the sysem being on negative
pressure. A forcing sysem will tend to hep
prevent the ingress of water or gases. However,
since a caison system is proposed, water leskage
should not be acritical issue.

3.3 Sected alternative

The exhauding through-flow  dterndive was
selected for the recovery ventilation sysem in the
tunndl. The main reasons for this decision were:

- The ducting would teke a dgnificant period of
timeto procure and ingall.

- During the period of inddlation and recovery,
workers would dill be placed in a potentidly
hazardous environment near the duct discharge.

- Thee was unceatanty in the ability of the
auxiliary duct sysem to provide sufficient arflow
over the entire length of the tunndl.

In early July 2000, the IB909 jack-up barge was
postioned over the third diffuser head. The



sequence required to open the diffuser was as
follows

1 Divers were sent to the diffuser head to remove
loose debris and loosen the bolts on the manhole
cover on top of the diffuser.

2 The cason was postioned over the diffuser
head. The caisson was fitted with an inflatable
gasket to minimize water inflow into the pipe.

3 A pump was pogtioned into the caisson and the
water pumped out.

4 The ventilation pipe wasingaled in the caisson.

5 A crane with a grappling hook was postioned
over the caisson and used to remove the manhole
cover.

6 Once the manhole cover was removed, the fan
system was connected to the ventilation pipe.

Figure 5 shows the fan system on the barge. A heavy
plug was suspended out of the airstream above the
diffuser opening such that it could be dropped into
the manhole upon loss of cason integrity. In the
event of rough seas, collison with ancother vessd, or
excessve leskage into the tunnd, the plug would be
lowered by the crane and insarted into the manhole
cover. If necessary the caisson and ventilation pipe
could be removed and replaced at alater date.

4 INSTALLATION OF VENTILATION SYSTEM

On July 13, 2000 the find connection was made to
the fan (two-stage) on the IB909 jack-up barge. The
fan was commissoned and a series of measurements
were performed to determine the arflow exhausting
the Deer Idand Outfdl Tunnd. The measurements
involved determining the fan totd exhaust pressure,
traversng the duct upstream of the dlencers to
caculae ar veocty, measuring the dry bulb
temperature, redive humidity and barometric
pressure of the ar in the duct, taking oxygen
readings a the fan exhaud, and recording the fan
amperage. The duct was traversed in two directions
and the average velocity readings were recorded.
These measurements were taken two times and the
average usd in the cdculaion of arflow exhauding
through the fan. The exhaust duct at the fan was 0.97
m (38in.) in diameter.
The measured data was as follows:

- Average velocity pressure (two traverses): 0.315
kPa (1.266 in. w.g.)

- Fan totd pressure 3.21 kPa (12.873 in. w.g.)
measured upstream of Silencers.

- Air exhaust dry bulb temperature: 85 °C (47.4

- Air exhaud relative humidity: 98 %
- Surface barometric pressure: 101.25 kPa (29.90
in. Hg.).

- Fan amperage meter: 154 Amps

- Fanvoltage: 440 V (assumed, not measured)

- BExhaugt oxygen spot reading: < 12% O (sensor
withdravn because of high moisture content of
theair).

Figure 5. Fan on 1B909 jack-up barge.

From these data the following parameters were
calculated:

- Air densty exhausting duct: 1.21 kg/n? (0.0756
lbrrft).

- Air velocity in duct: 22.8 m/s (4,494 ft/min)

- Airflow in duct; 16.7 /s (35,400 cfm)

- Fan effidency: 59 %

- Motor input power: 138 hp (103 kW)

The computer sSmulations predicted the arflow
through the tunnd a 17.2 nt/s (36,500 cfm). The
actud arflow was dightly less than this vaue by
3%. This result proved the benefit of modding the
system prior to ingdlation. It dso showed that there
were minimd obdructions in the ventilation pipe
(eg. flooding of the ebow, etc) that were not
accounted for in the ventilaion modd. The
predicted fan operating pressure was within 4% of
actud. The results indicate that the ventilation
models were interpreting and representing the actud
fan operating characterigtic curve correctly, and that
the manufacturers provided curves closdy fit actud
performance.

It was noted that there was some ar leskage
aound the surface “T”, plug, connections and
probably where the ventilation tube connects to the
diffuser. However, no obvious large leskage points
were noted and it was difficult to determine if
sonificat arflow was passng through the annulus
between the ventilaion pipe and the caisson.
Ancther factor influencing the arflow rate was a



large quantity of waer exhauging the fan.  This
water islikely coming from the tunnd horizon.

From the ar qudity measurements it was
determined that a ggnificant portion of the exhaust
ar mus have originated from the tunnd since the
oxygen leves a the fan exhaust were low (below
12%)). The low oxygen levds indicaed an
unacceptable tunnel  environment  for  unprotected
workers.

Providing over 142 nt/s (30,000 cfm) to the
tune over a 12 to 13 hour time period restored
norma oxygen leves for the entire tunnd length (to
Diffuser #3). Re-entry to the tunnd was achieved
on July 15, 2001. Work commenced and dl
remaning tunnd plugs were removed in five days
This was five weeks ahead of schedule. The tunnd
was commissoned for use in September. The tota
cod of the recovery ventilaion sysem was
approximady $15 million. While this vaue seems
high, it was consdered cost effective when factoring
in the lengthy dday @asociaed with the
commissoning the auxiliary vertiletion dterndtive.

5 SUMMARY

This paper describes an  innovetive ventilation
system for rapid recovery of a long sub-agueous
tunnd. The sysem was sdfdy inddled and the
arflows predicted through the tunnd were within
3% of the actua arflow. The project represented
collaboration between contractor, consultant, loca
authorities, federd authorities and the unions. Future
outfal projects may condder this type of active
ventilaion system when commissoning Smilar
tunndls.
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