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Prediction and Measurement of Velocity into Flanged Slot Hoods

LORRAINE M. CONROY", MICHAEL J. ELLENBECKER" and MICHAEL R, FLYNN®
*Harvard University, School of Public Health, Department of Environmental Sciences and Physiology, 665 Huntington Ave., Boston, MA 02115;
BUnive:rsity of Lowell, Work Environment Department, One University Ave., Lowell, MA 01854; “University of North Carolina,
School of Public Health, Department of Environmental Sciences and Engineering, Chapel Hill, NC 27514

A model describing the three-dimensional velocity field into a flanged slot hood has been developed using potential flow theory. Modeling the
slot as an elliptical aperture allows use of the potential function to develop expressions for the velocity components (vy,vy,v.) at any point (x,y,z).
Experiments were performed to measure velocities in front of six slot hoods. Experimental results were compared with velocities predicted by
two models: an equal area ellipse with the same length to width ratio as the slot and an ellipse inscribed within the slot.

Introduction

A slot hood is one example of an exterior hood. Slot hoods
commonly are used to provide uniform exhaust airflow over
a finite length of contaminant generation such as an open
surface tank or a workbench.

The American Confcrence of Governmental Industrial Hy-
gienists (ACGIH) industrial ventilation manual' describes
the current design method for exterior hoods. First, disturb-
ing air movements in the vicinity of the hood are eliminated
or minimized; second, the hood is located as close as practi-
cable to the source; and third, the capture velocity is deter-
mined. The manual defines capture velocity as “the air
velocity at any point in front of the hood or at the hood
opening necessary to overcome opposing air currents and to
capture the contaminated air at that point by causing it to
flow into the hood.”" The selected value of capture velocity
depends on the release velocity of the contaminant and the
magnitude of disturbing room air currents.

DallaValle,” Silverman,”® Garrison,” ¥ Fletcher,
and Fletcher and Johnson'” have presented empirical
expressions for centerline velocity as a function of hood
shape, airflow into the hood (Q), centerline distance of the
source from the hood (X), and hood area (A). The airflow
necessary to obtain the desired capture velocity is calculated
using one of these empirical expressions. Additional empiri-
cal factors sometimes are introduced to account for high
toxicity of the contaminant and disruptive air movements
caused by hot processes.

(10,11)

For sources which cover considerablc area or are in loca-
tions subject to drafts, centerline velocity prediction will not
give sufficient information for an accurate prediction of
hood performance. Since slot hoods usually are used to
exhaust area sources, the current design method for these
devices may give unsatisfactory results. What is needed is a
design procedure which quantitatively accounts for cross-
drafts and area sources.

This paper represents the first step in the development of a
quantitative technique for the design of slot hoods used for
area sources located in any type of crossdraft. Potential flow
theory has been used to develop expressions for the velocity

components (vy,vy,V,) at any point (x,y,z) in front of a
flanged slot hood.

Theory

The continuity equation for frictionless incompressible flow is
V-v=90 Q)]

where V is the velocity. If the flow also is irrotational,

V=V¢ (2)
or
i 0 J
.2 @)
dx dy oz

where ¢ 1s the scalar velocity-potential function, and the
continuity equation becomes Laplace’s equation

Vi =0 (4)

Analysis of Laplace’s equation is developed well and is
termed potential theory."”

Rectangular openings are difficult to model using poten-
tial flow theory because an analytic solution for the potential

. L —
WT bl -
Inscribed Ellipse
— L —
y w[</, o —>
z " Equal Area Ellipse

Figure 1—Inscribed and equal area ellipses as models of length
(L) and width (W) for a slot.
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Figure 2—Airflow streamlines fora0.19m x 0.0381 m (7.5 in. x
1.5in.) hood with a face velocity of 5.1 m/s (1000 fpm) and a
crossdraft velocity of 0.51 m/s (100 fpm) using model 1 [slot
viewed from top (y = 0, xz-plane)].

is not available. The solution for an elliptical aperture was
determined by Lamb,"” who suggests two different models of
a rectangular slot: 1) an inscribed ellipse where the major
axis(2a) equals the slot length and the minor axis (2b) equals
the slot width; and 2) an ellipse with the same area and aspect
ratio as the slot, that is, mab=LW and a/b=L/W. Figure |
illustrates these two models.

The potential function for flow through an elliptical aper-

ture with a constant potential across the hood face is**

32 ar (5)
S ATV TSR ONT
where A is the positive root of
2 2 L2
X . y L | (6)

The potential equation can be solved to give the veloeity
components in the x, y and 7 directions, where x is parallel to
the hood length, y is parallel to the hood width, and z is per-
pendicular to the hood face (Figure 1). The velocity at any
point can be determined using the following expressions:*?

dX _ dd) B Qx(az + A)l,/z(bz + )\)3/’2}\3/2
dt  ox 27E

)

b

. dy ) 64) _ Qy(az + )\)B/Z(bZ + /\)1;2)\3/2
Cdt dy 2rE

(8)
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dz a¢  Quz(a” + NYAb" + NN
dt oz 2nE

9

where
E = x*N%(b° + M) + Yo% @ + M)+ 2@+ MDA (10)

The use of this potential flow solution in describing actual
velocity fields may be somewhat limited because it assumes a
constant potential across the hood face. This boundary con-
dition leads to predicted velocities of one-half the average
face velocity at the center of the hood face and infinite
velocities at the edges of the ellipse. This suggests that modi-
fication to improve the exact solution may be possible.

For the case of circular hoods, Flynn and Ellenbecker
observed that the velocity contours obtained by DallaValle®
have a distinctly elliptic shape suggesting that equal velocity
surfaces may be coincident with equipotential surfaces. In
general this 1s not true in potential flow theory, where the
velocity is the gradient of the potential.

(16)

Assuming that surfaces of constant velocity coincide with
equipotential surfaces, an approximation of the magnitude
of the velocity can be determined at any point using the
following equation:"”
ds \/iQ
dt  2a{3A% + 2(a® + bY)A + a’b¥]"?

(1)

The direction of the velocity can be determined from the
exact solution. Flynn and Ellenbecker''” suggested that this
solution somehow corrected for the neglect of frictional
forces and the boundary conditions of constant potential at
the hood face. Details of these derivations are given in the
appendix.

Computer programs have been written which use the
exact potential flow solution (Equations 7-9) and the
approximate solution (Equation 11) to generate streamlines
of velocity in front of a hood for both an inscribed ellipse and
an equal area cllipse. Crossdrafts can be added to each
model by simple vector addition of the velocity components.
An example of the output from these programs, showing a
slothood ina uniform crossdraft of 0.51 m/s (100 fpm) in the
x-direction, is given in Figure 2.

1

0.19 m (7.5 in.)

Length

i

Sl

Figure 3—Sampling pointsin frontof the 0.19m (7.5 in.) fong
hoods.

227



0.38 m (15in.)

»
Length

N

Figure 4—Sampling points in front of the 0.38 m (15in.) long
hoods.

Experimental Procedure
A series of experiments was performed to test the theoretical
models. Flanged slot hoods of 2 lengths [0.19 and 0.38 m (7.5
and 15 in.)] and 3 aspect ratios (15:1, 10:1 and 5:1) were
studied. Each hood was operated at average face velocities of
5.1, 10.2 and 15.2 m/s (1000, 2000 and 3000 fpm). These
measurements were conducted in an unventilated chamber
so thatextranecous crossdrafts were minimized and the mod-
els could be tested in a valid manner. Points were chosen in
front of each hood (Figures 3 and 4) to cover the entire field,
such that the points furthest from the hood corresponded to
velocities equal to approximately 5% of the face velocity.
The 0.19 m (7.5 in.) hoods were studied initially, and
points were chosen in a rectangular pattern to cover the
entire field. Points close to the flange were not chosen
because the model was expected to predict very poorlyin this
area. This area is not important in future capture efficiency
models because a source of contaminant would not be
located in an area very close to the flange. When looking at

Hood

the 0.38 m (15 in.) hoods, the pattern of measurement points
was changed in order to cover the area of velocity contours
of 1009% to 5% of the face velocity with approximately the
same number of measurement points as with the 0.19 m (7.5
in.) hoods.

Velocities were measured using a TSI Corporation hot-
film anemometer with a two-wire, mutually-perpendicular
probe (model numbers 1501-2, 1054-B and 1240-20, TSI
Corporation, St. Paul, Minn.) designed for crossflow appli-
cations. The anemometer measures velocity in two dimensions
and was used in the horizontal centerline plane (the xz-plane).
It was attached to a lathe bed which allowed accurate and
reproducible positioning. Figure 5 shows the experimental
apparatus.

Results

Experimentally measured x and z velocity components were
compared with values predicted by four theoretical models:

1) inscribed ellipse, exact solution;
2) inscribed ellipse, approximate solution;
3) equal area ellipse, exact solution; and

4) equal area ellipse, approximate solution.

Aleast squares performance index (1) and a bias index (A)
were calculated for each theoretical model. The performance
index is defined as the mean of the squares of residuals,

1= 3P - M)*N (12)
and the bias index (A) is defined as the mean of the residuals,
A= 3P - M)/N (13)

where P = predicted velocity, M = measured velocity and N =
number of measurements."®'” Table I displays the value of I
and A for cach model for both the x- and z-components of
velocity. The best model is one in which 1 is a minimum and
A is closest to zero.

- Manometer

to Fan

Fy___/% :

i
] ' v
Flow Orifice Meter
Probe Straightener
Support =
v
Lathe Bed ]
'

Hot-Film Anemometer

Figure 5—Experimental apparatus.
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TABLE |
Performance Index, Bias Index and Analysis
of Variance Results for Each Velocity Model

X-Component of Velocity

Model
1 2 3 4
A -0.1 -3.8 -9.6 -11.6
1 754.7 1601.8 3753.5 4348.7
Length ns* ns ns ns
Aspect ratio s* s s s
Face velocity s s ] ]
X ns s s S
V4 ns ns ns ns
Z-Component of Velocity
Model
1 2 3 4 1
corrected
A -66.9 102.7 -146.1 95 22.2
1 298489 343095 82503.6 6061.9 4976.7
Length S ns s [
Aspect ratio S s s S
Face velocity S S S s s
X S ns S S ns
Z s s ] ] s

*ns = not significant.
¥s = significant, p < 0.01.

Model | is the best predictor of velocity in the x-direction
with both | and A much less than with the other three models.
Model 4 is the best predictor of the z-component of velocity
with Model 1 being the next best. Model 4, however, is the
worst predictor of x-component velocity (has the largest
value of performance index and the greatest bias). For this
reason Model I, the inscribed ellipse, exact solution model,
was chosen as the best predictor of velocity.

An attempt was made to empirically correct the Model |
z-component. The agreement between predicted and mea-
sured velocity changes as a function of location in front of
the hood. The agreement is better further from the hood face
than close to it, for reasons explained below. A factor was
determined which forces the slope of the measured versus
predicted line to equal one. This factor is a function of A,
which in turn is a function of x, y and z locations in front of
the hood. The predicted z-component velocity (Equation 9)
is multiplied by this factor,

InA-11.8
-10.7

to give a corrected z-velocity. The performance index, bias
index and analysis of variance results also are givenin Table
1 in the column labeled Model I corrected.

Am. Ind. Hyg. Assoc. J. (49) May, 1988

Analysis of variance for the factors length, aspect ratio,
face velocity and x- and z-locations in front of the hood
shows aspect ratio and face velocity to contribute signifi-
cantly to explaining the observed variance with Model | for
the x-velocity. For the z-component of velocity, all of the
factors except x-location contribute significantly to explain-
ing the observed variance. Comparisons of measured versus
predicted velocities using Model | to predict the x-component
and using the empirically corrected Model 1 to predict the
z-component are displayed in Figures 6 and 7.

Discussion

The equal area cllipse model overlaps the flange on the two
centerlines and, thus, predicts flow where there is none. The
inscribed ellipse model assumes a flange in the corners where
the rectangular experimental hood does not have one and,
therefore, predicts no flow where there is flow. In actual
practice little flow may occur in the corners because of
turbulence caused by the sharp edges and vena contracta
formation. This may explain why the inscribed ellipse
(Models | and 2) is a better predictor of performance. By
using an inscribed ellipse, the model assumes there is no flow
in the corners and potential {low across the region enclosed
by the inscribed ellipse.

The anemometer measures velocity in two dimensions.
Because of this constraint, velocity was measured in the
horizontal centerline plane only. In this plane the inscribed
ellipse is the same length as the experimental hoods. No
measurements were made in the area where the inscribed
ellipse model was most likely to fail, i.e., the corners. Mea-
surements also were not made in the area where the equal
area ellipse was most likely to fail: along the centerline very
close to the flange. Nevertheless, the choice of measurement
points may have biased the results toward the inscribed ellipse
model.

Both theorics inadequately predict performance on or
very near the hood face. The exact solution predicts velocity
to be one-half of the face velocity at the center of the hood
face and to be infinite at the edges. Experimental velocities
near the center of the hood face lie above the 45° line,
indicating that theory underpredicts cxperimental velocity
in this area. Velocities near the edges of the hood face lie
below the 45° line, indicating that theory overpredicts cxperi-
mental velocity here.

The approximate solution predicts a more uniform veloc-
ity across the face of the hood but witha lower average value,
i.e., approximately 879 of the average face velocity. The
approximate solution assumes that cquipotential surfaces
and equal velocity contours are coincident. This is not pre-
dicted by potential flow theory, which could cxplain why the
approximate solution underpredicts velocity.

In any case, Model I with the z-component empirically
corrected is an excellent predictor of both components of
velocity.
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Figure 6—Experimental versus theoretical velocities in the x-direction—theoretical velocities

were calculated using model 1.

Comparison with Previous Investigations

Flynn and Ellenbecker!'” used circular hoods, so their theo-
retical and experimental hoods were identical. They found
the approximate solution—equipotential surfaces coinci-
dent with equal velocity surfaces—to be the best predictor of

velocity. They suggested that this solution corrected for
frictional forces near the hood face and the assumed con-
stant potential at the hood face. This solution was used to
predict the axial, or z-component, of velocity; and the radial,
or x-component, of velocity was corrected empirically to

3
4
2.8
2.6 4t Sy
2.4
+
— 2.2 | + B
£ ' 4
£ 2 - A
; o 1.8 3t by
- o +H
S 5 18- dF++ *33:: +
2]
-8 3 1.4 i#* ot
£
= 5 124 +
g A
o
H .
>
»
©
(]
=
T T T T T T T T T
1.2 1.6 2.0 2.4 2.8
(Thousands)

Predicted

Velocity (fpm)

Figure 7—Experimental versus theoretical velocities in the z-direction—theoretical velocities
were calculated using the empirically corrected model 1.
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Figure 8—Centerline velocity, experimental velocities compared with those of previous

investigations.

give better agreement between theory and experiment. Their
results agree with the results of the present experiments to
the extent that when using an equal area ellipse model, the
approximate solution predicts the z-component better than
the exact solution. The x-component is not predicted well
using either the exact or approximate solution for an equal
area ellipse.

Experimental centerline values measured here are com-
pared with those of Silverman® and Garrison® in Figure 8.
Silverman’s equation is limited to values away from the
hood (z/ W > 0.4). Garrison developed a model for center-
line velocity for high velocity/low volume exhaust systems,
The experimental data agree well with these models, espe-
cially at the lower velocities.

Conclusions

Several important conclusions can be reached based on this
work.

1) Theinscribed ellipse model with the exact solution is the
best predictor of experimental velocity.

2) The velocity atany pointin a flow field can be predicted
using this model, which represents a significant improve-
ment over current design equations which predict only the
centerline velocity.

3) Centerline experimental data agree well with results of

previous investigators.
4) The potential flow solution presented here is the general
case for elliptical openings. The solution for circular hoods

Am. Ind. Hyg. Assoc. J. (49) May, 1988

(where the aspect ratio equals one), presented previously by
Flynn and Ellenbecker,"® is one example of this more gen-
eral solution.

5) Crossdrafts and other disruptive air movements can be
added to this model through the use of simple vector addi-
tion, as shown in Figure 2.

6) Capture efficiency is a more direct index of hood per-
formance than capture velocity™ and, therefore, is a more
useful concept in ventilation design and for estimating
worker exposure to toxic contaminants. For this reason the
velocity model presented here, with the addition of cross-
drafts, is being used to develop a model for capture efficiency
of flanged slot hoods.
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APPENDIX

Lamb" gives the potential function for flow through an
elliptic aperture in a thin plane wall as the following:

=+ Q : da (A1)
MY TRV ON
where the upper limit is the positive root of
xz y‘Z 7.2
et = (A2)

The elliptic aperture is situated in the xy-plane and is the
region enclosed by the ellipse:

—+—==1 (A3)

and the z axis is the hood centerline. The volume flow into
the hood is Q.

The potential function (Equation Al) is an elliptic integral,
and an analytic solution is not possible. The velocity com-
ponents (vg,Vy,v,) at any point (X,y,z), however, can be
obtained.
Lamb"** presents the solution to Equation A2 in the ellipti-
cal coordinate system developed by Lame (A, u,v) related to

cartesian coordinates by the following:

Xz_(a“ma“u)(a“v)

(az bz) (az B cz)

(A4)

, (B + A) (b + ) (b° + v)
= — A5
y (bz az) (bz _ Cz) ( )

232

. (N ()
- (c2 _ aZ) (cz B bz)

(A6)

The surfaces A,u,v are ellipsoids, hyperboloids of one sheet,
and hyperboloids of two sheets, respectively.

Equations A4-A6 give

Ix ~ I x (A7)
ON 2%+ A
J |
e = - Zy (A8)
ON  2b +A
dz. |z 17z

= — (A9)

GN 2N 2\

for 7 = centerline axis, ¢ = 0.

If x,y,7 are functions of the three parameters A,u,v such
that the surfaces A = constant, u = constant and v = constant
are mutually orthogonal at their intersections, and if

1 -6x12 ady zra 2
i evel B B L P (A10)
hy L oA ] IN [N
.12 Lo12 a 12
I ! ) a7
— |2 +[ﬂ] +[—'] (A11)
hy L du du du
- .12 ao 12 .12
1 Jd ) dz
R +[ﬂ] +[—’] (A12)
hy [ dv ] du du

then the direction-cosines of the normals to the three surfaces
which pass through (x,y,z) are as follows:
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[ ox ay oz
h1 —_— h1 — h1 —_— (A133)
L aA [i2N oA
i ax ay Jaz
hg —> he—> hy— (A13b)
L du du du
ox ay az
hs —> h3——> hy— (A13c)
L dv dv Jv

If A,u,v are functions of x,y,z, the direction-cosines of the
three line-elements above also can be expressed in the forms:

[ 1 aA )N N

—_—— ——— — — (A14a)
L hy 9x hi dy hp oz
[1 6 1 a 1 9
L hy 9x h ay hy 6z
[ 1 v 1 dv 1 dv

_—— —— —— (Al4c)
[ hs dx hs dy hy 9z

Equating the terms in Equation Al4 with Equation Al13
and substituting with Equations A7-A9 gives the following:

67\_h26x_1h2 X Al5
ax—la)\—21a2+/\ (A15)
an ,ay 1
——:hﬁ—y-:~hf ‘y (A16)
dy ar 2 bia

dz |

L - (A17)
g aN 2 A
An expression for hy” can be found using Equations A7-A 10

. 4(a2 v )\)Q(bz + )\)z)\z

hy? - (A18)

where
E = xXAN%(b” + M) + y*A%@® + M) + 25 + AP + A (10)

The velocity components can be derived as follows:

d d d d dz 4
_X:_(b_ l:ﬁ _i:,ﬂ). (A19)
dt  ax dt  dy dt oz
Using the chain rule:
a d¢ oA d d¢ dr d dop dA
96 _do oA 99 _d¢ oA 9% _do IA (A20)
ax  dA 9x dy dA dy dz.  dA 9z

Anexpression for d¢p/ dA can be obtained by differentiating
Equation Al:

o Q
dr  4af(a®+ A) (b* + MA]

(A21)

Substitution of Equation A21 and Equations A15-Al7 into
Equation A20 gives
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_dx 8¢ Qx(a’+ N+ NN

x = T A22
dt  ax 27E (A22)
dy _ 90 _ Qu@a+ NPHb + NN

y=——=—= (A23)
dt  ay 27E
dz 8¢ Qza® + N¥H(b? + NP2

z:——:~—:Q( ) ) (A24)

dt oz 27E

The velocity also may be obtained by related rate differen-
tiation:

d¢ d¢ dx d¢ dy 9¢ dz
B S s AN il

(A25)
dt  9x dt gy dt 4z dt

where the X, y and z coordinates of a fluid element moving
under the influence of the hood are defined as functions of
time. Again for potential flows:

9 dx 9 dy
ax  dt gy dt

d dz
. & (A19)
dz dt

Therefore,
== || | =] | = (A26)
dt dt dt dt dt

where ds is the differential element of arc length along the
streamline. The velocity of the air under the influence of suc-
tion at any point in front of the hood is

ds/dt = (dep/ d)"* (A27)
Using the chain rule,
d¢ d¢ da (A28)
dt  dn dt

The expression for d¢p/dA is given in Equation A21.

As described in the text, the use of the exact solution in
describing actual velocity fields is somewhat limited. Using
the assumption that equipotential surfaces are surfaces of
constant velocity, dA/dt can be approximated by the follow-
ing equation:

dv

da dt
—z (A29)

dt dVv

dA

where V is the volume enclosed by the equipotential surface
(an ellipsoid of unequal axes). If

V= (dm/3) (@ + )BT+ N AN

then

dV  2m [ 3A%+2(a + bHA + ab?
—= (A30)

dh 3 L+ @ BT+ A
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The change in volume with time is equal to 2Q. The factor
of 2 is included to account for the potential surfaces being
half ellipsoids. Substitution of the above expressions into
Equation A28 gives the following:

d¢ _ 3Q°
dt 473N + 2(a® + bY)A + a’b?)

(A31)

and

234

el V3Q A32
dt  27[3A% + 2(a® + bAA + a2b?) 2 (A32)

Equation A32 gives the magnitude of the velocity at any
point in space. The direction of the velocity vector can be
determined using the exact solution, (Equations A22-A24).
Equation A32 is the approximate solution given in the text
as Equation 11, and Equations A22-A24 are the exact solu-
tions given in the text as Equations 7-9.
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