ABSTRACT

KI MBERLY DAWN TUM SUDEN. A Conputer Sinul ated Design for
Wl di ng Hoods. (Under the direction of Dr. Mchael R
FI ynn)

Conput er prograns witten in BASI CA were used to
exam ne vari ous exhaust hood designs for shielded netal arc
wel di ng. The breat hi ng zone concentrati on was found to be
an inverse linear function of the conputer predicted capture
efficiency . This result suggests that sinple potenti al
fl ow nodel s maybe adequate in sone cases to apply to
i ndustri al processes.

I n studyi ng the paraneters invol ved in hood design,
aspect ratio and flow were found to have a significant
effect on the breathing zone concentrati on. Whrker position
relative to the hood al so was found to be a significant

factor. Hood hei ght showed no effect in reducing breathing

zone concentrations. Further exam nation of hood height is

war r ant ed.
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I NTRODUCTI ON

Cccupati onal health hazards can be controlled by three
met hods - engineering controls, adm nistrative controls, and
personal protective equi pnent. Engi neering controls are the
nmost effective form because they involve renoving the worker
fromexposure to the hazard by such nethods as isol ation,
substituti on, automati on, ventilation or elimnation.
Adni ni strative controls include education, training and
supervi sion. An exanple of an adm nistrative control would
be rotati ng workers to reduce their exposures from a
parti cul ar operation. Personal protection is the | east
desired nethod of control because it requires the worker to
beconme responsible to a greater extent for his nagnitude of
exposur e.

The purpose of |ocal exhaust ventilation (LEV), a form
of engineering control, is to protect workers from harnfu
|l evel s of fumes, gases, vapors, and dusts generated during
i ndustrial operations. LEV is used when general dilution
ventilation cannot sufficiently control contam nant | evels.
When properly designed for a specific operation, LEV can
control contam nants such that other forms of control e.g.
personal protective equi pnent are not needed.

The | ocal exhaust systemis designed to control or
capture contam nants at or near the point of generation.
The system consi sts of a hood or enclosure connected to an

exhaust systemvia ductwork and an air cleaning system An
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exanpl e of the el enents of an exhaust systemis given in
Fi gure 1.

The exhaust hood shoul d encl ose the operati on as nuch
as possible to be npost effective. If this is not feasible
in design, the hood should be | ocated close to the source of
cont am nant generation. Also, air flow should be directed
away fromthe worker. Figure 2 shows vari ous hood desi gns

and Figure 3 shows an exanpl e of poor hood design.
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VENTI LATI ON HOOD DESI GN

-Capture Velocity-

Because of their inportance as a form of engi neering
control, ventilation systens and exhaust hood desi gn have
been studi ed extensively since the early twentieth century.
The design equati ons devel oped at that tinme by Dalla Valle
and Silverman are still used as the basis for hood design in
the ACA H I ndustrial Ventilation Manual [ 2 ] . These
equati ons use capture velocity as the primary design
paraneter. Capture velocity is defined in the ACGA H
Ventilation Manual as "the air velocity at any point in
front of the hood or at the hood openi ng necessary to
over cone opposing air currents and to capture the
contam nated air at that point by causing it to flowinto
t he hood"” [2]. Equations devel oped by Dalla Vvalle [3],
Silverman [4], Fletcher [5-7] and Garrison [8-9] are
descri bed bel ow.

Dalla Valle [3] first studied the aerodynam c
characteristics of round, square, and rectangul ar hoods of
four different aspect ratios (width/length) greater than
0.2. By using a nodified pitot tube, he mapped the equal
vel ocity contour |ines of these hoods. From these contours
he devel oped an equation to calculate the centerline

vel ocity gradient:

fCy) = m (x") (1)
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where f(Y) is the point velocity as a fraction, f, of Y, the
average face velocity of the hood, x is the horizontal
di stance fromthe hood, and mand n are constants (n=-1.91
and mkbA ) . Ais equal to the hood face area and b and k
for round openi ngs are constants equal to 0.0825 and 1. 04,
respecti vely. For rectangular hoods k is also equal to
1.04, but b depends on the aspect ratio of the hood. An
appr oxi mate expression for the round, square and rectangul ar
hoods (aspect ratio > 0.2) studied was gi ven by:
f(Y) = bAx"2 (2)

In the Ventilation Manual [2], this expression for the hoods

studied is reduced to:
V = Q@ (10x2 + A (3)
for x within 1~ D where D is the dianeter of round hoods or
the l ength of the side of rectangul ar hoods with aspect
ratio greater than 0.2. Vis the velocity in feet per
mnute (fpn) and Qis the volune of air flow in cubic feet
per nminute (cfm.
FI anges reduce the required air volune by approxinately
25% over unfl anged hoods. This is reflected in the equation
for centerline velocity of flanged hoods [2]:
V = Q[0.75(10x2 + A)] (4)
Silverman [4] studied the velocity contours of flanged
and unfl anged rectangul ar hoods with aspect rati os
(wdth/length) < 0.2. Fromthese contours he devel oped

equations for the centerline velocity of slot hoods. He

considered the slot a |ine source of suction since the w dth
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of the slot is small conmpared to the I ength. From his work
and "exact equations":
unf | anged V = 23.8Q (w+l )/ w]/xL (5)
fl anged V = 55.4Q xL (6)
centerline velocity equations for flanged and unfl anged sl ot

hoods have been reduced in the ACA H Ventil ati on Manual as
follows [2]:
fl anged V = Q (3. 7LX) (7)

unf | anged V = Q@ (2. 6LX) (8)
where L is the slot length in feet and X is the horizontal
di stance to the hood face in feet. The original "exact"”
equations contained an error in the constant which was | ater
corrected by Silvernman and this correction is shown in the
equations in the ACGH Ventilation Manual [2].

More recently, other researchers have exam ned the
capture velocity equations of hoods. Fletcher [5] first
exam ned unfl anged rectangul ar hoods and slots to determ ne
centerline velocities as a function of hood flow, horizontal
di stance to the hood and al so a vari able not previously
consi dered, the aspect ratio (wdth/length). Fromhis
studies, he found that for a fixed hood area and flow rate,
the velocity at a set point in front of the hood decreased
as the aspect ratio of the hood increased. This is shown in
t he equation that he devel oped for the centerline velocity
of unfl anged hoods and slots from his experinental data.
Fromthis equation, he constructed a nonogram for the

centerline velocity over the range of aspect ratio (1:1 to
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16:1) and xA"-'-/” that were studied. The centerline velocity
equati on and nonogram are shown in Figure 4.

Fl etcher [6] then expanded his work to include flanged
hoods and slots. Fletcher's studies showed that the optimum
flange width, D, is equal to the square root of the area of
the hood, A", Flanges of greater width than this were not
found to substantially increase the velocity.

To further study the velocity contours of hoods,
Fl etcher [7] then exam ned the effect of an adjacent plane
such as a table. The presence of the plane was found to
gi ve higher velocities in front of the hood than if the hood
was free-standi ng because the hood was not drawing air from
t he area bel ow the hood. As with the presence of a flange,
equal centerline velocities in front of the hood can be
mai nt ai ned at | ower fl ow.

Garrison [8] conducted further studies on the equations
for centerline velocity and utilized non-di nensi onal
equations to describe the contours as a function of distance
fromthe inlet. These equations are applicable to flanged
and unflanged circul ar, rectangular, and slot hoods. Y is a

non- di nensi onal paraneter equal to the velocity as a

fraction of the hood face velocity, Vo. The value X* is

t he non-di nensi onal centerline distance. For circul ar hoods

ADWA AN where X is the centerline distance and Dis the
hood di aneter. For rectangul ar hoods X* = X/ Wwhere Wis

the wdth and for slot inlets, X = WL where L is the slot
| engt h.
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Y " near T = a( b) @G=))
Y "far" = a(X 3w)~ (10)
Val ues of a and b are dependent upon inlet shape, presence
of a flange, and aspect ratio of the hood (See Table 1).
Garrison [9] then expanded his work to graphical design
of streamines and velocity potentials to exan ne what

happens in the vicinity of the hood in a two di nensi onal

manner .

-Capture Efficiency and Potential Flow

In the works conpleted by Dalla Valle, Silvernman,
Fl etcher and Garrison, capture velocity on the centerline
was deened the nost inportant design paraneter and each
researcher derived an equation to describe this value for a
particul ar hood. A difficulty arises, however, when a
process rel eases contam nants froma point not on the
centerline. In addition, crossdrafts or other such air
novenents are not accounted for in the design equations. To
address this problem ElIIenbecker, Genpel and Burgess [ 10]
descri bed the use of capture efficiency as the prinmary
desi gn paraneter of an exhaust system The capture
efficiency, n*., is the fraction of contam nants generated by
a source that is captured by the exhaust system
He = G /7 G (11

where G is the contam nant generation rate (g/sec) and G is

t he exhaust contam nant capture rate (g/sec). The capture

efficiency, ng, is a function of the airflow through the
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Enpirical Design Data for Nondi mensional Centerline Velocity Gadients

Y = a(bj XDW Y - ai Xow)'
Nozzl e YVt |ues
) 0< Xdw <0.5 0.5 < Xdw <1. 0 1. 0< Xdw <Xdw

Profile e at Xpw =

Shape a b a b a b a b ADS, 0.5 1.0
Plain 110 0. 06 8 -1.7 8 -1.7 1.5 26 8
Fl anged 110 0.07 10 -1.6 10 -1.6 1.5 30 10
Fl ared 90 0. 20 90 0. 20 18 -1.7 2.0 40 18
Rounded 98 0. 50 145 0.23 - 33 -2.2 2.5 69 33
Pl ain 107 0.09 10 -1.7 10 1.7 1.5 32 10
Fl anged 107 0.11 12 -1.6 12 -1.6 1.5 36 12
Plain 107 0.14 18 -1.2 18 -1.7 2.0 41 18
Fl anged 107 0.17 21 -1.1 21 -1.6 2.0 45 21
Pl ain 107 0.18 23 -1.0 23 -1.5 2.5 46 23
Fl anged 107 0.22 27 -0.9 27 -1.4 3.0 50 27
Plain 107 0.19 24 -1.0 24 -1.2 3.5 48 24
Fl anged 107 0.22 29 -0.8 29 -1.1 4.0 50 29

Table 1. (Source Reference 8)
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hood (Q , the hood face area (A), the centerline separation

bet ween the hood and the source (x), the crossdraft velocity

(Mj,) , and the source tenperature (T) . |f the source
tenperature could be ignored, the capture efficiency was

found to be dependent upon:

g= (VA/ Vo)A (x/ AV2) b (12)
where V*» is the average face velocity and a and b are
experinmentally determ ned constants. The following limting
condi tions nust be satisfied [10]:

ng = 0 when x -[oo

ng = 0 when Vg = 0

njj 0 when VA, , -+ 00
ng
ng = 1 when V» = 0

1 when x = 0

This work has been carried on by Flynn and El Il enbecker
nost recently. These researchers used a potential fl ow
solution to descri be the three-di nensional air flow into
fl anged circul ar hoods [11l]. The potential flow solution is
based on Lapl ace's equation but the foll ow ng assunpti ons
must be nade: i nconpressible (negligible density changes),
irrotational (zero curl - no rotation or spinning) and
inviscid (frictionless) flow Because of the conplexity of

the solution, a brief background of the fluid nmechanics

i nvol ved i s noted bel ow.

The science of fluid mechanics deals with the pressure

field of fluids such as air or water. Fluid nechanics

equati ons nust satisfy equations of conservati on of nass
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(continuity equation), conservation of (linear) nonentum
(Newt on's second | aw), and conservation of energy (first |aw
of thernodynanics).

Conservation of mass can be witten nat hematically as:

where *? is the velocity vector, pis the density andt is

the tinme. The assunption of inconpressibility is valid for
flows at speeds | ess than Mach 0.3 where Mach 1 is the speed
of sound (1100 ft/sec) and, also, for fluids of constant

density. Under the assumption of inconpressible fluid, the

density changes are negligible, therefore ih ~ ~ AfAXA T AAR

conservati on of nmass statenent reduces to:
N—-tr =0  1L4a)
The operator del, V, is a vector differential operator and

in a three-di nensional (x,y,z coordinate) system can be

witten: d-* dt dt

The dot product of del with a function, f(x,y,z), is defined

as the gradient of that function. The gradient gives the
di recti on and maxi nrum rate of increase of the function and
converts a scalar function to a vector functi on. I f the
gradient is positive, the fluid is flowing from | ow
potential to high potential and if it is negative, then the
opposite is true.

Under the assunptions of inviscid, irrotational and
i nconpressi ble fl ow, Lapl ace's equati on:

(16)
VAs = 0
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can be used to describe a flowfield Laplace's equation is
derived directly fromthe continuity equation (conservation
of mass) [12]. For an inconpressible fluid, the continuity
equation reduces to equation (14), thus stating that the
divergence of the velocity field is zero. Divergence is a
measure of flow crossing a defined control volume in space
and when equal to zero indicates whatever fluid flows into a

vol une al so fl ows out.
Afluid that is irrotational 1s one that is not

"spinning around itself." For normal air flow, the
assunption of a irrotational fluidis valid. If the fluid
I's thus assunmed to be irrotational, then the cross product
of del and the vector function nust always be equal to zero.
VJCry = O (17)
It follows fromthis condition that the vector function is:
vV=\v4a4> ( 18)
where * is the scalar velocity potential function,
#=*(x,y,z,t). Substitution of Eq. (18) into Eq. (14)
results in Laplace's equation

The fluid nust also be assumed to be inviscid, i.e.
negligible viscous forces. This assunption hol ds except in
| ow Reynol ds number flows and flows past solid surfaces
where boundary layers will be present.

Using Lapl ace's equation, these assunptions, and
appropriate boundary conditions, the velocity flowfield for
a specified area can be defined. At the hood, * is assumed
to be constant over the face area. As the distance fromthe
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hood goes to infinity, * goes to zero and the potential, *,
is zero at the fl ange. Crossdrafts are accounted f or
t hrough sinple vector addition.

The use of potential flow fields for flanged circul ar
hoods has been descri bed by Flynn and El |l enbecker [12-14].
Potential flow fields for rectangul ar hoods have been
descri bed by Conroy, ElIlenbecker and Flynn [15] and al so by

Tyagl o and Shepel ev [ 16].
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VEL DI NG PROCESS

Wl ding is a process in which two materials, usually
netals, are joined by heating the materials until they nelt
or fuse. Welding can be done in many ways and nore nethods
of wel di ng are bei ng researched to accombdat e newer,
stronger materi al s.

Sone of the nost popul ar types of wel ding practiced
today are shielded netal arc welding (SMAW al so known as
manual netal arc (MMA) wel ding or stick wel di ng, gas
tungsten arc wel di ng (GTAW al so known as tungsten inert gas
welding (TIG, gas netal arc welding (GVYAW al so known as
netal inert gas welding (MG, and resistance wel di ng.
Because the research done in this study concentr at ed

specifically on SMAW only this process will be described.

In SMAW an el ectric arc i s drawn bet ween a base net al
and a flux covered el ectrode. The heat from the arc causes

both the el ectrode and the base netal to nelt and t hen cool

to nake the weld. The function of the flux covering on the
electrode is to release a shielding gas surroundi ng the arc
whil e welding and also to cover the weld with a protective
| ayer while the netal cools. This serves to protect the
integrity of the weld by preventing contact of the weld with
air. Commobn shielding gases rel eased are car bon di oxi de,
car bon nonoxi de and hydrogen. Figures 5 and 6 show the arc

wel di ng process, both setup and wel d.
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SMAW can be done with either direct current (DC) ,

straight or reverse polarity, or alternating current (AC).
In DC straight polarity, the electrons flow fromthe
negati ve term nal (cathode) of the welding machine to the
el ectrode, across the arc to the base netal and back to the
positive term nal (anode) of the wel di ng machine. I n DC
reverse polarity, the electrons flow in the opposite
direction with the base netal bei ng negative and the
el ectrode being positive. In AC welding, the electron fl ow
reverses direction 120 tinmes per second. It takes 1/60 of a
second to conplete a cycle and therefore is called 60 cycle
current. The choice of DC, straight or reverse, or AC
depends on the materials to be wel ded and avail abl e
equi prment .

The npbst common el ectrodes are nmade of mld steel which
is nostly iron and | ess than 25% carbon content. El ectrodes
can be of many conpositions, however, dependi ng on the
netals to be welded e.g. stainless steel or alum num An
exanpl e of flux conposition is given in Table 2. These
vari ous conponents serve to stabilize the weld. The
organi cs produce the shieldi ng gases and t he ot her
conponents renove inpurities fromthe nolten netal and
protect the weld until it has sufficiently cool ed and
har dened.

Wel ding fune is generated during the wel di ng process.
Approximately 80 - 95% of the fune fornmed is contributed by

t he el ectrode and fl ux because they are vaporized by arc
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Covering Conposition (w. %

E6013 E6013 E7016

Hi gh Cell ul ose Hgh Titania  |ow Hydrogen
Consti tuent —Sodi um —Pot assi um —Pot assi um
SiO 32.0 25.9 16.0
Tidz = 2r§ 18.0 30.6 6.5
A, 03 2.0 5.9 1.0
CaF: 27.0
CaO 1.6
MyO 6.0 2.6
Nai O 8.0 1.1 1.4
Kj O 6.7 1.0
CO 1.7
Organi cs 30.0 17.7
Fe 2.0 2.1
Mh 7,0 4.8 2.5
CaCo, 38.0

Table 2. Flux Conposition
(Source Reference 17>
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t enperatures of 4000 - 6000° C whereas the base netal is
nerely nelted [18]. This nelted pool usually has a | ow
vapor pressure, therefore fune contribution fromthe base
metal is relatively small. Only when wel ding on a base
metal that has a coating such as paint or gal vani zed steel,
does the base material contribute a major portion of the
fume. SMAW produces fune with nass nedi an aerodynam c
dianmeters from0.1 to 0.5 jum|[19]. Larger particles up to
10 jLt mcan be fornmed by spray fromthe arc or from spatter
fromthe sl ag.

Hewitt and Gray studied the chemical conposition and
physical form of fune particles in shielded netal arc
wel di ng and netal inert gas welding [20]. Fune norphol ogy
was studied by optical, transni ssion electron m croscopy
and scanning el ectron m croscopy. Their study showed that
SMAW f une consi sts of chains and clusters of subm cron
particles and gl assy spheres up to 10 ixm in dianeter

The Threshold Limt Value (TLV) for welding fune, not
ot herwi se classified, is 5 ng/n8 [21]. | ndivi dual
conponents of the funme may have hi gher or |ower TLV s.

More than 1% of the | abor force in industrialized
nations i s engaged in welding [19]. Because of the nunber
of people involved and the increasing conplexity of the
mat eri al s and processes used, there has been great interest

in studying funme formati on, fune conposition and | ocal

exhaust as a neans of fune control.
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VENTI LATI ON FOR WVWELDI NG

Prior to the 1970's, general dilution ventilation was
t he nost popul ar nethod of funme control [18]. In recent
years, |l ocal exhaust ventilation has becone the principal
met hod of funme reduction. Criteria for the design of a
successful | ocal exhaust ventilation system are shown bel ow
[18].

1. The system nust not conprom se the quality of the
wel d by stripping away the shielding gas. For SNAW
with small dianmeter electrodes, the critical air
vel ocities approach 10 m sec.

2. The capture efficiency of the system nust
correspond to the conposition of the fune. More
efficient capture is required when dealing with
hazar dous i ndi vi dual conponents, e.g. |ead.

3. The system shoul d be designed for the area and nust
overcone fune di spersion nechanisnms in the work
area, e.g. crossdrafts.

4. The system shoul d be easy to use and nmmi nt ain.

The ACA H I ndustrial Ventil ati on Manual recomends
desi gns for |l ocal exhaust hoods for welding (VS-416 and
VS-416.1) [1]. VS-416.1 (Figure 7) is the design plate for
a novabl e flanged hood. VS-416 is the design for a wel ding
bench. The portabl e exhaust hood desi gn has two naj or
defi ci enci es that have not been addressed by the ACAG H -

hood hei ght and hood aspect rati o. The recomended fl ow
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Fl exi bl e duct

il di ng
rod
PORTABLE EXHAUST
. Plain duct F|ange orcone\
X, inches cfm cfm
1 uptob 335 250
6- 9 755 560
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(Source Reference 2)
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t hrough the hood is based solely on the horizontal distance

bet ween the el ectrode and the hood face. Wth the face
velocity of the hood equal to 1500 fpm the required hood
area can then be det erni ned.

A study by Tebbens and Drinker [22] in 1941 focused on
fume and gas conposition fromvarious el ectrodes and al so on
ventilation as a neans of fune control. Fromtheir
experinental data, they reconmmended hood face velocities
relative to the rod size and wattage used in stick welding.

McKarns et al. [23] discussed the use of Ruenelin
wel di ng hoods (see Figure 8) and experinentally determned a
coefficient of entry to be used for calculating air flow
into the hood. Wth the hood in any configuration, the
value 0.74 was found to give a calculated flow within about
7% of the actual flow The coefficient of entry of the hood
was cal cul ated fromthe follow ng equation:

Ce = Q (4005APg”/2) (19)
where Qis the flowrate in cubic feet per mnute, Ais the

duct area in square feet and Pg is the static pressure in

i nches of water.

Jenkins et. al. [24] of The Welding Institute of
Canbri dge studi ed, anong other things, operational factors
I n reducing breathing zone concentrations. Their study of
five wel ders concluded that the welder's experience and
wor ki ng speed had no effect on the breathing zone
concentration (BZC). Wl der height showed a positive

correlation with BzZC. The taller nen had to | ean forward
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Figure 8. Reunelin Wl ding Hood
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over their work thus allowing funes to rise between their
wel di ng hel nmet and their clothing. Shorter welders did not
have to | ean over therefore their welding hel nets renai ned
in contact with their clothing preventing funmes from
entering the breathing zone. Sitting was also found to
reduce the BZC over standi ng or crouching. Al so, the study
found that the use of handshi el ds rather than headshi el ds
led to higher BZC. Differences in BZC from changi ng
el ectrode di aneter, type and current were not seen. This
observation was attributed to the operator variables |isted
above. The authors felt these vari abl es over shadowed any
BZC effects to be seen by changing the el ectrodes, etc.

In reference [18], the editors report on vari ous
studi es of ventilation hoods for welding. Liefkens and
Ti chel aar devel oped a nodel that calculates the critical
di stance fromthe source to the exhaust hood at which the
fumes are just captured. Their work centered on a circular

pipe resting on a table rather than a freely suspended hood.

Fromthis equation:
Xpc = ""Avgn+l j ByN + Xg("+7%) (20)
where x ,, Is the critical distance between the source and

hood in nm x, and y" are coordinates of the upper edge of

t he exhaust opening in mm VW is the vertical velocity in
m sec, and E and n are constants descri bi ng the exhaust

systemfromthe horizontal velocity of the fumes, VA" = Ex~",
It Is seen that as current is increased, thus increasing

vertical velocity, the critical distance is decreased.
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The Sout hwest Research I nstitute eval uated the

rect angul ar portable hood described by the ACAH Ventilation
Manual in design plate VS-416.1 [18]. Their research
indicated that a flanged rectangul ar hood coul d produce nore
effective capture velocities at |lower flows than required
for a circular duct.

One of the nost conprehensive wel di ng studies was done
by Battell e-Col unbus Laboratories under contract by the
Ameri can Wl di ng Soci ety [25]. Research was done on
ventilation, fume conposition, and fume formation during
wel di ng, brazing, cutting and thermal spraying. Di scussion
of their results will be limted to ventilation of welding
processes, specifically local and |Iocal exhaust ventilation.
Local ventilation is a neans of protecting the individual
wel der when general room contami nation is not a significant
probl em by using an air current generator to bl ow wel ding
fumes away from personnel.

During the local ventilation study, breathing zone
concentrations were neasured using a condensation nucl ei
counter. An air current generator was used to direct air
flow at speeds of 0 to 100 fpm across the wel di ng area.

The angle of air flow (see Figure 9) was studied for
bot h negative (DC straight) and positive (DC reverse)

polarity shielded netal arc wel ding. Breathing zone

concentrations were found to be at a m ni nrum when the air

flow was at 90° to the wel der.
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The | ocal exhaust study evaluated different inlet
desi gns. Hoods studied included flanged circul ar hoods of
differing dianeter, single slots, and double slots. These
hoods were studi ed at varyi ng exhaust angles (53°, 90° and
180°) and orientation (horizontal, vertical, and overhead).

The study of the flanged circul ar hoods at varyi ng
exhaust angl es showed that 53° and 90° designs were better
at reducing the room contam nation factor than a design with
t he hood at 18 0° to the welder. The room cont anmi nati on
factor is equal to one mnus the capture efficiency of the

hood. Their results are shown graphically with the room

contamnation factor as a function of Xg/d* and Qy/ Ag where
Xj, is the horizontal distance fromthe hood to a vertical
line up fromthe arc, dj, is the dianeter of the hood, Qy is
the hood flow, and Ag is the hood face area. For all of
these studies Zg/dj, was set equal to 1.5 with Zg equal to
t he hood height. For heights other than Zg/dg = 1.5, but

between 5 i nches above the arc and the | ower edge of the
wel der's hel net, a displacenent graph is given show ng the
requi red adjustnent in Xg/dg to mai ntain a constant
coll ection efficiency. Wl der exposure data were al so taken
for these situations and are shown as a function of the sane
non-di nensi onal terns. Wl der exposure is defined as the
breat hi ng zone concentration with the exhaust system on
di vided by the breathing zone concentration with no exhaust
system Again, angles of 53° and 90° were better at

reduci ng the wel der exposure than 180°.
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Hori zontal arc di stance (6" and 16") fromthe hood was
studied with the single slot hoods. In each case the hood
was positioned at 90° and 180°. Room contami nation factors
and wel der exposures were |lower for the 6" and al so the 90°
angl e.

Also with the single slot hoods, the hood hei ght was
varied. Essentially no difference was noted in room
contam nati on factor or wel der exposure for the different
hei ghts. The study concluded that the data concerning the
single slot hood could be used at heights from4 inches to
10 i nches above the arc.

Portions of the AWS study were tested in a N OSH st udy
of welding fune in an industrial setting [26]. The effect
of the angle of dilution air to the welder and the velocity
of the dilution were examined in the plant setting. As with
the AWS study, crossdraft fl ow of 90° was found to
significantly reduce breathing zone concentrations. Al so, a
crossdraft of no nore than 100 fpmsignificantly reduced the

breat hi ng zone concentrati on over a situation with no

airfl ow

- Pl une Buoyancy and Vertical Velocity-

Rood hei ght nay be a very inportant factor in the
design of the | ocal exhaust system for welding due to the
buoyancy of the wel ding plune. The extrene tenperatures
i nvol ved in welding give the plunme and surrounding air an

upward lift due to decreased density.
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The difficulty in determ ning the buoyancy and verti cal
velocity of a welding plunme arises because it is inpossible
to neasure initial tenperature, radius or velocity of the
plume. O ander [27] addressed this problem by using the
t heory on the coagul ation of particles in buoyant plune by
Baum and Mul hol | and to deterni ne nunber concentrati on and
particle flowin the welding plume. O ander determ ned that
it is possible to calculate the particle nunber
concentration and particle nunber flow in welding plunes as
a function of the plume height which varies with the welding
process (el ectrode type and di aneter, tenperature gradient
and wattage). The particle concentration and flows can then
be used to determ ne exposures to personnel in the welding

d ander then determ ned that the nmaxi mum hei ght
attained by the welding plune is a function of the
tenperature gradient and is of the form

zn = A (dT/dz)"~ (21)
where z" is the maxi mum height in neters, dT/dz is the
tenperature gradient in °C, Bis a constant equal to 0.37
for all of their investigated el ectrodes, and A is constant
corresponding to the maxi num hei ght when the tenperature
gradient is 1 °Cneter [28]. Fromthe data measured, it was
determ ned that the | ower deflection height is equal to 0.54
tinmes the maxi mum hei ght (see Figure 10) . d ander
recommends that | ocal exhaust hoods be placed no higher than

the | ower deflection height for maxi num contam nant renoval.
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Figure 10. Schematic of Turbul ent Buoyant Pl une.
(Source Reference 27)
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The vertical velocity of the plune has been descri bed
as a function of the strength of the source:

V = (0.034) N/ AX" A/~ i sec (22)
where His the source strength in watts and X is the height
above the point source in neters [14]. Dependi ng on the
current supplied, vertical velocities nornally vary fromO0.1

- 0.5 ms. Vertical velocity has al so been described as a

functi on of sensible heat transfer:

V = (3.7 HV3)/(z0-29) fpm (23)
where H is the rate of sensible heat transfer to the air
colum in Btu/mn and Z is the hei ght above the source in
feet [29]. The two equations are essentially the sane but
in differing units.

Bender [30] has al so studi ed buoyancy and verti cal
velocities of plunmes. He gives jet and plunme equations for
I ine and point sources based on work done by Morton et. al.
[31]. Morton's equations satisfy conservati on of nass,
nonment um and energy and are based on three main
assunpti ons.

1. The rate of entrainnent at the plune edge is
proportional to a characteristic velocity at that
specific height [V(b) = "U"ax" where "* js the
centerline velocity and b is the |length scal e equal
to (6/5)az.

2. The profiles of mean vertical velocity and nean
buoyancy force in horizontal sections are simlar

at all heights.
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3. The plune can be consi dered i nconpressi bl e.
The entrai nnent constant, a, is the rate at which air
outside of the plune is being drawn into the plune and is
equal to 0.093 for a point plune. Equations used in

calculating the vertical velocity of the welding plune are

shown bel ow.

Buoyancy FIl ux F = £'kS (24)
Buoyancy A -pMQ‘UQUQ———n1——1 (25)

Centerline Velocity yy A ( A\ flSaF\ [ 1\ (26)

where Qg is the plune flowrate in rcr/sec, g is the
gravitational constant equal to 9.8 msec®, T is the |ocal

pl une tenperature in degrees Kelvin, T is the anbient
tenperature in degrees Kelvin, and Z in this case is the

di stance above the source in neters along the vertical axis

t hrough the source.
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OBJECTI VE AND PURPGCSE

The objective of this research was to exam ne the
ef fecti veness of using a three-di nensional flow nodel in the
desi gn of | ocal exhaust hoods for shielded netal arc
wel di ng.

Current design nethods for exhaust hoods are based
primarily on the one-di nensi onal capture velocity used in
the ACA H Industrial Ventilation Manual [2]. Recent studies
[ 18, 25] have desi gned hoods based on two-di nensi ons. Thus
far, a three-dinensional nodel has not been applied to hood
design for a specific process.

The fl ow nbdel used in this research i s based on
research done by Conroy, Ellenbecker and Flynn [15] and is
contained within a BASI CA conputer programwitten for easy
cal cul ati on. This program was used specifically to
determne if a relationship exists between the welder's
breat hi ng zone concentration and the conputer's predicted
capture efficiency for the process.

The presently accepted design plate (VS-416.1) for the
portabl e exhaust hood for welding in the AC@ H I ndustri al
Ventil ati on Manual [2] specifies only the hood fl ow and
face area based on the horizontal di stance of the arc from
t he hood. Studies by Fletcher [5] have indicated that
aspect ratio could be an inportant factor. Al so, due to the
buoyancy of the welding plunme and its subsequent upward

nmovenent, hood hei ght could be inportant in exhaust design.
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No nmention of the aspect ratio or height of the hood is made
by the AC@ H The presence of crossdrafts which could
reduce fune capture are al so not addressed by the ACA H.
Anot her maj or deficiency in the ACAH design nethod is its

inability to predict breathing zone concentrati ons based on

hood desi gn.

Wel der position relative to the exhaust hood was al so
deened i nportant in the design of LEV hoods for wel ding
operations by the Aneri can Wel ding Society [25]. This
paraneter is also not nentioned by the ACG H I ndustri al
Ventilation Manual [2], but needs to be addressed.

Because of the inportance of the variables given above,
the followwng will be addressed by this study:

1. Correlation of the breathing zone concentration
(BZC) with the computer's predicted capture
efficiency.

2. The effect of the hood aspect ratio on BZC

3. The effect of the hood hei ght on BZC

4. The effect of the hood fl ow on BZC

5. The effect of the worker's position on BZC
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NMVETHODS

This research involved preparing the BASI CA conputer
program to acconodate the buoyancy of wel ding plumes and
verifying the prograns ability to be used accurately for the
desi gn of | ocal exhaust hoods for welding. Followng this
preparati on, the experinent was desi gned and execut ed.
Descri pti ons and di scussions of all steps are contained

within this section of the paper.

-Potential Fl ow Model and Conputer Program

The conput er program was based on a three-di nensi onal
potential flow nodel by Conroy, Ellenbecker and Flynn [ 15].
As stated in the literature revi ew section of this paper,
use of potential theory, which is the solution of Laplace's
equation, requires the assunptions of inconpressible,
inviscid and irrotational flow Due to the heating of the
surrounding air in the welding process, the assunpti on of
i nconpressibility (negligible density changes) appears to be
invalid. Obviously there are differences in the density of
the air since it achieves vertical notion due to its
buoyancy. One of the purposes of doing this research,
however, was to exami ne the error associ ated wi th maki ng
this assunption in a process such as welding where it is
actually invalid. If it is found that this assunption
creates no significant error, potential theory sol utions

could be applied easily to many processes.
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The potential flow nodel cal culates the velocity vector
at any point in space. The nodel used in the programis
based on the inscribed ellipse nethod rather than the equal
area ellipse nethod. The ellipse is used due to the
difficulty in nodeling a rectangul ar sl ot openi ng. The
ellipse can be forned of the sane area (equal area) or of
the sane |l ength and wi dth as the rectangul ar openi ng
(inscribed ellipse). A problemw th the equal area ellipse
is that it shows flow through areas where there is a fl ange.
The inscribed ellipse shows no flow in the corners where
there actually is flow and overpredicts the face velocity by
a factor of 1.27 due to its snaller face area. Al so, at the
hood edge, the velocity goes to infinity and at the center
of the hood face the predicted velocity is 64% of the actual
velocity. Despite these deficiencies, the inscribed ellipse
nmet hod appears to be better for nobdeling rectangular inlets
[15].

For an elliptical aperture, the solution to Lapl ace's

equation for the potential is [32]:

A V(a2 + X) (62 + X) X (27)
where | anbda, -”, is the positive root of:
A 2--- - =1

a2 + X 62+ X X (28)
Since the velocity vector, V, is conposed of vectors in the
three coordinates x, y, and z, then these vectors Vx, Vy and
Vz can be determ ned by taking the partial derivative of the

potential function, *, as shown bel ow.
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Vx = — Qxf aHWb/ A(bA+X) «/ AX3/ A (29)

2'jrE

Vy —  Qufag4-\I»/"(b2+X) " ~*x3/ " (30)
2'rrE

Vz = —Qfar4- M/ M bM- M/ 2xV2 (31)
2'irE

wher e

E = XM2(], 20%) 2 + y2x2(a24X) 2 + zHB.' M+k) A yr+k) A (32)

Once the velocity vectors for the coordi nates are
determ ned, the direction of the velocity vector can be

cal cul at ed by:

VT ZH JVi TVf Tvj (33)

The nmet hod of images is included in the programto
account for the table surface. This involves placing an
i magi nary hood source of identical strength an equal
di st ance bel ow the table. The two sources then create a
pl ane surface stream ine between themwhich is considered to
be the table and is a plane of symetry between the two
hoods. This is illustrated in Figure 11. The velocity
potential for the real inlet is equal to the scalar addition
of the potentials of the real and imaginary inlets.

The conputer program uses Bender's equations [30] (Eq.
24 - 26) for a point plune to calcul ate the verti cal
velocity of the welding plunme. The vertical velocity
remai ns constant along the vertical axis, Z, in the conmputer
program As stated previously, the entrai nment constant is

equal to 0. 093.
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Fi gure 11. Illustration of | nagi ng Met hod.

( Sour ce Ref erence 9)
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The programrequires the follow ng values to be input:
slot length (L) , slot width (W , hood flow (Q , and hood
height (H). In addition, the follow ng variables are
contained within the programbut can be changed to suit the
process at hand: total area width (TW, total area length
(TL) , flow at the source (Q), crossdraft (VCL), dianmeter of
the source (DIAM, source tenperature (TS) , anbient
temperature (TA), and increment (INC). The dianeter of the
source is considered equal to the diameter of the orifice
(11/32") in the simulator used by the American Wl ding
Society in their study of welding funes and gases [25].

The total area is defined as the area on the wel ding
surface that is required to be ventilated. Twenty points
identified by values of K and S are used for plune
cal cul ation. The coordinates cal culated for each point are
graphed on the conputer and show whether or not the plunme is
captured by the hood. A theoretical capture efficiency is
cal cul ated as the nunber of plunmes captured divided by the
twenty plunmes generated by the program The K and S | oops
can be altered to map nore than twenty positions if needed.

Two separate prograns are shown in Appendi x A
| NSWLDX. BAS graphs the wel d table, hood and plume streams in
the X Z coordinate system | NSW.DY. BAS graphs the table,

hood and streans in the Y,Z coordi nate system The

calculations in each are identical.
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-Defl ection Study-

Bender's equations for the vertical velocity of the

poi nt plume require input of the source tenperature (TS)

source flow (QS) and source dianeter (D AM.

The tenperature at the arc is between 4 000° and 6000°C,
but the exact value is not known and woul d require extensive
research and equi pnent to determ ne. This section of the
paper discusses the nethod used to determ ne these val ues
(@, TS, DIAM to be input in the conputer program

The American Wel di ng Society (AWS) study di scussed
earlier used a simulator in the |ocal exhaust studies [25].
This sinulator was designed to duplicate the plune flow for
various electrodes. It was used to provide a continuous
| ong-lasting plume for study and also to provide a nmeans for

calculating capture efficiency by releasing a tracer gas,

car bon nonoxi de. A schematic of the AW5S sinul ator i s shown
in Figure 12.

Pl umes can be considered simlar if the buoyancy forces

and nonentum forces are sinilar. The AWS si nul at or was
consi dered to have duplicated an actual welding plume if the
tenperature profiles (buoyancy force) and defl ection under
constant crossdraft (nonmentum force) were natched.

Tenperature profiles were neasured between 5 inches and 15

i nches above the arc for seven different SMAW el ectr odes.

Al so, the deflection at 25 i nches above the arc with an 80

fpm crossdraft was neasured and phot ographed.
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Figure 12. Schematic of AMS Sinul ator.
(Source Reference 25)
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Monment um and buoyancy of the AWS sinul ator plunmes were
controlled by adjusting the flow rate through the orifice
and the tenperature of the gas. Tenperature profiles of
various simulator conditions were nmeasured and conpared with
t hose of the actual welding plunes. To neasure the
defl ecti on of the plunme, snoke was introduced into the
simulator to provide a neans of photographi ng and exam ni ng
t he deflecti on.

As the plune rises above the arc or sinulator, it
expands into a conical formdue the entrai nment of
surrounding air into the plunme. At a height of 25 inches
this plune spread can be quite broad. Al so the unsteady
nature of the plume as it rises nmakes the neasurement of the
deflection difficult. Because of this range, the exact
val ue to use for deflection distance can be difficult to
determ ne. For the AWS study, the deflection distance was
neasured at the md-point of the plune.

The sinulator plunmes were found to adequately duplicate
the actual welding plunes in the AW5 study. A simlar
approach was taken for this study.

A deflection study was undertaken to match a particul ar
el ectrode to values of source flow, QS, and source
tenperature, TS, for the conputer program A w nd tunnel
was set to blow air out across a table at Chydaru, the
ventilation |aboratory. A large piece of black cardboard
was attached to the table and a yardstick nmounted on the

cardboard at a height of 25 inches above the table surface.
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Vel ding was perforned with an alternating current Sears
Craftsman Hone 'n Shop Arc Welder (25 Volts, 200 Anps). The
el ectrode used was a Lincoln Electric Conpany El ectrode E
6013 3B/ 16" .

Defl ecti ons at 25" and 12" above the table were
measured in the mddle of the plune range for the 71 fpm
crossdraft and the deflection at 25" was nmeasured for the 33
fpmcrossdraft. The crossdraft was neasured with a TSI
Ther noanenonet er 5877 AD whi ch had been calibrated against a
6" orifice. The thernoanenoneter calibration is shown in
Fi gure 13.

Conput er prograns were designed to cal culate the plune
defl ection using Bender's vertical velocity equations at a
hei ght of 25" or 12" given the input values of source flow
(QS) , source tenperature (TS), anbient tenperature (TA) |,
crossdraft (VC), diameter of source (DIAM, and increnent
(INC) (see Appendix B) . The diameter of the source was
considered to be equal to the orifice diameter for the AWS
study (0.0286'). Appendix B shows the predicted deflections
and the range of plume deflection actually observed.

In the AWS study, the deflection of the plunme was
related to the value (@"-'-cfo which represents an
i ndi cation of the buoyancy and nmomentum forces. ATgo was the
temperature of the plune at a height of five inches above

the source. Figure 14 shows the relation of this termto

t he neasured defl ecti ons.
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(Source Reference 25)
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From Bender's equation for centerline velocity, the
buoyancy flux, F, is the variable of concern, all other
val ues bei ng constant. Therefore, deflection was
consi dered to be dependent upon the value QS(TS-TA). Since
the plunme defl ections were neasured and all val ues except QS
and TS were known, repetitive cal cul ati ons were done to
arrive at values of QS and TS that would provide the
requi red defl ection. Keeping QS(TS-TA) constant, any
conmbi nation of QS and TS could be used.

The conputer programfor deflection at 25" was used to
calculate a predicted deflection for the conditions
specified in the AW sinulator studies. The relation
bet ween neasured and predicted deflection and QS(TS-TA)
appears to be power function as shown in Figure 15. Wen
| ooki ng at the graph shown in Figure 15, the predicted and
measured val ues appear to be significantly different. The
nmeasured val ues are the center of the AW sinmulator plunes,
however, and therefore have corresponding ranges in their
val ues. Assuming a mnimum plume width of six inches, there
woul d be a corresponding +/- 0.4 range for each of the
nmeasured points on the graph. Wth these boundaries, al
the predicted values are well within the range and good
i ndi cators of the plune deflection. Because of this
correlation, the approach used to arrive at values for S

and TS for this study was deened valid and useabl e.


NEATPAGEINFO:id=9494D199-7350-4270-A17A-CE58D0387A41


~
>

YpCELCOT ON

.00

1.4

1.3

1.2

1.1

0.9

DEFLECTI ON VS. QS8(TS- TA)

P REDD] ngl@

TS-TA))
D -+

MEASURED

u


NEATPAGEINFO:id=198F012C-7089-4A4D-95C4-227C9DAE67D0


50
-Ventilation Study-

A test matrix consisting of two equal area hoods, two
flows and two hood hei ghts was anal yzed using the conputer
progranms | NSW.DX. BAS and | NSWL.DY. BAS. For each of the eight

designs, a capture efficiency of the hood was cal cul at ed.

This test matrix and the correspondi ng capture efficiencies
are shown in Table 3. Conputer printouts of the eight
conditions in the XZ and YZ coordinate systens are in
Appendi x A

In the wel ding roomof the Instrunent Shop in the
basement of Rosenau Hall, the hood designs were duplicat ed.
The hoods were equal area (0.09 ft. 2) but of different
aspect ratio, 1:1 and 1:5, (length:w dth). Wl ding was
done on a 1 ft. by 1 ft. piece of mld steel plate (1/2"
thick) by the Instrunent Shop Supervisor, Randall Goodnan.
Four rows were wel ded in succession corresponding to the
four rows in the conputer program S =1 to 4. The length
of the rows corresponded to the colums, K= 1 to 5. The
hei ght of the hood was varied between 0.25' and 1' using an
angle iron and cl anps. The hood flow was varied between 50
cfmand 120 cfmand was neasured using a 4" orifice and a
manoneter. Oifice calibration is shown in Figure 16.

The breathing zone concentration was nonitored using an
Environment | One Corporation Mddel Rich 100 Condensation
Nucl ei Monitor, serial #173, nodel #E-1033A-007 G/7. This
instrument was theoretically capable of counting particles

0.0016 jumand larger [32]. It was operated on the | K range


NEATPAGEINFO:id=15C4621C-05B9-4394-9DEC-13616F89C808


51

PREDI CTED CAPTURE EFFI Cl ENCI ES

ASPECT RATI O 1:5

Q CFM
0. 25 50% <A) 100% CO
HOOD HEI GHT,
FT. 1 60X (B> 100% CD)

ASPECT RATI O 1:1

Q CFM

S50 120
0. 25 507. CE) 100% CB)

HOOD HEI GHT,
FT. 1 70% CF) 100% CH)

Tabl e 3.
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at a flow of 50 m/sec. Its calibration was based on the
Pol | ak Counter at standard tenperature and pressure
conditions at 50 nml/sec [32]. A strip chart recorder was
connected to record the particle concentrations
autonmatically for each of the eight situations.

Each situation was anal yzed tw ce to exam ne the
reproducibility of the experinent. Follow ng conpletion of
the eight test situations, two were chosen to exanine the
effect of the welder position relative to the hood. These
designs (conditions E and G were studied twice again with

the wel der at 90° relative to the hood (see Figure 9).
-Data Anal ysis and Resul ts-

The strip chart recordings fromeach of the 2 0 designs
exam ned were anal yzed using a digitizing conputer program
and Lotus 1-2-3" spreadsheets (see Appendix C) . The data
was integrated using the trapezoid integration nethod. A
time-wei ghted average of the two duplicate tests was
calculated. Al'so, the particle count corresponding to each
of the four rows of each test was determ ned. These val ues
were used in the statistical analysis of the data.
Sunmaries of all results are shown in Tables 4 and 5.

Paired t-tests were used to exam ne the effect of hood
height, flow, aspect ratio and worker position on the
breathing zone concentration [33]. The paired t-test was
al so used to determine if there was a significant difference
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in welding fromone day to the next. Results are shown in

Tabl e 6.

Due to the small nunber of data values fromthis
experinment, the paired t-tests were perforned at the 9 5%
| evel on the data fromthe values corresponding to the four
rows wel ded for each condition. For conparison of condition
A to condition C, for exanple, rather than conparing
strictly the values of 22.2 and 13.1 (See Table 4), the
val ues corresponding to S=I to 4 were used thereby giving

four points of conparison.
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Taole 4. Sununary of Data for Velder at 1800 to Hood.

TRAPEZO D

(EF 1 ROT COTION RN TNE AGH e & ME S TE W OTE
RS
gL TR

T AR
SRR SR

50X  0.25 50
E (21) 5 26.622 12.945 1.2 17.488 1.188 35.002 1.209 57,527 1.334
;(\v)s 5 16.039 11.976 1.066 16.607 1 54 23.196 1.289 24.511 1.045
21.3305 12.48958 15. 99055 28, 90995 43. 06055
70X 1 50
F (1) 5.5 12.777 4.419 1,154 11,723 1.194 12.347 1.155 32.795 1.317
/i\Z/)G 6.2 23.668 4.702 1.251 30.126 1. 188 33.01  0.99 49 584 1 33
18. 05232 4.566207 20. 90132 21.88376 41. 23122
00X 0.25 120 6
(;) 6 9.749 5.517 1.43 8.639 1211 12,477 1.061 18.959 1219
/(xv)e 5.6 13.51 5.23 0.933 8.222 1.013 18,554 1.104 29 927 1.194
11. 55465 5. 403581 8. 449062 15. 58094 24.38618 .
| 0z 1 120 H
E:)) 7.8 8.575 5.7 1.215 5819 1.174  23.197 1.104 14.455 1 163
5.84 13,538 4.161 1.004 5172 1.445 29,012 1.233 25 572 1.041
m 10. 74273 5. 003670 5. 910005 25. 26499 20. 22537 |
TIHE IN M NUTES

AVe. VALUES = 10-75 CN HL

FOR ALL RUS, ON FLOH = 50 MJ/S
A - D ASPECT RATIO =1:5

E - H ASPECT RATIO =1:1
A-Di: 3/4/88

El-H: 3/7/88

A2-H2: 3/8/88
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Table 5.

POSI TI ON DI FFERENCES -

VEELDER AT 90 DEGREES

CAPEFF HT FLOW CONDI TION  RUN TI HE

0.25 50

120

VELDER AT 180 DEGREES

CAPEFF HT FLOW CONDI TI ON

no9i

50/ 50 E

| Cov. 0.25 120 G
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1:1 ASPECT RATI O HCDD

Suiranary of Data for \Welder
TRAPEZQO D
AVG Sl TI HE S=2

1 7.3 7.393 4.793
2 8.2 10.757 4.13
AV6 9.119487 4.433312

15 10.593 10.987
2 7.7 4.639 7.558
m 7. 290335 9. 106371

TRAPEZQ D

RUN Tl HE AVS 3=1

() S 25.522 12.945
(2) 6 16. 039 11.975
AVG 21.3305 12.48963
(1) 5 9. 749 5.517
(2) 5.5 13.51 5.23
AV6 11.56465 5.403531

1.415 S. 058
1.678 4.106

5.093823
1.155 12.372
1.501 5.626

9. 360599
TI HE S=2

1,2 17.488
1.066 15,607
16, 99066

1.43 8.639
0.933 3, 222
8. 449052

S=4

14. 427
31.357

3.041
6, 504
7,272174

3=4

57. 527
24.511
43, 05055

13.959
29. 927
24.38618

at 900 to Hood,

TI HE TI HE
1.373 . 099

1.345 1.752
1.291 15. 420
1.041 3.025
9. 954513

TI HE 3=3 TI HE

1.183 35,002 1,209

1.54 23.195 1.289
28, 90995

1.211 12.477 1.051

1.013 18,564 1.104
15, 58094

TI HE

cm

I.181
1.132

TI VE

1,334
1. 045

1.219
1.194
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RESULTS OF PAI RED T- TEST

Effect of Aspect Ratio on BZC 0.001 < P < 0.01
Ef fect of Hood Hei ght on BZC n.s.

Ef fect of Hood Flow on BZC P < 0. 001
Effect of Wrker's Position on BZC 0.01 < P < 0.02
Ef fect of Duplication n.s.

Table 6. Statistical Results


NEATPAGEINFO:id=B1EA67B2-711C-4486-8393-BC499070A3C8


58

DI sSCUsSI ON

-Day Effects on Wl ding Data-

A paired t-test was performed on the first data set
(all with the welder at 180° relative to the hood). At the
95% | evel, this effect was found to be not significant (0.10
< P <0.20). Therefore, tine-weighted averages of the

duplicate runs could be calcul ated and used for subsequent

anal ysi s.
-Predicted Capture Efficiency vs. BZC

The graph of breathing zone concentration vs. the

predi cted capture efficiency is shown in Figure 17. The
regression revealed a r = 0.9829.
The breathing zone concentration appears to be an inverse
| i near function of the capture efficiency. Because of the
good agreenent between the val ues, the assunption of
I nconpressibility used in the study appears to be valid for
t hi s case.

This rel ationship between BZC and conputer predicted
capture efficiency is inportant because it shows that the
conputer program could be used as a tool for industrial
hygi eni sts. Existing welding hood designs could be anal yzed
with the conmputer and inproved by varying such factors as
the wel ding area, hood flow or aspect ratio of the hood.
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| n addition, because the conputer program appears to be
wel | -suited for the welding operation, the sinple fluid
mechani cs nodel used in the programcould be applied to
ot her processes with hopefully equal success. O her

processes mght be less difficult to apply if there are no

sources of buoyancy and shoul d be studi ed.
-Effect of Hood Aspect Ratio on BZC

Fl etcher's study [5] showed that aspect ratio can be
important in the design of rectangul ar exhaust hoods. For a
fixed face velocity, as the length to width ratio increases
the velocity at a given point in front of the hood falls.
Anal ysis of this study's data revealed the aspect ratio was
significant at 0.001 < P < 0.01. The |ower aspect ratio
hood, 1:1, showed consistently |ower breathing zone
concentrations as woul d be expected fromFletcher's studies.

For rectangul ar slot hoods, as the length to width
ratio increases, the velocity contours for the hoods flatten
out inthe front of the hood. As the ratio decreases, equal
velocity contours becone nore rounded and extend farther out
fromthe hood. The | ower aspect rati o hoods have the
ability to control a greater volune thereby reducing the
fume concentration | evel over the wel ding surface.
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- Ef f ect of Hood Fl ow on BZC-

As can be expected, the flow was found to be
significant wwth P < 0.001 for reducing the breathing zone

concentrati on.
-Ef fect of Hood Height on BzZC

Hood hei ght was found to be not significant in this
wel ding study (0.60 < P < 0.08). The experinmental design,
however, reveals its inability to adequately neasure this
effect. All of the conditions with flow of 120 cfm had
predicted capture efficiencies of 100% and the BZC in these
cases were reduced significantly.

To correct this situation, the effect of hood hei ght
shoul d have been studied at |ow flows so that hei ght becomes
the nore inportant paraneter. The conputer program coul d be
used to identify |low flow situati ons where capture

efficiencies increase by raising the hood height.

-Effect of Worker's Position on BZC

The wel der's position relative to the hood face was
studied only with the 1.1 aspect ratio hood at a hei ght
equal to 0.25" The flow was set at 50 cfm and repeated at
120 cfm Only two designs were studied due to tine
constraints.

As with the first part of the welding study wth the

wel der at 180°, the breathing zone concentration was
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neasur ed usi ng the condensati on nuclei nonitor and eval uat ed
usi ng the conmputer software (digitizer Lotus 1-2-3 ).

Anal ysis of the data using the paired t-test showed the
wel der's position was significant at 0.01 < P < 0.02 with
t he breathi ng zone concentrati ons | ower when the wel der was

at a 90° position relative to the hood.
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CONCLUSI ONS AND RECOVIVENDATI ONS

The breat hing zone concentrati on neasured was found to
be an inverse linear function of the conputer's predicted
capture efficiency. Thus, potential theory and its inherent
assunptions appear to be valid in the application to
ventil ati on hood design to reduce breathing zone
concentraitons for shielded metal arc wel ding operations.

The study al so indicated that aspect ratio and worker
position relative to the hood face are inportant design
factors for reducing the breathing zone concentration.

To exam ne the accuracy of the results fromthis study,
It should be repeated with a larger test matrix. The effect
of hood height reguires further evaluation.

Further research into SMAW using ot her el ectrodes and
al so other welding process, e.g. MGand TIG are needed.

Al so, continued investigation of using these sinple

fluid mechanics nodels for inproving ventilation design of

ot her processes is warranted.
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10 EE I i S

20 THI S PROGRAM | S | NSW.DX. BAS. I T PREDI CTS STREAML.I NE

30 CAPTURE FOR A PRESCRI BED VWELDI NG AREA. I T USES THE

40 | NSCRI BED ELLI PSE METHOD OF CALCULATI ON AND GRAPHS THE

50 STREAMLINES IN THE X, Z COORDI NATE SYSTEM TO SEE THE

60 Y, Z COORDI NATE SYSTEM PLOT, PLEASE RUN | NSW.DY. BAS.

70 VALUES TO BE | NPUTTED ARE SLOT LENGTH, W DTH AND HEI GHT AND
80 HOCD FLOW  ALL OTHER REQUI RED VARI ABLES ARE CONSTANTS

90 CONTAI NED | N THE BODY OF THE PROGRAM

105 CLS

110 DI M P( 3000, 2)
120 DI M PREVX( 2)
130 DI M PREVY( 2)
140 DI M PREVZ( 2)
150 PI =3. 1415927#
155 | NPUT "WHAT
160 | NPUT "WHAT

| S THE CONDI TI ON'; COND$
I'S
170 | NPUT "WHAT IS
IS
IS

THE SLOT LENGTH IN FT"; L
THE SLOT WDTH IN FT"; W
THE HOOD FLOW I N CFM'; Q
THE HEI GHT OF THE SLOT ABOVE THE TANK I N FT"; H

180 | NPUT "WHAT

190 | NPUT " WHAT
200 CLS

210 COUNT=0

220 CAP=0

230 TL=1 ' FEET - TOTAL AREA LENGHT

240 TWE1L e FEET - TOTAL AREA W DTH

250 =.035 ' CFM- FLOW AT SOURCE

260 VCL=5 =+ FPM - CROSSDRAFT

270 DI AME. 0286 ' FEET - DI AVETER OF SOURCE

280 TS=600  DEGREES F - SOURCE TEMPERATURE

290 TA=70 ' DEGREES F - AMBI ENT TEMPERATURE

300 | NC=.03 « FEET - | NCREVMENT VALUE

310 TLHLF=TL/ 2

320 TWHLF=TW 2

330 A=L/2

340 B=W 2

228 HTS=2*DIAM "feet - INITIAL PO NT; NULL ZONE HEI GHT
370 LI NES 410- 480 CALCULATE THE | NI TI AL VERTI CAL VELOCI TY
380  USI NG BENDER S EQUATI ONS. THESE CALCULATI ONS ARE
390 METRI C VHERE ALL OTHERS ARE ENGLI SH.

400

410 R=2*DI AMrF. 3048 ''met er

420 ALPHA=. 093

430 QS=QJ*.028317*(1/60) ' nB/sec

440 DELTA=9. 810001*((TS- TA)/ (TA+460)) ' m sec

450 F=QS*DELTA ' md/ sec

460 VP1=(5/(6*ALPHA)) 'l sec

470 VP2=((18*F*ALPHA)/ (5*PI))"(1/3) 'nisec

490

500 ' THE K LOOP DEFINES 5 ROAN5 | N THE WELDI NG AREA
510

520 FOR K=l TO 5

530 PREX=(K-3)*TL/6

540

550 ' THE S LOOP DEFI NES 4 COLUMNS | N THE WVELDI NG AREA
560

570 FOR S=I TO 4
580 COUNT=0

590 Z=S*(TW 5)
600 Y=HTS- H

610 X=PREX
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620
630
640
650
660
670
680
690
700
710
720
730
740
750
760
770
780
790
800
810
811
812
820
830
840
850
860
870
880
890
900
910
920
930
940
950
980
990
1000
1001
1010
1011
1020
1030
1040
1050
1060
1070
1080
1090
1100
1110
1120
1130
1140
1150
1160
1170
1180

THE | LOOP CALCULATES THE PO NTS I N THE | NDI VI DUAL STREAM.I NES
THE M LOOP DCES THE | MAGQ NG

FOR 1=1 TO 3000
FOR M=l TO 2
IF Mel THEN Y=2* Ht+Y ELSE Y=y- (2*H)
QA=( A" 2*B" 2)
@B=(A "2+B' ' 2)
QC=(X"2*B" 2)
QD=( Y" 2* A" 2)
QL=QA- QC- QD- (2" 2* QB)
Q@=B-(X"2)-(Y"2)-(Z "2)
AF=(1/3)*(3*QL- Q" 2)
Rl=- (Z"2*A"2*B" 2)
BF=((1/27)*(2*@" 3-9*QL* R +27*R1))
MVE2* SQR( - AF/ 3)
PRELM=( 3*BF) / ( AF* MM
| F ABS( PRELM >=1 THEN 811 ELSE 820
| F ABS( PRELM) >=1 GOTO 1140
LA=0
GOTO 830
LA=((PI/2)-(ATN(PRELM (SQR(I -PRELM 2)))))/3
LACOS=COS( LA)
LAMBDA=( 2* SQR( - AF/ 3) * LACOS) - (Q2/ 3)
| F LAVBDA<O THEN LAMBDA=( 2* SQR(- AF/ 3) * COS( LA+2* Pl / 3)) - (Q/ 3)
El=( A" 2+LANMBDA)
E2=( B" 2+LANVBDA)
E3=( (( X* LAMBDA) " 2) * ( E2" 2))
E4=( ((Y*LAVBDA) "2)*(E1"2))
E5=(Z"2)*(El' ~"2)*(E2" 2)
E=E3+E4+E5
COEF=- Q4 ( 2* Pl *E)
VX1=( COEF*X) *(E1".5)*(E2"1 5)*LAVMBDA"1.5
VY1=( COEF*Y)*(E2".5)*(E1"1 5)*LAMBDA"1.5
VZ1=( COEF*Z) * (LAMBDA' ".5)*(E1"1.5)*(E2 1,5)
PREVX( M) =VvX1
PREVY( M =VY1
PREVZ( M =VZ1
RR=( HH+Y+HTS) *. 305 ' METERS
NEXT M
WEVPI *VP2* ((I /RR)" ~(1/3) )*196. 85 f pm
VX=PREVX( 1) +PREVX{ 2) +VCL
VY=PREVY( 1) +PREVY( 2) +W
VZ=PREVZ( 1) +PREVZ( 2)
VTT=SQR( VX" 2+VY' "2+VZ" 2)
X=X+(1 NC*VX/ VTT)
Y=Y+( 1 NC*VY/ VTT)
Z=Z+(1 NC*VZ/ VTT)
R=R+( | NC*VY/ VTT)
P(l1,1)=Z
P(l,2)=X
I F Z<. 05 THEN CAP=CAP+1
IF Z<. 05 OR X>2 OR Y>2 THEN 1=3000 ELSE COUNT=| +1
NEXT |
CAPEFF=( CAP/ 20) *100
SCREEN 1, 0O
COLOR O, 1
WNDOW (-1.5,-1)-(1 5,1)
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1190
1200
1210
1220
1230
1240
1250
1251
1252
1253
1254
1255
1256

1257

1258

1259

1260
1270

1280
1290
1300
1310
1320
1330
1340
1350

1360
1370
1380
1390
1400
1410
1420

1430
1440
1450
1460

1470
1480

1481

1482
1490

1500
1510
1520
1530
1540

L1

LINE (0,-TLHLF) - (TW - TLHLF), 2
LINE (0, TLHLF)- (TW TLHLF), 2
LINE (0,A)-(0,. 66),2
LINE (0,-A)-(0, -.66),2
LINE (0,A)-(-.05,A),2
LINE (0,-A)-(-. 05,-A), 2
LINE (1.3,.75)- (1.3,.88),2
LINE (1.3,.75)- (1.45,.75),2
LINE (1.22,.64)-(1.3,.75),2
LINE (1.3,.88)- (1.31,.87),2
LINE (1.45,.75) -(1.44,.76),2
LINE (1.45,.75) -(1.44,.74),2
LINE (1.22,.64) -(1.22,.65), 2
LINE (1.22,.64) -(1.23,.64),2
LINE (1.3,.88)- (1.29,.87),2
+ THE J LOOP PLOTS THE PO NTS
FOR  J=l TO COUNT
c=P(J, 1)
D=P( J, 2)
PSET(C, D), 1
NEXT J
NEXT S
NEXT K
KEY OFF
LOCATE 11, 4: PRI NT " CAPEFF="; CAPEFF; " %
LOCATE 17, 4: PRINT "TS=";TS;" F"
LOCATE 18, 4: PRINT "Q=":QJ;" CFM
LOCATE 19, 4: PRINT "D=";DIAM" FT"
LOCATE 12, 4: PRINT "L=";L;" FT"
LOCATE 13, 4: PRI NT !l U=Il . M. Il pipll
LOCATE 15 4:PRINT "Q=";: Q" CFM
LOCATE 20, 4: PRINT "VC=";VCL;" FPM
LOCATE 21, 4: PRINT "TL=":TL;" FT"
LOCATE 22, 4: PRINT "Tw"; TW"  FT"
LOCATE 14, 4: PRINT "HT="; H" FT"
LOCATE 23, 4: PRINT "INC=":;INC" FT"
LOCATE 16, 4: PRINT "TA="; TA; "F"
LOCATE 5 4:PRINT ' CONDITION "; CONDS;
BEEP
BEEP
D$=1 NKEY$: IF D$=" C THEN 1530 ELSE 1520
IF D$=" X" THEN 1540 ELSE 1510

NE

(TWTLHLF) - (TW-TLHLF), 2

LPRI NT CHR$(12)

END

CALCULATED BY

AND M LOOPS
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10
20 TH S PROGRAM | S | NSW.DY. BAS. | T PREDI CTS STREAMLI NE

30 CAPTURE FOR A PRESCRI BED WELDI NG AREA. | T USES THE
40 | NSCRI BED ELLI PSE METHOD OF CALCULATI ON AND GRAPHS THE
'88 STREAMLINES IN THE Y,Z COORDI NATE SYSTEM TO SEE THE
X, Z COORDI NATE SYSTEM PLOT, PLEASE RUN | NSW.DX. BAS.
70 VALUES TO BE | NPUTTED ARE SLOT LENGTH, W DTH AND HEI GHT AND
80 HOOD FLOW  ALL OTHER REQUI RED VARI ABLES ARE CONSTANTS
90 CONTAI NED I N THE BODY OF THE PROGRAM
100
105 cLs

110 DI M P( 3000, 2)

120 DI M PREVX( 2)

130 DI M PREVY( 2)

140 DI M PREVZ( 2)

150 Pl =3. 1415927#

155 | NPUT "WHAT | S THE CONDI Tl ON'; CONDS$

160 | NPUT "WHAT IS THE SLOT LENGTH I N FT"; L

170 | NPUT "WHAT IS THE SLOT WDTH I N FT"; W

180 | NPUT "WHAT IS THE HOOD FLOW I N CFM'; Q

190 | NPUT "WHAT IS THE HEI GHT OF THE SLOT ABOVE THE TANK I N FT"; H

200 cCLs
210 COUNT=0

220 CAP=0

230 TL=1 ' FEET - TOTAL AREA LENGHT

240 TWE1 ' FEET - TOTAL AREA W DTH

250 QJ=.035 + CFM - FLOW AT SOURCE

260 VCL=5 ' FPM - CROSSDRAFT

270 DI AME. 0286 ' FEET - DI AVETER OF SOURCE

280 TS=600 ¢ DEGREES F - SOURCE TEMPERATURE
290 TA=70  DEGREES F - AMBI ENT TEMPERATURE
300 | NC=.03 ' FEET - | NCREMENT VALUE

310 TLHLF=TL/ 2

320 TVWHLF=TW 2

330 A=L/2

340 B=W2

228 HTS=2*DIAM 'feet - INITIAL PO NT; NULL ZONE HEI GHT

370 LI NES 410-480 CALCULATE THE I NI TI AL VERTI CAL VELOCI TY
380 USI NG BENDER S EQUATI ONS. THESE CALCULATI ONS ARE

390 METRI C WHERE ALL OTHERS ARE ENGLI SH.
400

410 R=2*DI AMF. 3048 ''nmet er
420 ALPHA=. 09 3
430 QS=QJ*.028317*(1/60) 'nB/sec

440 DELTA=9. 810001*( (TS - TA)/ (TA+460)) ' m sec
450 F=QS* DELTA ''md/ sec

460 \VP1=(5/ (6*ALPHA)) ' nisec
470 \p2=((18*F*ALPHA)/ (5*Pl))"(1/3) 'm sec
490

500 ' THE K LOOP DEFINES 5 ROAS | N THE WELDI NG AREA
510

520 FOR K=I TO 5
530 PREX=(K-3)*TL/6
540 '

528 " THE S LOOP DEFI NES 4 COLUWNS | N THE WELDI NG AREA
5

570 FOR S=I TO 4
580 COUNT=0

590 Z=S*(TW 5)
600 Y=HTS- H

610 X=PREX
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610 X=PREX
620

630 ' THE | LOOP CALCULATES THE PO NTS I N THE | NDI VI DUAL STREAM.I NES
640 ' THE M LOOP DOES THE | MAG NG

650

, 660 FOR 1=1 TO 3000

670 FOR MEl TO 2

680 I F M=l THEN Y=2* H+Y ELSE Y=Y-(2*H)

690 QA=( A" 2* B" 2)

700 QB=(A"2+B' ' 2)

710 QC=(X"2*B' ' 2)

720 QD=(Y"2*A" 2)

730 QA=QA- QC- QD- (Z' ' 2* QB)

740 Q=B- (X"2)-(Y"2)-(Z2"2)

750 AF=(1/3) *(3*QL- Q" 2)

760 Rl = -(Z ~2*A"2*B ~2)

770 BF=((1/27)*(2*Q@"3-9*QL* @R+27*R1) )

780 MVE2* SQR( - AF/ 3)

790 PRELM=( 3* BF) / ( AF* M)

800 | F ABS( PRELM >=1 THEN 811 ELSE 820
810 | F ABS( PRELM >=1 GOTO 1140

811 LA=0

812 GOorTO 830

820 LA=((PI/2)-(ATN(PRELM (SQR(| - PRELM' 2)))))/3
830 LACOS=COS( LA)

840 LAMBDA=( 2* SQR( - AF/ 3) * LACOS) - ( @/ 3)

850 | F LAMBDA<O THEN LAMBDA=(2* SQR( - AF/ 3) * COS( LA+2*PI / 3) ) - (Q2/ 3)
860 E1=( A" ' 2+LANVBDA)

870 E2=( B" 2+LANMBDA)

880 E3=( ( (X*LAMBDA)''2)*(E2 2))

890 E4=( (( Y*LAVBDA)"2) *(E1 2))

900 E5=(Z"2)*(E1"2)*(E2"2)

910 E=E3+E4+E5

920 COEF=- Q (2*PI *E)

930 VX1=( COEF* X) *( E1".5)*(E2 "1 5)*LANMBDA"1
940 VY1=( COEF*Y) * (E2".5) *(El "1, 5)* LAMBDA"1,
950 VZ1=( QOEF* Z) * (LAVBDA" . 5) * (E1" 1. 5) * ( E2" 1. 5)
980 PREVX( M =VX1

990 PREVY(M =VY1

1000 PREVZ( M =VvZ1

1001 RR=( H+Y+HTS) *. 305 ' METERS

1010 NEXT M

1011 WtVPI*VP2*((I/RR)"(I/3))*196 85 «fpm
1020 VX=PREVX( 1) +PREVX( 2)

1030 VY=PREVY (1) +PREVY { 2 ) +W

1040 VZ=PREVZ( 1) +PREVZ( 2)

1050 VTT=SQR( VX - 2+VY" 2+VZ" 2)

1060 X=X+( 1 NC*VX/ VTT)

1070 Y=Y+( 1 NC*VY/ VTT)

1080 Z=Z+( | NC*VZ/ VTT)

1090 R=R+( | NC*Vy/ VTT)

1100 P( I, 1) =7

1110 P(1,2)=Y

1120 I F Z<. 05 THEN CAP=CAP+1

1130 I'F Z<.05 OR X>2 OR Y>1.5 THEN 1=3000 ELSE COUNT=Il +1
1140 NEXT |

1150 CAPEFF=( CAP/ 20) * 100

1160 SCREEN 1,0

1170 COLOR 0,0

1180 W NDOW (-2, -2)-(2, 2)
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1190
1200
1210
1211

1212
1213
1214
1215
1216
1217
1218
1219
1220
1221
1260
1270
1280
1290
1300
1310
1320
1330
1340
1350
1360
1370
1380
1390
1400
1410
1420
1430
1440
1450
1460
1470
1480
1481
1482
1490
1500
1510
1520
1530
1540

LINE (O, -H)-(TW-H), 2

LINEEO,-H)-(O,-B;,Z
LINE (O, B)- (O, . 46),2
LINE (1.5,1.5)-(1.8,1.5),2
LINE (1.8,1.5)-(1.75,1.55), 2
LINE (1.8,1.5)-(1.75,1.45),2
LINE (1.5,1.5)-(1.5,1.8), 2
LINE (1.5, 1.8)-(1.45,1.75),2
LINE (1.5,1.8)-(1.55,1.75), 2
LINE (1.5,1.5)-(1.3,1.3),2
LINE (1.3,1.3)-(1.3,1.35),2
LINE (1.3,1.3)-(1.35,1.3),2
LINE (0, B)-(-.05,B),2
LINE (O,-B)-(-.05,-B), 2
THE J LOOP PLOTS THE PO NTS CALCULATED BY THE |
FOR J=I TO COUNT
C=P(J, 1)
D=P(J, 2)
PSET(C, D), 1
NEXT J
NEXT S
NEXT K
KEY OFF
LOCATE 11, 4; PRI NT " CAPEFF="; CAPEFF; " %

LOCATE 17, 4: PRINT "TS=";TS;" F"
LOCATE 18,4: PRINT ¢« Q) = "; QJ;" CFM
LOCATE 19, 4: PRINT "D="; DI AM " FT"
LOCATE 12, 4: PRI NT "L=";L;" FT"
LOCATE 13, 4: PRI NT "W"; W" FT"
LOCATE 15,4: PRINT "Q="; Q" CFM
LOCATE 20, 4: PRINT "VC="; VCL;" FPM
LOCATE 21, 4: PRI NT "TL="; TL;" FT"
LOCATE 22, 4: PRI NT "TWs";, TW" FT"
LOCATE 14, 4: PRINT "HT="; H " FT"
LOCATE 23, 4: PRINT "I NC="; I NC " FT"
LOCATE 16, 4: PRI NT "TA="; TA, "F"

LOCATE 5, 4: PRI NT "CONDI TI ON "; CONDS;
BEEP

BEEP

D$=1 NKEY$: | F D$="C' THEN 1530 ELSE 1520
| F D$="X" THEN 1540 ELSE 1510

LPRI NT CHR$( 12)
END

AND M LOOPS
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CONDI TI ON A

CAPEFF= 50 X

L= .667 FT
WE . 135 FT
HT= .25 FT

Q= 50 CFM
TA= 70 F

TS= 600 F
QlJ= . 035 CFM
D= .0286 FT
UC= 5 FPM
TL= 1 FT

T™WE 1 FT

| NC= . 03 FT

[P B

o>£
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CONDI TI ON A

CAPEFF= 50 .

L= . 667 FT
M= . 135 FT
HT= .25 FT

Q=: 50 CFM
TA= 70 F

TS= 600 F
QJ= . 035 CFM
D= 0286 FT
UC= 5 FPM
TL= 1 FT

TWE 1 FT

| NC= . 03 FT
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CONDI TI ON B

CAPEFF= 58 >:
L= .667 FT
N= .135 FT
HT= 1 FT

Q= 58 CFM
TA= 78 F

TS= 688 F
Q= .835 CFM
D= 8286 FT
Uuc= 5 FPM
TL= 1 FT

T™E 1 FT

I NC= . 83 FT
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CONDI TI ON B

CAPEFF= 50 X
L= .667 FT
M= . 135 FT
HT= 1 FT

Q= 50 CFM
Tft= 70 F

TS= 600 F
QlJ= . 035 CFM
D= .0286 FT
UC= 5 FPM
TL= 1 FT

T™= 1 FT

| NC= .03 FT
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CONDI TI ON C

CAPEFF= 100
L= .667 FT
Me . 135 FT
HT= .25 FT
Q= 120 CFM
TA= 70 F
TS= 600 F

Ql= .035 CFM
D= 0286 FT

Uuc= 5 FPM
TL= 1 FT
T™F 1 FT

| NC= .03 FT
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. /\

CONDI T1 ON C j

CAPEFF= 100 X

L= . 667 )
1 F | |a|\ f,
H= 125 &
= 70 F
TS= 600
8;- 035 CFI\/I
. 0286 FT
UC= 5 FPM
TL= 1 FT
TIJ= 1 FT

| NC= .03 FT
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CONDI TI ON D

CAPEFF= 100 X .

L= . 667 FT
M= . 135 FT i,
HT= 1 FT W

120 CFM
Tft= 70 F
TS= 600 F
= .035 CFM

D= .0286 FT
UC= 5 FPM
TL= 1 FT
T™™W 1 FT

I NC= .03 FT
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CONDI TI ON D

CAPEFFz: 100 X
L= .667 FT

ME . 135 FT
HT= 1 FT

Q= 120 CFM
Tft= 70 F

TS= 600 F

Q= .035 CFM
D= 0286 FT
U= 5 FEPM

TL= 1 FT

™™ 1 FT

| NC= . 03 FT
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CONDI TI ON E

Cf | PEFF= 58 X

L= .292 FT
ME . 292 FT
= . 25 FT
& 58 CFH
TA= 78 F
TS= 688 F
= . 835 CFM
D= 8286 FT

MC= 5) FPM
TL= 1 FT

TME 1 FT

| NC= . 83 FT

il el
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CONDI TI ON E |TJ'H,;; ] Suyae-- ‘. 5

a\‘]|T1 IIITI

CAPEFFz: 50 X

L= .292 ET

ME . 292 FT

= .25 FT -1 @-p a=s

Q= 20 CEM - ------
A= 70 F

TS= 600 F

Q= . 035 CEM

D= .0286 FT

uc= 5 FPM

L= 1 FT

™ 1 FT
INC= .03 £T
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CONDI TI ON  F

CAPEFF= 70 X
L= .292 FT

VE 2992 FT Bt g e

Hr= 1 FT

%F 50 CFH
fl= 70 F

TS= 600 F
0286 FT

UC= ) FPM

TL= 1 FT

W 1 FT

| NC= .03 FT

\\\\\\\\\\\\\\\\\
\\\\\\\\\\\\\\\

bt
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CONDI T1 ON F i

Cfl PEFF= 70 J
L= . 292 FT :

M= . 2902 FT VI .
HT= 1 FT |
50 CFM

Tft= 70 F

TS= 600 F
QA= . 035 CFM
D= . 0286 FT
uc= 5 FPM
TL= 1 FT

T™T™E 1 FT

| NC= . 03 FT
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CONDI TI ON G

CAPEFF= 100
L= . 292 FT
M= . 2902 FT
HT= . 25 FT
120 CFM
Tf1 = 70 F
TS= 600 F

QJ= .035 CFM
D= .0286 FT

UC= 5 FFM
TL= 1 FT
T™T™F 1 FT

| NC= . 03 FT

||*2
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CONDI TI ON G

a . . Il_l */\

%?2 |:I%T -tled’- " g ..... A la,
128 CFM - -----

FA= 78 F

TS= 688 F

Q= .835 CFM

D= .8286 FT

Uc= 5 FPM

TL= 1 FT

T™T™F 1 FT

| NC= .83 FT


NEATPAGEINFO:id=160C48FD-0420-4F5C-BB24-84834330BB7F


CONDI TI ON  H

CAPEFF= 100 X
h= .292 FT

I\/I: 292 FT L

FT

G 12, O

TS= 600 F

EE: . 035 CFM
0286 FT

U= 5 FPM

TL= 1  FT

™ 1 FT

INC= .03 FT

ML L s

-»E
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CONDI TI ON  H

CAPEFE= 100 _ .
L= 292 FT

= 1292 FT
Hr=  f

Q= 120 CFH
TS= 600 F

M= ' 03" Fr
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A BE>E>El Sri: >l X
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10 I*******************************************************

20 o TH' S PROGRAM | S NAMED DEF25.BAS. I T IS DESI GNED TO
30 ' CALCULATE PLUME DEFLECTI ONS 25 | NCHES ABOVE THE

40« SOURCE. EQUATI ONS FOR VERTI CAL VELCCI TY ARE FROM
50 « BENDER S ARTI CLE.

60 I R Sk I I R I S S e S kL I kI Ik I S Sk e I IR I Sk i e S AR Ik I

70 CLS
80 DI M P( 3000, 2)
90 =3. 1416
100 INPUT "VWHAT IS THE pLUVE FLOW I N CEM : (03
i;(c)) I NPUT WHAT 1S THE gOURCE TEMP | N DEGREES F'; TS
I NPUT - "WHAT 1S THE A\MBI ENT TEMP | N DEGREES F" ; TA
130 I NPUT "WHAT IS THE CROSSDRAFT | N FPM' ; VC
140 I'NPUT "WHAT 1S THE JET DI AVMETER I N FEET ; DI AM

150 1 NPUT " SELECT THE | NCREMENT | N FEET" INC
160 CLS

170 COUNT=0

180 DELTA=9. 810001* (( TS- TA) / ( TA+460))
190 gs( *,028317*(1/60) ' MBS/ SEC CONVERSI ON FROM FPM

200

210 ALPHA— 093

220 \P1=(5/ (6* ALPHA))

230 \p2=((18*F*ALPHA)/ (5*PI))" (1/3)

240 R=D| AMF2*. 3048 ' CONVERS|I ON FROM FT TO METERS
250 7=.91 ' METERS =3 FT.

260 ANGLE=0

270 FOR 1=1 TO 1000

280 VP=VP1*VP2* ((I /R " (1/3))

ggg VZ=VC*. 3048 (1/60) convert fromfpmto nfsec
VR=VP

310 ANGLE=ATN( VZ/ VR)

320 R=R+( COS( ANGLE) * | NC)

330 Z=7- (S| N( ANGLE) * 1 NC)

340 |E R>. 635+(2*DIAM THEN 1=1000 ELSE COUNT=I +1

350 p(|,1)=2
360 p(1,2)=R

370 NEXT |

380 QS=( Q5*60)/.028317

390 DSP=. 91—z

400 DSP=(DSP*100)/2.54 ' convert displacenent to inches
410 SCREEN 1, 0

420 COLOR 0, 1

430\ NDOW (-. 3, -1.3)- (1.3, 1. 3)

440 [ NE (0,0)-(0,1),2

450 || NE (0. 0)-(1.0). 2

460 || NE (0, .635+(2*DIAM) (1,.635+(2*Dl Al
461 | I NE (0,1)-( 03,1),2 ( ( ")
462 || NE (0,.5)-(.03,.5),2

463 | INE (O, .75)- ( 03,,75), 2

464 LINE (O, . 25g- . 03, 25; 2

465 | INE (. 25, 0)- 25 05), 2

466 || NE (.5,0)-(.5,

467 LI NE 2 75,0)- (. 75 05) 2

468 1 INE (1,0 -(1, 05)

470 FOR J=I TO CoOU

480 C=P(J, 1)

490 p=p(J, 2)
HE so0 PSET(C, D), 1
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510 NEXT J
520 KEY OFF

530 LOCATE 1, 10: PRI NT " DEFLECTI ON AT 25 | NCHES"
531 LOCATE 16, 9: PRI NT " DEFLECTI ON="; DSP; " | NCHES"
540 LOCATE 18, 9: PRI NT "Qs="; 5; " CFM'

550 LOCATE 19, 9: PRI NT "VC="; VC, "FPM

560 LOCATE 20, 9: PRINT "TS="; TS; " F"

570 LOCATE 21,9 .'"PRINT "TA="; TA;"F"

580 LOCATE 22, 9: PRINT "D="; DI AM " FT"

590 LOCATE 23, 9: PRI NT "I NC="; I NC;, "FT"

600 BEEP

610 D$=I NKEY$: | F D$="C' THEN 630 ELSE 620
620 | F D$="X" THEN 640 ELSE 610

630 LPRI NT CHR$(12)

640 END

650 END
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10
20
30
40
50
60

R S I G I I S S S T R

TH S PROGRAM | S NAMED DEF12. BAS. | T IS DESI GNED TO
CALCULATE PLUME DEFLECTI ONS 12 | NCHES ABOVE THE

SOURCE. EQUATI ONS FOR VERTI CAL VELOCI TY ARE FROM
BENDER S ARTI CLE.

ECEE I S S S S G S S S S T S S S S G S S S S S S G

70 CLS

80 DI M P(3000, 2)
90 PI =3. 1416

100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360
370
380
390
400
410
420
430
440
450
460
461
462
463
464
465
466
467
468
470
480
490
500

I NPUT "VHAT IS THE PLUVE FLOW I N CFM';QS

INPUT "WHAT IS THE SOURCE TEMP | N DEGREES F"; TS
I'NPUT “"WHAT 1S THE ANMBI ENT TEMP | N DEGREES F'; TA
I NPUT " VHAT 1S THE CROSSDRAFT I N FPM'; VC

INPUT  "WHAT 1S THE JET DI AMETER | N FEET"; DI AM

I NPUT " SELECT THE | NCREMENT | N FEET"; | NC
CLS

COUNT=0
DELTA=9. 810001* ( ( TS- TA) / ( TA+460))
QS=QS*. 028317*(1/60) M3/ SEC CONVERSI ON FROMV FPM
F=(QS) *DELTA
ALPHA=. 09 3
VP1=(5/ ( 6* ALPHA) )
VP2=( (18*F*ALPHA)/ (5*Pl))"' ~(1/3)
R=DI AMF2*. 3048 ' CONVERSI ON FROM FT TO METERS
z=.91 ' METERS =3 FT.
ANGLE=0
FOR 1=1 TO 1000
VP=VPI *VP2* ((I /R " (1/3))
VZ=VC*. 3048*( 1/ 60) " convert fromfpmto msec
VR=VP
ANGLE=ATN( VZ/ VR)
R=R+( COS( ANGLE) * | NO)
Z=Z- ( SI N( ANGLE) * | NC)
| F R>.3048+(2*DI AM THEN 1=1000 ELSE COUNT=I +1
P(l,1)=Z
P(l,2)=R
NEXT |
QS=(@*60) /. 028317
DSP=. 91- Z
DSP:EDSP* 100)/2.54  'convert displacenent to inches
SCREEN 1, 0
COLOR 0, 1
W NDOW (-.3,-1.3)-(1.3,1.3)
LINE (0,0)-(0,1),2
LINE (0,0)-(l,0),2
LINE (0O, .3048+(2*DIAM)-(1,.3048+(2*Dl Al
LINESO,I)-(.Og,l),ZM) ( ( M)
LINE (0,.5)-(.03,.5),2
LINE (0, .75)-(.03,.75),2
LINE (O, .25)-(.03,.25),2
LINE (.25,0)-(.25,.05), 2
LINE (.5,0)-(.5,.05),2
LINE (.75,0)-(.75,.05),2
LINE (1,0)-(1,.05),2
FOR J=I TO COUNT
C=P(J, 1)
D=P(J, 2)
PSET(C, D), 1
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510 NEXT J
520 KEY OFF

530 LOCATE 1, 10: PRI NT "DEFLECTI ON AT 12 | NCHES"
531 LOCATE 16, 9: PRI NT "DEFLECTION:"'DSP;"INCHES"
540 LOCATE 18, 9: PRINT "Q8="; CS; "

550 LOCATE 19, 9: PRI NT "VC=": \C, " FPM

560 LOCATE 20, 9: PRINT "TS=": TS "F"

570 LOCATE 21, 9: PRINT "TA=":TA "F"

580 LOCATE 22, 9: PRINT "D=": DI AM "FT"

590 LOCATE 23, 9: PRINT "I NC="; | NC, "FT"

600 BEEP

610 D$=I NKEY$: |F D$="C' THEN 630 ELSE 620
620 | F D$="X" THEN 640 ELSE 610

630 LPRI NT CHR$(12)
640 END

650 END
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DEFLECTI ON AT 12 | NCHES

chN.zs 2:
. 0. s d. n~

DEFLECT 10N=: 11. 51287 | NCHES

= . 035 CFM

= 71 FFM
TS= 600 F
TA= 48 F

D= .0286 FT
| NC= .01 FT
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DEFLECTION AT 25

O'servici ¢jle-f l«crfi® &f"

QLS O's 0.-75"

DEFLECTI ON= 27. 34686

%f . 035 CFM
- /1 FPM
1S= 600 F

Tft= 48 F

D= .0286 FET
INC= .01 FT

| NCHES

| NCHES
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DEFLECTI ON AT 25 | NCHES

DEFLECTI ON=
. 835 CFM

(ﬁ:

UC= 33 FPM
TS= 608 F
TA= 48 F

D= . 8286 FT
| NC= . 81 FT

. 5 O T5

12. 56397

\ Crie -hS"A
| NCHES
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AE>E>EN[, x c
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ON~

100

80 -

CONDI TI ON A -

3/ 4/ 88

TINE (M N)

FI RST RUN
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N ON~

80 -

50 -

CONDI TI ON A -

3/ 8/ 88

TIME (MN)

SECOND RUN
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0 ON-N

90 -

80 -

CONDI TI ON B -

3/ 4/ 88

TIME (M N

FI RST RUN
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S ONTNL

80 -

CONDI TI ON B -

3/ 8/ 88

SECOND RUN

f\

TIME (MN)
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ON-N L

CONDI TI ON C -

3/ 4/ 88

TIME (MN)

FI RST RUN
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NN

80 -

20 -

CONDI TI ON C -

3/ 8/ 88

TIME (MN)

SECOND RUN
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G

v oN-—

CONDI TION D -

3/ 4/ 88

4.00

TINE (MN)

FI RST RUN

10. 00
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0L ON-

CONDI TI ON D -

3/ 8/ 88

TIME (MN)

SECOND RUN
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NSO ON-N

100

90 -

80 -

CONDI TI ON E -

3/ 7/ 88

TIME (M N)

FI RST RUN
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ON-NI,

CONDI TI ON E -

3/ 8/ 88

80 -

60 -

K«

TIME (MN)

SECOND RUN
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<N~

60 -

CONDI TI ON F -

3/ 7/ 88

TIME (MN)

FI RST RUN
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0 ON~

50 -

CONDI TI ON F -

3/ 8/ 88

TIME (MN)

SECOND RUN
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ON—N

>

100

CONDI TI ON G -

3/ 7/ 88

| W/

FI RST RUN
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NS ON-N

50 -

CONDI TI ON G -

3/ 8/ 88

TIME (MN)

KJ

SECOND RUN


NEATPAGEINFO:id=D0DE9706-B5C4-4508-BD46-EAB28164B04A


ON-N

100

80 -

60 -

CONDI TI ON H -

j KIN

3/ 7/ 88

TINE (MN)

FI RST RUN
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CNTNL

80 -

30 -

CONDI TI ON H -

3/ 8/ 88

TIME (MN)

SECOND RUN
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> ONZN =

100

80 -

CONDI TI ON E AT 90 DEGREES

TIME (MN)
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ON—N

CONDI TI ON E2 AT 90 DEGREES

TIME (MN)
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ON-N

100

CONDI TI ON G AT 90 DEGREES

FI RST RUN

TINE (MN)
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ON-N

CONDI TI ON G AT 90 DEGREES

SECOND RUN

Thiiie (MN
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