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Executive Summary

During the peniod of 1990 to 2000, 111 carbon monoxide (CO) poisomng cases occurred on Lake
Powell near the border of Anzona and Utah Seventy-four of the poisonings occurred on
bouscboats, and sivtv-four of the poisonings were attnbutable o generator exhaust alone  Seven
of the 74 houseboat-related CO poisomngs resulted in death

In February 2001, the National Institute for Occupational Safety and Health (NIOSH) conducted
an 1miial evaluabion of an enganeenng control mstalled on a houseboat generator to reduce the
hazard of CO poisonings from the generator exhaust The control consisted of a water separator
and an exhaust stack that extended 9 feet above the top deck of the houseboat outfirted onto a
gasohne-powered generator This previous mvestigation, conducted at Lake Powell, showed
substantia] reduchions (greater than 99%) 1n the concentration of CO on and arcund the swim
platform of a Lakeview houseboat retrofitted with the “dry stack™ generator exhaust system The
Lake Powell evaluation was conducted on a single stationary boat docked under moderate
ambient temperature and wind conditions

The current study investigated the effect of additional vanables on the performance of the dry
stack exhaust system These vanables included elevated ambient temperature, boat 1n motion,
and the effect of tying two or more boats together Alternative configurations meluding side and
rear exhaust were also tested for companson wath the dry stack

While the boat was stationary, CO concentrations on the /ower rear deck of the houseboat,
averaged approximately 3 ppm with the dry stack configuration, 2 ppm with the side exhaust
configurahon {exhaust terminating at starboard side) and 2835 ppm for the rear exhaust
configuration (exhaust termnating at transom undemeath swim platform) Exhausting the
generator through the dry stack or side exhaust resulted 1n a reduction of approxitnately 99%
when compared to the rear exhaust Peak concentrations on the upper deck of the houseboat
exceeded the ACGIH excurston hmit of 125 ppm for the side and rear exhaust configurations,
but were dramatically lower for the stack exhaust The relanvely low CO concenirations
measured on the lower rear deck with side exhaust were surpnsing because previous NIOSH
mvestugations have shown dangerously ugh CO concentrations (several hundred ppm ) under
sinilar conditions

‘When the boat was ib motion (boat underway), CQO concenirations were much higher due to
the CO generated from the propulsion engines  For the dry stack, average CO concentrations on
the lower rear deck of the houseboat ranged between 18-87 ppm compared with 175 ppm and
129 ppm for the side and rear exhaust, respectively Finally, when 3 boats were tied together,
only the dry stack performed well Average CO concentrations on the Jower rear decks of the
houseboats ranged from 6-14 ppm, compared with 104-777 ppm for side and rear exhaust
configurations



Although average concentrations provide for a good companson between generator exhaust
configurations, the peak exposures provide mformation more relevant to the important health
hazards In the current study, CO concentrations exceeded the NIOSH Immediately Dangerous
to Life and Health (IDLH) concentration of 1,200 ppm on the swim platforms of several boats
while tied together and exhausting the generators through a combination of rear and side exhaust
ports  Peak concentrations approachung the IDLH were also measured at the swim platform for
the rear-exhausted boat while statonary and for the side-exhausted boat while in motion The
concentration of CO nside the exhaust pipe of a generator dunng normal operation averaged

8 1% (81,000 ppm} This concentration 1s over 67 times greater than the IDLH  Therefore, 1t 15
important to direct the generator exhaust away from the water level and any occupied region of
the boat The results of this and pnor NIOSH studies mdicate that houseboats retrofitted with an
exhaust stack that extends well above the upper deck will greatly reduce the nisk of generator-
related CO poisoning and possible death to individuals on or near the houseboat



Background

On June 18-20, the National Institate for Occupational Safety and Health (NIOSH}) conducted an
evaluation of an engineermg control designed and retrofitted onto a houseboat generator The
control, which consisted of a water separator and an exhaust stack, was designed to direct the
generator gahanst away from individuals on or near the housebeat 1n order to prevent carbon
monoxide (CO) potsomungs from the exhaust Many houseboat generators exhaust through the
transom under the swam deck on the rear of the boat while others exhaust to the side of the boat
near the waterline The generator exhaust system design and modification was performed by Fun
Country Manne Industries, Inc  The evaluation was conducted at the request of Fun Country
Manne, Inc whose boats are located at Callville Bay on Lake Mead, Nevada Thus study was
performed 1n conjunction with another NIOSH survey which evaluated the use of an ermssions
control device and an mterlock system for controlling CO concentrations (Earnest et al 2001}
The dry stack exhaust system was tested under a vanety of conditions that had not been
previously evatuated by NJOSH including boat m motion and multiple boats tied together, as
well as the boat stationary condition  Alternate generator exhaust configurations, including side
and rear transom vent, were also tested under the same conditions The previous dry stack
exhaust spuches were performed on a single boat docked 1n primanly quiescent atmospheric
conditions This report provides background mformation, and describes the evaluation methods,
restlts, conclusions, and recommendations from this survey

Imtial investigations were conducted m September and October 2000 involving representatives
from NIOQSH, U § Coast Guard, U § National Park Service, Department of Intenor, and Utah
Parks and Recreation in response to CO related poisonings and deaths on houseboats at Lake
Powell The September 2000 mvestigation charactenzed CO poisorungs through eprdemiologic
data gathering and severely hazardous CO concentrations measured on houseboats at Lake
Powell (McCammon and Radtke 2000) Incident reports provided by the National Park Service
revealed seven known houseboat-related CO poisonung deaths on the lake since 1994 Some of
these mcidents mvolved numerous poisorungs 1n addition to the deaths reported  Information
regarding the fatalibies 1s described m the previous report (McCamunon and Radtke 2000} Since
that report, 1t has been discovered that from 1990 to 2000, 111 CO poisorung cases occurred on
Lake Powell near the border of Anzona and Utah  Seventy-four of the poisomngs occurred on
houseboats, and sixty-four of the poisonings were attnibutable to generator exhaust alone  Seven
of the 74 houseboat-related CO poisorungs resulied i death (McCammon, Radtke et al 2001)

Some of the severely hazardous situations identified during the September evaluation included

® The open space under the swim platform could be lethal under certain circumstances
(1 e, generator/motor exhaust discharging into this area) on some houseboats

® Some CO concenirations above and around the swim platform were at or above the
immediately dangerous to life and health (IDLH) level [greater than 1,200 parts of
CO per million parts of air {ppm])]



® Measurements of personal CO exposure dunng boat maintenance activities mdicated
that employees may be exposed to hazardous concentrations of CO

Further mvesiigations were conducted to gather additional CO concentration data on various
types of houseboats at Lake Powell (Hafl and McCammon 2000), Lake Cumberland, Kentucky
(Hall 2000}, and Lahe Mead, NV (Hall 2001} Survey results showed that when the generator 1s
exhausted under the rear deck or to the side of the boat near the waterline, hazardous
concentrations of CO {greater than the IIDLH) can occur in the space under the deck and around
the swim platform

In February 2001, an engineermg control evaluation was conducted on a Lakeview houscbeat
located at the Wahweap Manna on Lake Powell, Anzona (Eamnest et al 2001) That study
exarmined the effect of using an exhaust stack that extended 9 feet above the top deck of the
houseboat for the generator compared to a more standard configuranon of exhausting out of the
rear transom 1n the space underneath the swim platform  The results indicated average
reductions in CO concenirations on the swim deck of greater than 99% (607 ppm vs 3 ppm)
when the exhaust was vented through the stack versus to the airspace beneath the swim deck A
second evaluation was conducied on 2 dry stack exhaust at Sumerset Custom Houseboats i
March 2001 {Dunn, Hall et al 2001) Ths study confirmed the results of the previous study
Average CO concentrations on the swim platform were approximately 1 ppm with the generator
operating and exhausting through the stack -

Carbon Monoxide Symptoms and Exposure Limits

Carbon monoxide (CO) s a lethal poison that 15 produced when fuels such as gasoline or propane
are burned It 1s one of many chemicals found in engine exhaust resulting from mmcomplete
combustion Because CO 15 a colorless, odorless, tasteless gas, 1t can overcome the exposed
person without waming The iitial symptoms of CO pmsoning may include headache,
dizziness, drowsiness, or nausea Symptoms may advance to vormiting, loss of consciousness,
and collapse if prolonged or high exposures are encountered If the exposure level 18 lngh, loss
of consciousness may occur without other symptoms Coma or death may occur 1f high
exposures continue (NIOSH 1972, NIOSH 1977, NIOSH 1979) The display of symptoms
vanes widely from mdividual fo indmdual, and may occur sooner 1 susceptible individuals such
as young or aged people, people wath preexisting lung or heart disease, or those hiving at high
altitudes (Proctor, Hughes et al 1988, ACGIH 1996, NIOSH 2000)

Exposure to CO limits the allity of the blood to carry oxygen to the tissues by tinding with the
hemoglobin to form carboxyhemoglobin (COHb) Bleod has an estimated 210-250 times greater
affimty for CO than oxygen, thus the presence of CO in the blood can mnterfere with oxygen
uptake and delivery to the body (Forbes, Sargent et al 1545)

Although NIOSH typically focuses on occupational safety and health 1ssues, the Institute 1s a
public health agency, and cannot 1gnore the overlapping exposure concems n this type of setting



The general boating public may range from infant to aged, be in vanous states of health and
susceptibility, and be functioming at a lagher rate of metabolism because of increased physical
activity The occupational exposure himts noted below should not be used for interpreting
general population exposures because they would not provide the same degree of protechon they
do for the healthy worker population

Exposure Criteria

The NIOSH Recommended Exposure Litmit (REL) for CO 15 35 ppm for full shift time werghted
average (TWA) exposure, with a ceiling lirnit of 200 ppm which should never be exceeded (CDC
1988, CFR 1997) The NIOSH REL of 35 ppm 15 designed to protect workers from health
effects associated with COHb levels 1n excess of $% (Kales 1993) NIOSH has cstablished the
IDLH vaiue for CO as 1,200 ppm (NIOSH 2000) The Amencan Conference of Governmental
Industnal Hygemsts® (ACGIH®) Threshold Limit Values (TLVs®) recommends an eight-hour
TWA TLV of 25 ppm (ACGIH 2001), and recommends that excursions above 125 ppm be
prevented The Occupational Safety and Health Admimstration (OSHA) Permmussible Exposure
Limts (PELs) for CO 1s 50 ppm for an 8-hour TWA exposure (CFR 1997}

The US EPA has promulgated a National Ambient A Quality Standard (NAAQS) for CO This
standard requires that ambient air contamn no more than 9 ppm CO for an 8-hour TWA, and 35
ppm for a ehe-hour average (EPA 1991) The NAAQS for CO was established to protect “the
most sensitive members of the general population”

Methods

Description of the Evaluated Fun Country Marine Houseboat and
Engineering Control

CO samples were collected on three Fun Country Marine houseboats having the specifications
listed below

g Houseboat # 20 (see Figure 1)

Engines: (2) 135 horsepower (hp) 4 cylinder, 4 cycle, Volvo engines, with

mnboard/outhoard dnives

Generator: 12 5 kW Kohler, 4 cylinder, 4 stroke

Approximate dimensions of houseboat: 65' X 14

Approximate dimensions of space below swim platform: 3* X 14'X 1 5'

Exhaust Configuration: 1} Combo-Sep muffler/gas/water separator to vertical
gas exhaust 9 feet above upper deck and port side water dram, and 2) Can
modify to exhaust gas through mufiler and starboard side



® Houseboat # 173 (see Figure 1)

Engines: (2)1335 borsepower (hp) 4 cylinder, 4 cycle, Volvo engines, with

wmboard/outhoard drives

Generator: 12 5 kW Kohler, 4 cylinder, 4 stroke

Approximate dimensions of houseboat- 56' X 14'

Approximate dimensions of space below swim platform: ¥ X 14X 1 5

Exhanst Configuration: 1) Combo-Sep muffler/gas/water separator to vertical
gas exhaust % feet above upper deck and port side water drain, and 2) Can
modify to exhaust gas through muffler and rear transom

L Houseboat # 200 (see Fignre 1)

Engines: (2) 135 horsepower (hp) 4 cyhinder, 4 ¢cycle, Volvo engines, with

nboard/outboard dnives

Generator: 12 5 kW Kohler, 4 cylinder, 4 stroke

Approximate dimensions of houseboat: 56' X 14

Approximate dimensions of space below swim platform: 3' X 14'X 1 5'

Exhaust Configuration: 1) Combo-Sep muffler/gas/waler separator to vertica)
gas exhaust 9 feet above upper deck and port side water drain, and 2) Can
modify to exhaust gas through muffler and rear transom

The propulsion (dnve) engines and generator were housed in compartments beneath the rear deck
of the houseboat Access to the engines was through a large door mn the floor of the rear deck
These engines exhausted through their propellor shafts bencath the water  The evaluated
houseboats had a full hull without enclosed spaces beneath the lower rear deck The generator on
these houschoats provided electnical power for air conditiomng, electrical cooking, refrigeration,
cabin apphances, and navigation and commumeations equipment The generator was housed n
the engine compartment beneath the rear deck and was positioned near the two Volvo dnve
engmnes The generator 1s a 4-cylinder, 4-cycle, gasoline-powered engine that operates at
approxumately 1,80C revolutions per muinute {rpm) and displaces 79 cubic mmches (1n°)

The hot exhaust gases fromn thus generator are myected with water near the end of the exhaust
manifold 1n a process commonly called “water-jacketing ” Water-jacketing 1s used for exhaust
coohng and noise reduction The water-jacketed exhaust passes through a Lifi mufiler that further
reduces nose and forces the cooled exhaust gases out through a hole beneath the swim platform
to either the dry stack, rear, or side exhaust configuration

A schedule 40, 2-1nch nominal aluminum pipe was used for the stack (Figure 2) The aluminum
pipe was divided into two separate sections a section between the Jower rear deck and the upper
dzck, and a section extending 9 feet above the upper deck The portion of the stack located
above the upper deck sat inside of a coupling that was held together by the weight of the stack
An o-nng was used to prevent leakage between the sechions  The lower portion of the stack
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extended through the lower rear deck and was clamped to a high temperature exhaust hose This
design permitted relatively simple crmissions samphing at vanous locations and more importantly,
could be used to easily remove the stack when the houseboat 1s being transported or shipped

To allow the pipe to pass from beneath the lower swim deck te © feet above the upper deck, a
hole was made 1 the lower rear port-side of the engine campartment and thc rear port-side of the
upper deck which the pipe passed through  The onginal hift muffier was removed, and a Combo-
sep® muffler/gas/water separator (Centek Industries, Thomasville, GA} was installed to separate
the exhaust gases from the water using gravity and centnifugal force In order to function
properly, the exhaust stack must be properly sized based upon the exhaust gas, water flow rate,
and the maximum back pressure permitted by the manufacturer It s also important that the
separator releases the water Jess than 6 mches helow the water line 10 reduce back pressure which
could force some water up the stack Fmally, the exhaust hose between the Combo-Sep® and
exhaust stack should not sag so that any water deposited inside of the hose will flow back nto
the Combo-Sep® umit

Representatives from Fun Country Manne, Inc estimated that the evaluated dry stack exhaust
system would cost between $500 and $1000 to retrofit to the houseboat while 1n the water and
between 51000 and $1500 1f 1t was necessary to remove the boat from the water to perform the
mstallation The ongnal purchase price for the evaluated houseboats was approximately
$165,000 and these boats currently s¢ll for approxumately $180,000

Description of the Evaluation Equipment

Emissions from the exhaust stack were charactenzed using a KAL Equip Model 5000 Four Gas
Emissions Analyzer (KAL Equipment, Cleveland, Ohio) This analyzer measures CQ, carbon
dioxade (CO,), hydrocarbons, and oxygen CO and O, measurements are expressed as
percentages [One percent of contaminant 1s equivalent to 10,000 ppm ]

CO concentrations were measured at vanous locations on the houseboat using Toxi1Ultra
Atmospberic Monitors (Bacou USA, Middletown, CT) with CO sensors  ToxiUltra CO monitors
were calibrated pefore and afier use according 1o the manufacturer’s recommendations These
moanitors are direct-reading instruments with data logging capabihtres  The mstruments were
operaied 1n the passive diffusion mode, with a 30 second sampling interval The instrumnents
have a nominal range from ¢ ppm te 599 ppm

The ToxiUltra monitors are electrochemical type instruments which measure the ejectncal
current generated by a reaction between the ambient CO and the electrolyte 1n the sensor The
electncal current generated 15 proportional 1o the amount of reactant gas present and 18 used to
indicate gas concentration  Occasionally, négative gas concentration readings are logged
generally due 10 two conditions 1) zeroing the imsthunent in an area which 1s not free of CO, or

1



2) performing measurements in the presence of interference contaminants which cause a
negative potential across the electrode  Duning this evaluation, a zero dnft of -1 to 4 ppm
occurred on a few of the sensors To account for this, a zero shuft was added to the data for those
momtors

CO concentration data was also coilected with detector tubes [Draeger CO, CH 29901- range 0 3
% (3,000 ppm) to 7 % (70,000 ppm} and CH 25601- range 5-700 ppm)] at vanious locations on
the boat The detector tubes are used by drawing air through the tube wath a bellows—type pump
The resulting lenpth of the stain in the tube (produced by a chemical reaction with the sorbent) 1s
proporticnal to the concentration of the air contaminant

Grab samples were collected using Mine Safety and Health Admimstration (MSHA) 50-mL
glass evacuated containers  These samples were collected by snapping open the top of the glass
container and allowing the air to enter The containers were sealed with wax—mpregnated
MSHA caps The samples were then sent to the MSHA laboratory 1n Pittsburgh, Pennsyivama
where they were analyzed for CC using a HP6890 gas chromatograph equipped with dual
columns (molecular sieve and porapak) and thermal conductrvity detectors

Wind velocity measurements were gathered each minute during the air sampling using an
ommdirectional ((hll Instruments Lid , Hampshare, U K ) ultrasonic anemometer This
mnstrument uses a basic time~of-flight operatingpnnciple that depends upon the dimensicns and
geometry of an array of transducers  Transducer pairs alternately transmit and receive pulses of
high frequency ultrasound The time-of-flight of the ultrasomc waves are measured and
recorded, and thrs tme 15 used to calculate wand veloctities in the X-, Y-, and Z-axes This
mnsirument 15 capable of measunng wind velocities of up to 45 meters per second (100 miles per
hour) and taking 100 measurements per second

Aur velocrty from the exhaust stack was measured through the use of a VelociCalc Plus Model
8360 air velogity meter {TSI Inc , St Paul, MN) Aur velocity readings were collected, at the face
of the stack exhaust outlet The exhaust velocity was measured on each boat evaluated and an
average velocity was calculated from these measurements

Description of Procedures

"The evaluation was performed over a 3-day penod with three distinet operating conditions and 3
generator exhaust configuratons The test conditions and operating configurations are
summanzed below

1) Boat Stationary — Generator exhausting through the dry stack, side or rear transom The

gencrator exhaust was reconfigured after each run to alternate betwesn the dry stack and the
alternate configuration (side or rear exhaust} This evatuation was conducted over a two day
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period with the Stack/Side tests run on June 19 (Boat 20) and the Stack/Rear tests fun on June 20
(Boat 200) Dunng the stationary evaluation, the generator operated alone for approximately 30
mmutes

2) Boat Underway (see Figure 3)-Generator exhausting through the dry stack, side or rear
ransom  The boatl underway evaluation consisted of measuring CO concentrabions on the boat as
the boat moved from the marina to & cove or from the cove back to the manna After exiung the
no-wake zone, the boat captain mantained 2 constant speed en route to the cove The trip
to/from the marna tasted for approximately 30 minutes Tius evaluation was also conducted
over a two-day pertod with the Stack/Side tests run on June 19 (Boat 20) and the Stack/Rear tests
run on June 20 (Boat 200)

3} Boats Tied Together (rafting-see Figure 1)-Generator exhausting through the dry stack, side,
or rear transom or cembination of side and rear  Evaluation of boats tied together mcluded
testing three boats with a combination of side (Boat 20) and rear (Boats 173 and 200) generator
exhaust or dry stack exhaust configurations (all boats) A second evaluanon of 2 boats with rear
(Boats 173 and 200) or stack generator exhaust configurations (both boats) was also conducted
Dunng the evaluation, the generator operated alone for approximately 30 minutes per run

Sampling locations for the ToxiUltra real-time CQ momitars on the lower and upper decks of the
househoat are shown in Figures 4 and 5 (smgle-boat), 6 and 7 (2 boats tied together), and 8 and 9
(3 boats tied together) The monitors were placed at vanous locations on both the upper and
lower decks of the houseboat to provide representative samples of occupied areas when the
generator was operating Because people commonly enter and exit the water via the rear swim
platform of the boat, two monutors were placed on enther side of this structure

Results

Results of Air Sampling with ToxiUltra CO monitors

Summary statishcs of the ToxiUlira real-time CO concentration measurements at vanous
locations on the houseboeat are presented 1n Tables [ through VI Figures 10 through 12 prowvide
a companson of average CO concenirations on a smgle houseboat when the generator 18
exhausted through the dry stack, side, and rear transom while the boat 15 stationary and
underway Figure 13 provides average CO concentrations at multiple locations on 2 houseboats
{Boats 173 and 200) which were bed together and exhausting esther through the stack or through
the rear transom Figure 14 compares the average CO concentrations 1n a three house boat
configuration with all boats exhausting through the stack or through a combination of side (Boat
20) and rear (Boats 173 and 200)

The following summanzes the CO concentrations at varnous locations on the houseboat(s) The

stationary results reflect CO concentrahions when only the generator 1s operahonal When the
boat 15 underway, both the generator and dnive engines were operating
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Single boat, while stationary (only generator operating)

Carbon monoxide concentrahions on the lower deck were low for the dry stack on both
days of testing with an average of 4 ppm and 3 ppm for June 19 and 20 The CO

concentration when exhausting out of the side was also low with an average of 2 ppm In
contrast, CO concentrations on the lower dech of the rear-exhausted boat were
substantially worse with a mean of 285 ppm  These values represent an average of all
outstde locat:ons on the lower deck (swim platform, shide and stairs) Both the dry stack
and side exhaust averages resulted 1n zbout a 99% reduction from the average
concentration of the rear exhaust.

Instantaneous CC) concentrations on the swim deck were also low for the dry stack on
both days of testing with a peak of 41 ppm and 20 ppm for June 19 and 20 The CC

concentration when exhausting out of the side was also low with a peak of 12 ppm In
contrast, the highest CO concentration on the swim platform of the rear-exhausted boat
reached 983 ppm far exceedmg the NIOSH Ceiling hmut and approaching the IDLH

Carbon monoxide concentrations on the upper deck were lower for the dry stack than the
side or rear exhaust configurations CO concentrations across all upper deck locations
averaged 2 ppm and 1 ppm for June 19 and 20 with the dry stack The average CO
concentrations for the side and rear exheust were 10 ppm, and 17 ppm, respectively ‘The
stack exhaust was approximately 80% lower than the side exhaust and 94% lower than
the rear exhaust based on the average of all CO measurements on the upper deck

Peak CO concentrations on the upper deck were low for all locations when exhausting
through the dry stack with the highest reading of 19 ppm (aft comer, port) on erther day
of testing Peak CO concentrahions were much higher for both the ssde and rear exhaust
configurations with peaks reaching 155 ppm and 146 ppm, respectively Peak
concentrations at two locations on the upper deck exceeded the ACGIH TLV excursion
itmit of 125 ppm when the generator was exhausting to the side of the boat

ThLa results of all samples collected on the lower level rear deck are shown in Table I for each
stationary houseboat generator exhaust configuration tested Figure 10 shows the average CO
concentrations at the rear swim platform and behind the shde at breattung zone height (BZH)
whle the boat was stahonary The scale on the plot is a log scale due to the wide range of CQO
concentrations  The average CO concentration for the generator operating and exhausting
through the stack was low with values of 4 ppm for the swim platform and 1 ppm at BZH behind
the shde The values for the side exhaust were also low with averages of 1 ppm on the swim
platform and 2 ppm behind the shide  The generator rear exhaust resulted 1n substantially hagher
CO concentrations with an average of 688 pprn on the swim platform and 68 ppm behind the
shde Although the average CO concentrations provide a good basis for companing generator
exhaust configurations, perhaps more important are the peak concentrations at these locations
Table I also shows the peak concentrations measured at each location for various exhaust
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configuration—peak concentrations which exceed the NIOSH Ceiling Lirmt of 200 ppm are
highlighted in bold typeface The highest concentration measured over two days of testng at any
location on the lower rear deck of boats 20 and 200 was 41 ppm (swun platform) for the stack
exhaust The analogous peak concentration for the side exhaust was 46 ppm (shde at BZH) and
983 ppm for the rear exhaust (swim platform)

The results of all samples collected on the upper deck are shown wn Table II for ¢ach stationary
houseboat generator exhaust configuration tested Figure 10 shows the average CO
concentrations at the starboard aft locahion (across from the stack) and center of the top deck
while the boat was stationary The average CQ concentration for the generator operating and
exhausting through the stack was low with values of 1 ppm for the starboard aft location and 1
ppm near the center of the top deck  The values for the side exhaust were higher with averages
of 17 ppm at the starboard aft location and 10 ppm near the center The generator rear exhaust
resulted 1n shghtly lagher CO concentrations than the stack with average CO concentrations of
10 ppm on the starboard aft sampling Jocation and 2 ppm near the center Table II also shows the
peak concentrations measured at each wpper deck sampling location for each exhaust
configuration The lughest concentration measured over two days of testing at any location on
the upper deck of boats 20 and 200 was 19 ppm (port aft-near the stack} for the stack exhaust
The analogous peak concentranon for the side exhaust was 155 ppm (at the center of the top
deck) and 146 ppm for the rear exhaust (at the port aft location)

Single boat, while in mohen (with drive engines and generator operating)
Note: Increase in CO levels due to drive engines operation.

. I'he CO concentrations measured on the lower rear deck, on June 19, for all outside

sampling locations (swum platform, slide and stairs) averaged 87 ppm and 175 ppm for
the stack and side exhaust, respectively The average CO concentrations on the lower
deck on June 20 were 18 ppm and 129 ppm for the stack and rear exhaust, respectively
There was significant vanation from June 19 to June 20 for measurements on the stack
exhaust hkely due to varying wind conditions

. Peak CO coneentrations on the swim deck were high for all exhaust configurations with
peaks of 681 ppm, 96t ppm and 422 ppm for the stack, stde and rear exhaust,
respectively These CO levels mdicate extremely dangerous conditions on the swim
platform with each exceeding the NJIOSH Ceiling it of 200 ppm and approaching the
1200 ppm IDLH hmit

» Carbon monoxide concentrations o the upper deck were lower for the dry stack than the

side or rear exhaust configurations  The average CO concentration for all locations on the
upper deck was 5 ppm on June 19 and 5 ppm on June 20 when exhausting through the
stack The comresponding average CO concentrations for the side and rear exhaust were 7
ppm and 156 ppm, respechively
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. Peak CO concentrations on the upper deck were lower for most locations when
exhausting through the dry stack with the highest reading of 61 ppm (aft comner, near

stack) on either day of testing  Peak CO concentrations were generaliy hugher for both the
side and rear exhaust configurations with peaks reaching 97 ppm and 137 ppm,
respectively

The results of all samples collected on the lower level rear deck are shown 1n Table I for each
generator exhaust configuration tested while underway Some of these data are shown
graphically m Figures 11 (stack vs side) and 12 (stack vs rear) Carbon monoxide
concentrations were haghly vanable from day to day probably due to wind conditions

Therefore, 1t 1s only appropnate to compare data from each day with the configurations tested on
that day These figures show the average CO concentrations at the rear swim platform and behind
the shde near the breathing zone height (BZH) while the boat was 1n motion The average CO
concentration for the generator operating and exhausting through the dry stack was lower than
the side or rear exhaunst with values of about 141 ppm and 21 ppm for the swim platform on days
1 2nd 2 (June 19 and 20), respectively The average CO concentrations behind the slide near the
BZH was 48 ppm on day 1 and 6 ppm on day 2 for the dry stack exhaust These values likely
differed from day to day due to varying wind conditions The values for the side exhaust
averaged 287 ppm on the swim platform and 71 ppm behind the slide The generator rear
exhaust configuration resulted 1n average CO concentrations of 181 ppm on the swim platform
and 65 ppm behind the shde The lighest concgntration measured over two days of testing at any
Iocation on the lower rear deck of boats 20 and 200 was 681 ppm (swim platform) for the stack
exhaust The analogous peak concentration for the side exhaust was 1081 ppm (swim platform)
and 422 ppm for the rear exhaust (swim platform)

The results of all samples collected on the upper deck are shown 1n Table IV for each underway
houseboat generator exhanst configuration tested Figures 11 (stack vs side) and 12 (stack vs
rear) show the average CO concentrations at the starboard aft location (across from the stack) and
at the center of the top deck whale the boat was in motion  The average CO concentration for the
generator operating and exhausting out of the dry stack was slightly lower than the side or rear
exhaust with values of about 5 ppm and 11 ppm for the aft starboard location on days 1 and 2
{June 19 and 20), respectively These values likely differed from day to day due to varying wind
condiions The average CO concentranions at the center of the top deck were 1 ppm on day ]
and 2 ppm on day 2 for the dry stack exhaust The values for the side exhaust averaged 10 ppm
at the aft starboard location and 2 ppin at the center of the top deck  The generator rear exhausi
configuration resulted m average CO concentrations of 15 ppm at the aft starboard location and 6
ppm at the center of the top deck Table I'V also shows the peak concentrations measured at each
upper deck sampling Jocation under each exhaust configuration The lighest concentration
measured over two days of testing at any location on the upper deck of boats 20 and 200 was 61
ppm (port aft-near the stack) for the stack exhanst The analogous peak concentration for the
side exhaust was 97 ppm (at the starboard aft location) and 137 ppm for the rear exhaust (at the
port aft location)
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Houseboats Tied Together (only generator operating)

The houseboals tied together were tested 1n a 2 and 3 boat configuration The 2 boat
configuration consisted of 2 comparison between both generators exhausting through the stack or
out of the rear transom (undermeath the swim platform) The 3 boats tied together evaluated all
boats exhausting through the stack or 8 combination of rear and side exhaust (Figure 8) Note
The generator exhaust for the side exhausted boat was pointed away from the adjacent
houseboats

. For 2 boat configuration, the stack performed much better than the rear generator exhaust
configuration With generators exhausting through the stack, the average CO
concentrations measured on the swim platform of boats 200 and 173 were 1 ppm and 2
ppm, Tespectively With the generators exbausting out of the rear, the averages for boats
200 and 173 were 191 ppm and 53 ppm, respectively The reduction in average
concentration was approximately 99% for boat 200 and 96% for boat 173

- For the 2 boat confisuration, peak CO concentrations were also substantially reduced on
the swim platform by the use of the generator exhaust stack With both boats exhausting
through the stack, the peak concentration seen on the swim platform of either boat was 5
ppm while the corresponding peak for the rear exhausted boats was 979 ppm

. For the 3 boat configuration, the resultsswere similar  The averace concentration on the

swimn deck for the three boats while using the stack exhaust was 14 ppm, 10 ppm and 11
ppm for boats 200, 173 and 20, respectively When the generators were switched to a
combmation of side and rear exhaust, the CO concentrations were dramatically ligher
with average concentrations of 777 ppm, 153 ppm, and 145 ppm for boats 200, 173 and
20, respectively

- Peak concentrations reached dangerously high Jevels on the swi tfc 1 all three

boats when the generators were exhausted through the combination sidg and rear exhaust
The peaks on boats 200 (1,243 ppm) and 173 (1,235 ppm) reached levels above the

IDLH When the boats were exhausting through the stack, the hughest CO concentration
measured on the swim platform of any boat (84 ppm on boat 200) was well below the
NIOSH Ceiling hmir and the ACGIH excursion hmat

- The average and peak concentrations on the upper deck were lower for every sampling
location when the generators were exhausting through the stacks versus the altemate

configurations (rear or side/rear) for both the 2 and 3 boat configurahons

The results of all samples collected on the lower level rear deck with multiple houseboats tied
together are shown 10 Table V (2 boats tied together) and Table VII (3 boats tied together) for
each houseboat generator exhaust configuration tested Figures 13 (2 boats tied together) and 14
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{3 boats tied together) show the average CO concentrations on the rear swam platform of all boats
and at other rear platform locattons For the 2 boat configuration, the average CO concentration
for the generator operating alone and exhausting through the dry stack was lower than for the rear
exhaust configuration with values of 1 ppm and 2 ppm compared with 191 ppm and 54 ppm on
the swimn platforms for boats 200 and 173, respectively The average CO concentrations at BZH
on the stairs were 1 ppm for boats 200 and 173 when exhausting through the stack While the
values for the rear exhaust configuration averaged 23 ppm and 10 ppm for boats 200 and 173
Although the average CO concentrations provide a good basis for companing generator exhaust
configurations, perhaps more important are the peak concentrations at these locations Table V
shows the peak concentrations encountered on boats 173 and 200 for each location under both
exhaust configurations—peak concentrations winch exceed the NIQOSH Ceiling Limat of 200 ppm
are mghlighted mn bold typeface The highest concentrahon measured at any location on the
lower rear deck of boats 173 and 200 was 5 ppm {swim platform on boat 173) for the stack
exhaust The analogous peak concentrabon for the rear exhaust was 979 ppm (swim platform on
boat 200)

For the 3 boats tied together configuration, the average CO concentration for the generator
operating alone and exhausting out of the dry stack {on all boats) was lower than for the
combination of rear (boats 200 and 173), and side exhaust (boat 20) configuration with values of
10 ppm, 14 ppm, and 11 ppm compared with 153 ppm, 777 ppm and 145 ppm on the swim
platforms for boats 173 and 200 and 20, respectively The average CO concentration at BZH
behind the shide on the center boat (boat 200) was 6 ppm when each boat exhausted through the
dry stack compared with 104 ppm when exhausting through the combination of rear and side
exhaust Table VII shows the peak concentrations encountered on boats 173, 200 and 20 for each
location under both exhaust configurahons-—peak concentrations which exceed the NIOSH
Ceiling Lirmt of 200 ppm are lughlighted 1n bold typeface The highest concentration measured
at any Jocation on the lower rear deck of boats 173, 200 and 20 was 84 ppr (swim platform on
boat 200) for the stack exhanust The analopous peak concentration for the combinahion rear/side
exhaust was 1,243 ppm (swim platform on boat 200)

The results of all samples collected on the upper deck are shown in Table VI { 2 boats tied
together) and Table VIII (3 boats tied together) for each houseboat generator exhaust
configuration tested Figures 13 (2 boats tied together) and 14 (3 boats tied together) show the
average CO concenfrations at a few locations on the upper decks of boats 173, 200, and 20 while
exhausting through the stack or through the rear or side  For the 2 boat configurahion, the
average CO concentration for the generator operating alone and exhausting out of the dry stack
{(for both bpats) was lower than the rear exhaust configuranon with a value of 3 ppm compared
with 5 ppm at the port, aft location for boat 173 The average CO concentrations at the starboard,
aft location of boat 200 was 3 ppm for the stack exhaust compared wath 54 ppm for both boats
exhausting through the rear transom  Table VI shows the peak concentrations measured on boats
173 and 200 for each location under both exhaust confipurations The highest concentration
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measured at any lotation on the upper deck of boats 173 and 200 was 27 ppm (starboard, front on
boat 173) for the stack exhaust The analogous peak concentration for the rear exhaust was 172
ppmn (starboard, aft on hoat 200)

For the 3 boats tied together configuration, the average CO concentration for the generator
operating alone and exhausting oul of the dry stack {on all boats) was lower than for the
combination of rear (boats 200 and 173) and side exhaust (boat 20) configuration with a value of
4 ppm compared with 10 ppm at the port, aft location of boat 173 The average CO
concentration at the front, starboard location of boat 20 was 3 ppm when each boat exhausted
through the dry stack compared with 10 ppm when exhausting through the combination of rear
and side exhaust Table VIII shows the peak concentrations measured on boats 173, 200 and 20
for each location under both exhaust configurations The highest concentration measured at any
location on the upper deck of boats 173, 200 and 20 was 52 ppm (port, aft on boat 173) for the
stack exhaust configurahon The analogous peak concentration for the combination rear/side
exhaust was 98 ppm at 2 samphing locations (port, 2ft on boat 200 and starboard, aft on boat 20)

Wind Velocity Measurements

Wmd velocity measurements were taken swith an ultrasonic anemometer while the CO sampling
data was gathered Durnng this study, evaluations occurred with the houseboats stationary and
underway The boats were onented 1n a vanety of directions depending upon the day and nme
When possible, an attempt was made to position the boats 1n 2 manner such that wind was
moving from the rear of the houseboat near the CO emission sources toward the front of the
houscboat to establish a worst case testing scenano

A sample of the wind velocity data collected on the morming of June 19 1s shown 1n Fagure 15
On the afterncon of June 18, wind speeds were low to moderate, having an average speed of
approximately 1 8 mm/sec (4 miles per hour) and a standard deviation of 1 0 m/sec  On average,
wind direction was at 210° SW  On the morning of June 19, wind speeds were low to moderate,
having an average speed of approximately 1 7 m/sec (3 7 mules per hour) and a standard
deviation of 1 2 m/sec On average, wind direction was at 206° SW  On (s mormung, the boat
heading was due North (0° N) On the afternoon of June 19, wind speeds were approximately 2 0
m/sec (4 5 miles per hour) and had a standard deviation of 1 0 m/sec  On average, wind direction
was at 217° SW The boat heading in the afternoon was 80° NE Data from June 20 was lost
due to instrument problems The boat heading on the moming of June 20 was 210° SW

Gas Emissions Analyzer, Detector Tubes, and Evacuated Container Results
The gas emissions analyzer, detector tubes, and glass evacuated containers were used to

characterize CO concentrahons in the exhaust stack and at locations on and around the
houseboat These instruments were utilized because they are capable of reading higher CO
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concentrations than the Toxwuitra CO momtors which has an upper limit of around 1,000 ppm
When measuring exhaust from the stack, the probe of the emussions analyzer was placed directly
1n the exhaust pipe Measurements taken with the gas enmssions analyzer durectly i the exhaust
stack of the generator ndicated CO concentrations i the range of 5 3 % (53,000 ppm) to 8 5 %
(85,000 ppm) The average over the one-hour sample penod was 8 1% (81,000 ppm) with a
standard deviation of 0 65 % (n=22)

Instantaneous spot measurements taken with Draeger colonmetne detector tubes and evacuated
contamners were collected at several sampling points  The colonmetnc tubes results correlated
well with the ToxiUltra measurements for all samples and are shown in Table IX The evacuated
contamner samples were taken at many locations (where ToxtUltra monttors were not placed) and
the results are shown in Table X Two samples mndicated that there were lugh CO concentrations
in the area around the side exhaust with one sample (2,130 ppm) above the IDLH level of 1,200
ppm Another evacuated container provided good agreement with the emisstons analyzer with a
reading of 75,836 ppm of CO m the generator eéxhaust stream

Exhaust Stack Velocity and Temperature Results

Alr velocity measurements were made at the face of the exhaust sitack on boats 20, 173 and 200
The velocity measured was similar for all boats primanly due to the fact that all boats shared the
identical generator and exhaust design The average exhaust velocity for afl readings was 1,025
feet per minute (fpm} The exhaust temperature closely followed the ambient temperature and
ranged from 108-113°F The ambient temperature was measured throughout the day and ranged
from 97°F 1n the mormng to 108°F 1n the afiernoon  The ambient air was dry with measured
relative humudity of 15-29% The water temperature was stable with temperature readings of
about 84°F

Discussion

Ths and previous NIOSH investigations on houseboats mdicate that exhausting generator
combustion gases beneath or near the rear deck may result in extremely hazardous CO
concentrations on or near the rear swim platform When the generator operates as designed
(having no catalytic converter or other poliution control devices) dangerously mgh CO
concentrations are emtted into the atmosphere  Exhaust gases released from the generator
outfitted on these houseboats averaged 8 1 % CO (81,000 ppm) duning normal operation Thig
concenitration 1s 67 times greater than the NIOSH Immediately Dangerous to Life and Heatth
(IDLH) level Because the CQ exhaust concentrations are so high, 1t 1s particularly important o
direct the generator exhaust gases away from areas where people may be located (1 e the water or
lower rear deck of the houseboat)

This evaluation found that the stack exhaust greatly reduced the CO hazard 1n occumed areas of
the boat The dry stack, extending 9 feet above the upper deck, propelled exhaust gases with
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enough momentum to provide an adequate effective height for the dispersion and removal of CO
Average and peak CO concentrations were found to be well below occupationsg! exposure himirts
(OSHA, NiOSH and ACGIH), when only the generator operated  When the boat was underway,
unconirolled exhaust from the drive engines 1s the major source of COQ resulting in much higher
CO concentrations

In general, the dry stack performed better than either the side or rear exhaust while the houseboat
was stationary with only the generator operating  Average CO concentrations for both the stack
and side exhaust were relatively low, with averages below recogruzed exposure limits  Rear
exhaust resulted in substantially hugher CO concentrations than stack or side exhaust at atl
samphng tocanons on the rear deck of the houseboat Peak CG concentrations exceeding the
NIOSH Ceiling and approaching the IDLH were measured on the swim platform and on the
lower deck (the stairs) whale exhausting through the rear  CO concentrations were much lower
on the upper deck for all exhaust configurations The average CO concentrations on the upper
deck were lower for the stack exhaust than the side or rear exhaust The stack reduced peak
exposures on the upper deck, however, the side and rear exhaust produced peak CO
concentrations greater than the ACGIH Excursion lunit of 125 ppm

Although data collected while evaluating the side exhaust during the current survey 1s better than
3 previous surveys, CO concentrations on or near the swim platform has been shown to exceed
the NIOSH Celing and IDLH concentranons with the generator operating and exbausting 1o the
side of the boat (Hall 2000, Hall and McCammon 2000, Hall 200]1) An evacuated container
sample taken during the current study found a CO concentration of 2,130 ppm near the side
exhaust Because the generator exhaust contaned average CO concentrations of 1,000 ppm, 1t
15 extremely important to direct the exhaust away from water or other arcas where people may be
located At these levels, individuals swinming 1n the area around the exhaust, or around the area
on or directly belund the swim platform {near the water), could quickly expenience CO poisoning
or death

During movement of the boat from the manna to the cove, peak CO concentrations exceeded the
NIOSH Ceiling it of 200 ppm on the swim platform while the dnve engines were in operation
and with the generator exhausting through the stack, side and rear  Conceritratnons on the swim
platform approached the IDLH value of 1,200 ppm when exhausting through the side (see Figure
16) At these concentrations, the swim platform can rapidly become dangerous Boaters should
be made aware of the hugh CO concentrations measured on the swim platform and rear deck
while the boat 15 1n motion

When 2 or 3 houseboats were tied together, a practice that 1s common among many users, the
stack performed well Peak and average CO levels on the swim platforms for the 3 boat
configuration were low When the exhaust configurairon was changed to a combination of side
and rear exhaust, the average CO concentrations on the lower rear deck were dramatically werse
with peak concentrations above the IDLH (1,200 ppm) on the swim platforms of several
houseboats This occurred even though the generator exhaust of the side-exhausted boat was
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directed away from the other hoats (see Figure 8) The CO concentrations on the vpper deck of
the 3 boats were lower for the stack than for the combination of the rear and side generator
exhaust configuration

The measurement vanabibty due to ambient wind condihons was evident duning these tests with
coefficients of vanation {ev) for CO concentrations typically around 1 and ranging to greater than
2 Day to day vanation was most evident with the boat underway data The CO concentrations
recorded on June 19 while the boat was exhausting the generator through the dry stack averaged
48 ppm at BZH behuind the shde while this same location averaged only 6 ppm on June 20 This
mdicates that a safe atmosphere on one day can become unsafe on another depending upon
ambient wind conditions

This inveshgation confirms that the CO hazard to swrmmers and occupants on houseboats can be
greatly reduced by runmng the generator exhaust through a stack that releases the CO and other
emisston components well above the upper deck of the houseboat Exhausting the generator lugh
above the upper deck, allows the contarminants to diffuse and dissipate mto the atmosphere away
from boat occupants  This survey also showed that while CO concentrations increased when the
boat was in motion, compared to stationary, the stack still provides a good alternative to the rear
or side exhaust configuration The majonty of CO emutied wiile the boat was underway hikely
came from the dnve engines Results from testing multiple boats tied together showed that the
stack performed exiremely well when compareq to a combination of side and rear exhaust The
effect of tying muitiple side-exhausted boats together, a worst case side exhaust condition, was
not evaluated 1n the current study

Issues related to the Ambient Temperature and the Density of CO

Some concerns have been raised about the effect of a temperature difference between the effluent
from the stack and the surroundimg environment The question posed was whether a large
temperature difference between the ambient and the stack exhaust would canse the CO to
descend onto the upper deck of the boat The stack has been evaluated under mild ambient
conditions {(45°F at Lake Powel] and 50°F at Somerset) and at elevated ambient temperatures 1n
thas study (99-108°F) The CO concentration on the upper deck of the single stattonary boat
(while exhausting the generator through the stack) in this study averaged 1-2 ppm with the
highest peak 0f 19 ppm at any location on the top deck These concentrations were consistent
with those measured on the top deck of houseboats evaluated at Lake Powell and
Somerset-average CO concentrations were 2 ppm and 1 ppm with peaks of 25 ppm and 12 ppm,
respechvely

The reasons that this phenomenon has not been observed 1s Likely due to the followang

1) There have been only minor observed temperature differences between the stack exhaust
temperature and the ambient temperature The stack 15 constructed of aluminum which 1s an

22



excellent conductor of heat and helps to mummize the temperature difference  In each study, the
measured exhaust temperature was within 10°F of the ambient temperature

2) At standard temperature and pressure, CO 1s shghtly less dense than ar (3% lower) There 1s
only a mmor difference between the molecular weight (and thus density) between CO and air
and even less difference when the CO 15 a part of the exhaust mixture

3} Exhaust gases are ejected from the stack at a relatively high veloaity In this study, the
average velocity of the stack exhaust was greater than 1000 fpm  Thus velocity provides the
motive force for moving the exhaust away from the top deck so that 1t can be well dispersed in
the atmosphere

High CO concentration on the upper deck of houseboats nusing the stack exhaust has not been
observed i any of the previcns field studies conducted to date (Eamnest 2001, Dunn 2001) or the
current study The factors listed above contmbute to the movement of the exhaust away from the
boat and seem to provide adequate disperston under all conditions evaluated to date

Recommendations

The following recommendations are previded to reduce CO concentrations near houseboats and
provide a safer and bealtlier environment

1) All manufacturers/owners/users of U 8 houseboats that use gasoline-powered generators
should be aware of and concemed azbout the location of the exhaust terminus  The data collected
in this and previous evaluations show that an exhaust stack, vented well above the upper deck of
the houseboat, moves CO away from the airspace below the rear deck, and dramatically reduces
CO concentrations on occupled areas of the boat (1 e rear deck, swim platform, top deck ) and
near swimmers Based upon the data from this and other reports, 1t s recommend that
houseboats with gasoline-powered generators be retrofitted with control systems that reduce the
hazards of CO poiserung

2) Based upon the data that NIOSH has collected to date, an exhaust stack that extends well
ahove the upper deck of the housebaoat appears to be a rehable, cost-effective solution that 1s
capable of dramatically reducing the CO hazard

3y Additional testing should be performed to evaluate the side exhaust under worsi case ambient
and operational condrhions, including tying multiple housgboats together while exhausting
towards each other

4) The use of analytical tools such as computational flind dynamics {CFD) modeling should be
employed to evaluate a range of vanables whuch may effect CO dispersien for both the stack and
side exhaust configurations CFD can provide data on the effect of many ambient conditions that
are more difficult to evaluate dunng a field study
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5) Houseboat manufacturers should continue to 1dentify and correct any design or operational
135ues that may present problems related to the performance of the dry stack These issues may
mclude selecting the appropnate water separator and verifinng that the associated plumbing does
not cause excessive backpressure on the generator

6) Additional research and development work should be performed by manne engine
manufacturers to evaluate the efficacy of using catalytic converters, afterbumers or other
ermssion control devices on generators and propulsion engines that are used on houseboats

7) Public education efforts must be utihized to immediately inform and warn all mdividuals
{(imcluding boat owners, renters, and workers) potentially exposed to CO hazards The U.S NPS
has launched an awareness program to mform boaters on therr lake about boat-related CO
hazards This Alert included press releases, flyers distributed to boat and dock-space renters, and
verbal mformation included 1n the boat check-out tratning provndcd for users of concessionaire
rental boats  These and other educational matenals are available at the following web site

hitp //safetynet srmis doi gov/COhouseboats htm  Tranming about the specific boat-related CO
hazards provided for houseboat renters, who may be completely unaware of this deadly hazard,
should be enhanced to mclude specific nformation about the circumstances and number of
poiserungs and deaths  The training should specifically wamn agatnst entering air spaces under
the boat (such as the cavity below the swim platform), or immediately betund the swim platform,
that may contan a lethal atmosphere -
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Table1 CO Samples (ppm) taken on the Lower, Rear Deck of the Houseboat with Generator
Opcrating Boat Stationary.

Sample Location Generator Operating with Generator Operating with
{(Sample #) Stack Side and Rear Exhausi
Day 1 Day 2 Side Exh Rear Exh
Rear Swim Mean=8 78 Mean=7 07 Mean=1 54 No Data**
Platform-Port SD =1249 SD =553 SD=173
(#1) Peak =41 Peak =20 Peak =12
N=354 N=42 N=92
Rear Swim Mean=4 29 Mean= 3 51 Mean= 1 37 Mean= 688 24
Platform-STBD SD=21 sD=174 SD =249 S5D =306 06
{#2) Peak =10 Peak =9 Peak =12 Peak =983*
N=97 N=43 N=41 N=46
On Stairs Mean=247 Mean=2 05 Mean=1 58 Mean=91 11
(#3) SD =217 SD=241 SD=134 SD=6277
Peak =12 Peak = 14 Peak =7 Peak = 280*
N=29§ N=42 N=09] N=45
Behind Shde Mean=1 15 Mean=1 16 Mean=2 29 Mean= 67 76
(#4) SD =107 SD =095 Sb =732 SD =4340
Peak = § Peak = 4 Peak = 46 Peak = 189
N=299 N=43 N =41 N=45
Inside Cabin, lower | Mean=9 46 Mean=0 51 Mean~ 7 24 Mean=2 11
Jevel SD =112 SD =059 SD =343 SD =462
(#5) Peak =12 Peak =2 Peak =13 Peak = 24
N=97 N=43 N=0l N=45

* Peak CO concentrations exceeding NIOSH Ceihng Limit are lughlighted 1 bold typeface

*#* CO monitor was not 1n operation dunng the evaluation
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Table T CO Samples (ppm) taken on the Upper Deck of the Hounseboat with Generator
Operating Boat Stationary.

Sample Location | Generator Operating with Generator Operating with Side
(Sample #) Stack and Rear Exbaust
Day1 Day 2 Side Exh Rear Exh
Afl Corner-Port Mean= 2 B7 Mean=122 |Mean=213 Mean= 38 00
(near stack) SD =250 SD =094 SD =177 SD =3033
(#6) Peak =19 Peak =35 Peak =7 Peak = |46
N =98 N=41 N=%® N=45
Aft Corner-STBD | Mean=1 15 Mean=112 | Mean=17 29 Mean= 10 49
#7) Sh=114 SD =039 5D =1675 SD =1233
Peak =5 Peak=2 Peak =75 Peak = 56
N=99 N=43 N=92 N=45
Top Deck—Center | Mean=1 19 Mean=100 | Mean=9 50 Mean=2 24
{#8) SD =128 SD =065 SD=2201 SD =19
Peak =10 Peak=3 Peak =155 Peak = 7
N=9g N=233 N=92 N=46
Front Comer-Port | Mean= 3 (07 Mean=112 | Mean=11 18 No Data**
(#9) SD =331 SD =050 SD =2341
Peak = 15 Peak =2 Peak = 145
N=99 N=42 N=192
Front Comer- Mean=1 79 Mean=2 07 Mean=14 45 No Data**
STBD SD =123 SD =046 SD =2391
(#10) Peak = 7 Peak =3 Peak = 90
N=99 N=42 N=42

** OO momtor was not m operatton dunng the evaluation
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Table I CO Samples (ppm) taken on the Lower, Rear Deck of the Houseboat with Generator
Operating Boat Underway

Sample Location Generator Operating with Generator Operating with
(Sample #) Stack Side and Rear Exhaust
Day 1 Day2 Side Exh Rear Exh
Rear Swim Mean=1199 Mean=26 52 | Mean=292 85 Mean= 162 02
Platform-Port SD =989 SD =1836 SD =248 83 SD =10006
(#1) Peak = 512* Peak = 87 Peak = 1081* Peak = 376™
N =132 N=67 N=115 N=351
Rear Swim Mean= 1411 Mean=20 66 | Mean=28689  Mean= 180 90
Platform-STBD SD=111% SD=1418 |SD =20970 SD =12336
{#2) Peak = 681* Peak =78 Peak = 961* Peak = 422*
N=132 N =67 N=114 N=351
Omn Stairs Mean= 37 42 Mean=18 57 | Mean=47 59 Mean= 109 33
(#3) SD =2518 SD=1232 |SD=337] SD=73113
Peak = 156 Peak =55 Peak = 177 Peak = 275*
N=130 N=-67 N=114 N=51
Behind Shde Mean= 47 83 Mean=5 66 Mean=71 31 Mean= 64 78
(#4) SD =3306 SD =700 5D =3841 §Dh =3718
Peak = 189 Peak = 32 Peak = 171 Peak = 173
N=132 N=67 N=113 N=>51
Inside Cabin, lower | Mean=14 40 Mean= 8§ 64 Mean= 19 10 Mean=2 06
level SD =888 SD =254 SD =485 SD =203
(#5) Peak = 36 Peak = 13 Peak =43 Peak = 11
N=132 N=67 N=114 N=51

* Peak CO concentrations exceeding NIOSH Ceiling Limit are lughhghted i bold typeface
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Table IV CO Samples (ppm) taken on the Upper Deck of the Houseboat with Generator
Cperating Boat Underway.

Sample Location

Generator Operating with

Generator Operating with Side

(Sample #) Stack and Rear Exhaust
Day 1 Day 2 Side Exh Rear Exh
Aft Corner-Port Mean= 34 30 Mean=6 66 | Mean= 20 14 Mean= 51 47
(near stack) SD =1021 SD =566 SD =161l SD =3854
(#6) Peak = 61 Peak = 57 Peak =75 Peak = 137
N=132 N =67 N=114 N=351
Afl Comer-STBD | Mean=4 93 Mean=11 66 | Mean=9 63 Mean= 15 37
(#7) SD=416 SD=1207 |SD =1696 SD =1230
Peak = 21 Peak = 57 Peak =97 Peak = 60
N=132 N =67 N=114 N=51
Top Deck—Center Mean=111 Mean= 2 28 Mean=1 92 Mean= 6 27
{#8) SD =133 SD =262 SD =312 SD =459
Peak =9 Peak =13 Peak =22 Peak =19
N=132 N = &7 N=11i4 N=351
Front Comer-Port Mean=2 51 Mean= 2 45 Mean=2 (2 Mean= 3 02
(£9} SD =237 SD =409 SD =286 SD =168
Peak = 14 Peak = 24 Peak =23 Peak =7
N=132 N =67 N=114 N=35]
Front Comer- Mezan=3 84 Mean=3 87 | Mean=157 Mean= 4 96
STBD SD =165 SD =307 ED =317 SD =284
{#10) Peak = 14 Peak =16 Peak =27 Peak =13
N=132 N =67 N=114 N =151
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Table V. CO Samples (ppm) taken on the Lower, Rear Decks of Houseboats with Generators
Operating 2 Boats Tied Together.

Sample Location

Generators Operating

Generators Operating with

(Sample #) with Stack Rear Fxhanst

Rear Swim Platform-Boat 200 | Mean= 1 (9 Mean=191.18

(#1) SD =055 Sb =2295)
Peak=3 Peak = 979+
N=355 N =51

Rear Swam Platform-Boat 173 | Mean=1 93 Mean= 53 59

{#2) SD =082 SD =9086
Peak =5 Peak = 419+
N=57 N =351

On Stawrs-Boat 200 Mean=0 67 Mean= 22 84

#3} SD =108 SD =3818
Peak=5 Peak = 189
N=254 N =51

On Stairs-Boat 173 Mean= 0 85 Mean= 10 06

{#d) SD =087 SD =208§9
Peak =45 Peak = BR
N=55 N=151

inside Cabin, Boat 200 Mean=3 19 Mean= 7 39

(#5) SD =048 SD =234
Peak=4 Peak =17
N =258 N=351

Inside Cabin, Boat 173 Mean=7 (5 Mean= 5 43

(#6) SD =118 SD =067
Peak =35 Peak =7
N=3538 N =351

* Peak CO concentrations exceeding NIOSH Ceiling Limit are highhghted 1n bold typeface
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Table VI CO Samples (ppm) taken on the Upper Decks of Houseboats with Generators

Operating 2 Boats Tied Together.

Sample Location Generators Operating Geperators Operating with

(Sample #) with Stack Rear Exhaust

Aft Comner-Pord, Boat 173 Mean= 2 49 Mean= 5 41

#7 SD =088 SD =873
Peak =5 Peak = 53
N=55 N=51

Front Comer-Port, Boat 173 Mean=1 30 Mean=9 20

{#8) SD =081 SD =675
Peak =3 Peak = 28
N=56 N=15]

Front Comer-STBD, Boat 200 | Mean=3 12 Mean= 18 10

(#9) SD =487 SD =2049
Peak =27 Peak =93
N=57 N =29

Aft Comer-STBD, Boat 200 Mean=2 98 Mean= 54 10

(#10) SD =423 SD =5006
Peak = 22 Peak =172
N=56 N=29
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Table VII CO Samples {(ppm) taken on the Lower, Rear Decks of Houseboats with Generators

Operating 3 Boats Tied Together,

Sample Location

Generators Operating

Generators Operating with

{Sample #) with Stack Exhanst Combo Side/Rear Exhaust

Rear Swirn Platform-Boat 200 Mean= 14 06 Mean= 777 35

{#1) SD =1179 SD =445 15
Peak = 84 Peak = 1243%
N=117 N=62

Rear Svwim Platform-Boat 173 Mean= 9 63 Mean= 153 34

(#2) S =1049 SD =27496
Peak = 82 Peak = 1235%
N=115 N =461

Rear Swim Platform-Boat 20 Mean=1107 Mean= 144 59

#3) SD =744 SD =10527
Peak = 65 Peak = 607*
N=113 N=561

Behind Shide-Boat 200 Mean= 5272 Mean= 104 08

(#4) S =785 SD =84 89
Peak = 37 Peak = 382*
N=114 N=#61

* Peak CO concentrations exceeding NIOSH Ceiling Lamit are hughlighted 1n bold typeface
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Table VI CO Samples {ppm) taken on the Upper Decks of Houseboats with Generators
Operating 3 Boats Tied Together.

Sample Location Generators Operating with | Generators Operating with
(Sample #) Stack Exhaust Combo Side/Rear Exhaust
Aft Comer-Port, Boat 173 Mean= 3 59 Mean=9 84
(#3) SD =657 SD =18133
Peak = 52 Peak = 98
N=115 N=6l
Front Comer-Port, Beat 173 | Mean= 3 49 Mean= 7 54
{#6) SD =451 SD =8.85
Peak =32 Peak = 42
N=114 N =61
Aft Comer-Stbd, Boat 20 Mean= 9 38 Mean= 33 28
#7) SD =462l SD=1633
Peak = 38 Peak =98
N=116 N =561
Front Comer-Sthd, Boat 20 Mean=2 72 - Mean=9 79
(#8) SD =325 ° SD =747
Peak =18 Peak =27
MN=114 N=6I
Aft-Center, Boat 200 Mean= 3 27 Mean=27 13
#N SD=273 SD=1875
Peak = 15 Peak = 87
N=115 N=62
Front-Center, Boat 200 Mean=3 23 Mean=972
(#10) SD =336 SD =878
Peak =17 Peak =33
N=115 N=61
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Table IX Colonmetnic detector tube sample results wath ToxiUltra data from same region and
tume 1n parentheses for companson Note All samples were collected on June 1%

Time of CO concentration Sample Location/Generator Exhaust

Sample (ToxiUltra reading at Configuration

(hh:mm) | same time/location)

09 35 0 ppm (Oppm) Center of top deck, stack exhaust/generaior
operating only

1157 150 ppm (236 ppm) Swim platform on raithng, side

exhaust/generator and dnve engines operating

14 02 100 ppm {122 ppm) Lower deck near stairs, side
exhaust/generator and dnve engines operating

14 04 15 ppm (10 ppm) Top deck near stairs, side exhaust/generator
and dnve engines operating

Table X Evacuated contamer sampte results including sample time and location. Note All
samples were collected on June 19

-

Time of CO concentration Samph; Location, Generator Exhaust

Sample Configuranon

(bh:mm)

09 53 75,836 ppm Durectly in generator exhaust stream, stack
exhaust/generator operating only

10 38 2,130 ppm Taken at side exhaust, side exhaust/generator
operating only

10 40 206 ppm Taken at side exhaust, side exhaust/generator
operating only

12 00 619 ppm Taken at swim platform, side exhaust/generator and
drive engines operating

14 00 114 ppm Taken at swim platform, side exhaust/generator and
drive engines operating

15 04 3 ppm Center of top deck, stack exhaust/generator operating
only

15 55 Non Detectable Top deck near stairs, side exhaust/penerator and drive

(<3ppm} engines operating
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Figure 1 Photo of the evaluated boats whale tied together (Boats 20, 200 and 173)
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Figure 2 Dry stack with shp-fit couphng which allows removal/installation of upper pipe
extendmg beyond upper deck

Stack coupling




Figure 3 Photo of evaluated boat whle underway on Lake Mead
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Figure 4 Sampling locations on the lower deck of each houseboat (1n simigle boat configuration}
Note Sample locations designated with hexagons
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Figure 5 Sampling locations on the upper deck of each houseboat (1in single boat configuration)
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Note Sample locations designated with hexagons
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Figure 6 Sampling locations on the rear, lower deck of houscboats (for two boats tied together
configuration)

Boat 173 Boat 200
Cabin & Cabin (5
Stairs Shde Stanrs Slude
(® | Rear Deck & | Rear Deck
Swim Platform {2) U Swim Platform (i)
IRear Exhaust l Rear Exhaust

Figure 7 Sampling locations on the upper deck of houseboats (for two boals tied together
configuration}
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Note Sample locations designated with hexagons
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Figure 8 Sampling locations on the rear, lower deck of houseboats (for three boats tied together

configuration)
Boat 173 Boat 200 Boat 20
Stanrs St Stanrs S Stars st
Rear Deck Rear Deck ((& Rear Deck
¥ Rear Echs I Side Fixhumst
Frgure 9 Sampling locations on the upper deck of houseboats (for three boats tied together
configuration}
O Fore 9 Fore
Fore
Boat 173 Boat 200 Boat 20
ANC Unnt A/C Umat AMNC Linit
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FE'SW* Afi r Stack @ r Stac Aft @

Note Sample locations designated with hexagons
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Boat Stationary
Generator Operating Alone
Stack, Side and Rear Generator Exhaust Configuration
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Average CO Concentration, ppm
a
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Figure 10 Companson of average CO concentrations at various sampling locations for a single
stationary boat with stack, side, or rear generator exhaust configuration Sample location
numbers are 1n parentheses

Note Average CO concentrations are plotted on a common log scale due to the wide range of
values
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Boat Underway
Generator and Propuision Engines Operating
Stack versus Side Generator Exhaust Configuration
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Figure 11 Companson of average CO concentrations at vanous sampling locations for a single
boat underway with stack or side generator exhaust configuration Sample location numbers are
1in parenthescs
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Boat Underway
Generator and Propulsion Engines Operating

Stack versus Rear Generator Exhaust Configuration
200

180 ~

H Stack Exhaust
IEE_] Rear Exhaust
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80 -
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Average CO Concentration, ppm

20 1

Figure 12 Comparison of average CO concentrations at vanous samplhng locations for a smgle
boat underway with stack or rear generator exhaust configurabhon Sample Jocation numbers are
1n parentheses
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Two Boats Tied Together
Generator Operating Alone
Stack versus Rear Exhaust Configuration
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Figure 13 Comparison of average CO concentrations at vanous sampling locations for a 2 boats
tied together with stack or rear generator exhaust configuration Sampie location numbers are in

parentheses



Three Boats Tied Together
Generator Operating Alone
Stack and Side/Rear Combo Exhaust Configuration
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Figure 14 Companison of average CO concentrations at vanous sampling locations for 3 beats
tied together with stack or side/rear combination generator exhaust configuration Sample

location numbers are in parentheses

Note Average CO concentrations arg ploited on a common log scale due to the wide range of

values
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Figure 15 Wind velocity data gathered on the morming of June 19, 2001 (mean wind speed 1 7
my/s, direction 206°
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CO Concentrations on Swim Platform
Boat in Motion
Stack and Side Generator Exhaust Configuration
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Figure 16 Companson of stack and side exhaust configuration CO concentrations on the swim
platform while the boat 15 1n moton
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