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Case Studies

A Pilot Study on the Effects of Two Ventilation
Methods on Weld Fume Exposures in a Shipyard
Con�ned Space Welding Task

Dawn G. Tharr, Column Editor

Reported by Steven J. Wurzelbacher, Stephen
D. Hudock, Ova E. Johnston, Leo M. Blade,
and Stanley A. Shulman

Current methods to ventilate con� ned
spaces can differ dramatically in contam-
inant removal ef� ciency and usually fall
into one of two categories: dilution ven-
tilation (DV) or local exhaust ventilation
(LEV). Dilution ventilation involves in-
ducing quantities of fresh air to � ow into
a con� ned space, often at high veloc-
ity. Under certain conditions, this � ow
creates a mixing or turbulence that can
force contaminated air out of any avail-
able openings in the space. The main
advantage of this method is that it can be
applied to a con� ned space that has only a
single opening because the method does
not rely on a directional � ow to draw con-
taminants away from the worker. How-
ever, DV with resulting turbulence can
be very inef� cient in removing contami-
nants from a welder’s personal breathing
zone (PBZ). Since air � ow is not unidi-
rectional, contaminants may be reintro-
duced into the PBZ before being forced
out of the space. This effect can be com-
pounded by worker position and posture
if the initial direction of air � ow is gen-
erally toward the welder’s back, creating
eddies and mixing of the air in front of
the worker.

Local exhaust ventilation (LEV), a
more ef� cient method, is typically en-
abled by using a fan with a suf� cient
capture velocity to induce contaminated
air to � ow through the fan and out of the
con� ned space. In this particular case,
LEV is the preferred method, as it takes
advantage of the fact that the space is
almost completely enclosed, and it ef-

fectively turns the workspace into a ven-
tilation hood that surrounds the welder.

Con� ned space welding presents
unique fume and gas exposure control
and ergonomic problems. Studies indi-
cate that worker position (in reference
to the air � ow direction) and posture
(in regard to the weld fume plume) sig-
ni� cantly affect weld fume exposure.
Speci� cally, ventilation methods that in-
troduce � ow toward the back of a welder
tend to produce turbulent zones in front
of the worker that increase the concen-
tration of fume in the personal breathing
zone.(1;2) Thus, � ow should be directed
in the sagittal plane of the worker to
minimize this effect. However, in con-
� ned spaces, optimal positioning of the
worker with respect to ventilation � ow
is often not possible. Investigators have
also suggested that worker posture af-
fects exposure to weld fumes, and that
the positions required to minimize expo-
sure are the opposite of those required to
reduce static loading and fatigue. Specif-
ically, to reduce exposure, the horizontal
distance from a welder’s face to the weld
arc should be maximized, while the ver-
tical distance above the arc should be
minimized.(3¡5) This is due to the na-
ture of the weld plume, which rises and
widens quickly. Consequently, methods
to reduce fume exposure by such postur-
ing may not be desirable in terms of er-
gonomics (which dictates that arm loads
should be kept close to the body), and
these postures often are not possible in
con� ned spaces where welders are lim-
ited in their movements. Welding guns
equipped with fume extraction nozzles
may appear to offer a possible solution to
con� ned space weld fume extraction, but

these also have ergonomic limitations
due to their added weight and are only
available for certain weld processes.(6)

Background
A large portion of the welding at

shipyards is performed in con� ned or
constrained spaces, due to the modu-
lar nature of shipbuilding. Subassem-
blies are constructed at various points
in the line and are joined as the process
progresses. Automated welding is per-
formed in many instances on larger com-
ponents to join � at steel plates. The pro-
cess is also scheduled so that the majority
of manual welding is performed before
subassemblies are enclosed. However, a
substantial amount of manual welding
is still required in the con� ned spaces
of the subassemblies. A typical con� ned
space hull assembly is shown in Figure 1.

The ventilation methods and weld
processes utilized for con� ned spaces
vary throughout the shipyard. The ven-
tilation method that the shipyard em-
ployed on the hull sections was DV,
which involved forcing air into the hull
cell from the open end with a ven-
turi air horn (Universal UT 9220 300

Air Mover, MSA, Pittsburgh, PA) sup-
plied by a compressed air line. Previ-
ous research(7) indicated that the pro-
jected minimum time-weighted averages
(TWAs) for personal particulate concen-
trations and area elemental concentra-
tions exceeded the established Threshold
Limit Values (TLVs°R ) of the American
Conference of Governmental Industrial
Hygienists (ACGIH°R )(8) and the Rec-
ommended Exposure Limits (RELs) of
the National Institute for Occupational
Safety and Health (NIOSH)(9) for both
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736 S. J. WURZELBACHER ET AL.

FIGURE 1
Typical con� ned space hull assembly.

the stick and wire weld processes for
welding in the individual hull cells,
which measure approximately 2 feet
high by 2 feet wide by 16 feet in length.

In response to the previous study,
shipyard engineers changed the design
of the hull cells to include an eight-inch
circular opening in the forward bulk-
head between each opposing cell for
the purpose of improving ventilation.
New electric ventilation fans (RAMFAN
UB20-ED 7002, Euramco Safety, Inc.,
Spring Valley, CA) were also purchased
to replace the compressed air–powered
venturi horns. These electric fans were
thought to be improvements because
they have potentially higher and more
consistent � ow rates than the air horns,
operate at a reduced noise level, and re-
duce the shipyard’s dependence on com-
pressed air lines. However, at the time of
the present study, these new electric fans
were still being used to induce air into the
con� ned space by DV rather than to ex-
haust the air within the hull cell through
the new opening in the bulkhead (LEV).

Objective
The purpose of this pilot study was

to determine the effectiveness of ex-
hausting the hull cells through the newly
placed opening in the bulkhead to an ad-
jacent and opposing cell via an air horn
placed between the two spaces (LEV),
versus inducing air into the hull cell
with an electric blower (DV). Based on
these � ndings, recommendations can be
made about engineering controls and
work practices that may reduce PBZ par-
ticulate concentrations and area elemen-
tal concentrations.

Methods and Materials
Subjects

Three (2 male, 1 female) volunteer
welders were studied as they performed
con� ned space stick welding as part of
their typical work shift under varying
conditions of ventilation. All subjects
were employees of the shipyard. These
individuals had achieved certi� cation for
at least second-class welding with the
stick electrode process. Welders were
not excluded from participating based on
race or ethnic background.

Study Design
A randomized block design was used

to compare the effectiveness of the ven-
tilation methods in terms of minimizing
personal particulate concentrations (to-
tal weight and elemental, milligrams per
cubic meter [mg/m3]). Welders at the
shipyard typically complete the welding
on 10 hull cells per day, with each task
lasting for approximately 20 minutes.
Since sampling was conducted during
the subjects’ actual working shifts, the
number of hull cells completed during
this study by each welder ranged from 6
to 10 cells, and the time to complete each

FIGURE 2
Shipyard dilution ventilation.

task ranged from 11 to 27 minutes (mean
of 19.5 minutes). The ventilation method
was alternated, using one method per
hull cell, according to randomized pair-
ing. All pair-wise sampling for each sub-
ject was conducted on the same side of
the hull section to minimize the possible
effects of wind direction and speed. Air
sampling time was operationally de� ned
to begin the moment the weld arc was
� rst struck inside of a given cell, and to
end when the last arc for that hull cell
was disengaged.

Each subject wore the required per-
sonal protective equipment deemed nec-
essary for stick welding in a con� ned
space by the shipyard. This included
a welding helmet, insulated overalls,
gloves, UV protective face shield, and
personal respirator (3M 6300 disposable
welding mask with a 3M 2096 P-100 par-
ticulate � lter, 3M, St. Paul, MN). In ad-
dition, all welding was conducted in ac-
cordance with safe welding guidelines as
recommended by the American Welding
Society.(10) Mild steel stick electrodes
(Lincoln Electric Co., Cleveland, OH)
were used for all trials (16-inch, E7024-
AWS Class, Jetweld brand, AC operated
at a current range of 350–450 amps)
with Tweco electrode holders (Model A-
38-HD). Subjects were also videotaped
to monitor the relationships between
welder posture/position, welding fume
exposure, and ventilation method usage.

Description of Variables
Dilution ventilation (DV). This

condition consisted of an electric fan
that directed outside fresh air into the
con� ned space (see Figure 2). This fan
was typically positioned at the bottom of
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CASE STUDIES 737

the entrance to the con� ned space and
was rated to produce 980 cubic feet per
minute (cfm) in free air. On-site air � ow
measurements were also taken on the
side of the hull assembly directly oppo-
site from the cell in which the electric
fan was currently operating immediately
prior to the start of each trial. These read-
ings indicated that the fan produced a
mean � ow rate through the joined cells
of 193 § 3 cfm. Two electric fans were
used during the course of the trials: Sub-
jects II and III used the same unit, while
Subject I used a second unit.

Local exhaust ventilation (LEV).
This condition consisted of exhausting
the hull cell space through the newly
placed hole in the bulkhead to an adja-
cent cell via an air horn (Universal UT
9220 300 Air Mover) placed between the
two spaces (see Figure 3). Two air horns
were used during the course of the tri-
als: Subjects II and III used the same
unit with a 90-foot (5/8-inch inside di-
ameter) compressed air line, while Sub-
ject I used a second unit with a 30-foot
(5/8-inch inside diameter) compressed
air line. Prior to the start of each trial,
the centerline velocities for both horns
were measured on-site to be in the range
of 6,000–7,000 feet per minute (fpm)
(approximately 1,000 cfm). On-site air
� ow measurements were also taken on
the side of the hull assembly directly op-
posite from the cell in which the air horn
was currently operating prior to the start
of each trial. These readings indicated
that the air horn setup #1 (Subjects II and
III) produced a mean � ow rate through
the joined cells of 977 § 34 cfm, while
air horn setup #2 (Subject I) produced a
mean � ow rate through the joined cells
of 541 § 9 cfm. Trials for Subject I were

FIGURE 3
Shipyard local exhaust ventilation.

later excluded from some statistical anal-
ysis due to the poor performance of the
air horn setup caused by a sand blockage
in the inlet of this apparatus.

Description of Air Sampling
Measurements/Standards and
Statistical Methods

Personal air sampling. The method
used to conduct total particulate personal
sampling was the NIOSH Manual of
Analytical Methods (NMAM) Method
0500—Particulates Not Otherwise
Regulated,(11) which is similar to the
standard method recommended by the
American Welding Society (AWS)(12) to
determine fume generation rate (g/min).
However, results were reported asmg/m3

units to compare to recommended TWAs
for total weld fume established by
ACGIH.(11) Speci� cally, total particulate
sampling was conducted using a PBZ � l-
ter placed on the lapel of the welder’s
clothing. A sampling rate of 1 liter per
minute (L/min) was established using
MSA Personal Sampling Pumps (Escort
Model, MSA, Pittsburgh, PA), which
were calibrated using an SKC Ultra� o
Calibrator (Model #709, SKC, Eighty
Four, PA). Field blank samples were also
gathered. In the event of pump failures,
sampling time was reduced as deter-
mined to be appropriate. Failed or cor-
rupted � lters were excluded from further
analysis. Samples were then analyzed for
total weight by gravimetric analysis by
an independent analytical laboratory. For
one randomly chosen pair of ventilation
methods from each subject, metal fume
constituents were also determined by
NIOSH Method 7300,(13) which utilizes
an Inductively Coupled Plasma (ICP) El-

emental Scan that is also recommended
by the AWS for this purpose.(14)

Raw concentrations (total particulate
and elemental, mg/m3) for each condi-
tion were calculated by dividing the total
sample weight by the total volume sam-
pled and subtracting the nominal concen-
trations registered by the � eld blanks.
Percent changes, (1—[Estimated Geo-
metric Mean of Local Exhaust Ventila-
tion Concentration/EstimatedGeometric
Mean of Dilution Ventilation Concentra-
tion]) ¤ 100, between pair-wise methods
were calculated. Statistical differences
in raw concentrations between pair-wise
ventilation methods were then assessed
for Subjects II and III using a Student’s
t-test. The analysis was carried out on the
natural log scale because Subject III’s
exposures were about twice as high as
Subject II’s exposures. Ratios of concen-
trations for the workers were more nearly
constant than differences, and the log
scale is most appropriate for ratios. Sub-
ject I was excluded from these compar-
isons because the LEV air horn setup that
was used for this subject produced a sub-
stantially lower mean � ow rate (541 §
9 cfm) through the joined cells than the
mean � ow rate (977 § 34 cfm) produced
by the air horn setup used by Subjects
II and III. This was found to be due to
a sand blockage in the air inlets of this
apparatus. It is not known how common
a sand blockage in the air horn apparatus
was throughout the shipyard, as only two
items were examined. The results of the
statistical analyses are to be interpreted
as applying only to these workers within
the pilot study, since the results of two
workers seems too few to generalize to a
larger population.

Results
Total Particulate Results

For Subject I, the LEV method was
associated with an average total particu-
late concentration of 69.81 mg/m3 (stan-
dard error D 9.08, geometric mean D
68.52 mg/m3), whereas the DV method
resulted in an average total particulate
concentration of 66.23 mg/m3 (stan-
dard error D 2.90, geometric mean D
66.04 mg/m3). Based on geometric
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738 S. J. WURZELBACHER ET AL.

means, the LEV method averaged a 4
percent higher concentration of particu-
lates than the DV method. For Subject II,
the LEV method resulted in an aver-
age total particulate concentration of
8.15 mg/m3 (standard error D 1.27,
geometric mean D 7.72 mg/m3), while
the DV method was associated with
an average total particulate concentra-
tion of 30.32 mg/m3 (standard error D
5.30, geometric mean D 28.45 mg/m3).
This corresponded to a 73 percent re-
duction (based on geometric means) of
total particulate by the LEV method
over the DV method. For Subject III,
the LEV method was associated with
an average total particulate concentra-
tion of 16.02 mg/m3 (standard error D
5.91, geometric mean D 12.86 mg/m3),
whereas the DV method resulted in an
average total particulate concentration
of 57.80 mg/m3 (standard error D 2.46,
geometric mean D 57.69 mg/m3). This
corresponded to a 78 percent reduction
(based on geometric means) of total par-
ticulate by the LEV method over the DV
method. The PBZ total particulate results
are presented in Table I.

The data from Subject I was dropped
from further analysis due to the apparatus
malfunction as previously mentioned. A
Student’s t-test (at the .05 signi� cance
level) was conducted to analyze the pair-
wise differences in PBZ particulate con-
centrations between the LEV and DV

TABLE I
Personal sample total particulate results

Raw concentrations (mg/m3)

Subject I Subject II Subject III

LEV DV % change LEV DV % change LEV DV % change

Sample 1 n/a 63.95 n/a 11.24 45.79 75 4.56 58.65 92
Sample 2 52.08 74.62 30 9.70 22.24 56 19.18 61.57 69
Sample 3 75.24 65.00 ¡16 9.51 16.96 44 24.31 53.18 54
Sample 4 82.10 61.34 ¡34 4.71 38.87 88
Sample 5 5.61 27.76 80
Mean 69.81 66.23 8.15 30.32 16.02 57.80
Standard error¤ 9.08 2.90 1.27 5.30 5.91 2.46
Geometric mean 68.52 66.04 ¡4 7.72 28.45 73 12.86 57.69 78

mg/m3 D milligrams of particles per cubic meter of air.
¤Standard error D standard deviation/([number of measurements]0:5 ).

methods for Subjects II and III. The over-
all reduction due to the LEV method,
using Subjects II and III only, was calcu-
lated to be 75 percent (two-sided con� -
dence limits D 58%, 85%).

Elemental Scan (ICP) Results
Raw concentrations (mg/m3) for the

elements found to be substantially
present were determined (see Table II).
These elements included aluminum,
copper, iron, lithium, manganese, tita-
nium, and zinc oxide. A statistical anal-
ysis of the reduction of these elemental
concentrations due to the LEV method
was not performed because only one pair
of methods was analyzed by ICP for each
subject. However, overall trends for the
elemental results tended to mirror those
for the total particulate results.

For Subject I, the overall percent
change in raw concentrations (of an-
alytes that were quanti� able) between
methods was ¡42 percent, meaning that
the LEV method averaged 42 percent
higher concentrations than the DV for the
elements of copper, iron, manganese, ti-
tanium, and zinc oxide. For Subject II,
raw elemental concentrations were re-
duced by an average of 76 percent for the
elements of iron, manganese, titanium,
and zinc oxide by using the LEV method
over the DV method. For Subject III, raw
elemental concentrations were reduced
by an average of 53 percent for the ele-

ments of iron, manganese, and zinc oxide
by using the LEV method over the DV
method.

Discussion
Ventilation Method Comparison

The LEV method reduced total partic-
ulate concentrations (mg/m3) by 75 per-
cent over the DV method for subjects us-
ing the well-maintained air horn. These
results are not surprising given that the
� ow rates achieved through the con� ned
space were up to � ve times greater with
the LEV (977 § 34 cfm) than with the
DV method (193 § 3 cfm). The im-
provement with the LEV method was
hypothesized to occur since this method
effectively turns the hull cell into a ven-
tilation hood that completely encloses
the welder, thereby enhancing the cap-
ture of particulates. Also, DV in such
a con� ned space was thought to be
less effective because it does not evac-
uate fume ef� ciently from the welders’
PBZ due to worker positioning effects.
However, the results of this pilot study
also indicate that the ef� ciency of ei-
ther method depends greatly on equip-
ment maintenance and work practices.
When all three workers are included
in the analysis, the LEV method re-
duced total particulate concentrations,
regardless of work posture or function-
ality of air horn, by 49 percent (two-
sided con� dence interval D 22%, 67%).
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CASE STUDIES 739

TABLE II
Elemental scan (ICP) results

Raw concentrations (mg/m3)

Subject I Subject II Subject III

Analyte LEV DV % change LEV DV % change LEV DV % change

Aluminum 0.17# 0.18# ND (<3) ND (<3) ND (<3) 0.28#
Copper 0.06 0.04 ¡ 50 ND (<0.2) 0.013# ND (<0.2) 0.08
Iron 19.55 13.98 ¡40 1.59 7.27 78 4.96 10.35 52
Lithium 0.006# 0.002# ND (<0.1) ND (<0.1) 0.002# ND (<0.1)
Manganese 4.26 3.20 ¡33 0.43 2.14 80 1.64 3.29 50
Titanium 0.69 0.43 ¡60 0.09 0.33 73 ND (<0.2) 0.009#
Zinc oxide 20.42 16.24 ¡26 3.46 13.69 75 5.95 14.12 58

Overall percent mean change ¡40 Mean 76 Mean 53
(of analytes that are quanti� able)

mg/m3 D milligrams of contaminant per cubic meter of air.
ND D not detected.
# represents estimated concentration value, based on an analytical result below the reliable limit of quanti� cation.
No standard errors are given, since all determinations on a subject are highly correlated and cannot be treated as a random sample.

The effect of equipment maintenance
on a given method’s ef� ciency was so
substantial that Subject I was later ex-
cluded from statistical comparisons. The
LEV air horn setup that was used for this
subject produced a signi� cantly lower
mean � ow rate (541 § 9 cfm) through the
joined hull cells than the mean � ow rate
(977 § 34 cfm) produced by the air horn
setup used by Subjects II and III. This
inconsistency between air horns was not
immediately detected because centerline
velocities for both horns were measured
on-site to be in the range of 6,000–

7,000 fpm. It was only after air � ow mea-
surements were also taken during trials
on the side of the hull assembly directly
opposite from the cell in which the air
horn was currently operating that the in-
consistency was noted. A decision was
made to continue the use of the problem
air horn, but to restrict its use to Subject
I. After Subject I’s trials, the cause of
the diminished air � ow for this air horn
was found to be a sand blockage in the
air inlets.

The ef� ciencies of both ventilation
methods were also greatly affected by
individual work practices of the subjects
within this pilot study. Subjects II and
III both generally started welding in the

rear of the hull cell, and then backed out.
By facing the bulkhead in this manner,
the local exhaust horn always remained
in front of the welder, and fumes were
immediately extracted without being
recirculated in the PBZ. On the other
hand, Subject I tended to start weld-
ing on the outside of the cell, and
then backed in. In this manner, this
welder often had his back to the local
exhaust horn, and fumes were drawn
through the PBZ. Consequently, the
nearly sixfold increase in average total
particulate concentration for the LEV
method for Subject I compared with
the other welders (69.81 mg/m3 ver-
sus 8.15 mg/m3 and 16.02 mg/m3) was
probably a result of both the reduced
� ow rate of the air horn used and the
work practice of facing out. The im-
portance of which direction the welder
was facing is also supported by the fact
that Subject III occasionally faced out,
too, and this subject had the next high-
est average total particulate concentra-
tion for the local exhaust method, at
16.02 mg/m3.

The DV method also tended tobe used
less consistently by all welders than the
LEV method. With the LEV, the welder
� rst crawled into the hull cell and placed

the air horn in the hole between the ad-
jacent cells. Once the horn was in place,
the welder would then proceed with his
or her welding tasks, while the horn ven-
tilated the space continuously in an un-
obtrusive manner. However, with the DV,
the welder had to constantly readjust the
position of the electric fan, which was
placed obtrusively at the entrance to the
cell. When the welder was working at
the open end of the cell, the fan was of-
ten positioned sideways or placed in the
next adjoining cell where it would not
be in the way. In both of these instances,
the fan was not being used effectively.
As well, during welding in the inside
sections of the cell, the fan would of-
ten get inadvertently knocked over or
turned sideways by the weld cables or
the welder’s legs.

Another work practice that affected
the ef� ciencies of both methods was
the manner in which the welders com-
pleted the welding tasks on each hull
cell. Welders sometimes completed an
entire cell section before moving on to
the next cell. Other times, the welders
� nished welding the open ends of select
hull cells after they had � nished weld-
ing the insides of the other cells. Often,
no ventilation was operating when the
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740 S. J. WURZELBACHER ET AL.

worker � nished these ends. Overall, the
LEV method resulted in lower concen-
trations than the DV method, regardless
of welding task technique. However, the
most effective way to reduce concentra-
tions was to complete the cell as a unit
(� nishing the end immediately after the
inner space) while the LEV (the air horn)
was still attached to the bulkhead of the
hull cell.

Conclusions
The results of a Student’s t-test in-

dicated that the LEV method was as-
sociated with signi� cantly lower (p <

0.05) PBZ total particulate concentra-
tions than the DV method. The ef� ciency
of the LEV method depended greatly on
work practices and equipment mainte-
nance. Total particulate concentrations
were lower forwelders who startwelding
in the rear of the hull cells and then back
out while facing the air horn. Another
way to minimize particulate exposure is
for welders to complete the cell as a
unit (� nishing the end immediately af-
ter the inner space) while the LEV (the
air horn) is still attached to the bulkhead
of the cell. Inlets on air horns should
be checked regularly for blockages and
cleaned as necessary to maintain proper
air � ow. The LEV method may also be
used by substituting an electric fan for
the air horn used in this study. In that
case, the fan should be aligned in front of
the hole in the bulkhead so that air � ow is
directed to the adjacent and opposite cell.
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