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A STUDY OF THE FLOW OF AIR INTO
PLANE OBSTRUCTED OPENINGS

CHAPTER I
INTRODUCTION TO THE FROBLEM

Many devices have been used in industry for the control of gases,
dust, and other air-borne substances., The majority of these devices
have been used in conjunction with an exhaust ventilation system, i.e,,
a system for the removal of contaminated air by hoods maintained under
negative pregsure, Obviously, there can be many forms of hoods, the
number of forms being limited only by their application,

The name “canopy hood" 1s given to the particular type of exhaust
hood which is suspended above a source of dust, fumes or gas. It is
the most widely used type of exhaust hood in industry--primarily be-
caugse it can be made by any sheet metal shop at low cost and is easily
installed.

It has been the duty of the author im his work with a health
agency to determine the effectiveness of all types of exhaust venti-
lation equipment in the industries within the administrative region of
the agency and in cases where no control measures were used, or where
poor control was noted, it was essential that sound, practical recom-
mondations for the best type of control indicated be submitted, The
canopy hood due to its simplicity and low cost made it a particularly
desirable recommendation., Unfortunately, this type of hood has



limitations. Just what these limitations are forms the basis of the
investigation here reported,

No data have appeared on the performance of the canopy hood, al-
though several investigators have predicted what might be expected of
it, The original and most widely accepted information is the result of
work done by DallaVallet on the flow of air into unobstructed openings.
His work was later checked by Silvermz who used a different method
for obtaining his results, While his results do not agree with
DallaValle's as closely as should be expected, there is some question
as to the validity of Silverman's methods and data,

Sinee no published data are available on the actual performance
of the canopy hood, and since it is one of the most widely used forms
of exhaust hoods, it seems especially desirable and practical that a
study be made of it. In order for the results to be of the greatest
utility the study must be of the most general form--a study of the flow
of air into plane obstructed openings.

A study of the canopy hood differs from the previously mentioned
studies of DallaValle and Silverman in that this hood, in its most
general sense, is an opening with a plane obstruction. In the above
studies the object was to study the flow of air across the face of an

1 Je ll DallaVaJ.lo 9 'Valoeity Ghnracteristics of Hoods Under
su@tiﬂﬂ, » = -: ! = ,o ] s2ip. Lz ‘,37&375, 1938.

2 Leslie Silverman, "Centerline Velocity Characteristics of

Round Openings Under Suction," Journal Indugtrial Hygiene and
Toxicology, 24:259=-266, 1942,




unobstructed opening, A study of the canopy hood in order to be of the
most value should be of such form as to permit its application to any
canopy hood., This indicates the necossity for studying the conditions
at the boundary, that is, frrom the outer edge of ths hood to the
surface, This is especially desirable since in many industrial appli-
cations the gpace between the hood and the controlling surface is hot
and would make any study within the space extremely difficult,



CHAPTER II
SUMMARY OF PREVIOUS WORK

The original study of the flow of air into unobstructed openings
was conducted by DallaValle in preparation for his doctoral thesis at
Harvard, He developed several prineiples which have been very useful
tools of research for the study of air flow into openings. Ths most
important principle,’ and the basis for this study, was the principle
of similarity of velocity contours. This in brief has made it possible
to study hoods in model form and apply the results to full scale hoods,.

DalleValle® observed that with a point source of suction the
velocity contours would be spheres and that the veloecity would vary
inversely with the square of the distance from the point opening and
directly with the quantity of air flowing, By simple geometry

Ve _Q =007 _Q .
42 r2
He extended his obgervaticns to a real circular opening using only the
two dimensional diametrical plane for the study in order to obtain
equal velocity lines and gtream line, By revolving this plane about
the axis of -ymtry the equal velocity surfaces and stream tubes were

3 J. M. DallaValle, Exhgust Hoods (New York: Industrial Press,
1945) p. 30

4 bid., p. 1.


dlstan.ce

generated,

Obviocusly no such simple method exists for resolving two dimene
sional flow patterns for rectangular hoode into three dimensional
plctures, but by strict adherence to the centerline plane as an area of
study he had a good device for comparison of hoods with the sams length
to width ratio,

In his prineiple of similarity of veloeity contours he states:

The positions of the veloeity contours for any hood when the

contours are expressed in terms of the velocity at hood opening
are purely functions of the shape of the hood; the contours are
identiecal for similar hood shapes when such hoods are reduced to
the same base of comparison,’

For the measurement of point velocities, DallaValle used a one=
eighth inch diameter brase cylinder clcsed at one end and divided into
two compartments along its length. Two 0,02 inch diameter holes were
drilled, one in each compartment and diametrically opposite each other.
This tube when calibrated against the pitot tube gave readings 1.7
times the latter, It had the added advantages of being very sensitive
to direction and making it possible to measure point velocities with a
minimam obstruetion to the flow of air, This tube was used in con=
junction with the Wahlen gage, a differential micromanometer,

Silvor:a.ne has published papers on a supposedly improved tech-

nique for measuring point velocities. He used a battery of thermal

3 DallaValle, op. cit., p. 3.

6 Leslie Silverman, "Centerline Veloeity Characteristics of
Round Openings Under Suction" and "Velccity Characteristics of Narrow

Slots," Journal of Industrial Hygiene and Toxicology, 243:259-276,
1942,



anemometers or hot wire thermometers arranged along the centerline of
the opening. His assumption was that the disturbance of the air stream
by the thermometer stems was negligible and thet his rather bulky appa-
ratus had but little effect on the flow of air into the opening., Each
of the heated thermomsters that he used had individual leads but all
of the leads were connected in parallel to ome precision type Weston
voltmeter,

He carried his investigation into regions where ordinary room
air velocities were in the same order of magnitude as the veloecities
imposed by the opening under suction and measured the velocities with
an instrument which had questionable eccuracy in this region.

Among the objections to the use of the thermal anemometer are
the following: it does not give a point veloeity; it is somewhat
sensitive to direction of air flow; its accuracy is dependent upon its
calibration and upon another thermometer (unheated), and it doea not
give an ingtantaneous resding. The heated thermometer must be cali-
brated in an alr stream of known velocity Just as any other device for
meesuring air velocities, and it is very difficult to determine ve-
locities below 150 feet per minute with this device because of the un-
certainty of temperature equilibrium between the two thermometers,

There have been no other investigators of note who have published
papers on original work, although several books have been written which

cover the subject, such as, Industrial Health Engineering by Brandt,
Industrial Dust by Drinker and Hatch, and Design of Industris) Exhaust
Systemg by Alden. These men give credit to DallaValle for the basis of

their discussions,



CHAPTER III
PROCEDURE

Meagurement of Point Velocities
It was decided to use the method employed by DallaValle’ and

determine the veloeities with a cylindrical tube and the Wahlen gage.
Since the tube ecould not be used until calibrated, five brass tubes
ranging in sise from 3/64-inech in diameter to 5/8-inch in diameter
were calibrated in order to pick the one which had the most desirable
characteristics, Each tube had one 1/64-inch in diameter hole drilled
about ten tube diameters from the sealed end, Figure 1 is a sketch of
a velocity tube,

Several problems appeared in the process of calibrating the
tubes, the greatest of which was lack of suitable equipment. The
small 2-1/2 foot by 2-1/2 foot wind tumnel of the School of Aeronauti-
cal Engineering was used for several weeks in an effort to obtain
suitable calibration curves but the projeet had to be abandoned since
it was impossible to obtain stable velocities below 400 feet per
minute.

In an attempt to obtain stable velocities over a range from
fifty to fifteen hundred feet per minute, a small wind tunnel was con-
structed, This tunnel weas constructed of galvanized sheet iron and

formed as a twelve inch square duct eight feet long. A static

7 DallaValle, op. git., Pe 4.
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pressure connection and a pitot tube were made an integral part of the
tunnel and placed five feet from the inlet, The tube test section was
placed one foot down stresm from the pitot tube and the static pressure
connections, Straightening vanes, preceded by a diffuser, were put at
the inlet to the tunnel, The source of air was a fourteen inch
household electriec fan with a three-speed switch, The volume of flow
was controlled by moving the fan toward or away from the tunnel inlet.

By using this wind tunrel it was possible to calibrate the tube
for velocities as low as 150 feet per minute which is the minimum ve-
locity obtainable in the study. In cases where lower velocities are
recorded the cslibration curve was extended,

The following method was used in calibrating the cylindrical
tube. The tube was placed in the test section of the wind tumnel so
that its hole was in the center of the tunnel, The wvelocity of the air
stream was obtained by connecting the pitot tube and static pressure
taps to the Wahlen gage, Next, the cylindriesl tube was connected to
the Wahlen gage and revolved until the maximum deflection of the gage
f£luid was obtained, Then the tube was rotated 180 degrees. The
difference between the deflection in this position and the maximum de-
flection is the velocity head., This velocity head when divided by the
veloeity head obtained by using the pitot tube and static tap gives the
tube factor, This factor was 1.7 for all velocities above 150 feet per
minute and slightly larger for velocities between 100 and 150 feet per
minute, Figure 2 is the calibration curve,

Figure 3 shows the rotational characteristies of the tube, It
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may be seen from this curve that ths tube is sensitive to the directiom
of flow of the air stream.

Iypes of Openingg

The nature of the problem and the gquantity of dates essential for
its complete evaluation made it neceassary to confine the investigation
to but three configurationg--round, square, and rectangular with ratio
of sides 2 to l-~and to three variations of the plane obstruction,
Each shape was studied in an identical manner except for the rectangu-
lar hood which was subdivided into a study of the conditions for the
short side and also for the long side, however, the deseription of one
geries of experiments suffices for all of the other investigations,

Fhile, as will be shown later, the arrangements selected have a
general appliecation, for the purpose of this study the following ar-

rangements were selected:

Type of Hood Size Location of Obstruction
(inches) from Opening (inches)

Round 13 3, 6, 9

Square 12 x 12 3, 6,9

Rectangular 12 x 24 3, 6, 9

e i s o e s e ——
————- — - i —

Before taking data, the plane obstruction was placed 3 inches
from the opening parallel to the plane of the opening. The support for
the velocity tube was placed so that the hole in the tube was in a



plane perpendicular to the plane obstruction and the centerline of the
opening, The fan was started and after allowing several minutes for
the room conditions to become stabilized, the témperature of the air at
the opening and the drop across the orifice in the duect were recorded.
Measurements for the velocity were made at one-inch intervals between
the centerlins of the opening and the obstruction and at one-ineh
intervals sbove the boundary of the opening to a maximum distance of
8siz inches, Similar measurements were made in the area back of the
opening, A pictorial presentation of the area studied may be seen in
Figure 4 and a sketch of the entire set wp will be seen in Figure 5.

The same description may be applied to the cases where the ob-
struetion was six inches and nine inches from the opening,.



1L

ARRA $TTDIE

UNITS UP
|

/ OUNITS OUT

DIRECTION OF AIR FLOW OPENING

e — -, —e———

EIGHT INCH DUCT

PLANE OBSTRUCTION

SKETCH OF EXPERIMENTAL REGION

FIGURE 4




PLANE OBSTRUCTION

TUBE

TUBE SUPPORT

‘ /ﬁnma

SETUP OF EXPERIMENTAL

/f‘\\ _//*\\

APPARATUS

DUCT

FAN

Z\

)

WAHLEN GAGE

FIGURE 5

| |

ORIFICE |

MANOMETER




CHAFTER IV
RESULTS

Throughout this discussion the unit system of reference has been
adopted, This is in accordance with the method used by previous in-
vestigators. The unit system permits two hoods of the same shape to be
compared by dividing each into the same number of units, i.e., a hood
6 inches in diameter may be compared with one 18 inches in diameter by
expressing the diameter of both hoods as 6 units. Then a unit for a
small hood would be one inch and a unit for the larger hood would be
3 inches,

For a given flow of air the velocity at a point is a function of
the shape of the opening, its area and the position of the obstruction
with respect to the hood. It is apparent that increasing the distance
of the plane obstruetion from the opening will decrease the velocity at
a point on the surface of the obstruction and conversely. It should be
possible to express all desired quantities for a given configuration as
a function of the distance between the opening and the obstruction.

The following discussion analyzes the data as applied to a given con~
figuration so as to obtain a usable set of curves, Curves and data for

other configurations form a part of this report.

Round Hood
By comparing curves obtained for the round hood three units

from the obstruction (Figure 8) with the curves for a round unobstructed
opening of the same size it is seen that all of the constant velocity
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lines are approximately 100% gresater st a partieular point for ob-
structed openings than for unobstructed c:pen:!.nga.8

For example take a point on the obstruction zero units up from
the boundary. At this point the velocity is approximately 82% of the
average hood face velocity while for the unobstructed opening
(Figure 11) the velocity is only 38% of the average face velocity,
Thus the velocity contour is 138% larger for the obstructed opening
than for the unobstructed opening,

It is also seen that the velocity contours vary radially about
the face of the opening for an unobstructed opening and about the
boundary line for the obstructed opening,

By making a similar comparison of the roun& unobstructed open-
ing with the round opening 6 units from the obstruction (Figure 9) it
i1s again seen that the velocity at a given point for the first case is
greater, but the difference between the two veloecities is not so large
as for the previous discussion,

Again, take a point on the surface of the obstruction zero units
up from the boundary. The veloeity is 22% of the average face velocity
and the velocity at this point for the unobstructed opening is 19%.
The veloeity for the obstructed opening is 15.8% greater than for the
unobstructed opening.

The unobstructed round cpening and the round opening 9 units

8 J. M, DallaValle, t n Tts Cont
(New York, London: Pitman Publishing Corporation, 1948) p. 115.



VELOCTTY CONTOURS AND STR=Ta™M LINES
FOR ROTND QPENING 6 UNITS FROM
OBSTRTCTION

r
e
N
|
|
T
I/
/}
/
o
\\
gl
7
o

UNIT3 UP

UNITS OUT

FICTRE o
: a.‘.ln—{J 4

” B & i |
// /I' 1;\\ / *\1\ 1.3
/ P \ \
N
) 1 2 3 4 5 6

6T



UNITS UP

VELOCTTY CONTOURS alD STREAM LINES
FOR ROUND OPENING 9 UNITS #ROM
YBSTRUCTION

X
N ol
Sk | )

UNITS OUT

J’/ FIGORE 10\

02



VELOCITY DISTRIBUTION ACROSS AN
UNOBSTRUCTED ROUND OPENING
12 UNITS IN DIAMETER

(DALLAVALLE)

UNITS UP

g

L2/

\

|

;

UNITS QUT

FIGURE 11

12



from the obstruction (Figure 10) are very similar whem velocity con-
tours are compared. For a point on the obstruction zero units up, the
velocity is 11% of the average veloeity across the opening and very
nearly the same for the same point in the field of the unobstructed
opening, Thus it seems that the obstruction has but little effect on
the flow at a distance of 9 units or more from the opening.

As regards the application of these curves consider the follow-
ing example,

A circular hood 39 inches in diameter 1s suspended 18 inches
above a tank., The average velocity across the face of the hood is
500 feet per minute, Find the velocity and the direction of flow of
air at a point 12 inches above the tank and 3 inches out.

First the hood must be reduced to the unit system and since the
hood of reference has a diameter of 13 units the larger hood must have
a diameter of the same number of units, The number of inches per unit
for the hood is

39 inches = .
13 wnits 3 inches per unit

The point in question 1s

12 inches
3 inches per unit

4 unite

above the tank and

s BT T e it
3 inches per unit -



out, The hood is

18 inches -
3 inches per unit & ibe

above the tank,

Now refer to Figure 9 which is a set of curves for a round open-
ing 6 units from a plane obstruction., The veloeity at 2 units from the
opening and 1 unit out is 43% of the average face velocity. Thus the
velocity for this example is 0.43 x 500 = 215 feet per minute. The
direction of flow is at an angle of 50 degrees to the boundary and di-
rected toward the opening,

Square Hood
The square opening is a special case of a rectangular opening

but offers less difficulty in making a satisfactory study than do rec~
tangular shapes in general., It was necessary to obtain data in but one
centerline plane since data obtained from any other centerline plane
would be identical.

The velocity contours for the square opening at 3 units from the
obstruction in Figure 12 tend to become parallel to the boundary as
they approach the barrier, This is in accordance with the image theory
as advanced by Dalla?alle.g His image theory states that if a plane
surface is placed parallel tc the plane of the opening, the veloecity
contours will be identlcal to those formed by the two openings if

9 Dallavalle, Exhsust Hoods, p. 13.
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another opening of the same size and shape were placed an equsl distance
on the other side of the barrier and the barrier removed.

A comparison of Figure 12 with DallaValle's prediction for the
square hood 3 units from the obstruction’’ shows the results in this re-
port to be higher by approximately 10% for velocities 40% of the average
face velocity or less; while for higher velocities, the values in this
report are nearly 60% higher. This comparison is demonstrated in
Figure 15. The tendency for the velocity contours to flatten out at the
obstruction is absent upon axaminstion of Figure 13 for the obstruction
6 units from the opening, however the distance above the boundary for
any partieular velocity contour is higher than an equal contour gener-
ated by the unobstructed opeming,

The velocity contours for the square opening with the obstruction
displaced 9 units from the opening (Figure 14) show essentially the

characteristies of an unobstructed opening.

Rectangular Hood
The rectangular opening is a difficult opening to evaluate since

there are two different sets of centerline velocities contours, one set
for the long side and a second set for the short side. If the exhaust
connection is a circular duct the velocity contours for the long side

will be favored since it is nearer to the exhaust connection than the

short side.

103, J. Bloomfield and J. M, DallsValle, "The Determination and

Control of Industrial Dust,"” Public Health Service Bulletin, No. 217
(1935), pp. 93-9%.



By comparing the velocity contours of the two sides at one unit
distance from the side in Figures 16 and 19 it is seen that the veloci-
ty is larger for the long side than for the short side. The veloeity
econtours for the long side are 46% grester than the velocity contours
for the short side when the barrier is 3 units from the obstruction.

When the barrier is 6 units removed from the opening, as in
Figures 17 and 20, the velocity on the long side is 66% greater than
the veloecity for the short side and for the barrier at 9 units from the
opening (Figures 18 and 21), this value is 67.5%. The velocity con-
tours of the rectangular opening for increasing displacements approach
the condition expected for an unobstructed opening of the same configu-
ration., However the velocities expressed as a percentage of the aver-
age face velocity at a point on the controlling surface zero units up
from the boundary have a variation such that for the conditiom that the
barrier be 3 units from the opening the long side and short side ve-
locities will be equal. This is contrary to expectations and indicates
the need for further study of this condition. When the barrier is
placed 6 units from the opening the long side velocity becomes 37% and
the short side veloecity 27%, If the plane obstruction is placed 9
units from the opening the long side velocity becomes 24% while the
short side velocity drops to 15%.

Expressing the velocity as percentages of the average face ve-
locity, as in the preceding paragraph, leads to a simple and rapid
method of determining the quantity of air flow into the opening neces-
sary to insure that velocities at the controlling surface are high
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