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SUMMARY

The research objectives were: -

1) To rgyiew the literature to establish the factors which have
tradl‘Flonally been regarded as most crucial to the design of
effective exhaust ventilation systems.

2) To design, construct, install and calibrate a wind tunnel.

3) To develop . procedures for air velocity measurement
fo].lowed by a comprehensive programme of aerodynamic data
collection and data analysis for a variety of conditions.

The major research findings were:-
a) The literature in the subject is inadequate. There is 2
particular need for a much greater understanding of the zero-
dynamics of the suction flow field.

b) The discrepancies between the experimentally obgerved cenire-
line velocities and those predicted by conventional for nulae
are unacceptably large.

c¢) There was little agreement between theoretically :calculated and
observed velocities in the suction zone of captor hoods.

d) Improved empirical formulae for the prediction of centre-line
velocity applicable to the classical geometrically shaped suction
openings and the flanged condition could be (and were) derived.

Further analysis of data revealed that: -
i)  Point velocity is directly proportional to the sucticn flow rate
and the ratio of the point velocity to the average face velocity
is constant.

ii) Both shape, and size of the suction opening are significant factors
as the coordinates of their points govern the extent of the effect
of the suction flow field.

iii) The hypothetical ellipsoidal potential function and hyperbolic
streamlines were found experimentally to be corre ct.

iv) The effect of guide plates depends on the size, shape and the
angle of fitting. The effect was to very approximately double
the suction velocity but the exact effect is difficult to predict.

v) The axially symmetric openings produce practically symmetric
flow fields. Similarity of connection pieces between the suction
opening and the main duct in each case is essential in order to
induce a similar suction flow field.

Additionally a pilot study was made in which an artificial
extraneous air flow was created, measured and its interaction with
the suction flow field measured and represented graphically.

Key words:- Local exhaust, Captor hood, Centre-line velocity,
Guide plate (flange), Extraneous air flow.
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NOTATIONS

SYMBOL

DESCRIPTION

v
\

Area of chtion Opening

Aspect Ratio (Width/Lenght)

b : .
A,D,C,..A",B",C'..a,b,c.Constant Variablos as stated

Div
das

ds

at the point 6f appearance
Biased error |

Constan§ variables
Charactéristicitemperature of
thermistor exp%essed in ‘K
Specific heat ét cons tant pres ure
Curl a mathematical term .
Diameter

Equivalent diameter for identical
Velocity and friction loss.
Divergence a mathematical term
Element of lenght

Displacement*vector

E{eeyeervee)sE'(evyee,.) Point in three dimentional space

F,F1

Fluvyees)sF ' (eayoayes)

NTe

PTe

Nondimentional variable

Points in three dimentional space”
Friction factor

Gravitational acceleration

Points in three dimentional space
Friction loss '
Hydraulic radius (Area/Perimeter)
Constant variable

Lenght or an element of lenght
Metre

Square metre

Cubic metre

jetre per second

Cubic metre per second

Constant variable

Negative resistance temperature
coefficient

Positive resistance temperature

coefficient



Notation Continnued (1)
Q,Q,,Q

R
R

T1? RTZ

WG
X, Y, %

o = %i"g(%own.J g o T

Measured flow rate

The  radius of round suctioanPening
The reéistaﬂqe at'tempefétufé’

T1 (OK)'and T2 (aK) respectively
Residuals |

Residual Mean &Sguare

Root Mean Square Residual

Surface Area under the influence

of suction

Static Pressur?
i

Time i

Temperature

Total Pressure

Point Velocity in front of suction
opening

Average Face Velocity

Centre Point Suction Velocity
Velocity Vector of Air Particle
Velocity Pressure

Velocity inside the Duct at y
distance from the wall

Widht of noncircular Suction Opening
Water Gauge

The Cartesian Coordinates of Air
Particle in three dimentional Space
in front of Suction Opening
Pressure Loss

Temperature Equivalent

Duct Roughness Factor

z/w

x/w

Error Variance

Velocity Potential Function

Stream Function

Gradient OperatoT

Laplacian Operator
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CEAPTER ONE

INTRODUGTION

Extraneous materials carried by air are generally termed
"contaminant". The Chapter begins with a survey on the work
room contaminant, its production, dispersion and the behaviour of
ditferent types of contaminant en [t is followed by a review of
engineering control methods: local exhaust ventilation, especially
the application of captor hood and ths legal requirement for its
use. Present design methods of captor hoods are generally based
on recommended capture velocities for certain types of workroom
air contaminant., Industrial workroom air consists of a suspension
of s0lid and liquid particles in a gaseous medium i.e. it is an
aerosol,

The most important feature of contaminant particles 1is
the difference in behuaviour between coarse particles and fine
particles (respirable size particles are all in the lutter range) .
The heavy particles move through the alr in a definite trajectory
sometimes at high speed. Fine particles (e.g. particles of diameter
less than 20 micron) on the other hand, move only with the alr that
contains it. Physical and chemical properties of materials are
different when in the form of small particles and dispersed in air.
Surface area and effective volume are the most important factors,

which are both greatly increased in the form of small particles.

The ordinary laws of mechanics giving e.g. a rate of fall through air

of fine contaminants,appear no longer to apply.Effective volume, in con~

trast,governs the de

sign of the control devices.For sxample 1r a cubic



particle of one centimetere in size (with one cubic centimet and

6 cm® of effective volume and surface area respectively) is broken
into cubes of one wmicron in size, the total number of cubes will
increase to 10*® with six square metres of surface area, If
assuming a contaminant particle of this size was dispersed at a
concentration of 10% purticles per cubic metre, the control system
(e.g. exhaust system) would huve to take in 10% cubic metres of air
in order to collect contaminant which would itself occupy one cubic
centimetre. The volume increases in proportion to the dilution.
Turbulence causes diffusion and increases the rate of
flocculation, Flocculation of particles is different for different
size of contaminant. Tor example, dusts and smokes behave
differently e.g. a cloud of dust becomes finer in particle slze as
time passes by, whereas in the case of a smoke cloud it is the reverse.
The physical properties of the transport meaia (i.e. air)
are also important in studying the movement behaviour ol contaminant
particles.
Dispersion of contaminart into the workroom atmosphere may
creste an unhealthy, unsale or sociaully unacceptable environment.
The importunce of industrial contamination, both as a
health hazard and asan objectionable accompaniment to working
conditions has been rccognized by researchers., Works are devoted to
specifying the conditions under which contaminant may ve¢ produced,
how it can uve dispersed by air currents, how 1t can be controlled
4t or near to the source by installing a suitable local exhaust
system. Yet, the sclence ot contaminant—control has not been fully
developed. Rule-of—-thumb methods are still popular among
designers.

One of the engineering methods of controlling




industrisl contaminaantsis tha application of local exhaust

ventilation. Local exhaust ventilation prevents the dispersion
of contaminant and 2snsurss that injurious, damaging and hazardous.
contaminant concentration are maintained at acceptable levels,

A local exhaust ventilation system consists of a hood ,

a transport duct, a filtration system, an air mover and finally
a discharge duct. ¥xhaust ventilation according to the inlet
condition can be classified as:
(1) total enclosure
(ii) Dbooth
(iii) captor hood
(iv) receptor hood

Kach group has certaln acrodynamic characteristics., In
the application of the total enclosure and the booth type of local exhaust
system, the source of contaminant is surrounaed eithsr totally or
partly, respectivaely.

The receptor and capteor hwods on the other hand must be
placed either at some distance Irom the source of contaminant or
the source is placed at the fuce of th: hood opening. Ixcept in
the case of receptor hoods, where the hood receives the contaminated
wir as it flows from its point of generation, for the other group
of exhaust system, the ai- mnst be drawn from the vicinity of the
snurce of' thoe contaminant.

In the case of the captor hood, some of the contaminant
may be moving towards the hooa but with so low a velocity that it
would not move far cnough to enter it. Some of the contaminant may
move away from the hood so that unless it is acceleérated or, if
nacessary, the dicection of its movemznt is changed, 1t would
never enter the hood.

Th:z moving velocity of alr-borns-contaminant generally
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is takew as the velocity of air in

which it moves - and it can be

measured by an anemometer or other types of air velocity meter.

The capture velocity at any point in front of ths hood
is that velocity induced bythe locd exhaust system which is necessary
to overcome the dispersive forces and unfavourable ambient air move-

ment in order to capture the wntaninged air at any point, by

causing 1%t to fllow into the hood. Tables containing the suggested
minimum capture velocities or air flow volume, are given in the
Manual On Industrial Ventilation (American Conference of Govern—

mental Industrial Hygienists 1976). The Standard Institutions

set some standard capturs velocities, for example, Amncrican

Standard Assoclation recommsnd a 0.37 ms™* capture velocity for
chromic acid mist of 0,1 mg m™ ® (threshold limit value ).
The legal requirement for exhaust ventilation installation

15 more than a century old. The use of local exhaust ventilation

given in Section 63 of the FactoriesAct 1961, entitled "Removal of
Dust and Fuames" roeads ac follows:
"In every factory connccted with any process carricd on,
there is given off any dust or fumes or other impurity of i
sich 2 character and to such an extent as to be likely to
be injurious or offensive to the persons employed, or any

substantial quantity of dust of any kind, all practicable

measurss shall be taswon to pwtect the persons emoloyed
against inhalation of the dust or fumes or other impurities

and to prevent it accumulating in any workroom and in

particular whure the naturs o’ the process makes it
practicable, exhaust appliances shall be provided and

L T A L PR 3 P .0
maintained as near as possible tu the point of origln of

the dust or fumes or other impurity, so as to prevant

' . 'z - "
. its entsring the alr of any workroom.




Despite the legal requirement and the ref]cognition of the role of
local exhaust system and the widespread use of captor hoods to control
workroom atmospheric contaminants, the basfc principles governing
the design and effectiveness of captor hood are not yet properly
understood and misconceptions still are prevalent. Rr example the
believe is that positioning a captor hood with high suction velocity

at remote distance will give a sufficient control ; or the induced

suction velocity is the principal or the only determinant of the effectiveness

of captor hood. Whereas, generally suction def iciency arises when the
contaminant element fail to move with the induced air movement by
suction system, Such a failure is primarily caused by the forces of
~generation, release and gravitational,? as well as extraneous ambient air
movement. Also the orientation of the suctioﬂ inlet, i.e., facing upward,

downward, sidewag—: affects the suction efficiency.

Another important factor is the hood aerodynamic efficiency; i.e.
the combination of a high enough rate of air intake with the least possible

rate cof suction and power consumption.

There is a significént differences between results obtained using the
empirical formulae given by Dalla Valle et al (1831), Pruzner (1939),
Silverman (1841), Drkal (1970 .19%), and Fletcher (1977, 1978).

A comparison of the results of all these workers (together with the
results of the present investigated) for a rectangular hood are shown
by ¥igb.2 page!?2) below. Moreover, most of the researchers
did not study the effect of extraneous air movements. There is some
in formation available which shows this factor has heen taken into
account in the study of the velocity distribution at the suction zone
(Ladisau Opple 1957). Also Fialkoskaya (1947) studied the effect of a
constant cross-current to the vertically positioned hood. The effect of
exteraneous air movements appears to be an important factor in the
effectiveness of exhaust ventilation for reducing workroom contaminant

concentration in the breathing zone of employees.

The application of mathematical analysis in most cases has been
confined to the formulation of the problem by forming the d.lf%;remlal
equations and establishing the boundary conditions. Owing to the
complexity of the phenomena and the fact that the analytical solutions
are not usually available, Therefore a test of comparison between
mumerical estimation and experimental measured values are essential.

The procedure adopted is to turn to numerical solutions compared with

experimental testing and empirical solutions.
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This research was based on the objective of comparing theoretical

and empirical formulae and assessing the discrepancies of results
obtained. In order to achieve the objective, practical tests had to be
undertaken. To this end the research facilities were designed and
installed. To study the aerodynamic behaviour of air under suttion,
the following hoods were tested:

(i) Hoods with circular cross section,
(ii) Hoods with rectangular cross section,
iil

.

) Hoods with sguare cross section.

The above types of hood were tested with and without flanges.
Aerodynamic measurements consisted of:

i) Centre-line axis point velocity measurement,

(
(ii) Horizontal plane symmetry point velocity measurement,
(iii) Vertical plane symmetry point velocity measurement,

(iv) Ellipse locus point velocity measurement.,

(v) The measurement of the angle between the centre line axis and

the streamline tange nts.

Some of the above tests were repeated for a combined case of suction

and a fixed current of blown air representing extraneous air move ment.
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CHAPTER TWO

LITERATURE SURVEY AND ORIKNTATION OF RESEARCH

Introduction.

The many difficult problems affecting the health and
safety in industrial plants have been accentuated by ths general
increase in tempo wnich has takeun place in recent years and much
time and effurt has been sxpended in trying to find a solution
by management, trade unions and governmenbtal institutious.

Danger related to work ls an unwanted aund unintended
by-product of the work environment.

Environmeittal factors are increasingly recognized as
causative agents in occupational discase 6.g. cancer,

The selcction and implementation of action against
dangerous factors by legidators, administrators and enforcing
authorities are different. The choice of preventiv methods are
influenced by social and economic considerations as well as
scisntific considerations (Athurley 1978).

Among industriul workers, foundry men are more
prons to lung discase thai others (McBain et al. 1962),
consequantly much work has been done in the study of the
characteristics of airborne matter , and in the development of
techniques of dust suppression in the foundry trade for example the Harrogate
Conference: "Foundry Ventilation and Dust Coatrol® (1955) is one
of the standad reference publications. The British Cast Iron
Reseanch Association and others devoted a great deal of effort
to the role of dust both as a health hazard and as an objectionable
accompaniment to working conditions (Health anil Safety Executive
(1975))_ In the foundry two important ways of the dispersion

of dust were dealt with sxtensively. The control of dust dispersed
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by the high-speed currents of air thrown off from grinding wheel
of all types, and the control of the slower speed dust clouds

produced at the "Knock-out'' and dispersed by general foundry air

movement. In these cases, like the majority of other cases,
control of workroom contaminants can be accomplished by local
exhaust ventilation and application of captor hoods.  The type

of local exhaust ventilation used in a foundry are ofAtwo types:
L.ocalised exirection at the work region i.e. the knock-out

opertion, and exiraction localised at the machines or tools

i.e. low volume high velocity system, such a system is available
for all types of fetting equipment (e. g. portable grinders, pneumatic

chisel, pedestal or bench grinders and swing frame grinders).

The study of the basic principles governing the behaviour
of hoods in local exhaust ventilation were presented by Dalla Valle,
et al. in 1931, They studied the centre line characteristics of
numbers of round, square and rectangular hoods. Furthermore,
DalaValle (1946) studied the aerodynamic characteristic for fianged

hoods. Alden (1939) treated the data given by DallaValle graphically.

Silverman (1942) followed DatlaValle's study with longer and
different diameter of round duct and the extention of distance along -
the centre line axis and different instruments. Pruzner (1933) also
followed DallaValle's methods with different instrumentation. More
recently Fletcher (1977) studied the centre line velocity character.
Table 2.1 conlains the empirical formulae for the centre line
velocity variation in fronfof exhaust hoods and alots. It can be seen
that relationship of the fall-off of velocity in the field of suction zones
differs from the inverse'sguare. law to a larger or smaller extent
depending upon the suction profile of the suction orifice. The mathematical
solution of the problem concerning the character and dimension of the zone

of suction for the different shapes of suction, occurring in practice,

is exiremely complex.




In studying tho asrodynamic characteristics of the suction
opening DallaValle et al, . = = . - considered the following
factors:

(1) suction flow rates
(11) the geometric shape and arsa of opening
(iii) the transition picce (i.e. reduction or enlarging
section conducting the hoods to the main duct system) .

They represented their data diagramatically by means of contour
lines or curves,ecach of which represented the geometrical locus of
equ.l velocity. This was the first conceptual study of suction
flow pattern. Thoy found that theses curves are not influenced
by the total air flow through a given hood, nor did ths
characteristicsdiffsr with the geometric shupo of the opening.
Although rectangular openings exhibit a flattening of their
contours this varied with the ratio of the sides. An increase in
the areca caused a displacement of curves at right angles to the
axis of' the opening. They concluded that th- ratio of the velocity
at any point, to the average velocity across the suction opening
remains constant for all rates of flow. Also they said that the

transition picce has no significant effect upon ths distribition

h

of air flow along the suction opuning. This means that there is
no change in the centre line velocity. They formulated their
finaings by the assumption that the axial velocity tends towards
zero when thz distance approsches infinity and also the axial
velocity at the face of the suction opening i35 equal to the
average face velocity (see Table 2.1).

Pruzner found that for = given opening ths ratio of the

i
i
i
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velocity at a point in the suction affected area to the velocity at the
cnetre of the suction opening for different {low of suction is practically
constant, This principle holds provided that the velocity at any points
in the suction affected area, approaches to the mean velocity at the inlet
opening. This ismsupport of the finding made by DellaValle et al.

These researchers also found that velocity contour for geometrically
similar orifice are the same. In this case, when all linear dimensions
are expressed by compa ring the value of the ratio of coordinates

of the points to the side of rectangular or the diameter of a circle,

and the velocity in the form of ratio of velocity at the point to the

centre line or average velocity of the opening are compariable,

which is another confirmation of results given by DallaValle. Pruzner
found that for a rectangular opening with sharp edges the value of centre
point velocity is very near to the value of average face velocity (V)

so they used the ratio of 1 for practical purposes. For circular and

square openings with sharp edges this ratio ig given as 0. 945 to 0. 95,

Consequently the fall-oif of centre line velocity in front of
suction openings is characterised by the factors:flow rate, area,
and shape of opening. Therefore, Pruzner used the hydraulic
radius concept to account for the shape factor. Hydraulic radius
is the ratio of suction opening area to its perimeter (HR). The
general model of the equation of the variation of axial velocity given

by Pruzner is as follows:

. X—v = k@/HR)" 2. 1)
C X

Where
VX is the centre line point suction velocity,
VC is the suction velocity at the centre of opening

x is the X-coordinate of point of velocity measurement,

HR is the hydraulic radius.

k and n were found (see téble 2.1) by Pruzner, treating the experi-

mental data derived from testing different types of suction openings.

Silverman appeared to know nothing of Pruzner's work. He
extended his research on the basis of DallaValle's methods. He
approved the point made by DallaValle on the VX/X“/‘ . which is
constant for different Q. But he found that velocity near the opening

and at the opening is 1. 5 to 1 times the average openingvvelocity,
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and that axial velocity is equal to room-air-current when x approaches
infinity. He also found that DallaValle's finding about the transition

piece was not valid. He extended his study up to 40" away from the

also he used ductg of 2" to 20" diameter. {DallaValle tested 4,6, 8,11. 2
and 16" diameter ducts.). He observed that the fall-off of the velocity
became asymptotic at a considerable distance from the opening.

This asymptote is the ratio of room air movement and the average face
velocity of suction opening. Ile used tihe Elangied opening, and found
that it alters the axial velocity and for control% at further distances

a wider flange was recommended (see Table 2.1 for tne formulae)

A theoretical study of round and rectangular slot duct with
an imaginary infinite flat plane flange has been undertaken by F'r Von
Drkal (1970, 1971) (see Table 2.1.). There has been no complete
analytical solution for the problem concerning the round duct. The

centre line velocity given by Drkal is as follows:

Ve D 2.2)
;BA F(X/D)”+%

Where Vx is the point velocity along the centre line axis ms

VBa
x is the coordinate of the point m and

. . . -1
is the average face suction velocity ms

D is the diameter of suction opening, m.
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The most recent study of Fletchsr (1977) on the centre-line
velocity characteristics of rectangular unflanged hoods and slots

showed that for an equal area, and flowrate the velocity at a fixed

point is invarsely . proportional to ths ratio of smaller side to
larger side of the rectangular hood.

The model used by Fletcher for the treatment of his ex-
perimental data is the same as DallaValle's formula for the

variation of ceantre linc velocity in front of rectangular hood

V. A 1
_.2("_.... = n (2°5>

T G)

where: A is the area of suction opening

Q@ 1s the suction flowrate ;

¢,d and nare constants which were found by treating

the experimental data graphically (Fletcher, see
Table 2.1).

Neither DallaValle nov Pruzner referrcd to the importance
of non-directional room alr curcents, Howsver, the significance
of the room air current has been pointed out by Silvermaa (1942)
and Harrold (1941) but the importance of this factor has still not
been studicd,

The instrumants and technigues used by these researchers
were gquite different, DallaValle used a modified cylindrical pitot
tube in conjunction with a sensitive micromanomcter (Whalen). This
is u device for measuring instantaneous point velocity. Inaccuracy
of their measurement was mainly due to calibration and measuring
equisment.

After Silverman's investigation DallaValle admitted that

the discrepancy of their findings mey partly be due to instrument
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variation, DallaValle states that:

""At the time of the original work on centre line velocities
and velocity contours was undertaken (1928-1929) only the
cylindrical pitot-static tube was available for measuring point

velocities, "

Pruzner used an electro-anemometer for the study of air motion.
Silverman used a thermometer-anemometer. These two instruments
give the integrated velocity over a much larger area. All the
instruments used by these researchers have one common disadvantage
in that the measurement of velocities below O. 5 ms_"l._ becomes

very difficult.

The thermometer-anemometer and electro-anemometer both
suffer an additional disadvantage in that they do not give a directional

reading. Fletcher used a constant temperature hot wire anemormeter.

The literature survey incidentally revealed that texts and pub-

lications dealing the local exhaust systems are sparse.

The evaluation of the efficiency of local exhaust systems is very
old. In1936 ¥atchs tudied the efficiency of local exhaust systems
used in granite cutting. DallaValle (1939) studied the design of local
exhaust hood and concluded that the frequent ineffectiveness is pértly
due to the lack of knowledge of factors governing the operation of
suction opening. A detailed survey of the use of exhaust system for
the control of industrial pollutants has been undertaken by Whitheridge
(1945). The conclusion are that most industrial exhaust systems
are unsuccessful. McBain et al. (1962) showed that dust control
methods were not effective, or the dangerous dust arises from
the secondary source of dust e. g. an adjacent dustier area, which

‘either needs an efficient dust control method or the installed one
needs to be maintained or the design criteria were wrong and the
system requires r’edesighing and improvement. Gill (1978) points out
that the many industrial exhaust ventilation system are unsuccessful,
and the main syspfom is the inability to capture the contaminant at the

point of release i.e. poor capture velocity. Gill summarizes failure

points as follows:
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(i) faulty design
(ii) § aulty installation
(iii) faulty maintenance and care

(iv) faulty procedures

The following is a brief description of the above failure
points given after Gill.

Faulty design is due to the following;

5ch[{c’n
1. Inappropriate relative distancejopening and the

source of contaminant.
2. The suction opening is not equipped with any guid'e
plates.
3. Low volume of suction flowrate due to small main
duct diameter. |
4, An inappropriate fan in the system.
o. Bad ducting design near to the fan, causing reduction
of fan performance.
6. Flow fluctuation caused by unaccounted enviromental
factors. (i. e. ambient air movement).
7. For a system of too many branches, there is always a
risk of an unbalanced system and insufficient fan capacity.
8. At the design stage there has been no allowance for the

replacement and make up air for the exhaugtl volume.

Faulty installations can be due to the following reasons:

1. Bad electrical vwiring, especially for the fan,
2. In the case of two stage fans, one stage my be
opposing the other.

3. Air leakage through the duct joints.

-14-



4. Obstruction in the duct work at installation stage.

5. In cases where dampers are installed, they may

SRS R

not function correctly.

Faulty Maintenance and care,

These may be a combination of some of the instation faults !
as well as the probjem caused by deterioration the following
are the most prevailing faults: ' |
1. Dust deposition and air flow restriction in the main
duct due to low transport velocity or rough, sticky
and damp contaminant or the combination o these,
2. Damage and dent to the duct or hood, causing
resiriction or leakage,
3. Dust deposition on fan blades redeang its performance.
4. Fan blade corrosion or worn ducts corrosgive or

abrasive contaminant.

w

Damage to fan motors and poor motor performance.

6. Wrong operation of dampers due to corroded shafts

and handles,

7. Faulty filters and air cleaners due to blockage.

8. Faulty weather protection devices due to corrosion or
damage.

Faulty Procedures

In some cases the operation of a part or the whole of a system
are left to the operators. There is a great danger that the
operation may be shut= off perhaps because of noise or
draughts. Sometimes the operation may be initiated and left
on when the system wasdesigned only for a limited period of
operation,

A brief survery of legislation, especially those section

concerned with the use of exhaust ventilation, revealed
that there has not been any significant change in British

legal requirements since 1825 (Dean 1973 and Ezihe 1976).
~15-
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The American approach to the use of local exhaust ventilation
is different. For example, there are several federal and trade

associgken laws, standards and codes of practice. The general proba

-

lems are:

1. There is no single solution to the difficulties
which will meet the requirement of every industry,

the fundamental design criteria are not set down

vx ; . '
: universally. | ;

1
2. There is a significant discrepancy between results

obtained with the empirical formulae given for the

fall-off of the suction centre line velocity in front

of suction hoods,

i
\ ' The following quotation from Dellavalle is evidence of the
% awareness of the problem by researchers:

'"'... The Author's quotation is admittedly an overall

. ' average for all types of hood wh ereas silverman's

equation applies 'toaround opening alone. Nevertheless,

the differences are far too great to be dismissed for

this reason alone'.

| 3. The designers do not have a clear understanding of

: the physical laws governing local exhaust systemé,
beacause of their lack of relevant scientific knowledge.

4, Despite the existance of Fhreshold Limit Values,
Standards, and Legal requirements, still désigners‘,
managers, employees, inspectors and trade union
bodies do not have a clear an.éwer to the following
questions:

(i) is a local exhaust system applied to an industrial

process for the control of contaminant to an acceptable
level efficient?

(ii) What level of the control efficiency is the optimum

level? ' ~16-




(iv) Is the legal requirement specific enough?

Consequently, the design of captor hoods and any

. other local exhaust ventilation requires an aerodynamic study of

their characteristic factors. The pattern of the effect of these. ...
factors.  involved at the intake of the suction opening, regquires

to be studied. the effect of opening guide plates (1i. e. flanges)

on the suction pattern and centre line velocity as well as the
suction flowrate needs to be established.

Orientation of Research. The research was designed to undertake

the above aerodynamic studies. A great deal of time was spent

on the preparation and purchase of research facilities. The

reasbns were the unavailability of equipment and financial
restraints. Finally, the research schedule mainly focussed
on the following steps:

(i} Design of a compact model scale local exhaust Sgsvef'b

(ii) Design, purchase, housing and installation of a research

wind tunnel.

(iii) Theoretical, hypothetical and numerical consideration
of aerodynamical characteristics.

(iv) Calibration of measuring instruments .and wind tunnel.

(v) Preliminary and check up tests both with compact
model and wind tunnel.

(vi) A full scale experimental test of aerodynamic

characteristic factors of different suction openirigs,

(vii) Analysis of data.
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CHAPTER THREE

THEORETICAL AND HYPOTBETICAL CONSIDERATION OF
SUCTION FLOW FIELD

3.1 Introduction

The aim is to find a suitable mathematical expression
for velocity distribution around a suction cpening.

The classical shapes of suction openings are round,
square and rectangular. To these suction openings
there may be a guide plate cr (plates) fixed (generally
called flanges)e. The plates may be perpendicular to the
wall of opening or inclined. The suction opening/hood
is part of an exhaust system, when the system is operating %g

2 known volume of air will be drawn through the hood from

SR S R A N b s

the surrounding vicinity.
The displacement of the air particle determines the directions
of flow at any point in front of the suction c»ening. The
follewing discussion is about the streamline and equivelocity
locus points of suction opening. The theoretical consideration
is general, and can be applied to any sort of suction duct

with or without flange..

3.2 Principle of Suction and aerodynamical assumptions,

Principally the suction is an operation to create a zone
of low pressure into which air flows and forms a wider
zone of weaker suction. This preocess is continucus until .
the depre-ssion is filled with replacement air flow
from the immediate surrounding vicinity.
This flow is orginated from rest. Lamb(l906) defined
that any flow originated from rest is irrotatiocnal.
It is well known that mny irrotational flow is a potential
flow (Lambl906). Also, air under laboratory and
industrisl ambient air movement conditions can be
assumed to behave as incompressible, Therefore it is
fair to assume the air motion under suction is steady,
inviscid, irrotational and incompresible, It is clear
that suction characteristics and aerodynamic assumptions

are consistent. Consguently the suction flow is

a potential flow.

22~



3.3

G

o

Suction Streamline and Potential Curve -

Throughout this section and in any other place except
vhere stated to the contrary, the centre of suction
opening is the origin. The centre-line-axis of
suction opening is the Xeaxis of a cartesian coordinate
system with XZ-plane as horizontal (see Figure 3.1).
Let the component of an air particle (A) under the
effect of suction be (x,y,z) which are time dependent.

Displacement, ds, of this air particle at instant ft' is

ds= - V(x,v,z,t)dt (3.1)

This equation is the vector form of the differential

equation of the streamline. 7The negative sign means
that the direction of the suctiom motion is toward

the origin. In the vicinity of the suction affected
area, vector V is defined. The absolute value of vector
V is called the spead of air particle, and is measured

by any air velocity meters (throughout the thesis the
velocity referred to is this measured value except

when otherwise stated).

Any curve ¥ which will be described by vector V is
called a stream function. On the other hand a family

of curves for which the velocity of suction at any

point of its locus point is constant is

called a velocity potential curve (i.e. contour line)
and it is defined by $ these two families of curves
(ine,¢andyf) are orthogonal in the case of irrotational,
incomnressible and inviscid flow (Lamb1906). Throughout
the thesis the functions ¢)(x,y,z,t) and #f(x,y;z,t)
are defined as stream and velocity potential functions

of suction flow.

3.4 Hypothesis on Potential Surface and Contour Lines

Generally the researchers in the field of the aerody=-

namic of suction opening assumed that the potential

-23-




surface is the surface’of a sphere centred at the centre of
the suction duct. In tnis study this assumption is generalised.
The hypothesis is that the potential surfaces take the form of a
quadric surface. The gencral cquation of a quadric surface in
three dimenslional space 13 as follows:—

aX®+bY? 402 1AXY+eX 24+ LY Tr gl +hY+KZ4+8 = O (3.2)

This equation can be written difterently as below:

ko)® | (LX? | (229" (3.3)

where a,b,c o... € are positive or negative or zero and A,B,C are
non-zero values and Xo,Y¥o and Zo are real numpers. Lf A =B - C
the surface is a sphere, while if two of the three numpers are
equal, the surface is an 2llipsoii of revolution (i.e. spheroid).

The intersections oi this surface on the XY, XZ and YZ planes are

¢llipses (or circles in cases of A = B = C) of equ.tions

x32 v3 x2 7,3 o y? 72
22 T2 =L, Tat g =1, and ga + 52 = 1,Xo=Yo=lo= 0 (3e0)

Therefore, the potential lines in any plancs of coordinates

I’

are ellipses (or circles) of the wbdv . squations. According to
Laplacian requirement in a potential flow (apart from the hydro-
dynamic requirements, i.e. irrotational incompressible, inviscid
and steady state) the stream linss should be orthogonzl to poteutial
surfaces,

The potential and streamline complex, of a fully bounded
flow out of a channel inside a reservoir is the same as the

potential and ficld distribution of two semi-infinite conducting

plates raised to different potentials which have the quadric potential

and field distribution in any two dimensional plane (which are

orthogonal conic) (Pipes 1946). By anulogy the flow of air in front

- ol -
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o] ne suction duct is a reverse condition of the above
flow out of a channel, for any volume of air drawn through
the suction opening, and should pass through the sufface,
beounded to the wall or the suction duct. Therefore, .
in the case of suction operation, the potential surfabes

are the ellipse traces of ellipsoidal surfaces bounded

to the wall and stireamlines are conic surfaces, so called
eliptic hyperboloid of one sheet of equation
5 4
X Y2 Xg
e R et ¢ (3.5)
LIS ¥ ' .
A < B 2 C <

The traces on the ZY plane are ellipses and traces on
the XY and X% plenes are hyperbelae. The section made
by the planes Y=K (K is a constant) are the hyperbolae
z* x? |
- = 1 (3.6)
0’2(1~K2/B‘2) A'z(ngz/B‘2)

The traces on the ZY plane is an ellipse, the section

made by.any plane XzK are ellipses

2” Y2

- - = 1 (3.7)
%)

N

crP(14x2/a0%)  BYE(14K5/A¢

These ellipses are also sections of ellipsoid made by
any plane X =K.

Theoretically the velocity along the perimeter of this
ellipse or velocity over the surface of the ellipsoid of
revolution of this ellipse are equal. These conics have

a common foci, and the foci are the intersection points

of centre plane and the wall of the suction duct.
Practically the velocity along the ellipse and over the
ellipsoid is the ratio of volume flowrate and the wall
to wall bounded section area of the ellipsoid., This

bounded area is equal to the part of the surface created
by a complete revolution of the ellipse about its major
axis.,

In the case of freely suspended suction openings, without
flanges the areas are different. The following is the con-
sideration of potential surface area and equipotential lines

of suction field in two dimentional flow,

_95.
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In the case ot rectangular ducts the equation of equi-
velocity curves in the YZ-plane (see Fig.3.1) is as below:-

X3 3
I %2 =1 (3.8)

whore C and A are semi-major and semi-minor axes of 31lipse re-

spectively. Therefors the following equation holds

FF "\?
= A <-*§*> (3.9)

where FF' is the focl distance and in this case is equal to the
length (or diameter,in case of round opening) of suction opening
where the centre of opening is coincidenmt with the centre o: the
conic .,

Mathematically the area of a complete revolution of
this ellipse about its major axis (i.e. Z-axis) is as below

2mA% + (27AC/e)sin te (3.10)

where e = FF‘/QQ' 13 called cccentricity and it is directly
related to the flitness of the ellipse (in the case of A=C, the
sphere potential surface, the arca 1is hmAa which 1s the surface

ae¢a of a sphere of radius A, centred at origin).
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Fig.3%.1 Depiction of eguiveloeity lines in front
of a freely suspen.ied rectangular duct.

From Figure 3.1, it cau be scen that if 'L', the
cccentricity, be very smill, the ellipse will be very flat, and
iF the semi-—minor axis be less than or even cqual to half of the
vértical dimension of ths suction duct (i.e. width in tho case
of the rectangular duct and diwncter of a round duct) the area
of thz ellipsoid bounded by the walls of the duct does not cover
the whole surface of ths suction opening. In this case the
assumption of hyperbola stream lines is not fully applicable to

the whole suction zone, insteadg-adinl streamline seems to be a

better model.



. Fig.3.2 kguivelocitly line in YZ-plane when the
trace of «¢llipsold potential surface in
XZ-planc is an ellipse of 4 minor axis
greater than the width of a m:ctangular
opening suction duct,
In the case ol the semi-minov axis ol the YZ-plans ellipse
being sufficiently greater than the width of duct opeaing
the surface of the ellipsoid of revolution, covers the whole
suction opening area. The angle ot revolution for a duct with
an infinite flat flange is 180 degrees. Similariy for unf'lunged
(or short lip flanged) suction duct the revolution angle can be
determinad accordingly.
Let us assume the semi-minor axls 1s much greater than the

half width of rectangular (or the side of square,or radius of round

opening) suction duct. As the ellipse of equation

2 7,2
%a TR T 1 (3.11)
revolves it generates the ellipsoid
3 YZ ZB )
:)‘%2 + Ez + ‘C"z =1 (5-12)



The surface of this 8llipsoid cuts the side walls of the
duct along the curve EDG and E'D'G! (Figure 3.1) (in the case of
ths short lip flat flange the points E and G are the symmstry
points of ellipse interscction and flunge). For the bottom wall
to the top wall revolution, the cutting points of the planc of
tne revulving ellipse are, first at the vertical wall anu then
at the horizontal walls of the symmetry planes of walls, for a
complete revolution of ellipse, The complete revolution of the
ellipse to create the potential surface area is 27 radians. But
in the case of suction opening the revolution angle 1s ths angle
between the planvs through the first and lntermediate, and the last
and intermediate points of intersection of ellipsoid of a complete
revolution. The projection of these points in the XY-planz forn an
equilateral triaingle. The revolution angle is the included angle
ol equal sides of this triangle. Figure 3,3 shows the position of
this triangle relative to the coordinste system with origin at the

centry

®

of' the suction opening.

Y

'I‘//

Figure 5.3 Angle of revolution
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Points T and 8 are the projection of tirst and last interssctions
of poinvs of wall of duct and ellipsuid in the XY-plane., And
point N 1s the projection of intermediate intersections of the
wall and €llipsoid vroject on the XY-plane whereas this point
itseld’ is the symmetry end of the minor-axis of the ellipse
trace of ellipsovid of poteutial surface on the horizontal planc,
Applying the cosine rulc to this triangle after the re-
arrangement and necessary algebraic calcalation oi' the angle of
revolution for generation of' the potential surface bounded to the

walls of the suction duct yicld

7 3 r 3 . z,
o = 27 - Cos™ * KNZNS 13 ) = 297 - % = %g (3.13)

which 1s a constaut angle irrospective of the shape of the suction
opeuing . Therefore, the surface arca under the inflisnce of suction

torces of an unflongzd suction opening is
A/ ¢ - 2 -
8, = ég— <A + (7/e)sin 18) (3.14)

This arca will be used in the ffollowing scction.

3.5. Derivation of Potential Function,

In any physical probleme involvlng%vectOr fleld, it is
important to know not only the vector V at cach point A, but also
how this vector changes as we movée from one point to anothqr. To
study tnis change, we use the partial differentiai which can be
appliced to Une components of V. Duc to dependence of the partial
derivative to the basis, a speclal combination of partial derivatives
known as the divergence and curl are nsed to describe the behaviour
of vector ficlds. In the case of orthonormal basis, the divergence
and curl  tura out to be inaependent of basis. The curl and diver-

have definité physical significance. The divergence of a

®

genc

o . B LR . 1 ¥ o - 3 O @ & s N 3 o 4
vector field iz a scalar field which in the case of' suction flow,
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measure the rate at which fluid is

flowing away from the immediate

vicinivy of each point, The curl of a vector ficld is, on the
other hand, another vector field ana measures the tendency of
the fluid to rotate at sach point. The following mathsumatical
terms are necessary to express befops any detailed discussion
on potential function.

Mathematically convenient expressions of Curl and Diver—

gence are as follows:

Curl(V) =V x V (3.15)

Div(V) = V.V (3.16)
where operator V is a symbolic vector (i.e, gradg = U¢p) and UxV
and V.V are theo cross product and inner product of two vectors
V and V respectively. If the partial derivative ot ¢ at point A
cxists, then the scalar field ¢, whose gradient is V¢ 15 called
ths potential function of the vector field V¢, In a potential
fizld equation

V= V¢ (3.17)
iz satiosfied over the surface of suction affected area,
Therefore, from the definition of divergence

Div(V) = Div(V¢) = V3¢ (3.18)
The operator V% is called the Laplacian opcrator.
The partial equation V?¢ is knows as Laplace's equation,
Mathematically a function ¢ is sald to be potenlial (or harmonic)
if it satisfies Laplacian ecuations, A simple partial derivation

on hypothetical equations showed that this requirement is not

Therefors, the following sanalysis considered by Drkal

(1970) is followed.

Let circle S be the cross sccetion of a suction opening

-~ 51 -




in the planv of its flange (Figure 5.4). Let 85 be an element area
of this circle. If q is the velocity of air movement across 8s,
then in the limit one cau cousidur a point source or a sink point
6s of strength q.8s. For the case of this sink point the stream
lines are radlally directed towara tho origin of the area. The
velocitiss increase as the distance to the origin decreases. There-
fore, one can consiuer, in a 3-dimensional space, a small opening
unuer suction surrounded by an imaginary sphere of radius m, as shown
in Fig.3.5. It is clear that all the air shtering the duct mist pass
through ths surface of the sphore radius m excopt at the wall of the
pipe cutting through to the centre of the sphere, which in the limit
may be considered small enoush to be neglected, If Q is the awount
of air flowing over the surface of the sphere, the velocity over the

surface of the sphere will be given by equation:

v - S .x9& (3.19)

Larm m
1f 6¢ is the velocity potuntisml duc to the sink poinl at a surface

element &s of the flow rate g, the above expression will become

v - K 4=08 (5. 209

in
Por basic hydrodynamlcs we have the velocity as the gradicnl of

potential function

v o= - Qﬁﬁ@l (5_21)

Jgm
Equating thuse two expressions and lontegrating along the radial

line will yicld

sp = Tedetd (5.22)

As Q 1s equal to the sum of .68 over the area o, then the potential
function for the suction opuning consizting of an infinite number

of sink points will huve the muthematical expression
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¢ = k[ L2 (5.23)

n

S

In a diametrical plane for a circular opuenlng with
infinite flat plane flauge, we can analoguc the flow of air from
the open arsa inte a duct with the case of air flowing from one
side to the other of a thin plane partition, throush an aperaturs
oif breadth equal to the diameter of the suction duct (Fig.5.6).

In this case the streamlines are hyperbolas and the velocity
potential curves are ellipscs (Lamb 1906)., These conic curves have
a common foci at (0,+R) (i.¢. R is the radius ol opening). (Another
analogy of suction of air from an open space into a fully bounded
duct i3 with the efflux of 2 liquid from a smwll orifice in the wall
of a vessel which is kept filled up to a constant level, so that the
motion muy be regarded as steady).

The issulng f'luld is regusded as made up ol a great
number of elementary streams couverging from all sides towards tne
opening. Its motion is not, thurcelfore, throughoul the area of the
orifice, everywhere perpendicular to this arcea, bul becomes more
and more oblique 43 LU passes from lhe cenlrs to the sides. Again,
the converging motion ol the clementary streams must make the
pressure at the oponing somewhat greater in the interior aroun.d
the centre than neer to the sice, where 1t 1s gpproximately equal
to atwospheric pressure.

Observing the flow pattem by the aid of' suoke filament,
srly 1t can oe secn this t the converging motion ceasces at a short
distance beyond the edge of the opening, and that in the case of
circular orifice the jet then becomes approximately cylindrical,
The ratio of tha arca of the ssctions of the Jet at this point

. s o the orifice is called t
called "yena coniracta" to the zica of the orifice is called the
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coefficieat of contraction (Fig.5.7).

Let us assume that the origin ol s ¢ylindrical-polar-

coordinate coincides with the centre of suction opening, and the
X7 -plane be the horizontal plaae withigmaxis along the centre line
ol' suction opening (Fig.B.B). Then we can derive thoe potential
function of an axial symmetry suction opening. But because a
suction 1s not quite the sawe as an aperture in an infinite wall,
we can assume that the cotential curves would nol be ¢llipses as
they are for aperture. Therefore, the aim is to find these curves

when the streamlines are approximately hyperbolae.,

For the clement o area s of tho strength 8¢ with the
average veloclty of' g passing through Lhe centre of the arsa, we
need te find the effect of the suction at the points AorMFig.3.8).

Let us take PA equul m, where P is the centre of 8s, Applying the

cosine rule in trianglc OPB (or ONP) and becausc ths triangles
ABP (and MNP) arc right-angled at BGyHLN) the following mathe-

matical expressions hold:

+OB7:\-
PR = OPBQZOP.OB UWS(W—Q) = 224224 228c05q (5.2u)
AP?® = AB® + PB%or n® = %* +Pg® (3.25)

Substituting and rewribting the above relations yield

mz: X2+ Z?'+ €2+ 224 cosq (j.26)

The area of §s, the elemcitedl scctor of circle S (the arca of
suction opéning) is equal to €idlde, and € will vary from zero at
the origin up to the value R (radiis of opening) and simultaneously
@ will cover the whole area of ciecle 5, by substitution of these
onts equation (5.22), and the following expression will be the

geueral form of velocity potential

R 2y
o , [ ¢.d4.da : ;
W | ¢(X,ZJQ;R> = K q/ . N <§'27)
e J JZ 22 e+ 2z8cosa

(o] 6]

Substituting for K and q the mzthometical form of velocity potential

.
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FIG. 3.6 DEPICTING THE STREAMLINE AND EQUIPOTENTIAL
LINE OF AIR FLOW THROUGH AN APERTURE IN A WALL

Y
/

Fig.3.7.FLOW OF AIR
SUCKED FROM SURROUNDED

AREA INTC ROUND DUCT - 36 -
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will be

R a,
£d.ed ;
#(x,2,Q,R) = E%?’/ / 8 (5.28)
0 0

Jx*+2°+8%2z2¢0c0s0a

The solution for the zbove integral is not anulytically avaalable
except fora sprelas condition i,o. 2z = 0 which represents the centre
line poluts out away from the suction opening. Integration in this

case will yield:

¢(X:O)Q:R) = E?T_ﬁ'z \l\'\lx +R%~- X—} (5.29)

This equation also dovs nol satisty the Laplacian equation. But
the component of' velocity along the centre line will be the first
derivative of this function, viz:

V=2, y - % (3.20)

x ox ’ 'z~ oz
Figure 3.9 wall illustrate that it the dust end is itted with a
flavge the flow volume (Q) will cross the arca of a hemlspheres,
thorefore ¢ for a flinged duct wiil be doubled. Thorcefor:, if
denoting the average face veloclty aue to the flow rate Q by VBAR’
the flnal fopea ol the contre Line poteutial function will be as

follows =

¢(x,0,Q,1t) =V

X +R*- x] (5.31)

dp X
vy - [ i = e ——t e v
gris th Vx % VBAR<M — i) o1

BAR

v \
x -1 - »—;——g (3.32)
VAR bR

3.6 Numerical Solution.

The general approach and the sink points assumption of round
flanged suction hood did not lead to an analytical solution of

suction velocity variation in tnc suction affeated area. Tharefore




la) FREELY SUSPENDED ROUND /
DUCT WITH FLAT PLANE FLAT\V

z//

(b) FREELY SUSPENDED RECTANGULAR |
DUCT WITH FLAT PLANE FLANGE

Figure 3.9.Freeiy suspended duct with flat plane flange.
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numerical solution wad tumed to., . Equation (3.28) needs to be
integrated. The problem was tackled by using computational

facilities. The method of computation is called Patterson's method

(1968), which is a modified Gaussian quadrature mcthod.
Let us rewrite the cquation (3.28) again.

.}{ 37

$(x,5,Q,R) = -%—2/ / £dda (5.33)
Q

7TR ¥s
b Jx"+2° 8% 2z8c05qa

As previously stated ¢ is the equution of a family of curves which
as a whole indicate the situation of a potential {low. Hence ¢

can be used as a basic equation of relative derivative of ¢ along

the direction of coordinatus attuched to a particle in motion to

get the velocity component al that point. In the case of equation

(3.33%) it requires obtaining the derivative of the integral relative

to variables x, 7 for which Lhe boundarics of the integrations are
independent of x and z. The relative derivatives yield the

fellowing vquations:—

ay
; P ) Lo
vx - 5}% = —_Q’z—b'lr R2 / / a"}'{( a) c_iéda:
: Nx7+z 487422805
0 0
R 2y
a { //' g 46 A 8 N
VZ=3@=I%EQ /éa‘z/ — )d/daa
7 1R &/JX3+ZJ+€J+QZ€/COS(X
0 s}

Therefore the following integrals are required to be integrated

numerically
R 2y
. Ldeda :
¢<X;Z)Q)R) = Z-—I;g?/ / <5‘54)

JX2+ZA+€4+2Z€COSG

o] o]

rr ’ -x£4dlda : 72
V. = e | j )2/ 2 (3.35)
o]

(x2+z2+62+226608a




3 )
x*+22+8%4222c05¢) %7 2

R 27
_gf -8 sq)d
Vv o= 5 ./ ./ ( (z+&cosq)deda (3.36)
o

0]

A computer program (see Appendix 3.1) was written to
generate functions under the integral sign for different values of
x and z. Then these functions were integrated for a known duct
radius and a known volume of suction flow rate. The values of x,z,
radius and the suction flow rates can be either inputed from the
actual observation or they can be programmed to be calculated as
self determining data. In the program a few more calculations like
the area of contour surfaces of sphere and ellipsoid shapes,centred at
the centre of suctior opening and value of equal velocities are included.

Table 3.1 contains some observed velocities (the experimental

values have been obtained for the wind tunnel installation described

in detail in subsequent chapters) (column 4), hypothetically pre-
dicted velocities for sphere and ellipsoid contour surfaces (columns
7 and 8, respectively), and the velocity values along X and Z axes
which are integrated numerically (columns 9 and 10), as well as the
value of the potential function (column 12) at points of Ké/ and 7
coordinates testing round fully flat plane flanged hood.

Figure 3.10 shows the graphical representation of the

contents of Table 3.1 .

It is clear tht forthe velocity distribution at the point
beyond x greater than the diameter of suction opening the observed 0
DS ellipse charved from numery SGQU\ﬂm\
and predictedAvalues are the same, and the theoretical valueslars
very much lower than the observed and predicted one. Consequently,
there is no acceptable agreement between theoretical and practical

velocities The prediction besed inThe 9\"”@”(09 potential Surface

agrees better than the ellipsoid hypothetical potential surface.
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In order to test that the suction field is a potential
Tield, the numerical values of column 12 of Table 3,1 can be used
as starting values, The operation is such that the value of ¢
at the intersections 1,23 and 4 are Prspa,ps and ¢y respectively
(see Figure 5.11). It is a characteristic of the Laplacian
equation that, provided the mesh of FMigure 3,11 is sufficiently
fine, the value ¢s will be almost equal to the numerical average
of ¢p1,¢a,ds and ¢a as the follow.ng reasoning shows,

Figure 3.12 is an enlargemsut of one square cell of size
'a' from Figure 3.11. Assuming that the variation of ¢ between
adjacent intersections of the mesh can ve taken as linear with

little error, then, for the points A and B, we have

9o o s (3.37)
1A
ol = =E (3.39)
B

02 % - _g_ié (!) » 2 e
a? = “A B = 1‘;‘3'3”' (5./40>
a
Similarly
,2 L Y R -

ay a
Substituting into a Laplacian cquation yields

¢5 - ﬁiiiﬁifﬁi@i (3042)

The objective of this operation is to adjust ¢ values
such that the equation is satisfied throughout the grid. This test

tself requires considerable computation and programming which

j=n

was not the main objective of this rescarch and was noTF%rgueA\nﬁRQ

Present Thesis .
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CHAPTER FOUR

RESEARCH FACLLITY:TDENTIKICATION AND DESIGN .

4.1l Introduction,

The research was programncd to be a laboratory based
project. At the start of the rescarch, thers were no facilities
available at all. A great deal of russarch time was devoted to
the ildentification, design, purchase and manufacture and in-
stallation of facilitics, The major activities were
as follows:

(1) TIdentification of rucility requirement
(ii) Preliminary facility design
(iii) Detailed facility aznalysi:, design calculation

and drawing, and instal lation.

4.2 Basic Rescarch Facility.

The anticlipated uses and Lho desired specifiications of
facilities, rsquired the survey and the revision of the rolated
type of rescarch sources, Literature survey and the visits to
the research centres, led to the wind tumnel as a basic facility.

A number o trade-of " wind tunnel was preliminarily studied.
Consequently a compact model of exhaust ventilation system was
designed and maoufacturce. Although model studics could give a
relisble roesult within their knowo limits, it 1s axiomatic that
in many instances, small models do not act at all like thelr full-
sizud original under conditions which seem at first sight to be
similar, and that hasty couclusions {rom model experimnts are
very unsafe indeed. For cxawple, 1n the field of natural
ventilation it has been shown ithat the model tests do not show

agreement with full-scale meacurement (AMCA 500-75, 1975).
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Therefore, a versatils full scale wind tunnel was preferred to a
model,

In industrial applications of exhaust ventilation systems
mostly the flow in a horizontal duct is of practical interest.
Also, the study of aerosols' transport and capture involve the
consideration of body [forces on the particle themselves, for
larger particles of'ten the gravitational force dominates and the
particles tena to settle as Lhey flow. In laboratory cases, the
rapid and ecasy modification of the¢ test section and other major
components in order to accommodatle various types of resecarch
programme , roveals that such a modif'ication will be difficult
and complicated immensely if' the test section were vertical.

Although both vertical and horizontal test section
are of interest, cost, convenieunce and flexibility consideration
indicate that a horizontal test scction 1s amore practical
section. Therefore, the wind tunnel system was based on the

horizontal duct section.

4.3 Wind Tunnel Assembly 5 its Limitationsand Requirements

The wind tunnel assembly consists of':
(1) & main duct system;
( ii > alr cleancr;
(iii) silencers;
(iv) air mover, and
(v) discharge ana accessory sections
Drawing No.l shows the gencral assembly of the wind tunnel.
The main tunnel consists of three rounu ducts flanged and f'itted
together followed by air cleancrs, silencer, fan and motor, ended
up to the output siue silencers.

The general limitations were as follows:
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(vii)

(viii)

(ix)

Table 4.1 contains the comparative information on the past

The size of the

tumel was limited to the

available installation spaces,
The suction flow rate was limited to the laboratory
volume ,

Wind tunnel room is a c¢loseq chamber,

general requirements were as below
A fully developed flow scction was required for
flow metering,

Recirculation was inevitable,

In the case of' dust generation, a desired
efficiency for a dust filtration was essential,
Air cleaner replacement and its maintenance
required special consideration.,

A quiet, asrodynamically efficient and stable
moving fan was absolutely essential.

A reliable suction flowrate control Lacility was
essential,

Noice reduction was essential .

Communication, salcty and personal protection
facilitics were required,

numher of' suction opening simulation

A multiple

Were required.

and present rescarch facilities,

The

size and the length of the wind tunnel assemblies

were based on the considerations of above limitations, require-

ments and comparison.
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4.4 Design Consideration_

In order to study the aerodynamic characteristics of suctiaen
openings ,a number of c].assical»-gcmnetry shaped openings required
to be tested. Due w the fact that geometrically similar
opunings behave the same (Dallavalle 1939) only a limited number
of similar openings have buep chosen to be studied in detail.

The suction openings were classified according to the
cross section of the Opening, and its preceding duct cross
section., If the cross section of the opening and preceding ducf
are alike and of squal area, it is called a suction duct, other-
wise it is called a hood or 4 suction opening.

There were two types of wucts i.e. round and rectangular
cross sections and two types of hoods i.e. square bell-mouth
f'langed and oblong cross scction hood, whose opening area was equal
to the square cross scction area of the fquare hood. Drawing
Nos.1,2 and 3 show the size and dimension specification of' the
main wind tunnel section and accessories, hoods and aucts,

The bell mouth flanged hood is designed to the specification
glven by the American Conference of Governmental Industrial
Hygienists for calibration of velomcters., It is meant to be uscd
feér the calibration of air velocily meters as well as a test hood,
The oblornyg hood isdesigned as o typlcal industrially used exhaust
hood.  Flange plates desigicd to be fitted to the hood (sce
Drawing No.2 and Figure 4.1).

Design calculation (sec Section 4.7) was based on the
calculation of pressure drop., A flowrate of 4,72 m®s™? through
the system is the maximwn nomina! value for the design calculation,
The main wind tunnel duct clameter was chosen in such a way that
the minimum transport velocity is to be equal to the transport

. . ~ 4 s .- [ T (R o a P« L
relocity (i.e. 22.86 m 8 ) recommended for heavy or moist dust

Vi
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(ACGIH 1974). Therefore, the main duct section of 0.5 m diameter
and 4.5 m length, consisting of 3 sections, has been designed to

be the main wind tunnel ducting. Middle plana of the middle duct
proved a good traverse plane for a reliable flow mcetering cross
section. Traverse ports arc drilled and tapped at two perpendicular
planes and two 45 dsgree planes. Two more vertical traverse ports
ars drilled at equidistance from the middle cross section for
further pressurs tube traverses (see Drawing No.l, Section C-C,

and vertical section of middle duct).

In the case of the natural air suction, a transition pisce
as a replacemecnt for alr clesaner, was designed (see Drawing No.l).
This duct enlarges the duct diamcter to fit the silencer, with a
minimum addition to the overall duct length, and pressure losscs
and commonly used enlargement ratio of 0.025 m diamater increase
for 0.05 m of length.

In the case of generation of dust particulate, at the
design stage,provrm]1of cleaning air has been made. The wind
tunnel room is a closed chamboer, Tne sucked air i35 recirculated
o the room. Thercfore, consideration of minimising the reclrcu-
lution of contam.nant is required. The restriction of space, the
naintenance and economic aspuct, called for a sarvey on the type
of filter for the best fit to tac wind tunncl system. Here the
nature ot particulate (i.c. toxicity, concentration, size,
physical, chemlcal =nd piologlual character) is not known, there-
fore a disposable type of {ilier was thought to be a better way
of c¢leaning alr for recirculation. A market survey showed that
C.K.N.Filtration Limited manuiactucs a disposable filter of
nominal dimeusion 0.609 x 0.609 x 0.5 m. This is a relatively
inexpensive filter anu the efficicency is fairly good, also 1t

. R . ) i ompa rtment,
does not require a substantial length of flilter comp ~
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It was, therefore, decided to design the filter section compart-
ment to fit the above mentioned filter plates. The filter panel
is a disposable type pleated media filter. It is a multilayer

and a high efficiency strainer filter,It gives a good filtration
with a low pressurs drop, while maintaining efficiency. The flat
folder media provided a large media area within a compact pre-
formed paunel, Each filtar is constructed of sturdy rigid durable
cardboard filter frame with rib supports holding a man-woven fabric
media in 0.5 m deep pleats wiih wive back for maximum support and
at the same time guarantees uniform alr flow across the filter. The
construction of this type of filter allows a minimum of 16 media
pleats per 0.3 linear meter of filter and over 0.42 square meter

of filter media per square meter of face area. The filter compart-
ment of the area 1.68 m® with the maximum average face velocity of
2.8 ms~t of six of this disposable f'ilter, is the designed air
cleaner. The efficiency of the parchased filter for the ressarch
wind tunnel is 80% for 3 micron and 99.9% for &0 micron of British
Stundard recommendsd test material.

In order to reduce the fan noise two silencers for inlset
aud discharge section of fan was purchused. The silencer was m=de
by Wooas of Colchester, and it 1s of Ca type silencer, consisting
of a4 20 gauge galvaaised cylinarical steel casing, and sound
absorbent lining material of polyeurcthane foau and ong inner
cylinder compartmont is the finzi purt of silencer (sece Drawing
No.2). TFor the purchased fan (detail will follow), the
attenuation provided by the silencers 1s as measured by the manu-
facturer and are given in the followlng table. The test is based

on the methods specified by British Standard 848 Part 2, 1966.
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TABLE 4.2 Fan Noise Rating (Woods of Colchester)

Mid-Octave hand f'requency H
2
Sound level dB

at distance: 125 250 500 1000 | 2000 | 4000
1 matre 92 93 390 86 I 86‘ 86
o 85 86 83 79 79 79
3 0" 81 82 79 75 { 75 75
oo 79 | &0 77 73 ‘ 73 73

Plotting the measursd sound

rating chart, gives a contour indicated of the approximate sound

level at 1 metre distance on the noise

level of 91 dB. A further reduction at 4 metre distance indicates

an A-weighted equivalent of 80 dB (see Figure 4.2).
In order to test the noise level in different rooms and
area of the neighbourhood of the wind tunnel room, a test was

carried out. Alrbome noise was gensrated according to the

B.5.2750, 1956 specification. The measurcments were done acco rdingly.

The data was treated following the existing code of practice and

standard. Ths following conclusion was based on room reveérberation

time and transmission loss measuraments.

The predicted levels do nol excced ths recommended maxinum

noise level for offices 1.e. nolse rating of 4O dB even 4t the
full sutput of the tunuel (see Figure L.3 ).

Although the noise level at the suction zone is not very
high it masks communication and wariing alarmws, In order to
attract the attention of an operator worxking in the wina tunnel
room to fire alarm, tele hone and person to person communication,
a system has been installed by Bilsom International Limited. The

system gives . full speech, attention and warning facilities to

pecple wirking in the wind tunnsl laboratory and the adjacent room,

The complete wiring anu communication microphoneé positions are shown

by Figure 4.4 .
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dB

sound pressure level

hand

I3
x

Octave

Fluu

130
120
110
100
90
80
.
R nds s
70
60 T T T T T {
63 L25 250 500 1000 2000 4000 8000
Octave band centre frequency Hz
% X without silencer )
X-—=% with inlet and discharge side silencer at 1 metr: distance

X X
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criterion

broadeasting studio 12
1540 concert hall, legitimate
— theatre 500 seafs 20
class room, music room,
130 - TV studio, conference 25
room 50 seats
120 ] Sleeping room (see for g
correc )
110 conference room 20 seats _
- or witn public address  3C
system, cinema, hospjtal,
] church, courtroom, Ilibrary
100 living room (see for 30
corrections below) .
90 private office 40
restaurant 49
80 = gymnasium 50
office (typewriters) 55
70 7 Worksho s S
Corrections for dwellings
Hw o - +
) (a) Pure tone easily -5
perceptible
aU (b) Impulsive and/or -5
X\\X Lntermittent ]
CIO (¢) Noise only during -
\/‘X 40 working hours +5
307 (d) Noise during 20% of +5
- 30 time 6% +10
200 7 S (9o 1.h% +15
0.02% +30 0.8¢ +70
fo 20 Q. 1% 25
(e) Economic tie +5
P (f) ver uite surburban -5
O surburban O
residential urban +5
— 1 urban near some ind. +
10 T . LI area of heavy 1né. +i%

6Z2.5 250 1000 400U

M’foa"r"e—zqueémty of octave band (Hy )

Figure 4,8 Curves for rating noises for acceptability. The ordinate
I is octave-band sound pressure level in dB relative to
2w LOTH = . The parameter is noise rating number

MR. Tne table opposite gives criteria for various circumstances
together with corrections applicable to dwellings only.
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An inductive loop has been wired

arounda each of the

laboratorius, from the output terminals on the Transett unit.,
When an inpul 1s provided an AF. current passes through the loop
ana generates an slectromugnetic field insids the area ol the
loops. This A.l. fleld is detected by the headsets ana converted
to sound pressure waves, audible to the headset wearer.

Person-to~person communication is provided by the
installation of two noise cancelling microphones by spealing
into the microphone. The outputs from these microoshones are fed
via a mixer to appropriate terminals on the Transett., There is
full duplexing i.e. each can hear the other spealking without
releasing the press to speak microphone switch, These signals
automatically override the lower priority signal 4t terminals
on the Transett.

The attention of the vperator(s) in the wind tunnel room
may be galned by pressing the button on the door unit. This will
override the previous two channels, Conversation may be carried
out betwsen a person ab the door unit and operator inside the wind
tunnzl room who will be usiug the noilse cancelling microphonés.,

Telzphone ringing gives a pulsed signul to the terminals,
giving 4 pulsed teone in all the headtiets, The input is super-
imposed on any of the othurs. Telephons conversation cannot be
oveérheard ovar the system — only the bell signal. Likewise,in
the event of a fire alarm sign=l a coutinuous sigual will be pre-
senled bo the same terninals, giving a continuous tone in all the
headssts within the arsa of either loop. This signal overrides
511 others. The headset wearcr whilc belng protected against noise,
can hear paging, alarms, warnings, instructions and background
music and/or radio.

] ; 1imitln iccult which prevents the
The hesdset has a limiting clecult wh p
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h A = 13 é ) R N Y oy e 3 R
sound pressurs level of a Slgual, at the ear, from sxceeding

80 dB(A) regardlsss of how far the individual headset volume

control is adjusted. The headset receiver is a battery operating

e Yk OFF switohs s ra : -
circait. The on/off SWlbealng 1s carrisd out automatically by

the head band. The head band is self adjusting.

L.5 Design Calceclation and Fan Sclsction,

The loss due to different cross sectional area of duct
is dif'ferent. Even for two ducts of the same cross section area
of different shapes, the loss due to friction is different.

In a ventilation system thare are two types of friction

loss, Losses due to friction in straight pipss and ducts, which
are called the major losses and losses associated with sudden

changes in the cross section eithar by enlargement or connection

and elbows, air oleaner, discharge duct ete., which are called

minor losses., Lossss can be calculated from the ciiergy baluance
for a control volume between two points in a flow system.
In caiculating the losscs certain assumptions are
n:cessary. These assumptléus are as follows:
(i) flow, is a fully deveioped flow (i.c. Theve (oo well olekind
bow ndcmdx Aougory.
(1i) fluid is incompressible
(1ii) and the flow is & turbulent flow in a constant
diameter duct
The pressurs losses are known to depend on:
(i) duct diamcter (D)
(ii) average velociny across the cross section of the duct (V)

(iii) length of duct (L)

(iv) viscosity of moving media (i.e. air) (H)

(v) density ©of moving medin (1€ @) (p)
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(vi) duct wall roughnass (g)

It is customary to write t1

1¢ losses in the form

o . 2
H; = K (velocity pressure) Ok

L V2 ,
H =2 % = F(D,V,L,u,p,&)

where K is called the pressure factor, £ and g are friction factors
and gravitational acceleration respoctively. The valus of the
pressure factor is given for commercial pipe fitting in engineering

handbrooks. The following table 1ists some approximate K values;-

TABLE 4.5  Values of pressure factor "K" for duct
fittings, etc.

Fitting and duct K
90 degree elbow 0.9
45 " " 0.42
Sharp edge entrance to circular
pipe 0.50
Round entrance to circular pipse 0.25
Sudden expunsion (1-A1/A5)3
Ay = upstream area
Az = downstream area

Alternatively combined charts for friction losses in straight
ducts are given by differeut sources, The American Socisty of
Heating, Ventilatiag and Air Condition Association (ASHRAZ
American Confereace of Govermental Indastrial Hygeinists (ACGIH),
Institute of Heating and Ventilation Enginsers (IHVE), ana
British Institute of Standzrds etc., give the relevanl charts,
tables etc., for engincers' reference,

In this research a metric version of all charts and
tzr2as, given by ACGIH and the others; were used for the design cal-

culation .

Tablzs 4.l to 4.8 arc _zmmaries of the design calculation

for the wind tunnel asemblies. Design calculation showed that a fan
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of duty 4.72 m®s™% for a system resistance of 172,72 mm WG (fan
total pressure) will be a sufficicnt air moving device
for this wina tunnel system,
Apart from the above requicements, the following
characteristics were considered for the selection of fan:
(1) low sound level ratings
(i1) reliable and accurate volume control

(i1i) stable at various system pressureswith required
flowrate

(iv) stable speed of rotation

(v) minimum power requirement

(vi) good efficiency at all operating conditions with minimum

power requirement

Studying the commercially available data on fan
characteristicy considering the above factors, a variable pitch
angle fan was the best selection of the air moving devices for
this wind tunnel system.

Generally, variable pitch fans are speclal models
in wnich the blade anglc can be continuously varicd while the
farr i3 running. The othzar unique feature of this type of fan
i3 the ability to control the volume flow down to zero even at
constant system pressure, and to produce reverse flow if re-
guired., Noise luvel falls with reduction of volume flow, whereas
it tends to rise with other volume control devices (i.e. damper
or vane control (Noon (1976), Daly (1978)).

The selected fan is a single stage varofoll fan of
diameter 800 mm and 12 blades with a constant lmpeller spesd
of 295 rpm of minimal duty. The total inward and outward move-
meat of impeller is 15.5 mm over 48 seconds. This movement 1is
equal to -8 to 10 degrees ol pitch angle alteration. The impeller

is directly fitted to the shaft of the constant speed motor. The
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wings are clampsd to the hub of the imsellor,

Pitch angle control

is via tho actuating beam which may be controlled pneumatically,
electrically or mechanically. The response between the control

action and pltch angle movement is linear (Noon).

o6 Electric actuator and supply panel,

The slectro-mechanical actuator of the pitch is manu-
factured by Drayton Controls. Ths model designation is POWERACTOR
VAL and conslsts of a reversible geared motor driving a rack to
provide a linear movemeut.

The actuator has a full potentiomotric feedback making
it suitable for modulating, on/off, or floating control appli-
cations. The 135 ohm range corresponds to the total actuator
movement.

An electric supply pancl coupled with a remote control
system and on/off switch has been made by Satchwell Control Systems
Limi-ed. Turther facility of this control panel is the possibility
of adjusting the pitch angle to give a known lincar centre line
velocity at any desirced measuring point using a Prosser Scientific
Air Velocity Meter type S01F or any equivalent velocity meter to
give an equivalent voltage response to its sensor. This facility
is especially useful to adjust the pitch angle in order to provide
4 certain control velocity at any desired posivion in the suction

field.,

k.7 SBupport system.

The silencers, motor, fau, air cleaner section and

ducts are mounted firmly on & antivibration mounting metalastik

on the steel rectangular hollow szction frame (Drawing No.5). Steel

supports for each section on the wind tunnel system are individually
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screwed into the floor. The ducts are laid on a properly shapad
wooden mounting support which in turn lies on the cross steel
bars (Drawing No.l Section B-B),

A portable and adjustable stesl support used for the
support of test ducts uncer study.

A whesled steel support for Squarc Bell Mouth hood

is the other moveabls support stand (Drawing No,2),

4.8 Coordinator.

For placing the measuring semor at a known position
relative to the coordinates origin (centre of suction) a probe
carriage holder has been made (Drawing No.L). By means of the
machined clamps to adopt the air velocity mcasuring (guard) tubes
and steel rods the sensors can be placed at either horizontal or
verticar positions in ths suction fleld. The rods fit togethzr
at right angles, and are fixed to a support moving sidée to side which is the
means of adjustment in the Z-axis dirsction.

Displacing the horizontally fitted rods up and down
will provide the movement in thc'y~direction. The whole system is
mounted on a three wheel base moving inward and outward over two
angular tracks fixed permanently along the centre line of the wind
tunncl system at a distance of 2 x 36.25 mm apart (Drawing No.4).

. . . . _;’\.,’/‘_. .
This movemenl is the adjustment in the X-axls divection.
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CHAPTER FIVE

MEASUREMENT PROCEDURE,INSTRUMENTS,FACILITIES
CALIBRATION AND RECIRCULATION

5.1 Measureuwment Procedure

5.1.1 Introduction

Generally in ventilation and sir conditioning work,

there are four common positions for measuring air velocity:

1. in a duct

2. at the face of a supply outlot

5. at an intake or suction opening

4. in an open space or room
Duct velocity is usually high enough to permit direct impact
measurement by the pitot tube and manometer, while room air
velocities range down to barely perceptible air movement which
is difficult to measure by a pitot-static tube. The measurement
of an air velocity of 0.25 ms™* (50 fpm) is quite different from
the measuring of 5 ms * (1000;fpm) and calls for different in-
strument characteristics. A second problem arises from the fact
that the air velocities in various parts of a stream are often
different, and these velocity variations greatly complicate
efif'ective measurement. The advantages and limitations of the
various instruments become apparent when the methods of cali-
bration and methods of application of the instruments are investi-

gated, hence the problem has been approached from that angle.

5.1.2 Fluid Flow in ducts and Methods of Measurements.

Fluid flow in a duct is a complex phenomena. Despite
extensive studies during the past 50 years, existing knowledge

is far from complete and recourse 1s made to a semi-empirical
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equation to describe velocity profiles (Miller et al, 1968).

For a flow of fluigd entering a duct, the viscosity
causes a boundary layer to form on the wall with zero velocity
at the wall.

Methods for measuring tho average velocity for circular
ducts are

i) Log linear rule method (Figure 5_15;x;%ﬁﬁtsreodAmﬁ)

ii) Tangential rule method (Figure 5.2 Ten PoinTs reading)

iii) Direct use of mean velocity

Some ) iv) Averaging pressure tube method
These methods all involve the use of pressure tubes, a description
of pressure tubes will follow later).
When the upstream straight length of duct is greater than ten pipe
dizmeters, the velocity distribution will generally have settled
down sufficiently for the mean velocity to be determined from a
reduced number of measurement points (i.e. ten points or six
points).

The %W@raﬂ method of obtaining the flow rate in a rect-
angular duct is to divide the duct into a number of equal areas
geometrically similar to that of the full section. Measurements
of" VYelocity are then made in each area, which are then averaged
to give the mean velocity in the duct and hence the flow rate.

British Standard 848 Part 1: 1963 recommends 16
rectangles for pitot meusurements. The perimeter rec.angles which
usually contain the steepest velocity gradients, are subdivided
30 that 3 measurements are made to obtaln the mean velocity. A
single measurement is used for the velocity of each of the centre
rectangles. Then 48 points of measurement of velocity pressure for

the duct under investigation would be required. Myles et al.(1966)

{a

xtended the log-linear theory and developed an integration.
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technique for measuring the volume in rectangular ducts. This
technique involved 26-points pitot-tube measurements. (The position
of traversing points for both B,S. and 26-points derived from
theoretical considerations (ibid) are shown in Drawing No.jgf@uag 5.26))
Tests carried out by Myles indicate that under stable
flow conditions the 26-point method was as accurate as the B.S.48
point method, although both methods deviated on average by
approximately +1.5% when compared with the flows obtained from
orifice plate measurements. Tests carricd out by Legg (1970) showed
that the two methods are in close agreement and concluded that
26-point traverse would be satisfactory for obtaining the reference
volume.
In 1968 Miller et al. revised the existing method of
flow metering, and they developed a method of flow measuring for
any duct cross-section. The following is a summary ol their
findings:

i) the log~linear mle is a good method for velocity
measurement near any duct wall, and can be apvlied with
reasonable accuracy to the remainder of the duct;

ii) the log law can be used to [ind the position of the
mean velocity in any two-dimensional or circular region;
iii) at high Reynolds numbers, corner region can be approxi-
mated to circular regions.
The measuremnc:at al the face of outlets and intakes of
suction are more or less the same as the measurement inside the ductt
There is not any set method of measuring the open space

or room current movement.

5.2 A review of existing methods Of measuring alr speed.

The methods of alr velocity measurements can be divided

into the following groups. In each of the groups a different effect
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arising f'rom the air motion is

measured. Thess are:
(1) wvisualisation of actual transport or displacement of
the air for example by the motion of smoke
(ii) the pressure effscts associated with the motion;
(iii) the rate of cooling of a hot body;

(iv) the force exerted by ths flow on a suitably mounted

. body, such as 4 plate;
(v) the change of the speed of sound in an alr stream;
(vi) the deflection of the path of ions in an electric field.
Some methods can be classified as coming under more
than one of these headings, and an arbitrary choice has to be
made. The following sections are descriptions of sume of the

instruments depending on these effects though not necessarily

in the same order as the above list,

5.2.1 Pressurse tubses.

There are a variety of pressure tubes. The following
description refers to some of ths tubes extensively used in this

research or used by previouvs researchers,

(i) The Standard Pitot tube.

Air velocity 1o measurcd by means of a pitot tube shown

schematically in Figure 5.3. . This instrument consists of two

independent concentric tubes bent into an upside-down "L" in

diagram, In use the tube is inserted into a duct and directed

along the axis so that it points upstream. The two terminals S and

T are comnected to a suitable gauge, and the deflection observed

The theory of measurement of this device is that the

e}

of & dynamic or impulsive pressure, and S static pressure. The

.
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is an indirect measure of the speed with which the air is moving.

point T measures the total pressure within the duct which consists




Figure 5.3 _PRINCIPLE OF OPERATION OF THE PITOT STATIC TUBE

N Sl
B =DUCT STATIC PRESSURE (A)
memsh =VELOCITY PRESSURE (B)
[== = TOTAL PRESSURE (A+B)

T

THE MANOMETER WILL READ (A+B)-A=B
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former is accurately measured only when the tube is pointed upstream,

but the latter is a pressure which at a given point is the same
regardless of direction. 1If, therefore, the total pressure is

denoted by TP’ the velocity pressure by’VP and the static pressure

by SP’ then the pressure measured at a point is

depending on whether the duct is under positive or negative
pressure, By using Bernoulli's equation V? will be directly

converted in terms of velocity as follows:— I

3

\ii
Vp o= %g (5.2)

where c¢ = pitot tube coefficient = 1 with a tolerance of + 10,_
luformation regarding the detailed design of pitot tubes is i
given in such references as British Standards (BS 1042 and BS 848). i

ii) Modified Pitot Tube.
Une of The difficulties of the ordinary pitot tube

is the fact,that the total and static pressure are not measured |
at ldentical points. Consequently in regions where the air E
movement changes rapicly as at an opening under suction, the Z
ordinary pitot cannot be used. For such a condition DallaValle

(1932) used a modified tube shown in the following figure. The

tube consists of a thin brass cylinder, approximately 3.1 mm (one- %
eighth of an inch) in diameter with two independent compartments L

closed at one end. Two small holes 0,5 mm (0.02 inch) in diameter
are drilled at its midsection and a pointer is fastened near the &
closed end in the direction of the holes. [Using this tube, the

readings are a measure of velocity pressure.

2-Heles Velecity Pressure

tube B
o
4 {

Airflew Di

DallaVal;gli_modifiad Pitot tube o




(ii) Averaging pressure tube .,

The rate of airflow in a duct is an integration of the

product of the velocity and the area through which the velocity

exists. This is givan by

Q =/ Vda (5.3)

b

The velocity can be calculated from the relationship

between the velocity pressure and velocity, Velocity pressurs

can be measured by the pressure difference between the total

pressure and the static pressure. These relationships are as

follows:
Ve = Tp - 5y, = pvf (5.4)
2V ,
v o= |7 (5.5)
p

Velocities across the duct are measured at small discrete

intervals. After this measurement a vealocity profile can be con-
structed and the integral for the {low rate of airflow can be

evaluated by a graphical method. In 1966 William reviewed the

existing system of flow mcters, and showed that the rate of air flow is
measured by the product of the cross-sectional area of the duct and
the mean of the velocities measured by a mechanical device.

Mean of the velocitics measured at small discrete

distance intervals across the duct has the form of:-

n
7 o= VitVz + e Vn - .2 Vj_ (5.6)
n 1=1
nv
where V: = = _é. IV s 1= 1 see Il (bn?)
i Jp J Pi ’ ’ |

therefore
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Vo= E ZJIVPJH (5.8)

M 4 : - . (o - P . . .
his is a laborious process in flow rate measurement, both in terms

oft measurement and a lengthy arithmetical operation is involved to

obtain the mean velocity,

In the above expression, it can be assumed that the mean
velocity of airflow in a duct is the square root of the average
of the velocity pressure times a constant instead of the average
of' the indivlidual square roots of the velocity pressure times the

same constant. This statement can be expressed mathematically as

below:

i=: i (5.9)

William showed that this averaging of velocity pressure can be done

by mechanical means. The averaging pressure tube flowmeter is the
and F13 . A 5.8

result of his research (Drawing No.jb. The flowmeter is mainly a

tube with small holes drilled equally spaced, on the longitudinal
side of the tube facing the airstream. The average velocity pressure
will be measured by the comnection of the two ends of the tube to

one side of a manometer and the other side to a number of static

pressure holes on the circumference of the duct. However, this method
of flowmetering raises the following gquestions:
i) is this pressure difference, a true average of individual
pressures?
ii) is the difference between the average of the individual square
roots of velocity pressure and the square root of' the average
of the velocity pressures as measured by this flowmeter

significant?

William experimented on the size of tube and size of

holes. He found that the tube gives a good estimate of the
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for the arithmstical mean of the pressure ‘imposed on-each hole. For the
second type of uncertainty, he evaluates the differences
mathematically, provided that the flow distribution is known.

However, this distribution is not kno

Wi properly, uncertainties
exlst between the relationship of the velocity and the distance
from the wall of a duct at which the velocity is measured. Two
widely accepted relationships are:

i) Power law
v Y m
Yy - <§> (5.10)

ii) Log-linear relationship for & fully developed and

symmetrical flow with respect to the axis of the duct

V,o=a+b 1og(Y/D) (5.11)
where m,a and b are constants, ¥ is the points distance from the
wall and DE2R) is the duct diameter. But flow in a duct at different
positions hais a different pattern. For a turbulent but not 'fully
developed!' (asymmetrical) flow at a short distance from a right
angle bend, the relationship is uncertain. At this sort of duct
cross-section, the flow is subjected to the effect of swirling created
by the bend. The degree of influence of swirling on the performance
oi" the flowmeter depends on the mean alr velocity, the size of duct,
the length of the straight duct before and after the flowmeter and
the different configuration of bends upstream from the flowmeter.

The other types of errors are instrumental and human
errors., These errors can be taken into account by an experimental

coefficient which can be defined by:

¢ = Qa (5-12)

QHI

William studied the suitability oi the averaging pressure tube and

S R O PeSs SUTE Towmeter is more suitable
concluded that the averaging pressure tube flo
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ror flowmetering than any other

method because it is simple and

- st, and virtuallv e pesdt .. e L o
robust, and virtually creates ne resistance to the airflow, requiring

only a short distance of lengths of duet before and after the

megsuring point and is consistent in its performance, The accuracy

of the averaging pressure tube flowmeter given by William is + 6.5%

]

or alr velocities from 3 to 7 ms 2

(iv) Prandtl Pressure Tube type 607,

Appondix 5.2 gives an dlustration of the tube. Flow
streamlines wefe studied by means of this pressure tube. The pro-
cedure was as below:

(1) A protractor was fixed flat on a clamp reading 90° from

the Z-axis (see Plate Nos.3 and 4 also 9 to 16)

(i1) The pressure tube was fixod to this clamp.
(11i) A pointer was fixed to the sten of pressure tube in
order to point to the graduation on the protractor when

the tube was rotated.

(iv) Then two legs of the prussure tube were connceted to the
ports of & micromanometer Lo read the pressure dif'ference,

(v) A zero pressure difforence Moasurenent indicates flow

stream direction.

(vi) The angle of rotation of ULhe pressure tube Crom the
centre line stream pozition will be the angle off
tangential velocity linc to the streamline at the tip

of' the pressure tube point of measuremert,

5.2.2 Manometers,

Manometers are pressure sensiog devices. They are of
different types with differcnt characteristics and sensitivity,

The following is a bricf description of those manomcters which

wereused in this research and by the other researchers quoted in

this thesis,




(i) Micromanometer,

Ve e . e N . L. . . R
This is a pressure sensitive device, which

indirectly measures the motion of a tluid medium,

The Furness Control b-rangs Micromanometer type MDC
was us.ed Tor measuring pressure difference.

The MUC micromanometer is a sensitive pressure measuring
device. The instrument is capable of measuring pressure down to
+ 0.001 mm WG (0.12 m s™* of air velocity measurenent) .

A most useful and valuable feature of this instrument
is the built-in calibration check facility, which euazbles the
calibration to be checked in a matter of seconds, whilst the instru-
ment is being used under operation conditions.

The five ranges are 0.1,0.3,1.0,3.0 and 10.0 mm WG
for full scale readings. The minimum of 0,001 mm WG and maximum
of 10 mm WG (12 m 87%) arc the covering ranges of pressure readings
with this instrument, The accuracy of the instrument is 1% of the
scale in use except in the 1 mm WG range and below, where the
accuracy is + .

An electronic output signal 1s provided for recording
pressures, The instrument was calibrated at the factory, the
calibration was checked in the laboratory and at the factory again
during the occasion of a visit to the factory. Checking has been
done against a master stundard of accuracy of 0.1% for full scale
deflection of the range oi MDC.

The micromanometer was used for calibration off
inclined manometers as well as for the low velocity and pressure

insTrume WY Used
difference measuriny}  throughout the expuriments.

(ii) Liquid Manomcters. Liquid manomcters are used in connection

with pressure tubes for pressure readings. When the tube is

connected to a pressure SOUTCe, the liquid column will be displaced
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by an amount sufficient to balane

& the force acting upon it. Then

the vertical distance between the liquid levels indicates the
awount o1 pressure exerted by the fluid. The graduation of tubes
is conventionally in water gauge (Wg). Tubes can be U shaped or
inclined. The inclined tubes are more sensitive than U~tubes., A
manometer, which is mounted on 4 right-angled wedge-shaped block
with o rise of 2.54 cw. (one inch) for 2.9 cm. (10 inches) of
tube length has a sensitivity ten times as great as a vertical
manometer. U-tubes may also be sloped to give sensitivities
twenty times as great as vertical tubes, but such sensitivities do
not guarantee accurate readings.

In use, a sloping manomster should always be carefully

levelled.

iii) Wahlen Gauge. DallaValle (1932) used a Wahlen gauge for

pressure difference measurements., The instrument is very sensitive
and the range of velocity measurements is {from 0.5 to 20.% ms™ 1t
(100 to 4000 feet per minute).

The guuge is shown schematical Ly in Fig.b.l and consists
of two large bulbs filled with coloured alcohol connected by an
inverted U-tube containing kerosene., The bulb B is s0 connected to
tne U-tube that it can be moved in a vertical direction by mesans
of" vernier calipers mounted on a f{rameworx. A stopcock is provided
rear the bottom of the stem connection of the bulb B so that when

Jressure 1s applied to the bulb the liquids will not be violently

by,
@

disturbed. Before use an initial reading 1s taken with both bulbs
Open to the atmosphere by bringing the meniscus at D to the hair-
line. The difference between initial and connected to pressure source

. R s . A e : oY 16 ) 1¢
readings is the actual displacement in terms of the heavier liguid.

(&




Kerosene Sy specific gravity

b’ | | I
P
B P& R
Sl 77
h
Alcohol Sl specific gravity.
et : S. 1 fie avit = - = -

Notation 1 Specific gravity b Sl 82, P Pl P2

Area A = Area B = A g

1 MN=liquid level when Pl: P2
Area C = A
2
Area D = A3
d3 = p—leSl—de
b
Aldl = A2d2 = A3d3 = constant so
4 P
37 A3 . A3
b(l"r'—@- -251 AT
Figure

5.4 WAHLEN GAUGE
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The reading may be converted to inches of water by

multiplying the

difference by the specific gravity of the alcohol, This is a null
method based instrument, Howevep, acourate readings depend upon a

knowledge of the specific gravity of the alcohol over the range of |

temperature the instrument is to pe used, and upon maintaining the
instrument level at all times. DallaValle states that the z2ero
readings should be taken frequently during experiments since the
meniscus at D tends to vary.

From the relationship (see Fig.5.4) it is clear that the
sensitivity of the gauge depends chiefly on a low specific
gravity difference between the liqguids, b, and on the ratio ot
the areas of the large bulbs to the area of the D-tube.

The liquids used in the Wahlen gauge should be allowed
to stand in the presence of each cther in a stoppered bottle for
some time. This permits the liquids to reach a stable condition
and reduce the variation of the meniscus at D due to tho solubility
of" kerosene in alcohol (DallaVall@).

(iv) Inclined manometer. The Air Flow Development Ltd., portable

test comprising of two adjustable manomcters Mark MK were used for
measuring the pressure difference in pitot-tube anemometry in this
rescarch.  This cousists of two limbs (short and long) and a papid
levelling device and a control knob for zero ad justment . The li@bs

are adjustable to four different inclinations covering the ranges

O up to 500 mm WG. The gauge fluid is & blend of paraffin (kerosene)
having a specific gravity of 0.784 at 20°C dyed deep orange-red glving

an extremely clear and free moving meniscus. The instrument panel is

levelled by the adjustment of two krobs and two very sensitive spirit

levels,
Zero adjustment is effected quickly and accurately by

. s his actuates a méchanism to dis—
rotating a knob on the panel. This actuates ©
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place liquid in the reservoir tank

There is no gland through

which leakage can take place.

" S an: N , R o X .
The scales are photo-stched and are of curved section

(@]

which serves as a clamp t¢ press the glass tube into the

supporting groove. As the edge of the scale is actually in

contact with the glass, possible crrors in reading due to parallax
are reduced to a minimum., The scalc lengths are 320 mm and 64.3 mm.
An Anerold barometer range 58 to 83 ¢m Heg and two thermometers of
ranges 0 to 60°C and 0° to 400°C are the other useful devices
comprising this portable test set, Type 504 industrial manometers
covey the range of zoro up to 75 mm WG. The limb is at a fixed in-
clination angle. Zero adjustment is effected quickly and accurately
by rotating the kaurled collar at the tapping connection to displace
the reservolr tank within the instrument case. All pressure

connection was done by P.V.C. flexible tubing grade 5 mm. bore

by 2 mm, wall.

5.2.% Direct alr velocity meters.

The following dircct alr velocity meters were used for
the point velocity readings.

(4) Thermistor air velocity meter manufactured by Prosser

Scientific Instrument, types AVMSOLE and AVMH02.
(b) Simern Shielded hot wire anemometer type 51L5F
manufactured by Tinsley Co.

The rmistors are thermally sensitive resistors.

They have, according to the type, (Negative (NTe) or positive
(PT ) resistance/temperaturc coefficients (see Fig.b.5.1C)
e |
These sensors are sultable for measuring the velocity

of" liquid or gases as well as temperature (Fig.5-5-1(A)3hOWS probe
liguid a .

ocutline), . L o e .
The relationship of the resistance at a temperature
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g suspended
beyond of glass probe (Code P23) for Katharometry,
anemometry and other flow measurements. '

(From ITT, Thermistor Data Rooklet 1977/78)



T, (%K) to the resistance at any other temperature T3 (°K) is as

below (Thermistor Data 1977-78):

B B
fp, = Rp, et - T"E (5.13)
1 3

whe re Bt is a characteristic temperature of the thermistor ex-—
pressed in °K, and RTi and p,re résistance at temperature T,
and T2 respectively.

The type of thermistor used in this resecarch is a
directly heated bead. The beud is an encapsulated glazed bead
suspended beyond the end of a probe lead (see Fig.5.5.1A). The lead
is made of platinum iridium alloy. j

These types of theruwistors are resistance matched within
1% of each other as suffix MPC or alternatively matched at a
constant current as suffix MPH. The AVM's thermistors are of
the type Pszz and MPC whici have 1.7K ohms nominal resistance at
25°C and 5 mA constant current., The constant tewperature bridge

-

is shown in Fig.b.5H.2.

(i) Theory of operation of direcl velocity meters. Thermistor

AVM velocity meters have a sensor element which 1s heated up by

meuns ol a battery or mains source. As the impinging alr velocity
increases, the sensor will cool witn a resulling decrease

in resistance. The resistance drop causes a voltage drop, changing
the input to the differentinl amplifier. This results in an Increase
in the out:m+ of the amplifier so the current thro:gh. the sensor is
increased. The gain of the awplificr is sufficient to keep the two
inputs 1 and 2 balanced (see Fig.5.5.2). The refore, any change in
the sensor resistance is immediately correccted by an increase or
decrease in the current through the sensor. The output of the

system is the vollage output of the amplifier which in turn is

. Y 4 aartve the nec ary current throughl the
the voltage required to derive the necessary &




sensor
R

air direction

A = Amplifier
R1 R2.R3,& R are resistances

FIGURE 5.5.2CONSTANT TEMPERATURE TYPE BRIDGE
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S80S0 (Plate No.2 shows the phy

sical size of the bead).

The Simon Shielded hot wire ancmometer was developed at

the National Physical Laboratory (Omur 1966). The anemometer

operates on the hot wire principle, Impinged air tends to cool

the heated wires which are heated up with a standard current of

0.5 amps, standardization being affected by operatirg the switch
and adjusting the coarse and fine current controls, until the
galvanometer gives a specificd reading. The head consists of a

;7i hot wire about 3 cm. long mounted in one bo re oI a very small
twin bore silica tube; the other bore contains the thermocouple

which is used to determine the temperature of the hot wire. The

silica tube protects the hot wire against deposits and ensures

permaneucy of callbration. The standing e.m.f. of the thermocouple
1s backed off by the zero setting control, while the anemometer head
is covered. The output from the thermocouple is read on the 15 cm,
scale length of the reflecting galvanometer. The relationship

between air speed and the galvanometer reading is non-linear,

hence direct readings are not possible, but calibration figures

are previded by manufacturers, enabling the air speed to be de-

termined from any scale readings (sce Appendix 5.1).

(ii) General limitation of direct measuring velocity meters., kach

direet measuring velocity meter has certain charucteristics which
limit its accuracy. These are:
(2) the short length and compression of the scale in certain

e a3 -1 PP
ranges which reduces the precision of the reading.

(b) The fluctuation of the pointer during a velocity measurement,
limits the certainty of the exact point to be read.

s . - S 4 SUTENE lepends on a number of
(111) Measurement accuracy. Any measuremeént depend r e

factors, These are:

‘ (a) the accuracy of instrument

-9 -




(b) Fhe ability of the observer to record that
he sees on the instrument

(¢) the actual fluctuations of the air flow
The user of the instrument has very little control over ths accuracy
of" the Iinstrument. The general procedure is to accept the manu-
facturer's estimate or arrange for calibration by a specialist. For
the instruments used, a detailed factory calibration chart and data

as well as the laboratory calibration were applied (Appendix 5.1).

5.2.4 Comparison of Devices for measuring air flow,and their choice.

In Table 5.1 are given the principle characteristics of
some of the devices used for the measurement of airflow. It can be
seen from the table that both the standard pitot and special tubes
have accuracies dependent on the sensitivity of (he manometer used.

Considering the requirements and limitations of research
facilities, the preferred methods of measurement are:

(i) Pressure tubes i.e. pitot static tube and averaging pressure
tube in conjunction with inclined manomsters and MDC mic ro-
manometer. A single horizontally traversed averaging pressure
tube was fixed at the middle of the test section of the wind
tunnel,

(ii) Direct velocity measuring instruments i.e. AVM Thermistor
alr velocity meters, Simmon Shielded hot wire anemometer
type 5115F and velometer.

The considerations given to the choice of' these instru-
ments was that a conventional and practically accurate instrument
should be employed in the laboratory test so that industrial usage
may be followed. Therefore, any systematic errors arising will

be comparable with those arising in normal use and the accuracy

of results is directly appicable.

The instruments are all calibrated, the detail of the

~ 9l -
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calibration is given by Appendix 5.1

5.3 Calibration of Wind Tunnel Assemblies,

5.%5.,1 Introduction.

The purpose of this calibration was to study the flow
conditions and t'low rates in the muin duct section i.e. middle
duct (see Drawing No.l) for different system assemblies. The
requlrements are as below:

i) To use a method accurate wund rapid enough to rate ths
alrflow through a duct asseubly,
ii) To find the pitch angle setting of different duct
assembly for an equal suction flow rate.
iii) To find the flow conditions ror u uniform steady state
; required for the calibration of ancmometers.
Methods are discussed in previous scctions,

The third requiremcnt has been discussed previously,
where it was concliuded that the averaging pressure tube has
distinct advantages and it was applied to fulfil the first and
second requirements.

Generally, there woere two types of wind tunnel
assemblles:

i) All the ducts of the assemblics were of round cross section.

ii) The suction openings were of non-circular cross section.

Procedures of callibrations ars as below.

5.%.2 Calipbration of Wind Tunnel for Testing Round Ducts.

The first type of wina tunnel agssembly under test

consists of three sizes of round suction opening, with or without

flat plane flanges. These ducts are assembled on to the main

duct via a transition piece (Drawing No.1). Dus to difference
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of test duct size and length, the flow rates at the maln duct

section were widely different, therefore the descriptions are

given separately.

(1) Smallest size and shortest lengtn round test

duct. This duct was used a: ¢ by-pass duct for the square duct

as well as an individusal test section, This is a duct of 152 mm.

inner diameter ana 1.19 metres length (qu1§§?€DﬁNMmgrv03». This

duct was attached +to the main wind tunnel via the transition plece.

The position of the flowmetering plane of the main duct was less than
10-diameters distant from the first change of the cross section

(i.e. transition piecce of enlargemunt section). Consequently, the

flow at this measuring plane was found to be very fluctuating.

Therefore, flowmetering by pitot-tube was very much affected by

pulsations, hence erroneous, but flowmstering with in averaging

pressure tube showed less fluctuation and was more stabls than
pitometry. Figures 5.6 and 5.7 are the calioration lines and
pressures measuramsnt recorndings respectively for the wind tunnel
assembly testing this round duct.

(ii) Middle size round test duct. This is a duct of

Qs

343 mm. intemal dizmster and 2.4 metres length (Rowz(See drawing

Mo.3z)). Due to long length and large diameter of test duct, the flow
condition at the main duct was more settled. Figures 5.8 and 5.9

show the calitration line and pressure fluctuation tracing. As it

can be seen from these figures, the flow conditvion at the main duct

was fairly laminar.

(iii) Largest size round test duct. This is a duct of

P B N A0 Cef o WIN
457 mm. interal diameter ang 2.4 metres length (IXOw3, (See Dra S

NOL3)

(o aw e tes s wit o her te
For a numoer of [low rates, as with the other test

duct under test, flowmetering 4t the main duct section was carried
. 2 5 L
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igures

traces.

As it can be seen from the plotted data and traces,
flow at the main test

5.47, 5.48,

~ the
duct was very nearly laminar,

averaging presure tube and pitot-static tube. I'ig. 5.13 shows the
e sy e fl s . .
the velocily profile using AVMSCLF, which shows the state of fully

developed airflow inside the main duct for the range of suction flow

rates. In Iigure 5.1 the high flow rate point and low static
pressure readings are the outliers and it is due to the experimental
£ITOrS.

5.3.3

4 i X J1 : . 5
.43 show the- calibration line and pressure recorded

Figures 5. 46
show a comparison of velocity pressure fluctuations using

Calibration of wind Tunnel for testing Non-circular Test Ducts.

The second type of wind tunnel assembly consisted of

three different suction openings, with or without flange. These ducts

were coupled to the main duct via the same transition piece as previous

test duct assemblies, Description of calibrations is as follows:

(i) Testing Rectangular Ducts.

test ducts which required calibration (Drawing No. 3, R:c. 1 and Rec,

2). The calibrations .were performed for both plane and flanged

opening ducts.

recorded., Iigures 5.14 to 5.17, and 5.19 show the flow condition and

calibration line at the main duct section respectively. Nonlinearicy of .
I'igure 5.19 is partly due to extent of the laminar development length
(See insertion in Fig. 5.13).

For the case of Rec. 2 duct, the flow condition at

the main duct section was less turbulent than in the case of the Rec.1
duct. Also in the cases of flat flanged ducts, the [lows closely
resemble those for unflanged ducts (Figures 5.14 to 5.17).

(ii) Rectangular Hood. Two calibration tests were
performed for this hood, one with and the other without» flange.
Figures 5,20 and 5.21 show the calibration line and traces of

velocity pressure recording respectively. As these Figures

-104 —

There were two rectangular

The pressure measurement of the main duct section was
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show the Tlows are not very turbulsnt, Although the fluctustion

ror low fiow rate is luss, jts intensity is not greater than the

case for rectanguluar ducts (see Figures 5,18 to 5.21).
(iii) Squ=re Hood . The square hood wus designed for
use in calldrating air velosity measuring devices. It is flarged
and the tlange is shaped elliptically to preserve the streamlines
of* the air flow., The flanged Opening arca is 0.7821 n®. The square
section has an area of 0,28622 n?, Drawing (2) shows the design
detaills,

Testing consists of the study of the velocity profile
acroes the square duct, flow rate measurement for cach know. pitch
angle setting of the fan, symmetry study at the suction zone, and
finally visualization and observation of strcamlines of air flow,

The pitot-tube anemomctry was set in  British Standard
(BS 848: Part 1 1963) and was the method used to obtain tlie iverage
velocity at the centre cross-section of the stream (Draw1ng No.2).
Veloclty pressure and static pressure respectively were determined
by pluacing the standard pitot-static tube at the location shown
by Figures 5.26,5.27 and Drawing No. 5,

For each flow rate (or fan plteh angle setting) a toval
numbe ¢ of 4 8-velocity pressure readings plus 48-statlc pressure
readings were recorded. Then veloclity was computed f'rom the
formula, The average velocity for this cross-section of the stream
was obtaincd from the arithmotical average of the point velocities,
and then the volume flow as obtained py multiplying the area of

the airsway by the average velocity. This procedure was continued

for ten different pitch angles. Figure 5.28 saows the plot of the
" \a ompu ted fror and V respectivel
flowrate (shown by - ana +) computed from v, BAR i y

sie SP (shown by X) for each systom sel up.
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5.%.4 Discussions and conclusions.

callbration,

i)

ii)

iii)

iv)

=, iy el T

The following points may be drawn from the wind tunnel

|

The velocity at the centre region is {uirly uniformly dis-

tributed. This meuns that the velocity at points 20,21,28
and 29 (see Fig.5.22) at the cross section deviated by up
to a maximum of 0,167 m s which is within the accuriacy
range of' log-linear pitot-static tube anemometry (i.e.2%,
Owen et al. 1966). The case was better with a 26-points
method (see Fig.5.23).

Because the square duct is not absolutely geometrically

symmetric ig.ab the corner as well as the throat area, the

distribution of' the velocity at each symmetry point of the

diagram 1s not always the same. However, for quite a number

of locations, wveloclities were virtually the same. ;
The centre line velocity computed from the centre point
velocity pressure readings, with a pitot-static tube, was
compared with the average velocity calculated from 48-points
reading. The ratio oi centre velocity (Vc) to average velocity 1 ;;
(VBAR) has an average of 0.87545 (duct coefficient). Lgnoring
the unreliable values corresponding to low pitch angles, the
average will be 0.896 which can be taken as a good ratio between
the centre velocity and the average veloclity for the whols

range of flow rates {or s square flanged hood (Fig.5.25).

For the study of the effects of equal flow rates through
different suction systems one has to set the two systems

to an equal suction flow rate, To do this a simple and

accurate method i required. For the reasons stated on

averaging pressure tubes (§5.1.3(i1)), this method has
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iv) contd.

been chosen. Velocities obtained with averaging pressure

tube in conjunction with the pitot-tube for the static

pressure readings (or 3-wall static port connected to a

single tubc) are reluted to the average velocities

obtalned by pitot-static anemometry (see Figures for cali-

brations of' wind tunnel). Figures 5.24,5.27 and 5.29 show

the callbration lincs and veloclity pressure tracing

respectively, when testing the square hood (see also

schematic in Fig.5.2U). Fig.5.25 shows the duct coefficient

for the whole range of the operation capacity of the fan.

Therefore, if one wishes to study the effect of a knowi

volume flow rate (s.g. 0.9 w®/s” ) on the velocity distribution
at the suction zone to compare with other openings, the first step
1s to find the corresponding velocily pressure by averaging pressure
tube combinations (.. 1.5 ww WG), then from the wind tunnel cali-
bration lines find the corresponding fan pitch angle. Finally, by
adjusting the pitch angle setiing und observing the prescure reading
gauge ‘approaching this value, Checking for the equilibrium und
stable condlition, is the insl step of the suction flow rate setting.
With one or two more pressure rexdings, by switching the fan on and
of'f!

s, 11 the readings are the sawme, this means that the whole system

: : . . L3 =1
is set up to the required conditions (1.e. 0.9 m°s™%).

5.4 Recirculation Air Velocvity

5.4.1 Introduction

As vreviously mentioncd (research facilities section),
the wind tunnel room is a closed chamber, The air drawn in, passes
Oveér the filtration section und through the system over the motor
through the silencers, and is finally discharged into the room.

This recirculation caused some directly opposite movement to the

suctlion air flow . To «low dowr: thie dilsturbance a2l “flow  two
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culation air speed,

coordinate point |

the airflow,.

o

ce caused by r

one velometer was placed at the

~3.40, 0.57, 0.665 meters) relative

to the origin which is the centre of the suction opening.

variation of tur-

The test data was compared with

bulence caused by average human inhalation

and exhalation.

The following is the description of tlhiese tests.

5.4,2 Recirculation

Cross Current.

As previcusly stated the cross

current caused by recir-

a velometer direct

culation was measured

air velocity

suction

meter. At a fixed position and for a

the variation

flowrates, for the largest round test duct,

“of velocity was recorded.

Figure 5,29 shows

relationship of suction flowrate

and recirculation velocity measured at point (~3.h0, 0.57,

0.665 meters)., It

seen that there is a linear

elationship betﬁeen the fluctation of wvelocity and flowrate,.

Also this the wvelocity measured at a significant distance

away from the suction zone area which is almost negligible

velocitye.
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CHAPTER 51X

=
5

RMODYNAMIC STUDIES, TYPES OF TREATMENT,
TATIGT1CAL AND METHODOLOGY OF ANALYSIS
TOF DATA

93]

As stabed in chaptler 2 above ballaValle et al (1939)
stated that the freguent ineffectiveness of local
exhaust ventilation could be partly attributed to the

lack of sufficient knowledge of factors governing the

operation of suction. The literature survey showed that,

although attention has been drawn to the role and sige~

nificance of these fuctors, and some investigations have

p—

yoen made, there 1s a 1ack of consistency between the
relationships found by different investigators. The
mathematicael models given by adifferent investigators
are different. The discrepancies in applying these
formulae are far too great to be dismissed (rFigures
6.1, 6.2 and 6.3). The present study was undertaken

in ordexr toO obtain detailed and Treliable data on the

aerodynamic chara acteristics of simply shaped captor hoods,

i.e. round, sguare and rectangular suction openings which
3 & 3 oy

could by analysed mathematically and statistically to
present a newv empirical relationship.
1n operation, an exhaust opening creates an air velocity
t the point of contamindnt generation which in the case
of & well designed, installed, maintained and adjus ted
system 18 sufficiently great to carry the contaminant
into the collecting system. Although the minimum air
velocity at a peint, required oT the efficient removal

of contaminant par rticulates depends upon a number of

removal of contaminant particulates depends upon a numbex

of factor, capture etficiency constitutes the primaxy

specification upon which the design of captor hoods must

be based.
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upon which the design ot captor hoods must be based.

The point ailr velocity in the zone of' influence of a
suction opening depends upon a number of factors which must be
considered in the design stage. The most important factors are:

i) the shape, siue and state of opening (i.e. flanged
or plain);

ii) the distance of the point of the hygienically safe
position of work (i.e. coordinates relative to the
centre of suction opening);

iii) the position of hood relative to the source of
pollutant; and

iv) the total airflow through the suction opening.

The above factors coanstitate what may be termed the
aerodynamic characteristics of suction openings, and their in-
fluence upon the ailr velocity at the point of pollutant generation
should determine the choice of hood and minimum airflow require-

ments,

6.1.2 wxperimental Set-up.

Thz wind tunncl as an exhaust system consisted of 4,30
metres length of 0.9 metre diameter round duct followed by fil-
tration compartment, silencer, fan and motor zud then the dis-
charge side silencer (see Drawing No.l). Indrawn air was recir-
culated I the room. The disturbance caused by circculation of air
was controlled by mzans ot two fully crossed hesslan curtains.
Variation of the rate of air flow through the system was obtalned
by means of a remote control device by varying the fan blade pitch angles,
aud the measyamnt o' flow through the system was achieved by means of an
averaging pressure tube inserted in the midd.c section of the main

duct system., The test ducts wesre coupled to the maln duct via a

transition piecce, Details on the physical dimensions and cali-




prations were discussed in earlisp chapters

6.1.5 Procedure of Aix velocity measurement ,

The test section to be studied was connected to the

wind tunnel system and air was drawn through it at a measured

rate. Six identically calibrated air velocity meters (AVM502) and
ong Simmon shielded hot wire ancmomuter which was calibrated by the
pmanufacturer and at tne laboratory , were the muin measuring in-
struments. The sensor probes of the (AVM502)’3 and. hot wire

were Tixed to the specially built clamp adopted to the size of

the probe stem (see Plate Nos. 1 to 19). The clumps themselves
nere fixed to a4 horizontally placed rod, which in turn was fixed

to a vertically placed rod,this rod itself was fixed to a carriage
wnlch could be moved from side to side. The whole system was fixed
to a base which was itsell mounted on three wheels. The wheels
were placed on two tracks which were fixed on the floor and centre lined
up wita the main duct of the wind tunnel. The carriage can be
rolled in and out along the centre linc of the whole duct system.
Therefore, any instrument fixed to Lhe probe holdiug cuarriige can
be moved at any point in 3-dimensions ' e This
movemant and consequently the position of probues at each instance,
i1s in just one plane, and along on¢ axls. In some casesa baunk of
six AVM502 probes, one hot wire anemomcter head, and somctimes a
smell pitot-static tube, sensor of AVMB0LF, and a prandtl pressure
tube were vertically placsd on the suction zone, The alr velocity
response readings from the gauges were recorded for sach coordinate
as far out from the face of ths suction

set up. Readings were takcn

<

. M e fie e ¢ osensitivity ' ne
area as possible, the limiting factor being the sensitivity of th

. =1 e o =
Simmon Shiclded hot wire anemomecter (i.¢. 0.002 ms ). The gauges

o - . Lo P A ;s suct’ influence one .,
were placed on a bench far away from the suction influenced z




All probes were cunnaected to the gauges by means of extension cables
and accessory devices (i.e. maltiplexer as intermcdiate set uo to a
single gauge for six probus of AVM502, see plate 1 amd Agendix$2.Careful
location or sensors with refurcnce to the coordingte system with origin
2t the centre of the Oopening, and the X-axis coincident with the duct
centre line, was obtuined by weans of the meationed probe carriage
coordinator. The true position of the probes was + 2 mm. deviation
from the set uv position, The coordinate  weasuruunenbs. were taken by
means of a conveuntional tape measure. The steel rods were of

sufficient thickness to withho Lithe reuired weight without any
significant deviation from vertical. The vertical and horizontal
position of the rods was also choecked conventionally. To counter

balance the weight of the clamps ana probes on the horizontal rod

J
a welght was hung in the opposite dircction to the horizontsal and
vertical rods, Its distance anu height was chosen iu such a manncp as

to guarantee not %o creat: any obstruction to the air flow in the
suction zone aud also far away from the measuring sensors, This
counter weight also helped to stop the whnole messn ring sensor from
shaking in the case of high suction flow rate.

For visuslisation of streamline, a smoke tube or smoke
generator  probe was fixed to the probe carriage system, Picture
plate 3 shows the probes, pressure tubes ang smoke generator source

fixed to the carrizge coordinator.




b

G.l.4 Types of air velocitv {(or flow) measurements

Table 6.1 gives the types of experimental test and for

each duct under test the following types of measurements

were performed:

(i) Centre line velocity measurement

(#i) X¢=-Plane velocity measurement

(iii) XY=Plane wvelocity measurement

(iv} Ellipse Jocus point velcocity measurement.

{(v) Velocity pressure with pitot tube at a distance
very close to the opening for average. face
velocity and centre point velocity reddings.

( see plates Nos. 2&1931

6.2 Tyves of Data Treatments, ?

Tables 6.2 and 6.3 are the example of .the types of data
collection. These types of experimental data were treated
both graphically and statistically.

~

.21, Granhicasl Representation

Graphs of velocity versus distance; velocity versus
non-dimensional ratio (X/HR); velocity versus nondimen-
ticnal ratio (X/Deq) and(V/VBA) versus (X/ JA) are some
of the types of graphs which were prepared. Graphs based
on logarithmic scales of wvelocity and of distance are

the other type of presentation. In any graph the symbol
of’ a hexagon with a vertical line on it represents the

observed velocity.

6.2.2. Statistical Treatment

The task is to determine the functional relation between
the suction velocity and m number of variable related to
the suction aerodynamic characteristics with the help of
experimental data. The problem to which attention is
given is that of data fitting.

The most common method for fitting is least sqguares,
Those values of the parameters are chosen which give

the beét fit of the experimental data to a model using
the least square criterion.

The literature survey on the existing empirical and
theoretical structural formulae on the suction aerody-
namic character showed that all these equations are of
nenlinear form (Table 2,1). Therefore, data treatment

calls for considerable computation.



A literature survey of data fitting computation showed

that the existing computer packuge programmes are quite sufficient
for the treatment of data. The package used is the Statistical
Package ror the Social Sclences (SPSS), (section nonlinear re—
gression (1977,1979)).

Appendix 6.1 is the computation programme and the example
of' the statistical consideration of the nonlinear regression analysis.
The package was not avallable at Aston Computing Centre, therefore
data were processed and prepared using the available computing
facilities at Aston, then the prepared files were asked by the Centre
to be transfeerred to the University of Manchester Computer Centre for
the final treatment.

6.3 Methodology of non-linear regression analysis of data.

The alm is to determine the functional relation between
the point wvelocity at the suction zone and a number of independent
variables with the help of experimental data. The mathematical form
of the functional relation is written in the form of a regression
function:

V = f(x,D,V,, ,HR,AREA ,AR; b, ,bg,ba,bg,bs,bg)

BA°

where the function f is given mathematically, but the unknown i rda-
meters, bi,bg,...bi, .. have to be estimated from a set of observed
velocities,V, and associated independent variables (i.e. %D, V5,
HR,AREA ,AR). The method of estimation most frequentliy employed for

the estimation of the b. in the above expression, is the method of
i

Least Squares:~ with this method the differences V-f, between the

Observed velocities, V, and The responses computed from the assoc-

lated inputs, through the regression function, are formed

bl}

using a trial set of parameters bg,...bi. The sum of squares of

—_ 1T -



These differencesis then an i-variables function of the
trial parameters and minimized as a function of these
parameters.

Table 2.1 shows that the 'f!' functions are non=linear in
paramelers. When the regression function is non=-linear
in the parameters, both the theory and the practice of
he estimation procedure is considerable more difficult,
This section is concerned with the methodology of non-
linear regression analysis to produce a éet of curves
based on the least squares assumption. From these
equations aerodynamic parameters may be derived. It is

a numerical technique of computing Least Square estimate

1.
{for solutions of the system of non-~linear e vations,
g

Appendices 6.2, to 6,3 are the S$SPSS programme and residual

outputa.

Appendix 6.3 gives the extract from the SPSS computationa

output. These data provide information on devision criteria.

6.3.1, Decision Criteria

Decision should be based on the following questions:

(i) which of the models give a better prediction 1i.e.

better fitted to data or less RMSRj

(11) Which model provides highest precision (i.e.
lowest standarderror);

(iii) Which model minimises bias (i.e. the difference
of estimator and response is as close to zero
as possible);

(iv) Which model is more unbiased than the other

| (i.e. the difference of major factors very close

to Zero)‘

Let us discﬁgs a little about the lack of fit and errors
involved in data fittings. Statistically the error 6Hf an
incorrect model is of two types, biased error and random
error,

The residuals contain all available information on the
way in which the fitted model fails to properly explain
the observed vafiation in the dependent variables.

Random error has a zerso mean, and this is true whether




the model 1s corrsct or not, in contrast, biasad error is just
due to the lack of fit. Biased erroc for a correct models is ZEro,
otherwise its value depends on the truc model and the value of
independent variable,

Other property of raudom crrop is that they are
correlated and the sum of square of rundom error has expected
or mean value of (n-2)o®, where 6® is the 8rror varisnce, As

the equation of residusal moean SQui e

Residual sum of squure
Residual degres of freedom

Residual mean squure (RM3)

has expected or mean value o® ir the postulated model is the correct

forw, or ¢® + 3 (Biassd error)/(n-2) if the model is not correct.

Therefors, a correct model is eQuivaicnl to zero biased error, and

residual mean squzre can be used as an estimate of the

error variance o*, However, 1! the model is not correct, that is
Biascd error = Bi A0

then the residuals contain both random (qi) and systematic (Bi)

components, Therelore the RMS ao longer provide a satisfactory

mezsure of the random variation present in the observation. Since,

however, the mean squuare is 4 random variable it may, by chunce,
not have a large valuz even when bias does not exist. In order
to fuina where and how ths model is inadequate, calls for the

exdmlnations of residuals.,

6. The sxamination of residuals,

The residusl is the diffcrence between predicted and
Observed values i.e. orediction-observation = Residual = Res,
It may be called ths observed crro. i the model is correct. In
examining the residual, the following assumptions have beern made:
i) errors are independent;

ii) errors have zero [l




i1i) errors have a constant variance o°
iv) error follows a noprpal distribution.

Thus it the fitted model is correct, the residuals should exhibit
tendenciss to conf'irm the above assumptions, or at least should
exhibit a denial of' the assumptions. This is the concept that
one should apply in examining the residuals, This ip
equivalent to the question "Do the residuals make it appear that
our assumptions are wrong?", After examining the resliduals, we
shall be able to conclude eithar:

i) the assumptions appear to be violated or

ii) the assumptions do not appsar to be violuted,
“his means that on the basis of the data we have seen, we have
no reason to say that they are incorrect,

Ways of examining the residuals are all gravhical jare
easy to do, and are usually very revealing, when the assumptlons
are violated.

One way of plotting the rssiduals is against the
independeat variable.

The scale univ of residuac (abscissae) plot is tue
root mean squars residuzi (RMSR).

Two vertical bands were sxamined i,¢. +3 RHMSR and

+1 RMSR (see Appeadix 6.2).

6.5 Rankin?,.Appendix 6.3 is an extract of data from SPSS computation
output, The values of columns B,16,11,12,14 and 1% were rauked,
For values on coluung , ranking starts from 1 corresponding to the
lowest valuc and highest rank to the high value of RMSR. For columns
10 and 11 cank 1 for the smailest value and up to the highest rank of
the larger numbers. Conversely i'or the values on column 12

1l corresponds to the cases of the highest value and higher ranks

i

to lower values,



Finally, for columns 14 and 15 runks of 1 for the minimum values
of about $0° and highest rank ior smallest value of angle.
These ranked values for each model are then averaged.
Bias tests suggest that if the model is a perflect one the
difflerence between initial values of parameters and the final
value of parameter must be zero or very close to zero. To
perform the bias test, column 7 was calculated, then squared,
and averaged and square rooted, then these values for gach model
were ranked again i.e. Pank of one for the smallest value and
highest rank for the largest value. Finally, the best fitted
model will ve chosen among the others on the basis of these
final values of rank. In principle the model which has the
lowest mean rank and the lowest root mean square is the best

fitted model.
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ected area in front of different size, shape and

TABLE‘S 2 Corrected velocity measurement at symmetry point in the suction aff
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PLATE 1. Air velocity metering gauges placed on a
bench at a distance far from suction affected

area.
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ze of thermistor bead
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Cross blower flange opening

6 probes of AVM 502

<%
<&

Hot wire anemometer head \

Smoke generator probe

Prandtl pressure tube

Pitot-static tub Rubber tube connected to a smoke
Fitot-static 1ipe tube and a squeezer bulb

PLATE 3. Arrangement of air velocity measurement, testing
round opening suction duct.



!

\\\\ Simmon shielded hot
wire anemometer

Pitot-static

tube N
Prandtl pressure
tube type 607
Six AVM 50
air velocity
meters
PLATE NC.4 Air velocity measurement arrangement, testing

rectangular opening suction duct.



Plate

Smoke generated at 0.86 m distance from the
centre of suction opening along the centre line
axis when the suction is nil.

3 -

6 Stream line and suction effect of 1.06 m sec
suction flow rate in front of flat plate flanged

round duct (D 0.152m) at 0.86 meter distance

from the centre



1

I

LATE

1

10)

7

The distance of smoke generation point was
increased from 0.86m to 1.28meter along_the centre
line axis of suction opening when 1.06m sec™l

of air is drawn in through the system as plate
number 6.

- ]_5{%..




(a) Suction flow rate is O.7lmasec , Smoke tube at 0.812m

(b) Suction flow rate is O.7lm33ec-l, smoke tube at 0.9m

3 -1
(¢) Suction flow rate increased from 0.7l to 0.83m sec ', but
smoke tube is at the same position as above (ie 0.9malong centre line
axis)

Plate No 8.1 Comparison of suction effect in front of flanged round duCt(D:O.lSQm)



. . 3 -1 .
(a) Suction flow rate is 0.397m sec ~, smoke is generated
at 0.85 meters from the centre of suction opening
along centre line axis.

3 -1
(b) Suction flow rate increased from 0.87 to 1.03m sec 7,
but smoke generation position kept the same as above

experiment (ie 0.85m)

PLATE NO.8.2. Comparison of the effect of suction in front
of flanged round duct.




. Y
23 i L
R e
B T

PLATE NO 9 Trace of smoke filament as stream line of suction
in front of unflanged round duct (D = O.343m)




Protractor

Prandtl pressure tube type 607

‘10 Smore trace

the centre line axls stream line

| rectangular opening suction
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PLATE NO 12 Suction effect of flanged rectangular duct



PLATE N0.13 The position of smoke source and suction flow
rate is the same as the plate no. 12 but cross
blowing is switched on.



measurement in XZ

PLATE NO.14 The arrangement of velocity
plane on the locus point of ellipse of major

axis along the length of duct and focil at the
edge of suction duct.

N




PLATE No. 15 Rise of smoke cloud in front of rectangular
hood with no suction.
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PLATE NO. 16 Illustration of capture (stream line) of smoke
generated at the same position and place in
front of rectangular hood as plate no 15 .

Y.



PLATE NO.17 The position of generation of smoke and the
flow rate of suction are same as the plate
number 16 , but the suction is crossed by
a blow air flow as extraneous air movement.




PLATE No. 18 This plate shows the capture effect and the
position of probe of the air velocity meters
for the point velocity measurement in front
of rectangular flanged hood.
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PLATE NO.19

This plate shows the shape of flange and the
stream line of the capture of smoke in the
centre line axis in front of square flanged

hood.
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AND DISCUSSION

7.1 Intreduction

Experimental data (see table 6.2) were collected by

testing a range of different suction opening for

different suction flows, different pianes of measurement,
different axis of measurement and different condition of

\

nged or unilanged).

w

opening (i.e. 11
These data were treated statistically and graphically.
The following sections are devoted to the description
of the presentation, results and discussion of the study

of the aerodynamic characteristics of suction openings.

Centre~Line Velocities

\'z

Since captor hoods ordinarly draw contaminated air from

the area directly in front of the suction opening, the

chief factor governing the suctinon efficiency is the
distribution of air flow in this region, which flow is
customarily represented by centre~line curves,; the follewing
are the results of centre-line velocilty measurement and

analysis.

7.2.1 Rectangular Duct No.1l{( see drawing No, 3)

Photographic plate No.4, Table 7.1 and Figures 7.1 to
7.19 are the measuring arrangement, best emp irical formulae
and graphical representation of data collected by testing
the rectangular duct of aspect ratio 0.6 (ratio of small
side to large side of opening) reSpecfively.

The entries of the final empirical formulae in Table 7.1

are in descending order of testing the decision making

(9]
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!
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ee Chapter six , section 6.,3.1)

Figure 7.1 and 7L show the closeness of fit. Figure
7.2 and 7.6 show that the transformation of variable in
order to check the linearity of relationship is not very
satisfactory, especially for low suction flow. Figure
7.3 is the velocity versus a non-dimentional factor for
a general comparison of velocity variation of different
geometrical suction openings, Figure 7.5 shows the dis-

crenancries of the observe, calculated and




Predicted velocities. Descriptions of other Figures

will folow accordingly.

7Te2.2. Discussiocn

The empirical formulae given in Table 7.1 are chosen
from the othersy on the basis of the decision criterion
(see chapter 6, sec*tion 6.3, 6.4 and 6,5).The statistics
of’ each model were ranked in ocrder to find the best fit,
least biased and most precise model. Measurement were
taken for two conditions,

(i) Flow rate th: same and position of measurement

varied.

Treating this data for the curve fititing of models
given by fable 2.1 and appendix 6.1 resulted entirely

different equations. Table

7
!

«1, column 3 contains these
reconciled equations. For example Pruzner gives the
following equation fcr the X/HR greater than 2

-1.7.

/ X/ HR
\V LX) (7.1),

BA 1+(X/HR)"1'7

Whereas the analysis resulted the rollowing:

. 10,9 (x/HR)"=-?1

= 0029 - (712).
VBa 1410.9 (x/HR) <21

For the X/HR=5 above equations resulted 0.0668 and 0.0687
for V/BA respectively, ~Which it means approx. 11.5%
differénce based on new eqguation, Figures 7.1 to 7.3
show the attenuation of centre-line velocity wversus

the distance.

(ii) The position of measurements kept unchanged,
but the suction flow rates varied (i.e. Q=0.,71

to 1.46 mjsﬁ} see figures 7.4 and Table 7.2).

Table 7.1 columrs 1 and 5 containe the new equation for
the analysis. Equations in column 1 are for the analysis
of data collected by above experiment, Reconciled equation

for Pruzner model is as below:




- . o "“2 e38
% A28 X/ 1R
Ty = 0039 LA/

BA 1+11.28(X/HR)

(7.3)

-2.38

This equation results V/VBAx 0.0767 for X/HR=%5,

which means an approximate 20.73% difference based on
the eguation. A

The eqguations of column 5 of Table 7.1 are the results
of analysis of the combined data of experiments (i)} and
(ii). The reconciled equatipn for Pruzner model is as
follow:

-2.129

V - P A
—Y . 0.6 (7.4)

BA - 143.82 (X/HR)

for X/HR=5, the ratic V/V becomes 0.0728 which means an

BA
approximate 16.,48% difference based on the results
ohtained by the application c¢f new equation.

In practice in order to predict the centre line velocity
in front of a rectangular suction cpening of 0.6 and 0.0L48m
aspect ratio and hydraulic readius respectively. Any of

the equations given in column 5 Table 7.1 can be used

without a significance difference of prediction.

Figures 7.1, 7.4 and 7.5 show the comparision of prediction
and the observed velocities,

Figures 7.4 shows that the effect of flowrate is linear,
and velocity attenuation lines are parallel., This
suggests that the ratio of point velocfy and average face
velocily must be conghnt. Table 7.2 contains theses ratios
(i.e° the FOW“ValueS) which are practically the same and
the column-values descreases as the distance of measure-
mrents fremthe centre of suction cpening increases

(i.e. as expected).

From Figure 7.5 it can be seen that DallaValle's equation
gives low velocity, conversely Fletcher's formula results
in high velocity and Pruzner's formula results in a better
prediction but is not very ﬁlose.

Finally, the following equation can be chosen equally as

a reconciled‘ mathematical expression for prediction of
the centre line velocity variation in front of rectangular
unflanzed ducts of aspect ratio O.é(HRxhydraulié radius

of 0.048m),




p=2.,09(x/a)° 97

1 €=2.496(X) (AR) /Va
v '
o= = 1/(1.5248.654°)
. BA

' C o Jrs Y =2 e 129 , _ -
F=3.82(X/HR) 77 TR P=1.62(x/ur) 2378

2
v , , .
—o =0,66R/(1+F) "ORY V=0.697V_ . F/(0.255+1.775F)
\BA BA ‘
lel/(l+0.25&((lvAR)/AR)O°98)
3 F :0.18A1'01X“2’129Fl
A N
= =0.66F/(1+F)
BA
F:8.Oll(X2/A)l'065+l.51
L ——%;—— ::l/F
BA

The numbers of equations are referred to the types of

models tested.

7.2.3 Rectangular Duct No.2 (Rec.2, see drawing No.3)
Figufes 7.20 to 7.25 are the graphical representation
of data collected by measuring the centre-~line velocity
in front of rectangular unflanged duct of aspect ratio.
0.5 (HR=0.,034m) for different suction flow rates.
Figure 7.2.,1 shows thé prediction (i.e. Q=0.97m35—l)
of centre-line velocity using DallaVelle,; Flectcher
and Pruzner formulae as well as the prediction using
the presently found empirical formulae (i.e. F$7.29)

F,—g?o29(}(,/31&)"2‘31‘,\/30.,33\%[L FA1+F), RMSR=0.136).
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Figure 7.20 shows the general trend of centre~line
velocity attenuation which is very much the same as
the Figure 7.1. Table 7.1 also contains the best

fitting empirical formulae for these data.(Column 7)5

7.2.4 Discussion

The following eguations are the reconciled empirical
formulae for the prediction of centre~line velocity in
front of unflanged rectangular Qucts ¢f aspect ratio
0.5(HR=0.0%4m) : '

p=7 .29 (x /) "2 34
1 V=0,33 VBAF/(1+F)

-

riu s o am2 a2l
B=u0,206(x, A}~

a:1.26x(an)ﬁ>JE

2
2 .
V:VBA/(S.sw ~-0.903)
L
4 vavy, /(16.8%° % /as2,999)
Fil=1/(120.259((1-AR)/AR))
4 F=0.2140985x"2 20y

V:OEBBVBAF/(1+F)

Same models, treatment and geometrical shépPe,but different
aspect ratio and hydraulic radius and suction flowrates
result in different parameters. For example the reconciled

equation for Pruzner's formulae is as below

- - "‘25 14
v e _7.29(x/1R)73"3 (7.5)
—w— =0.33
vV =234
. BA 1+7.29(X/HR)
Cemparing equations 7.3 and 7.5 the parameters difference

are obvious, The difference of parameters 0.39% and 0,33
and power indices ~2.38 and -2.34 are not significant.
Whereas the coefficients of (X/HR) 11.28 and 7.29 in
eguations 7.3 and 7.5 vwespectively are significantly
different which is not due to fhe suction flowrate,

For example substituting 5 for X/HH in equation 7.5

=
i

Tesults V/VB* =0.0479. This means an approximate of 206.93%
A -




difference based on prediction obtained from eguation

- . o . . . . ) Y4 . <

7.5 , whnich 1s slightly more than the % obtained by

using equation 7.3. This differences is due to the

difference on hydraulic radius 0.048m and 0.034m respectively

for ducts of aspect ratio 0.6 and 0.5.

The root mean square residuals are higher than those
for the treatment of previous duct centre line velocity
data, but still are within the range of magnitude of

ml)

°

ambient room air movement (i.e. Zero to G.5m s
Comparing Figures 7.4 and T7.20 énd 70%1 show that the
centre line velocity at a chosen pbint?and the same suctioii
flow rate is different. This velocity‘is high corresponding
to the high aspect ratio.

Looking at these Figures, it is clear that the general

trend of velocity distribution for gimilar suction openi

B
o}
4]
»

is the same,

Figure 7.22 shows that there is no significant differemnce
between the velocity predicfion by any of the equation

1 to 5. This Figure also shows that prediction by DallaValle,
is low at closer points and high at further points from

the opening, but does not deviate very much. On the other
hand predictions by Pruzner and Fletcher are very much
overestimated, but for the further points away from the

suction opening the predictions are the same.

Figure 7.21 shows the prediction of centre~line velocity
using the presently found formulae. It can be seen that

the prediction rTesults are overestimated for low suction

flow rates, whereas the prediction 1is good for high suction
flow rates. Finally in Figure 7.23 which shows the logarithm
of velocities versus the logarithm of distances for different
suction flow rate, the lines are not straight., Especially
at the further distance points (e.g. points beyond 0.63m

from the face of the openings) scatter is more. ‘
Comparing Figures Te2s. . 7.6 (for suction opening

of AR=0.6) with this Figure, it indicates that linearity

is better for ducts of high aspect ratio. This discrepancy
could be due to the experimental error rather than a

dependence on the size of the suction opening.




7.2.5 Rectangular Ducts,

The independent measurements of centre-~line velocities
in front of two unflanged rectangular ducts (Rec.1 and
"Rec.2 see drawing No.3} were treated combindly Figure
7.26 is the graphical represéntation of data.
The following empirical formula€¢are the mathematical
expressions of centre~line velocity with the variables
related to the velocity.
'
F=0.162(x/nr) "2 Ot
1 V=11.13V_ F/(1+F)
BA
RMSR=0,198

fue0.73(x/8)0 113
:0069}1‘,\ A /J)/J/
=V L .

v VBA/(1°++8 ko o

RMSR=0,11

N

F:7.08ux1'56/A"3°566

3 V:VBA/F
RMSR=0,18

- _ L1225 !
F1=1/(1+0.569((1~AR)/AR) ) 1 "(1+1 o3u(( ‘)/AR)0.67)
I F=o°9ouAl‘“5x“2‘1uF1 "OR ™ :o.o68x 019,138y
v=o=6hvBAF/(1+F) V=V, F/(1+F)
RMSR=0.1 RMSR=0,004

7.2.6 Discussion

The positions of centre-line velocity measurement for
each duct under test operation was unchanged,;  only the
suction flow rate was altered. After the completicn of
measurement recordings, line velocities in front of
unflanged rectangulaf ducts, taking 1into account the
effect of suction flow rates, and different aspect
ratiocs and hydraulic radius (i.e. AR=0.,5,0.6 and
HR=0,034,0,048m) . '




tquation- Nos, Q(Sectionsz

Yot

1 {(above equation) are,the’arlf

for the centre-~line vpioczuv m as
three rectangular suction oPe

individually and co bznod Te%p@CtJVelv

These are of the same mathematicsl mod&l e

different parameters and rooct mean

The power index of variable (X/HR\ ha&e the éala@
2,130 and 2.004, These figures 3uﬂf€ sTthat centféwliﬂe
point velecity is inversel Ly }70?“Tti0ﬁ$l to the'squéréh
of the ratioc of points distance from tﬂe centre of the
suction opening to its hydraulic ra diﬁsg Rearranging

the equation 1 {Section 7.2.4) Yields:

G s 2000, el 2 Ok . 2
V=1, bVBA(X/HK) /140162 (/R ) 1) (7.6) |

Figures 7.25, 7.26 show the prediction velocities using

all the above equations. As the HMSR is a precision

measure for curve Titting, i.e. the smdler the HMSM
the better the fit of the data to the modele Conseqn@ntLQ
citheir the above or the following equation can be cha Gn
as the best fitted model for the prediction of cenbrem.

line velocity in front of recltangular suction opening.

l n 7 ! K3 5
LT l+iO}QKlwAH)/AR)O o7
. w2 03¢ 1., 73¢
\ F=0.068x"% 019,1.38,,
\mvHA@{1+F)
Figure 7.25 shows the discr epancies OL obsarve

and predicted velocities by DallaValle, Pruzner and

Mletcheor formulae,

Te2.7 Rec tansular Hood

This is & hood of dimension 0.25%1.145m, rebtangular

Spening abruptly reduced to a round duct ( ee Draflng,

[%lS-hood_has the smallest sp@ct rszO in com 1spn
the other suction openings (1400§Hz0¢218) and'tbe'ﬁj
 hudra aulic radius HR=0. 103m) ., An11y51nﬁ the dat& oh'

line veilo tiés;'ﬁcaﬁured in front o{ tbzs Aooﬁg
‘fQilowing empirical formulae arige 33;t“
fduation

or the prediction of-centre




F = 0.33(X/HR)"?"°° §
1 V = 28,96V, F/(1+F) 1
RMSR = 0.37 !

0.72(x/p)"0-22®
2.4,8 X (AR)P

il

p

a =
2 vV = VBA/<8.645a2—0.258)
RMSR = 0.39

F1=1/(1+40.352( (1-AR)/AR)" *©%)
3 F =0.0102A% 204y 2 56,

V =25.83V, F/(1+F)

RMSR = 0.4

_ 2. :
vV = VBA/(8.13X 24 /0-0.25))

L
RMSR = 0.37
_ . 2:148y=2.5
F = 0.0082(Deq) X ©
5 V= 25.96VBAF/(1+F)
RMSR = 0.38

Figures 7)_7) 70K and /.29 arve the graphical representations

of centre-line velocity attenuation.

7.2.8 Discussion.
Figure 7,27 shows that the velocity attenuation is

not very sharp, and suction flow rate has a fair linear effect on
the attenuation. Figure 77J28'3how5 how prediction velocities cal-
culated using DallaValle, Pruzncr and Flotcher formulae, are all
underestimated. Although Fletcher's prediction values do not deviate
very much from the corresponding observed values they still are low.
This Figure shows that the prediction velocities using the found
formulae are very much closer to the corresponding observed centre-
line velocity. Although the range ol RMSR statistics 1s not very
wide, each individual RMSR value is a bit high i.e.0.357 to 0.4 ms™*,

Figure ;7;Zq shows that the variable transformaztion does not indicate




a linear relationship between centre-line velocity versus the distance.
Table 7.6 contains the best empirical formulae, resulting from treat-
ing the experimental centre-line velocities., These formuilae show

that the centre-line velocity is proportional to the inverse of

the square of distance of the measurements,

7.2.9 Testing Round Duct No,1.

This is a round duct of 0.152 m diameter and hydraulic

radious 0.038 m, The centre-line velocity along its axis was

measured for a number of suction flow rates, (i.c. 1.255 m®s~ 1
to 2.1 m®s™* for 7 different air flows). The following equations

give the best fitting mathematical relationship of variables

studied.,

F o= 3.497(X%/8)*%%¢ 9,73
= VBA/F
RMSR = 0,2

i R

F = -0.031(Deq)2'21x“°'874
Vo= -9.39Vy, ¥/ (1+F)
RMSR = 0,65

P o= O.j}(D/X)O 0915DO.154
V = %%XF/(1+F)

RMSR = 0.64

=0.2(X/A)"0"5%

= 1.99 x (aR)F X
= VBA/(9'28+7'78a2>
RMSR = 0.4

< R T

F, =1
F = -0 ,047A" 88y 08 78R,
V = «18.35VBAF/(1+F)
RMSR = Oo7
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Figures 7.30 €6  7.32 are the graphical representation of
data on centre-line velocity in front of round unflanged
ducts (D:O,lS?m)° Figure 7.30 shows that the decay of

velocity versus distance from the centre of suction

opening is not quite the same as for the Trectangular
L . L ) L, P 3 =1
duct (see Figures 7.4 Tos Q=1.255% m~s and 7.21, for
S T « i
Reli.2m s )c AS the distance increased tiie drop in velocity

shaper than for the same point in front of the rectangular
cpening duct, |
The band of the asymptotes of velocity attenuation 1in
front of a round duct is narrowér thanithat of the rectan-
gular duct. This means that in this'caée the effect of
increase cf suction flow rates at further distances awvay
from the centre of sucticn opening, is insignificant,
whereas the case is different in front of rectangular
guction openings.

Figure 7.31 shows that the calculated velocities wusing
existing formulae for prediction of centre-~line velocity
in front of round ducts are either overestimates or
vnderestiamtes. The RSMR statistics of different arising
formulae are significatnly different. These differences
are clear from the Figure 7.31. In this case testing the

Silverman model gives a better fitted model to the observed

velocities (Figure 7.31).
V:VBA/(3°497((XQ/A)1'86+9678)

Figure 7.32 is a non~dimentional logarithmetic represen-
tation of centre-~line velocity in front of this round
unflanged duct. It is clear from this Figure and Figure
7.23, that the trend is not the same, which is namely
due to the different shapeof opening (i.e. round and
rectangular).

Finally, the empirical formulae show that velocity is
not proportional to the inverse square of distance as
it is in the case of rectangular suction openings
ducts and round ducts for corresponding equations;

8ee Table 7.1 columns referred to rectangular ducts

and the round ducts for corresponding equations)

.




2.11 General Discussion

\

(i) Generally the treatment of the combined data

collected from the measurement of centre-line velocities
in front of two rectangulars and one round duct, ¥yield
the following mathematical relationships:

N 72 {5 Y /Y
lm)oe{BQDeq,h)

Oa815D3=82

1 \1_—;\"BAF/(L+F)

RMSE=0,75

=

0.89
)

F=3,196(X JA+2.058

N
P

F=0.722( o ’
¥ o,;mv\Deq) X
Fes 5,; P P

3 V=0, 74V, J{1+F)

nMSR= h.32

- Q
F=0.215(X/HR) 0.869

L /= Ly 3y > n
1 \ O.s)VBAl/(l+l)

RMER=0,83

lel/(1«0.u2((1»AR)/AR)2°899)

5 F:31.9A3°O/6x"1'13F1

~Vx0.33VBAF/(1+F)

RMSR=0,6

(ii) In order to find a most general formula for
prediction of centre-line velocity in front of any shape
of opening, any area any aspect ratio and any hydraulic
reduis for different suction flow ratesg, the data on

centre~line velocities were treated combindly. The




following formulae are the best empirical equation

the reconcilation, and the prediction of centre«line

velocity in front of any shape cf suction openings

(i.e. rectangular openings of AR=0,218, 0.5, 0.6 and

reund duct D=0,152m of hydraulic radius 0,103m, 0.034m,

’ § I
§ it =0 865
=023 (3/HR) >

i V=0 b7V B/ (1+8)

)1060‘,~2.06k i

”"Oe826

o
-
i
(@]
®
]
O
(o)
Ut
e
S
.
et

O -
me,Ssl(D/x)o‘bJ7D3°106

booov=v, 1/ (1+F)

RMSR=0, 86

)0045

vy, /(27.7(X7/A +2.38)

5 RMSR=1.173

ﬂ=10,36(x/A)“0‘765
:leQSEX(AR)ﬁy/I_

14
. 5 2
VmVBA/(4g483+llOﬁ9§w J)

RMSR=0,9

~-160-
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Figure 7.33 8

fa—y

tp the predicted values for rectangular duct of aspect

ratio 0.6, using the fellowing eguation:

-0. 865

(N
(Jy]

7=0. 23 X/ HR)
V=0. 4;"./"\'7’BAF/ (1+17)
RMSR=1. 17
Table 7.10 contains the general empirical! equations for
the prediction of centre -line velocities in front of any

type of suction duct, tested in this research,

tion seern to be @ good general

oY)

Therefore above edu
equation for the prediction of cenire-line velocity in
front of unflangea suction opening.
In this equation the independent variables are average
face velocity, the %.coordiante of the centre~lihe
points and the hydraulic rading. The importan’c' role
of the hydraulic radius is that, it is a factor of
the combined effect of the size and the shape of the
suction opening. As for the whole analysis of models
studied, the independent and dependent variables were
tried to be transfered into the non dimentional form,
ihe ratio X/HR and V[V, in this equation are the
examples. The practical application of this equation is
that:

_(i) In order to evaluate and apraise the suction
velocity along the centre line in front of a known shape,
and size of an existing opening the following measur-

ements are required:

1ows how the observed velocities correspond




(a) Suction flow rate,"
(b) The shape and the dimension of opening.

{¢) The X-coordinate of the point at centre line axis.

The flow can be measured by flow meters, the shape
and the size of opening can easily be known either by
direct measurement or from the design information.
Therefore a point velocity measurement can be compared

)

to the corresponding predicted one. !

(ii) At the design stage if the comnirol area is defined,

the type of the taxicity, the size, and the concentration
of the contaminant are known a coutrol point velocity may
be decided accordingly. Therefore the designer requires

to consider the fellowing points:

(a) Average face velocity
(b) The shape and. the size of the suction opening

(i. e. HR)

Therefore the designer has more f{reedom on recommending
the shape and the size of the suction opening and the

flow rate.

7.3 Effect of flow rate on strearlines

A pressure tube (prand tl tube type 607, Appendix 7.1)

was used to study the direction of streamlines. As previously
mentioned, this tube was placed near the centre of the
suction opening. The procedure was that if the tip of

the tube is aligned with the direction of air movement

then the pressure difference reading should be zero.

The assumption is that the streamline along the centre-

TESTS

B T

S nm

1




line of the suction duct is a straight line and it is

asymptote of the family of hyperbolic streamlines

of common foci at the edge of the suction duct, The

angle of tangent at the point of measurement on stream-

lines can be read off from the pointer fixed to the tube

above- the face of a protractor. When the pressure

reading by manomenter was zero the reading of angle
was recorded.

In Practice the streamline of suction was observed by

the generation of smoke f{ilament at the point of interest.

The shape of the streamlines was consistently hyperbolic

(see plates Nos, 9 and 11) irrespective of the shape of

the opening and the opening conditions (1. e.

n
-
o]
32
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or

unflanged).

At a fixed point in front of a rectangular opening,

the measurement was undertaken for a number of different
suction flow rates in order to study the effect of flow
rate on corresponding streamlines. As the flow rate was
increased the angle of streamline from the asymptote

(i. e. centre-line axis) was decreased. As the surface
area of po tential surface was the same and only the
flow of suction was varied, the velocity at this point,
theoretically must change directly proportional to the
flow rates. This relationship is shown in Figures 7.6
and 7.8, The latter is the flow rate-streamline relationship,
As can be seen from _this Figure, the streamlines passed
through a fixed point in front of the suction opening for
different suetion flow rate are asymptotic to the centre-
line streamline (i, e. centre-line axis). Hence, as the

flow rate increase the streamlines passin@at a known

point (i. e. position of pressure tube) will separate



from the centre-line axis, This means that the angle of the
tangent to the streamline with X-axis will increase.
consequently the increase of flow rate corresponds to
wmenmg the suction affected area along the Z-axis.
Assuming the velocity distribution lines in Flf*ures 7.6

are straight, then Figure 7.7 can be produced. The vertical
axis represents the intercept value of the velocity-distance
lines with the right hand vertical line of Figure 7.6 The
right hand vertical line of Figure 7.6. The Figure 7.7,
shows tihat the increase in flow rate will increase the

centre point velocity linearly.

2

Suction O’pening

7.4 Effect of Geometric Shape of

The centre-line velocifiies of all openings studied, do

differ in their distribution in the suction affected area.

rJ_‘-he Figure 7.34 shows the effect of geometric shape

of openin g on centre-line velocities of rTound, rectangular
and square ducts for the same position of velocity measure-
ment, and an equal suction flow rate. As can be seen for
an equal flow of suction at a fixed point of velocity measure-
ment for different rectangula  suction opening, (i. e.
different aspect ratio (AR) and hydraulic radius (HR)

velocity is higher corresponding to high values of AR or HR

In the case of sound suction ducts centre-line velocities

"

at the same points for an equal flow of suction, are
higher corresponding to the high diameter of suction opening.
Flgure 7. 34 shows that for the square bell-ﬁouth flanged
duct the velocity distribution at the points along the centire-

line axis does not fall off Very sharply. The distribution of

centr'e—lme point velocity in front of a sgaure bell-mouth

langed duct of which its squared cCross-
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ion has an area eqgual to 4 rect
reduced to a round duct, 1s consistently lows

This means that for two

?fpént of rectangular hood (Figurs 7.34).

openings of equal area, drawing egqual volumse of air, tne cent re~

line velocity at the same distance from the face in front of duct

P sqUAaTe hood is flanged fub later on it will be shown that this
~% difference 1s not only due to the flanges.

7.5 Effect of Flanges,

In Chapter Four it tated that in the case of an

=
s>
w

L

aperture in the wall, the wall can be assumad as a flat plane

4

for a4 horizontally placed duct. Thus the streamlines are

[

of the form of hyperbolae., Photographic plate Nos.9,11 (Chap.6)

of the size of flmyes was not Lho objsctive of this research, the

m

in Chapter Four., The following is the description of the tes

7.5.1 Centre-line Velocity in Front of IFlanged Rsctangular Duct

suction flow rates, the centre-line velocity was measure

The Table 7.4 the emp cal equation obtained f'rom the
analysis of data.

Figures 7.4 and Ailb show the illustrations of

the effect of flange on the centre-lins velocity. It can be seen

that the effect of the flange is clearly obvious and at distances

close to the opening a more than 50 increase was observed. Apart

1-%ﬁi$‘indﬁeaseg the a ffected area in front of flanged

N ll’lu re r)

58+ Figure 7.3b

with low AR, 1s greater than in front of duct of high AR. Although

sh
tendency of wmovement of a smoke filament toward the suction opening

ich confirms the validity of the hyperbola assumptlon. The study
conventional size was chosen, the purpose of' this experiment was to

simulate a large aiougn flat flaange to the suctlon opeaning in order

to satisfy approximitely the unlimited flaage assumption cons idered

(i) Flanged rectangular duct Rec 1 QSQeme{r\c:\) No‘B) For oo aumaes of

how the

d.

et o




are not linear, Figures 7.35 ¢4 7-5‘8 . show the effect

of flow rate on the centre line veloclity in front of flanged duct.

Comparing Figures 7.4 ang 7.35 it is clear that the flow

efl'ect is tho same for flanged. This means that the relationship

of suction flow rate and point velocity is linear and direct,

Figure 7.3D  shows that ths velocities at the same point in

front of the suction duct, arc reduced in proportion as the volumc

flows or suctions are decreased. In the case of flaug=d ducts, the
asymptote band is slightly wider than in the unf'langed cases,

(ii) Flanged Rectaugular duct No.2, Figures 704 7.39

and 740  show the effect of flange on centre-line velocity in

front of a rectangular duct of aspect ratio 0.5, Figure ‘7f5c7 also
shows the velocity distributed aloug the centre-line axis in front

e

of an  unflanged duct of aspect ratio 0.5 as well as the

centre-line velocity for different flow of suctions. This Figure
shows that at a pointl »f distance greater than 0.51 m, velocity in
front d'anunflanged duct is highur than in front of a flanged duct but
not by very much, this could well be due to experimental error,

On Figure 7.40 the predicted centre-line velocities
using different empirical equations are plotted tuo. Table 7.5
contalns the empirical equations for flanged anda unflangad
rectangular duct of aspsnt ratio 0.5, The statistic‘RMSRsof all
these fitted equations are swnll and very closs together.
This means that the velocity prediction with either of thuse
equations does not differ significantly. Almost all of these
€équations overestimate the centre-line velocity in front of flanged

rectangular ducts (i.e. AR = 0.5). The overestimation increases

with distance,
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7.5.2 Effect of Flange on Centre—line Velocity in Front of
Rectangular Hood,

Table 7.6 contains all the empirical equations for centre-
line velocity in trent of the flanged rectangular hood, which re-

duced abruptly to a round duct(i.¢.AR =0.218, HR = 0.103 m) .

Y . -
Figures 7 Ll , anc 7L are the graphical represcentations
of data. Figure ‘ZZFI is the illustration of velocity vsrsus a

non—dimensional value (X/HR) for general comparison. Figure 7. L2
shows the variation of velocity at centre-line points for different
flows of suctions. It shows that the velocity attenuation is
gradus’ ana smooth. The velocity does not reach to a wminimum at a
distance unlike in unflangsd cases. For two nearly equal suction

1

flow rates (i.e. Q = 1.944 m®s™* -and 2,01 m®s™*

) the centre-
line velocities were plotted in this graph. As can be seen in the
case of unflanged hoods, the velocity drops very sharply at distances
up to> 0.30 m whereas, for [laiy:d hoods the veloclty decreases very
gradua’lly. For the region up to 0.37 m distance from the centre
of opening, the velocity in the case of an unflinged hood is higher
than for its flanged counterpart. This observation 1in the case
of tnis hood is mainly due¢ to the shape, length and diameter of the
opening, reduction throat and round duct size. In the case of the
unflanged hood the air rushes into the duct from all directions,
therefore the vortex at centre plauwe and at the vertical central
area is higher than in ths case of the flanged hood. In the case of
flanged hoods thore is no suction beyond the edge of' the suction duct.
The other effoct of the flange is the increase of velocity
at farther points along the centre axis compared with the unflanged
caseé. This means a better suction at greater distamce. Flanges
alsc widen the asymptote band, and increase of flow rate corresponds
to the increase of velocity at farther distance than th2 unflanged

hood ,




Although the RMSR statistics of curve fitting of each
moael are very close togethsr, thay are very high compared with
unflanged cases, This means that though the results of the
application of each model are very similar, they all result either
in overestimations or underestimations as the case may be. Figure
Rehf 2 shows how a model for hign flow rate results in over—
egstimation and conversely in underestimation for low suction flow

rates.

7.5.3 IEffect of Flange on Centre-line Velocity in Front of a
Round Duct.

ye-

In this case a round duct of diameter 0,152 m was
flanged with a flat plane flange of 0,608 m by 0.91% m size.(see_€f14u1>
The measurement of centre-line velocity was carricd out for a
number of suction flow rates. Figures 7-43 and V.44 are the
graphical representations of collected data. These date were
analysed statistically. Table 7.7 contains all flanged and un-
flanged emplrical formulae for the prediction of centre-line
suction velocities.

Figure 7.4 3 shows howa i'lang;ed affects the centre-
line velocity in front of round ducts. The velocity at a point
on centre~line axis for 1.255 m® §7% flow of suction through un-
flanged duct is very much lower than the velocity at the same point
on the centre-~line xisfar 1-06m® §% suction flow rate through ths
flanged duct.

The decay of velocity in front of a flanged round duct
1s very smooth and graduzl whereas it is very sharp and sudden in
the case of an uafianged duct. The suction atfected area is ex-
tended in front of the flaugsd duct considerably compared with the
aflanged duct., Even at the far distance point in front of the

flanged duct the suction centre line velocity is nearly 30% more




than with unflanged duct cases (i.e.velocitiecs at 0.7lm is 0.285ms™*
and at 0.723m is 0.08ms™*, for 1.06m®s™* and 1.255m°s *for flanged
and unflanged ducts respectively). Figure 7.-4-3 shows the plot

of velocities obtained using the Drkal theoretical formula. It can

be seen that the velocities are overestimation for points of distance
less than D and underestim tion othe rwise. The following eguation
produced a better fit to the data than the others.

Vo= Vg, /(7.76(X3/A)° " 41.82)
RMSR = 0.85 ms™ *
Figure 745 shows the closencss of the fit. Figure
7 .4l shows the effect of flow of suctions on centre-line velocity
distribution. As it was expected the effect of various flow rates on

the centre~line velocity in front of flanged round duct is the same as

the untlanzed round duct.

7e5.4 Centre-line velocity in front of a square bell mouth flanred opening.

The cerntre-line velocity in front of square shaps opeaning for
virious suction flowrates was measured. A total of 189 sets of readings

was treated, following equations were found:

F=0.3L(X/HR)™ %8
V=0 .96VBAF/(1$O . 31F)
RMSR = 0.048

v 1
Via 1+9.01(X/HR)>"®* "OR"

RMSR = 0.0729,

Both above equations are for the
case X/HR <2

B = 0.175(x/Ja)"0 e
o = (/dBar) P
V =

VBA/(O.64+2.Ola1'29)
RMSR = 0,085

7.6 General Empirical Formuluc For Flanged Suction Openings.

Tne anzlysis of the combination of data collected from each
individual experiment on different geometry flanged suction opening
was performed. The following are the findings of each combination.

7.6.1 The Treatment of Dat