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ABSTRACT,

Discharge coefficients are an important parameter in the prediction of the
air displacement performance of ventilation outlets and in the design of
ventilation ducts.

Discharge coefficients of a wooden ventilation duct 8.54 metres in length
and of a constant 0.17 m? cross sectional area were measured. Four different
outlet shapes and 3 aperture ratios of each shape were tested. A split plot
experimental design was used to evaluate the effect of outlet shape, outlet size,
and distance from the fan on discharge coefficient. The relationship between
duct performance characteristics and discharge coefficient was examined. A
mathematical equation to predict the discharge coefficient was developed and
tested.

Discharge coefficient values measured ranged from 0.19 to 1.25 depending
on the aperture ratio and distance from the fan. Outlet shape had no significant
effect. The apparent effects of aperture ratio and size are due to the effects of
head ratio. The equation predicting the discharge coefficient had a maximum
error of 5 percent for the aperture ratios of 0.5 and 1.0, and 15 percent at an
aperture ratio of 1.5.



RESUME

Les coefficients de débit sont un paramétre important dans la conception
des conduits perforés de ventilation et pour prédire la répartition de l'air aux
bouches de sortie.

Les coefficients de débit d'un conduit de ventilation en bois d’une
longueur de 8.54 métres et d’une surface transversale de 0.17 m’® ont été
mesurés. Quatre formes différentes d’ouverture et trois ratios d’ouverture ont été
testés pour chacune des formes. Un design expérimental statistique "split plot" a
été utilisé pour évaluer leffet de la forme de louverture, de la dimension de
louverture et de la distance & partir du ventilateur sur le coefficient de débit.
La relation entre la performance du conduit et le coefficient de débit a été
examinée. Une équation mathématique prédisant le coefficient de débit a été
développée et testée.

Les valeurs du coefficient de débit se situaient entre 0.19 et 1.25 selon le
ratio douverture et la distance a partir du ventilateur. La forme de I'ouverture
n'a eu aucun effet significatif. L'effet apparent du ratio et de la dix;xension de
louverture est causé par leffet du ratio de charge de pression. L'équation
prédisant le coefficient de débit avait une erreur maximum de cinq pourcent
pour les ratios d'ouverture de 0.5 et 1.0, et de 15 poucent pour un ratio

d’ouverture de 1.5.
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1.0 INTRODUCTION

Air distribution ducts are widely used in the mechanical ventilation of
agricultural structures. The purpose of these ducts is to introduce fresh air into
the structure while recirculating inside air. For adequate ventilation
performance the correct araount of air must be properly distributed within the
structure (Hellickson and Walker, 1983). A properly designed system offers the
advantages of allowing sufficient air to pass through the structure to control
moisture, temperature, and airborne pollutants, and of developing acceptable
patterns of airflow throughout the entire structure without creating excessive
cold drafts (Leonard, 1987). To properly design an air distribution duct, it is
necessary to be able to predict the air displacement performance of the system.

One problem in predictiag the air displacement performance of air
distribution ducts is that the actual flow rate at the outlets is often different
from the potential flow rate expected as a result of the energy differential
between the duct air and the room air. The coefficient of discharge of a
ventilation duct outlet is the ratio of the actual volumetric flow rate to the
potential volumetric flow rate. This coefficient of discharge is a means of
accounting for outlet disciiarge based on the energy differential between the
duct and room air and represents the energy losses at the outlet.

Discharge coefficients have been well defined for various types of wall
and ceiling outlets (Albright 1976, 1978) but little is known of discharge
coefficients oi ventilation duct perforations. Mathematical models have previously
been developed to determine the air displacement performance of distribution
ducts. In order to apply these models, it is necessary to evaluate the discharge
coefficient for each outlet along the length of the duct. The initial approach to




evaluating discharge coefficients of air distribution duct perforations has been to
assume that the perforations are similar to a sharp edge orifice plate and have
a constant discharge coefficient along the length of the duct (Steele and Shove,
1969). However, research has demonstrated that discharge coefficient values
vary under different operating conditions (Rawn et al 1960). Empirical
relationships for discharge coefficient values have been developed. These
relationships give good results but because they are empirically derived they
may not apply to all ventilation ducts.

It is important to accurately evaluate discharge coefficient values to avoid
costly errors in designing ventilation systems (Hellickson and Walker, 1983).
Saunders and Albright (1984) found the discharge coefficient to be the most
important factor in modelling duct air flow. It was the purpose of this study to
increase our understanding of the factors that influence the discharge coefficient
and to use fluid mechanics principles to find a method of predicting discharge

coefficient values,

1.2 OBJECTIVES

This project had the following objectives:

1) Tc determine if the outlet location along the length of the duct effects
discharge coefficient values.

2) To determine if outlet geometry (shape and size), has an effect on the
discharge coefficients of ventilation ducts.

3) To establish the relationship between the duct performance
characteristics and the coefficient of discharge. Performance characteristics
include duct static pressure, duct velocity, outlet velocity, and outlet discharge

angle.
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4) To develop and test an equation that predicts discharge coefficient
valves for ventilation ducts.

1.1 PE

This study involved the use of a wooden duct of fixed length and
constant cross sectional area. Four different shapes of outlets commonly used,
and three aperture ratios of each shape were examined. Each combination of
outlet shape and size was installed on the duct and tested at 100% fan speed.
The type of duct tested was of typical dimensions used in agricultural
structures. One fan speed, one duct length to diameter ratio, one duct sidewall
thickness, and one type of duct was used. Further experiments, varying these
parameters, are required to determine if the results of this study are
universally applicable to ventilation ducts.



2.0 LITERATURE REVIEW

Accurate mathematical analysis of air distribution duct performance is
difficult because the actual outiet velocities are usually not equivalent to the
outlet velocity that would be theoretically expected (Esmay and Dixon, 1986).
One reason for this is that air flowing through a small opening will suffér the
effects of a vena contracta resulting in an effective flow area less than the
actual area of the outlet. Another reason is that the edge of the outlet, the
viscosity of the air passing through the outlet, and the contraction of the jet, all
create friction losses in the flow (Fellickson and Walker, 1983). The discharge
coefficient is the product of the coefficient of contraction and the coefficient of
velocity which account for the contraction of the air and the friction losses at
the outlet, respectively (Hellickson and Walker, 1983).

To accurately apply the fundamental equations of fluid mechanics to air
distribution duct performance it is necessary to accurately determine the
discharge coefficient values of ths outlets. Haerter (1963) demonstrates that the
fundamental equations required to predict ventilation duct performance are the
conservation of mass and the conservation of momentum. The equations
associated with these principles make several assumptions that may or may not
apply at the outlets of a particular system. These assumptions include
(Roberson and Crowe, 1980):

i) Steady state conditions.
il)  Air flows over the entire area of the outlet.
iii)  No friction losses at the outlet.

iv)  Constant and even velocity profiles in the duct.
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Since distribution duct systems may be assumed to operate under steady state
conditions the discharge coefficient should correct for the other 3 assumptions.
Hellickson and Walker (1983) pointed out that the proper evaluation of
the discharge coefficient is very important otherwise substantial errors can
result in the design of ventilation systems. Smith et al. (1986), and Saunders
and Albright (1984) clearly demonstrate that the design of systems similar to
ventilation ducts is very sensitive to the value of discharge coefficient chosen.
The mathematical analysis of several types of systems that are governed
by the same principles as wooden ventilation ducts are available in the
literature. These include various manifold systems and other types of ventilation
ducts, as well as ventilation inlets. A manifold is a device for distributing liquid
or gas in which the fluid is conveyed through a main tube and ejected through
a series of side ports (Denn, 1980). Ventilation distribution ducts are very
gimilar to the various types of manifolds examined in the literature. These

-manifolds include pipe burners, sewage diffusers, and water distribution

gystems. Other types of ventilation ducts are perforated corrugated tubing, and
perforated polyethylene tubing. Ventilation inlets examined in the literature
include perimeter slotted inlets and centre ceiling slotted inlets.

2.1 HISTORICAL PERSPECTIVE

Research, and mathematical analyses, that can be applied to the air flow
distribution from ventilation ducts began in late 1800’s. Howland (1953) cites a
paper from 1865 giving rules for the uniform discharge from water distribution
pipes. McNown (1954) states that investigators in several different fields have
been conducting studies on manifold flow since the turn of the century. Up until
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the 1950’s research was focused on the even distribution from water distribution
pipelines and gas burners. In the 1950’s research began to apply these
theoretical flow equations to ventilation ducts. Researchers began to study
ventilation ducts that are specific to agricultural structures in the 1960’s. In the
1970's and 1980’s further research has been conducted on polyethylene
ventilation ducts.

2.2 FACTORS AFFECTING DISCHARGE COEFFICIENTS

Several factors have been found to affect the magnitude of the discharge
coefficient including the Reynolds number, outlet geometry, and the ratio of
pressure head to total head. The Reynolds number is a dimensionless parameter
which is the ratio of the viscous forces to the inertial forces of the fluid. By
definition Reynolds number is:

Re=DhpV/v = f(Dh,p, V,Tud ..o vvvvvnn (2.1)
where: Dh = the hydraulic diameter, m

p = the fluid density, kg/m*

V = the fluid velocity, m/s

v = the dynamic viscosity, N s/m? and

T,. = the absolute temperature, °K.

Lichtarowitz et al. (1965) cites a paper which states that the discharge
coefficient is essentially a function of Reynolds number and the ratio of orifice
diameter to pipe diarmeter. In tests involving an aviation kerosene distributor,
Spikes and Pennington (1959) found that the effect of Reynolds number on



discharge coefficient decreases as the Reynolds number increases. Trengrouse
(1970) found that discharge coefficient is a function of Reynolds number by
dimensional analysis but offered little experimental evidence. Albright (1976)
determined that the discharge coefficient of a hinged baffle slotted inlet may be
slightly dependant on Reynolds number. Trengrouse (1970) found that the effect
of temperature on the discharge coefficient of air ducts was negligible in the
tested range of 15 °C to 150 °C. From equation 2.1, this would suggest that for
a given ventilation system operating under normal conditions, where Dh, p, and
air temperature are essentially constant, Reynolds number effects are due solely
to the velocity parameter. Howland (1953) and Dittrich and Graves (in Bailey,
1975) found that pipe velocity was the most important factor affecting the
discharge coefficient of a water distribution pipe.

The geometry of an outlet orifice, or its shape and size, as well as the
wall thickness contribute to the friction losses in terms of wall surface exposed
to flow (Spikes and Pennington, 1959). Bailey (1975) cites a paper stating that
the discharge coefficient is a function of orifice size in relation to p.pe diameter
and wall thickness. Howland (1953) found that the orifice geometry had an
effect on the discharge coefficient but that this effect was not as important as
the effect of pipe velocity. Bailey (1975) cites a paper by Dittrich and Graves
that also found that the effects of orifice size and wall thickness on discharge
coefficient were not as important as the effects pipe velocity. Trengrouse (1970)
found that varying the ratio of totsl outlet area to pipe cross sectional area of
small holes (9.5 to 13 mm in diameter) in a small pipe (50mm in diameter) had
no effect on the discharge coefficient and that pipe walls thinner than 1.6mm
had no effect on the discharge coefficient.




Several researchers have found that the discharge coefficient of manifold
outlets changes as the pressure head becomes a larger pari of the total head.
The ratio of pressure head to the total head (pressure head plus the velocity
head) is commonly referred to in the literature as the head ratio (HR). Enger
and Levy (1929), Rawn et al. (1960), and Davis et al. (1980), all expressed the
discharge coefficient in the form of :

Cd=Cd,, xHR ............. vt (2.2)
where: HR = the ratio of pressure head to total head

Cd,., = the Cd measured where HR=1.0 (the dead
end of the manifold).

Bailey (19765) found that when the pressure head was much greater than the
velocity head, the discharge coefficient tended towards a maximum value, and
when the velocity head was much greater than the pressure head he found that
the discharge coefficient tended towards zero. Kincaid and Kemper (1982) found
the discharge coefficient of irrigation manifolds to vary with the head ratio in

the following form:

Cd, =1-a/b+HR) ......o'vvemnnnnnn... (2.3)

where: Cd,= the discharge coefficient at a point X metres
from the end of the duct.

a,b = regression parameters

Ramamurthy and Satish (1987) found discharge coefficient to be a function of

the head ratio in quadratic form as:
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Cd,=aHR-bHR*-cHR' ................. (24)

where: a,b,c = regression parameters.

No explanations were offered by any of the authors of equations 2.2 to 2.4
concerning the relationship between discharge coefficient and head ratio.

2.3 EVALUATION OF DISCHARGE COEFFICIENTS

Several different values have been assigned t¢ the discharge coefficient of
manifold orifices. Many researchers have achieved good experimental results
simply by assuming that the discharge coefficient of a manifold orifice is equal
to that of a sharp edge orifice plate. They have also assumed the discharge
coefficient to be constant over the length of the manifold. Koestel and Young
(1961) assumed that the discharge coefficient of a long slot used for air
distribution was equal to 0.61. Steele and Shove (1969) suggest that in
designing ventilation ducts a discharge coefficient of 0.60 be used for the entire
length of the duct. Allen (1974) basically assumed that the discharge coefficient
of 12mm x 45mm slots in a ventilation duct was equal to 1.0. Saunders and
Albright (1984) used a value of 0.64 for the entire length of a polyethylene
ventilation duct. Smith et al. (1986) assumed that the discharge coefficient of
gated irrigation pipe was equal to 0.65 and remained constant with distance
along the pipe.

Several researchers found that the discharge coefficient varied over the
length of a manifold. These researchers found that discharge coefficient reached
a maximum value, that of sharp edged orifice plate, at the end of the manifold
and decreased along the length of the pipe. Rawn et al. (1960), French (1972),



Bailey (1975), Davis et al. (1980), as well as Kincaid and Kemper (1982), all
stated that the discharge coefficient varied between zero and that of a sharp
edge orifice plate, depending on the head ratio. The maximum value of
discharge coefficient expected by these authors ranged from 0.61 to 0.65. N

Several authors have experimentally evaluated the discharge coefficient of
different types of manifold systems with a wide range of results. Enger and
Levy (1929) worked with a water distribution manifold with lateral tubes at 90
degree angles to the pipe. The measured discharge coefficient values varied
between 0.69 and 0.75 over the length of the pipe. Ramamurthy and Satish
(1987) found the discharge coefficient of a similar system to vary from zero to
0.80. Van’t Woudt (1964) found the discharge coefficient of a water distribution
pipe to be 0.72 7% over the length of the pipe. Spikes and Pennington (1959)
found the discharge coefficient of 3.175mm holes on a 50mm copper tube to
range between 0.63 and 0.66.

The discharge coefficient values of other types of ventilation inlets are
well defined in the literature. Albright (1976) measured the discharge coefficient
values of hinged, baffle slotted inlets that were not subjected to any abrupt
change in flow direction. The discharge coefficient value of this type of inlet was
found to vary between 0.721 and 0.862 depending on the baffle angle. Albright
(1978) found that varying the baffle width, slot width, and inlet throat width of
a centre ceiling slotted inlet produced a discharge coefficient ranging from 0.20
to 0.80. Smith and Hazen (1966) measured the discharge coefficient of an L-
shaped slot inlet, where the air jet had to turn over 90 degrees at the opening.
Based on the average air velocity, a value of about 0.40 was measured for the

discharge coefficient.

10
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24 MATHEMATICAL MODELLING OF DISCHARGE COEFFICIENTS

In order to mathematically model discharge coefficients the flow
characteristics in the duct and at the outlet must be modelled. Three different
approaches to the mathematical modelling of manifold flow can be found in the
literature: the approximation of a uniformly porous wall, outlet by outlet
iteration, and the approximation of a long slot. Olson (1949) derived the
differential equet:~ns for flow in a long unbranched pipe with uniformly spaced
outlets by assuming it to be similar to a pipe with a uniformly porous wall.
There were no experimental data to prove the theory. Bagjura (1971), Ramirez-
Guzman and Manges (1971), as well as Ramamurthy and Satish (1987) used
similar assumptions and had good experimental results in modelling the
discharge from water distribution pipes.

The technique of starting at the downstream end, where the boundary
conditions are known, and applying the governing equations outlet by outlet
slong the manifold, was used by Keller (1949) to get even distribution of fuel
from gas burners. Kincaid and Kemper (1982) and Smith (1988) used this
method to successfully model the flow of water from distribution pipes. Davis et
al. (1980), modelling the flow from corrugated tubing, and Saunders and
Albright (1984), modelling the flow from perforated polyethylene tubing,
approximated flow performance to within 25% and 10%, respectively, with this
method.

Enger and Levy (1929) found it convenient to assume that air
distribution through a large number of holes is equivalent to the flow through a
long slot. Keller (1949) states that where the equations can be integrated it is
preferable to treat the openings as a continuous slot. Koestel and Young (1951)

11




developed the equations for flow through a long slot. Haerter (1963), in a review
of papers, found the approximation of a long slot to be the most desirable
method to use. Barrington and MacKinnon (1990) successfully used this method
to develop and test models of duct velocity and energy in wooden ventilation
ducts.

The discharge coefficient is usually evaluated in the literature as the
ratio of the measured outlet velocity to the potential or theoretical outlet
velocity. Koestel and Young (1951), Howland (1953), Spikes and Pennington
(1959), Bailey (1975), Albright (1976), and Saunders and Albright (1984), state
that:

Vo = @8R e, (2.5)

where; Viwtn = the expected theoretical velocity, m/s
g = the acceleration of gravity, m/s? and

h = the pressure Lead, m.

This equation applies the Bernoulli energy equation to the outlet, assuming that
the fluid discharges at a 90 degree angle, that the air follows definite
streamlines, and that the entire pressure head is converted to velocity at the
outlet. Rawn et al. (1960) assumes that the total head, the pressure head plus
the velocity head, is converted to velocity at the outlet. This suggests that:

where: e = the total energy head, m.

12
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Davis et al. (1980) points out that including the total energy head term
accounts for the flow leaving the orifice at an angle other than 90 degrees.
Other authors who have used this approach include Kriess (1945), French
(1972), and Barrington and MacKinnon (1990).

Evaluating the duct energy head, and thus the discharge coefficient, is
difficult for two reasons. The first being that the air flow near the duct wall
differs from the average duct velocity. This difference depends on the location
along the length of the duct (Haerter, 1963). The second is that the energy per
unit mass given by the mean velocity squared is not the average of the sum of
the velocities squared over the duct cross section (Streeter and Wylie, 1981).
These inaccuracies are due to a variable velocity profile over the cross sectional
area of the duct.

The inaccuracies that the variable velocity profile creates have been
approached in several different ways in the literature. Soucek and Zelnick
(1945) mention the effects of the variable velocity profile but ignore them in
their analysis of lock manifolds. Escobar (1954) states that a correction factor is
necessary because the lateral discharge comes from a region of low velocity,
where the kinetic energy relative to the remaining flow is less than average.
Haerter (1963) states that the lateral discharge comes from a region in which
the velocity may be higher or lower than the remaining flow depending on
location along the duct.

Several authors have used a correction factor to account for the variable
velocity profile. Berlamont and Van der Beken (1973) assumed a constant
correction factor of 1.075 along the length of the pipe. Smith et al. (1986) and

13



Smith (1988) found that assuming a constant correction factor of 1.1 along the
length of a pipe produced good results with their model. Haerter (1963) and
Barrington and MacKinnor (1990) found that the correction factor varied along
the length of the duct. Barrington and MacKinnon (1990) found that depending
on aperture ratio, the correction factor ranged from about 2 to 20 for a wooden
ventilation duct and applied to boih momentum and kinetic energies.

14



3.0 THEORY

A ventilation duct operating under steady state conditions will function
according to the laws of conservation of mass and conservation of momentum. If
the air flows through a series of equally spaced orifices, then it can be assumed
to be distributed from a long slot (figure 3.1). The distance X is measured from
the end of the duct where X=0. It is also assumed that the duct will
demonstrate pressure regain, where pressure inside the duct will increase with
distance from the fan as the air decelerates due to the flow out the side slot.
The mathematical analysis of the duct is simplified if the duct is assumed to
operate under steady state conditions. For a duct with a long slot outlet, the
ratio of the total outlet area to the cross sectional area of the duct, or the

aperture ratio (0), can be expressed as:

0=ChL)/A . ...... . i e 3.1)
where: 6 = aperture ratio, dimensionless

h = the equivalent slot height, m

L = the total length of the duct, m, and

A = the duct cross sectional area, m?

The outlet slot area for any increment of length dX would be:

Ao=0Ad)/L

where: Ao = the outlet slot area over dX, m?

15
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Figure 3.1 The mathematical model
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and the volumetric flow rate through an increment of length dX would be:

where: CD = ratio of actual volumetric flow rate to
potential volumetric flow rate

Qo = volume flow rate through the slot, m¥s, and

Vieuua = the potential outlet velocity, m/s (eqn. 2.6).

The law of conservation of mass applied to the section of duct in figure
3.1 states that the mass flow at a point X equals the mass flow at a point
X+dX minus the mass flow through the outlet over dX, or:

pAV = pA(V+dV) -hpVodX .. . ........... ...\, (3.4
where: p = the density of air, kg/m®
¥ Vo = the average outlet velocity, m/s

or rearranging terms and substituting terms from equation 3.1:
dV= 0VodX)/L ...ttt (3.5)
The law of conservation of linear momentum applied to the section of
figure 3.1 states that the momentum of the air at a point X equals the

momentum of the air at a point X+dX minus the momentum lost to friction,

and minus the momentum of the air discharged over dX:



A(P+dP)+AKpV’=AP+AKp(V+dV)’-fA%2h‘dX-ondV ... (38
2

where: K = energy correction factor, dimensionless
f friction factor, dimensionless, and
Dh = duct hydraulic diameter, m.,

Rearranging terms, and considering equations 3.3 and 3.5, the momentum

equation becomes;

dP + KgV? - Kgoon(V+dV)® + f_g%_r + VoeuadVCd = 0 ... (3.7)

The energy correction factor, K, is introduced to express the duct air
momentum in terms of the mean duct air velocity. The energy correction factor
adjusts for the restrictive assumption of a uniform duct velocity profile and can
be expressed as the ratio of the actual momentum to the momentum computed
from the average duct velocity (Barrington and MacKinnon 1990). The energy
correction factor accounts for the variable duct velocity profile at any point
along the length of the duct (Haerter, 1963, Barrington and MacKinnon, 1990).

This correc;tion factor can also account for assumptions required in
calculating the potential energy of the air at the outlet. The potential energy of
the air at the outlet can be evaluated by one of two assumptions (Denn, 1980).
The first is to assume that the outlet velocity vector is perpendicular to the
plane of the side port and contains no axial momentum (figure 3.2a). Using the
momentum equation to calculate the duct kinetic energy at the outlet under the
conditions illustrated by figure 3.2a, yields;

18
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E=P+V?
o

where: E = the duct air energy that can tentiall? be
converted to outlet velocity, or V2, .., m¥s?

The second assumption is that the flow is streamlined so that there is no
mixing of the duct air and the outlet air (figure 3.2b). This streamline condition
is described by the Bernoulli equation and applies to the control volume ABCD
of figure 3.2b so that;

E=_2_13+V‘
p

Each of the two estimates involves highly restrictive assumptions and are not
accurate for all ventilation systems. Considered together these two assumptions

may be combined in a more appropriate expression (Denn, 1980);

With the use of this expression the correction factor K, now becomes a
correction factor for both the momentum and the energy of the air in the duct
(Barrington and MacKinnon, 1990).

Under ideal conditions all of the kinetic energy would be converted to

velocity at the outlet so;
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Figure 3.2a Zero axial momentum at the outlet

Figure 3.2b streamline flow at the outlet
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where: E'? is calculated from equation 3.8

and therefore, the discharge coefficient can be described in terms of the duct

energy as:

Cd=Vo/E® ... ittt (3.10)

and;

where: Vo, = Vo at any distance X, m/s
Cd, = Cd at any distance X, dimensionless.

From equation 3.10, equation 3.5 can be written;

dV=(0CAdE®L)AX .....00t vt vreensns (3.12)
Barrington and MacKinnon (1990) developed and tested models for duct
velocity where;
V=Ho(XL)+ V1 -Ho}XLY) .....covvvvrirnnnn (3.13)
where: V = average duct velocity, m/s
Ho= head at X<0 (0 Vo at X=0), m/s
V1 = the average duct velocity at the fan, m/s




and thus;

dV=HoL)dX+2(V1-Ho}XLHdX ............. (3.14)
Equating equations 3.12 and 3.14 yields;
Ho+2(Vl-HoXX/L)=Cdy E”® ................. (3.15)

from which;
Cdy = [(Ho + 2(VI - HOXX/L)/E¥® . .............. (3.16)

Barrington and MacKinnon (1990) also developed a model for the energy term of
equation 3.8 in which;

E= (FD)f(V/2) dX + V/4 + VE® +E, .......... (3.17)

where: V is calculated from equation 3.13
E,=E at X=0
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4.1

The experiment was conducted using a wooden duct (figure 4.1) 8.54
metres in length having a constant cross sectional area of 0.17 m? (597mm x
292mm), The duct frame consisted of 38mm x 38Smm members, enclosed on the
outside by 1lmm thick particle board panelling. The duct was built in three,
2.44m sections and one, 1.22m section. The sections were joined with 38mm x
10mm strapping, inside the duct. A fan at one end was joined to the duct via a
reduction section. The fan was a 0.25 kw, 457 mm diameter, ACME axial model
equipped with an air straightener. The fan performance curve was previously
determined by Barrington and MacKinnon (1990) to be Q=1.66e%"*?, The
reduction section tapered from 597mm x 597mm at the fan to 597mm x 292mm
at the experimental duct over a distance of 1.80 metres. The fan was set in an
inlet box with an inlet area of 0.26m? (508mm x 508mm) to facilitate the
measurement of duct inlet velocity.

To test severul different outlet geometries the sidewalls of the duct were
removable to allow the installation of different shapes and sizes of outlat
openings. Outlets were paired, one on each side of the duct, ax-1d spaced at a
0.61m interval for a total of 28 outlets. There were 4 different shapes and 3
different sizes of outlets tested during the experiment. The following shapes
were used :

i) Half moon oriented with the air flow
i) Half moon oriented against the air flow
iii)  Rectangular

iv)  Circular




Figure 4.1 The experimental duc



To change the duct operating characteristics three different sizes of outlets were
chosen to provide aperture ratios of 0.5, 1.0, and 1.5. These aperture ratios of
where chosen because they have previously been found to provide a range of
uniform and non-uniform distribution (Davis, 1980 and Carpenter, 1972). Each
size-shape combination was cut from separate side panels to eliminate the need
for an additional plate at the outlets to control size or shape. Table 4.1 contains
the numbering and symbol system to be used throughout this report.

Table 4.1 Size-shape combinations

SHAPE NO. JPERTURE AATa
0.9 1.0 1.3

e Pl

w121 g 6’@
—
O

CIRCULAR 411 O

O

Various instruments were used to measure air velocity, static pressure,
“ and jet angle. Air velocity was measured using a uni-directional ALNOR
compuflow thermo anemometer with an accuracy of + 3% of the indicated
reading over a range of 0.1 m/s to 15 m/s. The anemometer was calibrated at
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the McGill university aeronautical lab. The duct static pressure was measured
using an ALNOR microtector micro manometer with an accuracy of + 0.06 Pa
over a range of 0 to 500 Pa. The pressure was tapped with bulkhead connectors
placed in the top of the duct and connected to the manometer via 3mm
diameter plastic tubing. Qutlet air jet angle was measured using a freely
rotating paper vane mounted on a protractor, The device had an accuracy of =
2.5 degrees so the angles were read to the nearest 5 degrees.

4.2 PROCEDURE
The equipment was located in a large room to allow the formation of
isothermal, free air jets. No outlet air jet was influenced by solid boundaries.
The fan inlet was located in the room so that the duct air was the same
temperature as the room air.
Outlet velocities were measured using the traverse method (ASHRAE,
1985) at the ce‘ntre of 25mm grid squares for the half moon and rectangular
shapes, and at the centre of equal sized concentric circles, along the horizontal
and vertical diameters, for the circular outlets. For the aperture ratios of 0.5,
1.0, and 1.5 the outlet velocity profile was measured at no less than 4, 10, and
15 points respectively. Air flow into the duct was measured using the traverse
method at the centre of 16 equal sized areas (127mm x 127mm), a pattern
described in ASHRAE (1985), at the inlet box. The quantity of air flowing into
the duct (m%s) was compared to the sum of the quantity of air flowing out of
the outlets to allow a check for errors. Brundrett and Vermes (1987) found that
a difference of +4.5 % was acceptable. For all air velocity measurements the
anemometer was oriented to measure flows normal to the plane of the outlet, a

technique also used by Saunders and Albright (1984). They showed thkat
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measuring the air velocity normal to the plane of the outlet yields a flow
equivalent to that measured parallel to the centre line of the air jet and is less
subjective. All static pressure measurements were averaged over 4 readings.
Outlet air jet angle was measured at the centre of the outlet opening only.

The objectives of the experiment were to test the significance of outlet
location, outlet geometry, and duct operating characteristics on the discharge
coefficient, as well as to test a model that predicts the discharge coefficient. To
evaluate the discharge coefficient at each outlet, equation 3.10 was used. The
average outlet velocity was evaluated at each outlet along one side of the duct.
The duct energy head was calculated using equation 3.8. Static pressure was
measured adjacent to each pair of outlets and at the end of the duct. The
average duct velocity at each pair of outlets was calculated by starting at the
dead end of the duct and summing the outlet volumetric flow. The kinetic
energy and momentum correction factor, K, was calculated using a method
similar to that of Barrington and MacKinnon (1990). Equation 3.7 was solved
for Kx.a, by iteration using a computer starting at the dead end of the duct
where the boundary conditions were known. At X=0, V,=0 and the value of Ky,
was not necessary. The discharge coefficient was initially essumed to be 1.0,
Using dX =0.61 (the outlet spacing) the average E was calculated over dX using
equation 3.8 and the correlation of equation 3.10 was tested The Cd was
readjusted and the procedure repeated until the assumed Cd and V/EZ

corresponded.

4.3 STATISTICAL ANALYSIS
To determine the effect of outlet location, outlet size, and outlet shape on

the discharge coefficient the experiment was designed as a split plot experiment
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with 3 factors: outlet size (aperture ratio), outlet shape, and outlet distance from
the fan. The 12 size - shape combinations were randomized to the main plot
units with the distance being the sub-plot unit. The experiment was repeated 3
times for an estimate of experimental error and to increase precision. To test
the effect of duct performance characteristics on the discharge coefficient, the
number of comparisons was reduced by combining factors into dimensionless
parameters, a technique used by Davis et al. (1980). Duct velocity and outlet
velocity were each combined with hydraulic diameter, air density, air kinematic
viscosity, and air temperature into Reynolds number. Duct static pressure and
duct air velocity were combined into the head ratio. Qutlet discharge angle was
considered separately.

Equation 3.16, predicting discharge coefficient values, was tested by
comparing it to the experimental data. All statistical analyses were performed
with the Statistical Analysis System (Statistical Analysis System Inst. Inc, 1982)
on the McGill University mainframe computer.
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5.0 RESULTS AND DISCUSSION

The discharge coefficient was evaluated from the measured duct static
pressure and average outlet wvelocity data for the 3 aperture ratios and 4
different shapes, at 14 outlets along the length of a wooden ventilation duct.
The average duct velocity, duct energy, head ratio, and duct energy correction
factor were also calculated from the measured static pressure and average outlet
velocity. A complete listing of the experimental data is provided in appendix
A1, Tables of mean values are provided in appendix A.2.

The static pressure, outlet velocity, and head ratio curves for each
aperture ratio are presented in figures 5.1 to 5.9. From the figures it is evident
that the outlet shape had very little influence on the performance of the duct.
The duct static pressure demonstrated static regain and the pressure increased
from the fan end towards the dead end of the duct (figures 5.1 to 5.3). The
average outlet velocity was fairly constant along the length of the duct at an
aperture ratio of 0.5 (figure 5.4). At aperture ratios of 1.0 and 1.5 the average
outlet velocity decreased with distance from the dead end of the duct, with the
exception of one outlet 8m from the dead end of the duct (figures 5.5 and 5.6).
For all tests, the head ratio decreased with distance from the dead end of the
duct (figures 5.7 to 5.9). The average fan capacity for aperture ratios of 0.5, 1.0
and 1.5 was 0.74 m¥s, 1,11 m%s, and 1.34 m%¥s, respectively, +3% for all shapes.

The duct energy and momentum correction factor was calculated from
equation 3.7. The correction factor ranged from 155 to 22.99. The measured
values were very similar to those of Barrington and MacKinnon (1990), who
estimated the correction factor to range from about 2 to 20. The value of
the correction factor was not constant along the length of the duct, which is
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consistent with the findings of Haerter (1963) and Barrington and MacKinnon
(1990). This suggests that in the mathematical modelling and design of
ventilation ducts, it is necessary to account for the changing shape of the
velocity profile with distance from the fan.

The outlet Reynolds number and the duct Reynolds number were each
calculated from the data using equation 2.1. The outlet Reynolds number was
calculated from the measured outlet velocities and was found to range from 10
000 to 65 000. The average duct velocity was calculated from the average outlet
velocities. The duct Reynolds number ranged from 7 000 to 210 000. Since the
Reynolds numbers were greater than 4000, fully turbulent flow may be assumed
to have existed in the duct and at each outlet for every test.

The experimental data measured for the first 3 outlets after the fan is
not consistent with the rest of the data. For each test there was an abrupt
change in the static pressure and outlet velocity curves at a distance of about
7.5m from the dead end of the duct. This is probably due to unstable flow
patterns caused by the reduction section and interference from the duct
structural members. The steep slope of the pressure curves near the fan
indicates that the duct was not flowing full up to the fourth outlet from the
fan. This condition can be seen in plastic ducts where the first few metres
closest to the fan are not fully inflated and are unstable (Carpenter, 1972). The
duct static pressures below atmospheric pressure are an indication that the duct
flow was not stable in the first few metres closest to the fan.

The measured discharge from the duct agreed with the measured intake
at the fan to within 9% for all tests with an average difference of +4.76%
(Table 5.1). This is similar to the results of Brundrett and Vermes (1987).
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Table 8.1: (Q.-Q..VQ,,*100%

SHAPE
APERTURE
RATIO
1 2 3 4
0.5 +7 +4 +8 +8
1.0 +1 +3 +9 -1
1.5 -4 -3 -6 -3

The discharge coefficient was measured as the ratio of the average
outlet velocity to the potentiai outlet velocity. As in Rawn et al. (1960), it was
assumed that the entire duct energy head (static pressure head plus velocity
head) generated a potential outlet velocity. The duct energy head was calculated
from equation 3.8 and contained a correction factor to account for the variable
duct velocity profile and momentum losses at the outlet. The calculated
discharge coefficient values ranged from 0.193 to 1.254 with an average value of
0.845. The discharge coefficient data is presented in figures 5.10 to 5.12. Many
of the measured values were greater than what has been reported in the
literature. This can be explained by the inclusion of the kinetic energy and
momentum correction factor in the duct energy head term to correct for variable
velocity profiles. Because the outlet air comes from an area close to the wall of
the duct where the kinetic energy and momentum can be much less than
average, the corrected energy term is less than if it had been calculated using
the duct mean velocity and the Bernoulli equation. Since the discharge
coefficient is inversely related to the duct energy head, a smaller energy head
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value resulted in a larger discharge coefficient value.

The objectives of the experiment were to: 1) determine if outlet
location along the length of the duct had an effect on the discharge coefficient,
2) determine if outlet geometry (shape and size) had an effect on the discharge
coefficient, 3) determine the relationship between various duct operating
characteristics and the discharge coefficient, and 4) develop and test an equation
that will predict the discharge coefficients of ventilation duct outlets. To achieve
objectives one and two, the experiment was perfcrmed with a split plot
experimental design. A statistical analysis of the data was performed to test the
significance of outlet location (distance from the fan), outlet size (aperture ratio),
and outlet shape on the discharge coefficient. The results of the analysis are
provided in appendix B and are summarized in table 5.2. The R? of the design
was 0.991 with a coefficient of variation of 3.83%, thus the results of the
analysis canr be considered to be valid.

Table 5.2 Summary of the statistical analysis

SOURCE SIGNIFICANCE
Distance from the fan *

Outlet size ok

Outlet shape NS.

Size - Distance interaction b

o Significant at o = 0.001
N.S. Not significant
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There was no significant difference between the discharge coefficient
values for different shapes. This is also evident from figures 5.10 to 5.12. This
may be explained by the high outlet Reynolds number. Since the outlet
Reynolds number varied between 10 000 and 656 000 the viscous effects of the
gir had little influence compared to the inertia effects and thus outlet friction
losses were minimal. Spikes and Pennington (1959) stated that the effect of
outlet geometry is dependant on the friction losses caused by the outlet wall.
Because the outlet wall area directly opposed to air flow was substantially
different among shapes, it may be assumed that a wall thickness of 1lmm has
little effect on the discharge coefficient at outlet Reynolds number greater than
10 000.

The discharge coefficient was found to vary significantly with
distance from the fan. Starting at the dead end of the duct, where the
maximum discharge coefficient occurred for all tests, the discharge coefficient
decreased at each outlet progressing towards the fan with the exception of the
second outlet where the reduction section interfered with the air flow. The
maximum difference between the aperture ratios occurred at the outlets closest
to the fan. Progressing from the fan towards the dead end of the duct, the
difference in discharge coefficient values among aperture ratios decreased until
at the end of the duct the average discharge coefficient approached a common
maximum value close to 1.20 for each test. These trends are similar to those
found by Rawn et al. (1960) and Davis (1980).

There was a significant difference in discharge coefficient for each
aperture ratio. For a given outlet, the discharge coefficient was generally
highest at an aperture ratio of 0.5 and lowest at an aperture ratio of 1.5. The
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size - distance interacuun effect was significant, indicating that the effect of
aperture ratio on the discharge coefficient changed with distance from the fan.
Differences among aperture ratios were greatest near the fan, and were smallest
at the dead end of the duct. The interaction effect is significant because
regardless of outlet size, the conditions at the dead end of the duct approached
that of a large reservoir, and the discharge coefficient approached a maximum
value.

To achieve objective 3, to determine which operating characteristics
affect the discharge coefficient, regression analyses of the data were performed
to test for a simple linear relationship between; 1) discharge coefficient and
head ratio (figures 5.13 to 5.15), 2) discharge coefficient and duct Reynolds
number (DRe) (figures 5.16 to 5.i8), 3) discharge coefficient and outlet Reynolds
number (OReXfigures 5.19 to 5.21), and 4) discharge coefficient and outlet
discharge angle (B). The correlation between head ratio and duct Reynolds
number, and head ratio and outlet Reynolds number were also examined. The

R? of each analysis is presented in table 5.3.

Table 53 R* values for the linear regression analysis

ANALYSIS 0.5 1.0 1.5 ALL DATA
Cd vs. HR 0.827 0.849 0.936 0.872
Cd vs. DRe 0.777 0.854 0.902 0.905
Cd vs. ORe 0.007 0.733 0.879 0.260'
Cd vs. B 0.300 0.457 0.579" 0.584'
HR vs. DRe 0.881 0.970 0.933 0.890°
HR vs. ORe 0.001 0.564 0.771 0.260

¥ Coellicient of variation > 20%

46



~ 4
F

#

-+ 2

+
1.20 - - +&;&:;$+
] lf*w#‘}#*:*ty" *
1 Oo o . . "'++‘t + *t’ +ﬁ.~' A “* :
T R R
o +
o 0.80 -
1
Bl -
[
]
S 0.60 +
s L
=< 0.40 -
] -
a
0. 20 4
0-00 T 1] L L L LI ] 1}
0.60 0.70 0.80 g.90
HEAD RATIO

Figure 5.13 Discharge coefficient vs. head ratio:
Aperture ratio =0.5

47




DISCHARGE COEFFICIENT

1.20 - . &
- " o
e e
+
1-00"1 . *++++ ts +?*
- + : :‘- ;ﬁ!”,*ﬁf
uau_j .;* ‘“‘11‘## + !
1*#“‘% +*
7 : i
0.601 ?"’"} * e T +
. + * 4
++t *"'... + h*‘.
0-10- + + +*
0.20 4
S
0000 A ] | k] 1 ] 1 | ) A ) k)
0.20 0.40 0.60 0.80 i1.00
HEAD RATIO

Figure 5.14 Discharge coefficient vs. head ratio:

Aperture ratio =1.0

48




ot

DISCHARGE COEFFICIEET

1.20 4
- t +
1.00 - PO
w*
- ::" +
ooau- +§$ +
-
- ry ‘;‘#" ‘-
0.60 4 + 8 « 7
+"’*+"t
- ‘f+ +;§ + ¥
+ W
+ 4
0.40 y R
- : + ...'.' M
+ +
0.20 +
+
0.00 T ™ T T T Y T
0.20 0.40 0.60 0.80 {.00
HEAD RATIO

Figure 5.15 Discharge coefficient vs. head ratio:

Aperture ratio =1.5

49




o by, i
T JLIE I & S
E 1.00 - ¢ 3’,* "R
'ﬁ-'l ) +4 o +#+ ++ﬁ”'
E +
[ 0-80 -
By
fad -
o
O 0.60 -
T
<z -
= 0.40 -
) a8

H -

( =

- 0.20 -
0'00 1 1 ¥ R J L) R T 1] | | L)
1] 20 40 60 80 100 120
DUCT REYNOLDS NUMBER (x107)

Figure 5.16 Discharge coefficient vs. duct Reynolds number:
Aperture ratio = 0.5

( 50



L2
e

1.20 - i
13 & 4
. 3

1.00 4+ ooy +
E "z + ++ t * +
H - *4. + + s+ ++ + +
o Wt %t ¥oe +
£ 0.80 - a2, Yt
t *t &‘."&‘. + + +
S 0.60 - S
X A #':* +
L + + 4 0+

o +4+

< thi )
E 0-40 - : **
7]
H -
a

0.20 -

0-00 1 1 ¥ L§ ) T L DR ¥ ] L T 1 L}

20 40 60 80 100 120 140 160 180

DUCT REYNOLDS NUMBER

(z107)

51

Figure 5.17 Discharge coefficient vs. duct Reynolds number:
Aperture ratio

1.0




=

1.20 4
18
+
E 1.00 - o
Fx 1 4
-y
3] f"
a 0.80 4 * +
Fine i # $ P
3 f Y
Q + + ¢
0.60 A by
g g7 e ¢ s
(-] T + r g "‘# +
I ¥y ¢
= 0.40 o + +3t ﬂ.f'_ +
] + ¥
2 B4
a o+ #0E
0- 20 - +* §++ +
0-00 ¥ 1] L] LR AL L 1 | | | L 1 1 ) L 1) L) b
50 100 150 200
DUCT REYNOLDS NUMBER (£107)

Figure 5.18 Discharge coefficient vs. duct Reynolds number:

Aperture ratio of 1.5

52




bt

1.20 | 143 +
i{ "’ﬂii’* 131;
. M N

1.00 . *5%#0- ::‘ ..,%z-ty + *§$ + + Ny
k& . +;. ++ T, tew g *
= 0.80 +
H -
B J
[ ]
S 0.60 .
g -
< 0.40
A .
a

0.20 |

0'00 1 L 1 L 1 ] 1 L] L) | | 1 1 1 | ] 1] 1] ¥ L]

22 24 26 28 30 32 34 36 38

OUTLET REYNOLDS NUMBER (x107?)

FPigure 5.19 Discharge coefficient vs. outlet Re number:

Aperture ratio =0.5

53




1.20 4 b ;
+ *e *
J 1 %f + *
* b 1’
1-00"1 *f ++ *:“ + + ‘:.
E i *+# :+:*+ +
] }} 3%
5 0.80 4 5 T
m i a
e . + $"'} + t++
8 0.50- *::'& A e
g 7 + ¢+‘ *+ *
TR S
$0404 4+ T
(2 -
© .20
1
U.DU 1 4 ] ¥ Ll L) ] N S ¥ L LN ¥ LI
20 30 40
OUTLET REYNOLDS NUMBER cx1077y

Figure 5.20 Discharge coefficient vs. outlet Re number:

Aperture Ratio =1,0

54




-
¢

.

10 zo “ +*
+$’ *
= + ; “*
]
1.00 - o .4
+ +
; - e "
M 0.80 - K v
= S,
o | ¥ +*+
= e 24 +
8 0.60 - oLt
X - + t#m +*
g 2l
S 0.40 4 S AR
0 3 4 *
N ++ +
b N VWA
a o
0.204  #%7+
00 00 | ] ¥ 1 T 1 1 ¥
10 20 30 40 90
OUTLET REYNOLDS NUMBER (210 4)

Figure 5.21 Discharge coefficient vs. outlet Re number:
Aperture Ratio =1.5

55



For all aperture ratios and shapes there is a high linear correlation
between head ratio and discharge coefficient, duct Reynolds number and
discharge coefficient, and duct Reynolds number and head ratio. There is no
correlation between outlet Reynolds number and discharge coefficient at an
aperture ratio of 0.5, a moderate relationship at an aperture ratio of 1.0, and a
high linear relationship at an aperture ratio of 1.5. The correlation between
outlet Reynolds number and head ratio also increased as aperture ratio
increased. There is a correlation between outlet discharge angle and the
discharge coefficient, but because of the high variation, it is not statistically
significant. These analysis are consistent with the literature. Howland (1953)
and Dittrich and Graves (in Bailey, 1975) stated that the duct velocity was the
most important factor affecting discharge coefficient. However, the high linear
correlation between head ratio and discharge coefficient indicates that it is not
just duct velocity that is important but the relationship between duct velocity
and duct pressure. The relationship between Reynolds number and discharge
coefficient are consistent with the findings of Lich:arowitz et al. (1965) and
Trengrouse (1970). They found that the discharge coefficient is a function of
Reynolds number. However, since duct Reynolds number and outlet Reynolds
number are each linearly related to the head ratio, the apparent effects of
Reynolds number may be due to head ratio effects. Leonard and Kloseler (1988)
suggested that the coefficient of contraction, and therefore the discharge
coefficient, was dependant on the outlet discharge angle. The experimental data
confirms that there is a correlation between the outlet discharge angle and the
discharge coefficient, but this effect is not statistically significant.
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The effects of size and aperture ratio on the discharge coefficient are
directly related to the effect of head ratio on the discharge coefficient.
Increasing aperture ratio, and increasing distance from the dead end of the duct
had the same result; a decrease in the head ratio and the discharge coefficient
(figure 5.22). At the dead and of the duct, where conditions in the duct resemble
that of a large reservoir (constant pressure, no duct velocity, and head ratio of
1.0), there is very little difference between the discharge coefficients of each
aperture ratio. Increasing aperture ratio or increasing distance from the back of
the duct, resulted in the velocity head becoming a larger part of the total head,
and decreasing the dic~harge coefficient. This is consistent with the conclusions
of Enger and Levy (1929), Rawn et al. (1960), Bailey (1975) and Davis (1980)
who stated that the discharge coefficient will exhibit a maximum value at the
dead end, and will change as a function of the head ratio. From these analysis
the apparent effects of aperture ratio and distance on discharge coefficient are
due to the effects of heacd ratio.

To achieve the fourth objective, equatior. 3.16 was developed to predict
discﬂarge coefficient values and was tested against the experimental data. A
comparison of the model to the data is presented in figure 5.23. The model
predictions fitted the data very well for an aperture ratio of 0.5 with a
maximum error of 2%. At an aperture ratio of 1.0 the model fit the data well
except at the first and third outlets (8.4m and 7.2m from the dead end
respectively) where the reduction section interferrd with the duct flow. The
maximum error at an aperture ratio of 1.0 was 5% at the middle of the duct.
At an aperture ratio of 1.5 the model fits the data with a maximum error of
15%.
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The experimental data was used to evaluate the duct velocity and duct
energy models of Barrington and MacKinnon (1990) to test their validity in the
development of equation 3.16. The model of duct velocity was found to correlate
very well with the data for aperture ratios of 0.5 and 1.0 but at an aperture
ratio of 1.5 the model underestimates the duct velocity at the middle of the duct
(figure 5.24). The maximum error for the aperture ratios of 0.5, 1.0, and 1.5
were in the order of 1%, 3%, and 12%, respectively. The model predictions for
duct energy closely fit the data when considering the square root of the duct
energy head (figure 5.25). The maximum error for all 3 aperture ratios was less
than one percent. The error in equation 3.16 at aperture ratios of 1.0 and 1.5 is
due to the error in the duct velocity model.

Several factors contributed to the experimental error., The anemometer
operated within its indicated range of 0.1 m/s and 15 m/s throughout the
experiment and was accurate to within +3%. However, rotating the anemometer
a small degree from the normal of the outlet plane resulted in an error greater
than 3%. The turbulence of the air flow caused fluctuations in the anemometer
readout and in the static pressure readings. The reduction section, and the
structural members inside the duct caused disturbances in the air flow that
affected the static pressure and duct velocity readings. Air leaks at the joints
between the duct sections, and between the fan and the reduction section may
account for a large proportion of the difference between inlet flow and outlet
flow. The experimental error was close to what was found acceptable by
Brundrett and Vermes (1987). The statistical analysis showed no significant
difference between repetitions (appendix B).
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6.0 CONCLUSION

The following conclusions are drawn from the project:

1) Outlet location along the length of the duct had a significant effect on
the discharge coefficient of the ventilation duct outlets. To model the air
displacement performance of ventilation ducts it is necessary to adjust the
discharge coefficient as a function of duct length.

2) Outlet size had a significant effect on the discharge coefficient 'of the
ventilation duct outlets. For a given distance from the fan, an increase in the
aperture ratio of a duct will usually result in a lower discharge coefficient.

3) There is a significant interaction effect between outlet size and outlet
distance from the fan. This indicates that the effect of outlet size on the
discharge coefficient is dependant on the distance from the fan. Regardless of
outlet size, the conditions at the dead end of the duct will approach that of a
large reservoir, and the discharge coefficient will approach a maximum value.

4) The shape of the outlet had no significant effect on the discharge
coefficient. At outlet Reynolds numbers of greater than 10 000 the friction forces
are minimal and the effect of outlet shape is insignificant.

5) There is a linear relationship between the discharge coefficient and the
head ratio, the discharge coefficient and the duct Reynolds number, and between
the head ratio and the duct Reynolds number.
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6) The apparent effects of cutlet distance from the fan, outlet shape and
duct Reynolds number, on the discharge coefficient are probably due to the
effect of head ratio.

7  An equation was developed and tested to predict the discharge coefficient
of ventilation ducts. The equation can estimate the discharge coefficient of
ventilation ducts, with an aperture ratio of 1.0 or less, with a maximum error
of less than 5 percent. Some error may be evident in the first few metres of the
duct after the fan.



7.0 RECOMMENDATIONS FOR FURTHER RESEARCH

1) More research is required to compare the results of this experiment to
other types of perforated ventilation ducts, and on wooden ducts of different
lengths and diameters, to confirm that the findings are applicable to all types of
ventilation ducts.

2) The experiments should be repeated in a wind tunnel using flow
visualization techniques to confirm the assumptions of variable velocity profile

and the loss of axial momentum at the outlet.
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0 APPENDICES

APPENDIX A.1: EXPERIMENTAL DATA

Appendix A contains a complete listing of the experimental data.
The data listed includes:

REP = repetition number
SHAPE = outlet shape;
1 = half moon oriented with air flow
2 = half moon oriented against air flow
3 = rectangular
4 = circular
AR. = aperture ratio, dimensionless
X = outlet number (14= dead end, 1= fan end)
Vo = average outlet velocity, m/s
vd = outlet velocity, m/s
P = duct static pressure, Pa
Cd = discharge coefficient, dimensionless
E = duct energy, m%s? )
K = duct energy correction factor, dimensionless
A = outlet discharge angle, degrees
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Rer siake A.R. X Vo vd P CD E K A

1 1 0.5 14 8.22 0.29 56.47 1.175 48.94 22.40 90
13 8.13 0.58 56.84 1.138 51.00 10.80 90

12 8.30 0.88 56.63 1.138 53.19 7.74 90

11 8.11 1.17 56.37 1.090 55.36 6.13 90

10 8.21 1.46 56.04 1.082 57.61 5.12 90

9 8.07 1.75 54.73 1.042 59.94 4.68 90

8 8.24 2.05 54.52 1.043 62.42 4.04 90

7 8.04 2.33 53.86 0.998 64.84 3.68 90

6 8.20 2.63 52.87 0.998 67.52 3.39 90

5 8.09 2.91 51.28 0.966 70.14 3.24 90

4 8.16 3.21 49.78 0.955 73.04 3.06 90

3 8.15 3.50 46.30 0.935 75.98 3.05 90

2 8.27 3.79 41.49 0.930 79.05 3.10 90

1 7.56 4.06 36.67 0.835 82.07 3.12 85

2 1 0.5 14 8.72 0.31 56.15 1.251 48.59 18.69 95
13 8.61 0.62 57.60 1.208 50.78 7.24 90

12 8.62 0.93 57.28 1.184 53.04 6.13 90

11 8.61 1.23 56.88 1.158 55.29 5.22 90

10 8.86 1.55 56.53 1.166 57.77 4.44 90

9 8.74 1.86 55.52 1.126 60.27 4.05 90

8 8.70 2.17 56.54 1.097 62.86 3.34 90

7 8.83 2,49 56.48 1.090 65.63 2.99 90

6 8.86 2.81 54.27 1.070 68.53 2.95 90

5 8.83 3.12 52.01 1.045 71.47 2.89 90

4 8.89 3.44 50.42 1.029 74.62 2.76 90

3 9.u6 3.76 46.98 1.026 77.92 2.74 90

2 9.27 4.09 42.27 1.027 81.46 2.76 90

1 8.77 4.41 37.56 0.951 85.08 2.77 85

3 1 0.5 14 8.51 0.30 56.30 1.226 48.17 13.73 95
13 8.42 0.60 57.17 1.187 50.28 7.34 90

12 8.40 0.90 56.64 1.160 52.45 6.49 90

11 8.46 1.21 56.14 1.143 54.77 5.45 90

10 8.45 1.51 55.63 1.118 57.08 4.70 90

9 8.56 1.81 55.24 1.110 59.48 4.10 90

8 8.56 2.12 54.36 1.087 62.05 3.73 90

7 8.58 2.43 53.55 1.067 64.72 3.40 90

6 8.61 2.74 53.33 1.048 67.50 3.07 90

5 8.69 3.04 51.85 1.036 70.31 2.93 90

4 8.80 3.36 50.21 1.027 73.14 2.79 90

3 8.99 3.68 47.29 1.027 76.68 2.75 90

2 9.10 4.00 42.88 1.017 80.08 2.77 90

1 8.73 4.32 38.48 0.955 83.65 2.76 85

TABLE A.1 Data for shape 1, aperture ratio =0.5

13




Rer siare A.R. X Vo vd P CD E K A
1 1 1.0 14 8.54 0.55 55.58 1.213 49.55 10.69 90
13 8.56 1.11 54.65 1.169 53,60 6.54 90
12 8.51 1.66 53.88 1.120 ~..78 4.67 85
11 8.42 2.19 52.44 1.069 62.02 3.82 85
10 8.40 2.69 51.74 1.032 66.26 3.20 80
9 8.32 3.17 51.07 0.990 70.57 2.79 80
8 8.31 3.63 49.49 0.960 74.94 2.56 80
7 8.34 4.07 47.45 0.936 79.38 2.40 80
6 8.30 4.50 45.74 0.906 83.97 2.26 175
5 8.21 4.87 43.80 0.874 88.25 2.18 75
4 5.47 5.26 40,11 0.567 92.%96 2,15 175
3 4.75 5.60 31.78 0,481 97.42 2.26 175
2 5.82 6.02 20.11 0.574 102.94 2.38 175
1 4.64 6.35 8.45 0.447 107,81 2.50 175
2 1 1.0 14 7.78 0.56 49.87 1.158 45,14 11.42 90
13 7.86 1,12 49.77 1.123 49.01 6.01 90
12 7.79 1.67 50.00 1.070 53.01 4.07 90
11 7.79 2.23 48.73 1.029 57.32 3.36 90
10 7.47 2.76 47.54 0.951 61.65 2.89 85
9 7.26 3.28 45,76 0.893 66.16 2.61 85
8 6.48 3.75 43.32 0.772 170.53 2.45 85
7 5.99 4.17 41.56 0,693 74.72 2.31 85
6 5.53 4.57 39.81 0.622 78.96 2.19 85
5 5.34 4.95 36.58 0.3585 83.27 2,15 85
4 5,36 5.33 33,75 0.572 87.81 2.10 85
3 4.96 5.69 25.65 0.516 92.40 2.19 85
2 5,48 6.08 14.11 0.555 97.54 2.32 85
1 4.60 6.41 2.57 0.455 102.36 2.44 15
3 1 1.0 14 7.77 0.55 55.38 1.104 49.58 11.33 90
13 7.84 1.12 53,78 1.070 53.70 17.08 90
12 7.75 1.67 54.72 1.019 57.89 4.41 90
11 7.81 2.23 54.08 0.989 62.38 3.48 90
10 7.38 2.75 53,11 0.903 66.79 2.98 85
9 7.29 3.27 51.57 0.862 71.47 2.66 85
8 7.10 3.78 49.62 0.813 76.33 2.45 85
7 6.30 4.23 47.51 0.700 8G.95 2.31 85
6 5.44 4.62 45,78 0.589 85.26 2.21 85
5 5.34 5.00 42.61 0.564 89.72 2.17 85
4 5,43 5.39 39.65 0.559 94.51 2.12 85
3 4.86 5.74 30.72 0.488 99.15 2.23 85
2 5.24 6.11 17.27 0.513 104.24 2.41 85
1 4.55 6.44 3.81 0.435 109.18 2.56 175
TABLE A.2 Data for shape 1, aperture ratio =1.0
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Rep suare A.R. X Vo vd P CD E K A
1 1 1.5 14 6.75 0.72 38.86 1.118 36.48 7.90 90
13 6.71 1.44 38.52 1.048 41.00 4.29 90
12 6.52 2.14 37.72 0.964 45.74 3.12 90
11 €6.72 2.86 36.37 0.941 50.99 2.53 80
10 6.67 3.58 35.07 0.886 56.67 2.14 80
9 6.05 4.22 31.99 0.767 62.20 2.00 80
8 5.44 4.81 29.82 0.661 67.74 1.85 75
7 4.79 5.32 27.06 0.561 173.02 1.78 70
6 4.11 5.76 25.03 0.465 78.03 1.72 70
5 4.14 6.20 22.15 0.453 83.38 1.69 70
4 3.80 6.61 15,92 0.403 88.77 1.73 70
3 3.38 6.97 5.90 0.349 94.00 1.83 70
2 3.93 7.39 -6.96 0.393 100.14 1.94 70
1 2.39 7.65 -19.82 0.233 104.97 2.08 70
2 1 1.5 14 6.96 0.75 38.80 1.167 35.57 5.76 90
13 7.02 1.50 39.38 1.107 40.24 3.30 90
12 6.89 2.24 38.70 1.025 45.22 2.58 90
11 6.84 2.97 37.37 0.962 50.53 2.20 90
10 5.74 3.58 35.76 0.771 55.38 2.00 85
9 5.57 4.18 32.75 0.716 60.54 1.90 85
8 5.39 4.76 31.34 0.664 65.92 1.76 85
7 4.93 5.29 27.13 0.584 71.29 1.74 85
6 4.56 5.77 24.54 0.521 76.61 1.69 85
5 4.58 6.27 21.56 0.504 82.48 1.64 85
4 4,13 6.71 16.53 0.440 88.18 1.65 80
3 3.29 7.06 5.46 0.341 93.35 1.78 80
2 4.03 7.49 -9.17 0.404 99.63 1.91 80
1 2.80 7.79 -23.81 0.273 104.93 2,06 80
3 1 1.5 14 6.79 0.73 38.34 1.123 36.59 8.71 90
13 6.76 1.45 37.51 1.054 41.12 4.69 80
12 6.64 2.16 37.08 0.980 45.94 3,22 85
11 6.66 2.88 35.81 0.931 51.20 2.58 85
10 5.93 3.51 34.02 0.791 656.21 2,26 85
9 5.11 4.06 31.82 0.654 60.98 2.09 85
8 5.31 4.63 28.42 0.652 66.26 1.99 85
7 4.37 5.10 25.06 0.518 71.07 1.93 85
6 4.24 5.55 23.85 0.486 76.03 1.82 85
5 3.55 5.93 20.93 0.395 80.68 1.80 85
4 3.94 6.35 16.24 0.425 85.98 1,80 85
3 2.96 6.67 5.56 0.311 90.63 1.93 80
2 4,30 7.13 -8.89 0.437 96.93 2.05 80
1 2.73 7.42 -23.33 0.270 101.87 2.20 80

TABLE A.3 Data for shape

1, aperture ratio =1.5
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REP siaPe  A.R. X Vo vd P CD E K A
1 2 0.5 14 8.58 0.31 55.96 1.238 48.01 14.31 90
13 8,60 0.61 56.92 1.215 50.12 7.22 90
12 8.58 0.92 57.08 1.186 52.36 5.66 90
11 8.64 1.23 57.01 1.168 54.67 4.74 90
10 8.65 1.54 56.68 1.145 57.06 4.15 85
9 8.63 1.85 55.93 1.118 59.54 3.78 85
8 8.70 2.16 55.73 1.104 62.12 3.36 85
7 8.67 2.47 54.65 1.077 64.80 3.16 85
6 8.78 2.78 53.97 1.068 67.59 2.93 85
5§ 8.81 3.09 52.13 1.049 70.50 2.83 85
4 8.90 3.41 51.43 1.037 73.63 2.65 85
3 8.84 3.73 48.19 1.008 76.90 2.64 85
2 9.09 4.05 43.23 1.014 80.32 2.70 85
1 8.61 4.36 38.27 0.940 83.82 2.73 80
2 2 0.5 14 8.47 0.30 56.18 1.217 48.42 17.77 90
13 8.63 0.61 57.42 1.213 50.61 7.41 90
12 8.49 0.91 57.66 1.169 52.79 5.72 90
11 8.63 1.22 57.42 1.163 55.11 4.88 90
10 8.57 1.53 56.80 1.130 57.51 4.35 90
9 8.67 1.84 56.14 1.119 59.99 3.90 90
8 8.58 2.14 55.93 1.085 62.49 3.47 85
7 8.63 2.45 55.42 1.069 65.18 3.16 85
6 8.69 2.76 54.16 1.054 67.%97 3.00 85
5 8.67 3.07 53.10 1.030 70.89 2.83 85
4 8.71 3.38 51.20 1.013 73.93 2.74 85
3 8.82 3.70 47.66 1.004 77.20 2.74 85
2 8.88 4.02 43.32 0.989 80.62 2.75 85
1 8.61 4.32 38.98 0.939 84.01 2.76 85
3 2 0.5 14 8.41 0.30 56.55 1.215 47.88 8.39 90
13 8.51 0.60 57.98 1.204 43.99 4.64 90
12 8.48 0.91 57.45 1.173 52.23 5.25 30
11 8.45 1.21 56.96 1.145 54.46 4.78 90
10 8.49 1.51 656.67 1.127 56.77 4.19 80
9 8.59 1.82 56.30 1.116 ©59.24 3.72 90
8 8.66 2.13 55.46 1.102 61.80 3.43 85
7 8.62 2.44 54.53 1.074 64.47 3.20 85
6 8.67 2.75 53.90 1.057 67.25 2.95 85
5 8.59 3.05 53.50 1.026 70.06 2.74 85
4 8.78 3.37 51.40 1.026 73.17 2.67 85
3 8.90 3.68 48.21 1.019 76.33 2.67 85
2 8.50 3.99 43.40 0.952 79.64 2.73 85
1 8.71 4.30 38.60 0.955 83.10 2.75 80

TABLE A.4 Data for shape 2, aperture ratio =0.5
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¢4

BN

ree sware AR, X Vo vd P CD E K A
1 2 1.0 14 7.70 0.55 49.08 1.171 43.20 7.61 90
13 7.27 1.07 50.82 1.064 46.72 3.81 90
12 6.77 1.55 50.20 0.956 S50.12 3.45 85
11 6.65 2.03 49.55 0.907 53.70 3.01 80
10 6.81 2.51 48.24 0.898 57.48 2.74 80
9 6.47 2.98 46.81 0.826 61.40 2.52 80
8 6.45 3.44 45.85 0.797 65.46 2.30 80
7 6.42 3,90 44.12 0.769 69.77 2.17 80
6 6.48 4.36 41.67 0.752 74.34 2.08 75
5 6.31 4.81 37.%0 0.710 79.09 2.05 75
4 6.17 5.25 35.38 0.673 84.05 1.98 75
3 5.62 5.65 27.91 0.596 88.92 2.06 75
2 5.98 6.08 17.13 0.616 94.37 2.17 175
1 4.64 6.41 6.35 0.466 99.13 2.28 175
2 2 1.0 14 7.20 0.51 54.14 1.040 47.95 10.91 90
13 6.76 1.00 54.74 0.943 51.43 5.81 85
12 6.64 1.47 53.89 0.896 54.92 4.63 85
11 6.53 1.94 53.32 0.853 58.57 3.76 80
10 6.55 2.41 51.95 0.829 62.41 3.29 80
9 6.61 2,88 50.33 0.811 66.45 2.90 80
8 6.45 3,34 49.26 0.767 70.64 2.65 80
7 6,31 3.79 47.68 0.729 74.97 2.45 75
6 6.34 4.24 45.86 0.711 79.55 2.30 75
5 6.27 4.69 42.71 0.682 84.40 2.22 75
4 5,92 5.11 38.92 0.627 89.24 2.18 75
3 4.95 5,47 30.58 0.511 93.77 2.28 75
2 5.84 5.88 19.81 0.587 99.05 2.39 75
1 4.39 6.20 9.05 0.431 103.68 2.50 70
3 2 1.0 14 7.20 0.51 49.99 1.079 44.53 11.05 90
13 6.76 1.00 49.80 0.977 47.89 6.39 85
12 6.64 1.47 49.88 0.927 51.25 4.48 85
11 6.53 1.94 48.54 0.882 54.79 3.81 80
10 6.55 2.41 47.57 0.856 58.51 3.25 80
9 6.61 2.88 46.66 0.837 62.44 2.84 80
8 6.45 3.34 43.88 0.791 66.50 2.68 75
7 6.31 3.79 42.01 0.750 70.73 2.49 75
6 6.34 4.24 40.36 0.731 75.20 2.31 75
5 6.27 4.69 38.91 0.701 79.93 2.16 75
4 5.92 5.11 34.98 0.643 84.68 2.13 75
3 4.95 5.47 26.92 0.524 89.12 2.23 70
2 5.84 5.88 15.57 0.601 94.29 2.35 170
1 4.39 6.20 4.21 0.442 98.85 2.48 70

TABLE A.3 Data for shape

2, aperture ratio =1.0
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Rep suape  A.R. X Vo vd P CD E K A
1 2 1.5 14 6.73 0.72 40.86 1.085 38.49 8.56 85
13 6.87 1.46 40.72 1.044 43.26 4.38 80
12 6.64 2.17 39.32 0.956 48.19 3.28 80
11 6.52 2.87 37.83 0.892 53.43 2.66 80
10 5.74 3.48 36.09 0.751 58.38 2.34 80
9 5.21 4.04 33.98 0.655 63.30 2.14 175
8 5.15 4.59 30.69 0.622 68.48 2.04 75
7 4.5 5.08 28.09 0.532 73.52 1.94 170
6 4.38 5.60 25.80 0.548 79.17 1.84 70
5 4.47 6.08 23.55 0.485 84.84 1.76 70
4 3.81 6.49 17.71 0.401 90.21 1.79 70
3 3.45 6.86 7.65 0.353 95.51 1.89 70
2 4.07 7.30 -5.69 0.403 101.82 2.00 70
1 2.89 7.61 -19.03 0.279 107.15 2.12 65
2 2 1.5 14 6.83 0.73 38.35 1.140 35.93 7.44 90
13 6.79 1.46 38.01 1.067 40.48 4.13 90
12 6.5 2.16 37.04 0.974 45.20 3.07 85
11 6.83 2.89 35.54 0.961 50.49 2.50 85
10 5.52 3.48 33.60 0.743 55.17 2.24 80
9 5.49 4.07 32.66 0.708 60.20 1.99 80
8 5.47 4.66 28.65 0.675 65.62 1.92 75
7 5.03 5.20 25.24 0.597 71.03 1.85 75
6 4.88 5.72 22.85 0.557 76.66 1.76 75
5 4.99 6.26 20.84 0.548 ©2.87 1.67 175
4 4.38 6,72 16.11 0.465 88.77 1.67 15
3 3.61 7.11 6.48 0.372 94.36 1.76 75
2 3.79 17.52 -5.38 0.378 100.48 1.86 175
1 2.61 7.80 -17.24 0.254 105.60 1.97 170
3 2 1.5 14 6.86 0.74 39.02 1.139 36.29 6.89 90
13 6.92 1.48 38.91 1.082 40.93 3.88 90
12 6.86 2.21 37.86 1.013 45.88 2.93 85
11 6.81 2.94 36.48 0.952 51.22 2.41 85
10 5.62 3.54 35.22 0.751 56.02 2.13 80
9 5.42 4.12 33.78 0.694 61.02 1.94 80
8 5.05 4.67 29.83 0.621 66.16 1.89 80
7 4.69 5.17 26.79 0.556 71.24 1.83 75
6 4.59 5.66 23.%9:¢ 0.524 76.59 1.77 15
5 3.99 6.09 22.21 0.441 81.76 1.71 175
4 3.52 6,46 16.44 0.378 86.69 1.75 5
3 2.54 6.74 5.80 0.266 91.02 1.90 75
2 3.0 17.06 -8.66 0.311 95,96 2.07 175
1 2.66 7.35-23.12 0.265 100.85 2.22 175

TABLE A.6 Data for shape 2, aperture ratio =1.5
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Rep siaPE A.R. X Vo vd P CD E K A
1 3 0.5 14 8.54 0.31 54.57 1.239 47.50 21.04 90
13 8.56 0.61 54.39 1.215 49.60 11.48 90
12 8.51 0.91 54.16 1.183 51.75 7.99 85
11 8.42 1.22 53.76 1.145 54.05 6.22 85
10 8.40 1.52 53.25 1.119 56.35 5.18 85
9 8.32 1.81 53.12 1.086 58.66 4.39 85
8 8.31 2.11 51.83 1.063 61.13 4.03 80
7 8.34 2.41 51.08 1.045 63.70 3.64 80
6 8.30 2.70 50.23 1.019 66.30 3.35 175
5 8.21 3.00 49.58 0.988 69.08 3.08 75
4 8.12 3.29 49.75 0.958 71.90 2.81 75
3 8,03 3.57 47.30 0.929 74.75 2.77 75
2 8.14 3.86 41.13 0.923 77.82 2.92 170
1 8.12 4.15 34.97 0.902 81.02 3.01 70
2 3 0.5 14 8.44 0.30 53.31 1.254 45.28 9.51 90
13 8.43 0.60 54.46 1.225 47.33 5.41 90
12 8.44 0.90 54.14 1.200 49.44 5.34 90
11 8.50 1.21 53.54 1.182 51.69 4.83 90
10 8.50 1.51 52.97 1.157 53.94 4.30 85
9 8.54 1.82 51.95 1.138 56.35 3.94 85
8 8.51 2.12 51.11 1.110 58.78 3.60 85
7 8.62 2.43 50,17 1.100 61.38 3.31 80
6 8.50 2.73 49.49 1.062 64.01 3.06 80
5 8.64 3.04 48.71 1.057 66.85 2.84 80
4 8.70 3.35 47.45 1.041 69.81 2.70 80
3 8.98 3.67 43.55 1.051 72.99 2.72 75
2 8.95 3.99 37.95 1.024 76.32 2.81 75
1 8.40 4.29 32.35 0.941 79.64 2.86 70
3 3 0.5 14 8.47 0.30 53.90 1.242 46.49 17.49 90
13 8.39 0.60 54.06 1.204 48.57 9.77 90
12 8.51 0.91 54.20 1.194 50.77 6.77 90
11 8.50 1.21 S53.78 1.168 52.98 05.57 90
10 8.45 1.51 53.28 1.137 55.26 4.76 85
9 8.45 1.81 52.72 1 113 57.62 4.18 85
8 8.52 2.12 52.06 1.099 60.15 3.73 85
7 8.60 2.42 50.87 1.086 62.70 3.47 80
6 8.57 2.73 49.82 1.059 65.44 3.21 80
5 8.63 3.04 49.08 1.044 68.30 2.96 80
4 8.65 3.35 46.81 1.024 71.29 2.88 80
3 8.86 3.66 42.68 1.027 74.41 2.90 75
2 9.07 3.99 37.89 1.028 77.86 2.91 75
1l 8.54 4.29 33.10 0.948 81.20 2.91 70

TABLE A.7 Data for shape 3, aperxture ratio =0.5
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Rep siaP2 A,R. X Vo vd P (#)3) E K A
1 3 1.0 14 7.38 0.53 47.08 1.130 42.64 12.11 90
13 7.4C 1.06 46.38 1.089 46.19 6.71 90
12 7.88 1.62 45.80 1.113 50.15 4.57 85
11 7.38 2.15 45.31 1.003 54.11 3.54 85
10 7.25 2.66 44.66 0.951 58.16 2.96 80
9 7.24 3.18 43.49 0.916 62.53 2.60 75
8 7.12 3.69 41.13 0.869 67.09 2.41 70
7 7.07 4.19 39.06 0.834 71.86 2.24 70
6 6.68 4.67 37.17 0.762 76.76 2.10 65
5 6.52 5.14 34.60 0.721 81.88 2.01 65
4 5.97 5.56 30.23 0.641 86.85 1.99 60
3 4.83 5.91 26.45 0.505 91.43 1.99 55
2 6.35 6.36 23.97 0.644 97.27 1.91 55
1 3.85 6.64 21.51 0,382 101.70 1.90 55
2 3 1,0 14 7.75 0.55 47.11 1,197 41.90 8.72 90
13 7.76 1.11 47.40 1,149 45.63 4.97 85
12 7.73 1.66 46.74 1.099 49.50 3.83 85
11 7.77 2.22 45.87 1.061 53.66 3,13 80
10 7.78 2.77 44.80 1.021 58.02 2.70 80
9 7.79 3.33 44.08 0.984 62.73 2.34 80
8 7.48 3.86 41.34 0.910 67.51 2.22 75
7 7.04 4.36 39.14 0.828 72.34 2.09 70
6 7.23 4.88 37.04 0.820 77.68 1.97 70
5 6.97 5.38 34.25 0.764 83.18 1.89 70
4 6.20 5.82 31.09 0.659 B88.48 1.85 65
3 4.47 6.14 22.18 0.464 92.91 1.97 60
2 6,33 6.59 9.67 0.637 98.89 2.09 60
1 4.11 6.89 -2.83 0.404 103.67 2.23 55
3 3 1.0 14 7.76 0.55 48.70 1.178 43.37 9.20 90
13 7.72 1.11 48.49 1.124 47.16 5.48 85
12 7.74 1.66 47.97 1,083 51.09 4.03 85
11 7.75 2.21 47.16 1.043 55.25 3.27 80
10 7.74 2.77 46.41 1,001 59.74 2.74 80
9 7.73 3.32 44.14 0.963 64.43 2,51 80
8 7.56 3.86 42,24 0.908 69.34 2.29 75
7 7.18 4.37 39.70 0.833 74.32 2.1e6 70
6 6.95 4.87 38.85 0.779 79.53 1.99 70
5 6.51 5.33 36.08 0.707 84.71 1.92 70
4 6.01 5.76 31.79 0.634 89.93 1.91 65
3 3.85 6.04 22.87 0.397 93.96 2.05 60
2 6.83 6.52 10.38 0.682 100.22 2.15 60
1 3.82 6.80 ~2.10 0.373 104.77 2.30 55

TABLE A.8 Data for shape 3, aperture ratio =1.0
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REP SHAPB X Vo vd P CD E K A
14 6.94 0.74 37.75 1.160 35.77 7.88 90
13 6.88 1.48 36.78 1.083 40.39 4.45 90
12 6.78 2.21 35.96 1.007 45.30 3.14 85
11 6,50 2.90 34.48 0.916 50.32 2.57 80
10 6.28 3.58 32.87 0.842 55.67 2.21 80

9 6.19 4.24 30.69 0.791 61.32 1.99 80
8 5.65 4.85 27.51 0.690 67.00 1.87 75
7 4.91 5.37 24.41 0.577 72.36 1.80 15
6 4.19 5.82 22.28 0.476 77.47 1.74 70
5 4,21 6.27 19.69 0.462 82.92 1.69 70
4 2,83 6.57 13.03 0.303 87.29 1.77 70
3 2.40 6.83 2.49 0.251 91.49 1.92 70
2 3.09 7.16 -11.18 0.314 96.58 2.07 70
1 2.13 7.39 -24.84 0.212 100.92 2.23 70
6.83 0.73 37.23 1.154 35.04 17.53 90
6.78 1.46 37.39 1.078 39.54 3.93 85
6.86 2.19 35.80 1.030 44.40 3.04 85
6.70 2.91 33.82 0.951 49.59 2.53 80
6.67 3.63 32.15 0.898 55.21 2.16 15
6.35 4.31 30.05 0.813 61.01 1.94 15
5.84 4,93 27.13 0.715 66.79 1.82 70
5.64 5.54 24.29 0.660 72,96 1.72 70
4,82 6.05 22.10 0.543 78.70 1.65 65
4,37 6.52 19.47 0.475 84.48 1.61 65
3.40 6.88 14.20 0.359 89.59 1.64 60
2.48 7.15 3.29 0.256 94.08 1.79 60
3.78 7.56 -11.29 0.378 100.22 1.92 60
2.05 7.78 -25.86 0.200 104.73 2.09 55
6.68 0.72 37.25 1.130 34.92 7.49 90
6.66 1.43 36.92 1.062 39.29 4.17 85
6.75 2.15 36.04 1.017 44.07 3.04 85
6.68 2.87 34.38 0.952 49.23 2.50 80
6.57 3.57 32.45 0.889 54.68 2.17 80
9 5.84 4.20 30.48 0.754 60.03 1.96 75
8 5.71 4.81 26.84 0.705 65,66 1.87 70
7 5.51 5.40 23.72 0.651 71.55 1.78 70
6 4,75 5.91 21.70 0.541 77.19 1.69 65
5 3.59 6.29 19.84 0.396 82.03 1.66 65
4 3.14 6.63 14.47 0.337 86.78 1.70 65
3 2.06 6.85 3.34 0.216 90.61 1.87 65
2 4,02 7.28 -11.89 0.409 96.71 2.01 65
1 2.23 7.52 =-27.11 0.222 101.22 2.19 55

TABLE A.9

™

Data for shape

3, aperture ratio =1.5
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REP SHAPE A.R. X Vo vd P CD E K A
1 4 0.5 14 8.42 0.30 58.61 1.180 50.91 22.99 90
13 8.37 0.60 58.40 1.149 53.08 12.26 90
12 8.40 0.90 58.62 1.129 55.31 7.98 90
11 8,37 1.20 58.24 1.103 57.61 6.30 85
10 8.42 1.50 57.97 1.087 59.98 5.19 85
9 8,42 1.80 57.47 1.066 62.43 4.49 85
8 8.45 2.10 56.61 1.048 64.98 4.04 85
7 8.47 2.40 56.49 1.030 67.62 3.57 80
6 8.38 2.70 55.52 0.999 70.36 3.31 80
5 8,44 3.00 55.01 0.986 73.22 3.04 80
4 8.36 3.30 53.12 0.958 76.20 2.93 80
3 8.40 3.60 49.72 0.943 79.30 2.92 80
2 8.46 3.91 44.92 0,931 82.64 2.96 80
1 8.47 4.21 40.12 0,913 86.03 2.97 80
2 4 0.5 14 8.28 0.30 56,08 1,191 48.31 17.47 90
13 8.24 0.60 55.49 1,160 50.42 11.61 a0
12 8.23 0.90 56.11 1.135 52.60 7.21 90
11 8.23 1.20 55.92 1.111 54.84 5.72 90
10 8.29 1.50 55.49 1.097 57.15 4.85 90
9 8,29 1.80 51.30 1.074 59.55 5.19 85
8 8.28 2.10 54.06 1.051 62.04 3.85 85
7 8,46 2.40 52.97 1.052 64.63 3.56 85
6 8.49 2.70 51.79 1.035 67.32 3.31 85
5 8.57 3.00 50.42 1.023 70.12 3.12 85
4 8,88 3.30 48.62 1.039 173.04 2.99 85
3 9.09 3.60 45.59 1.042 76.10 2.94 85
2 9,22 3.91 41.20 1.035 179.38 2.95 85
1 8.86 4.21 36.81 0,974 82.72 2.94 85
3 4 0.5 14 8.26 0.30 54.92 1.205 46.99 13.54 90
13 8.22 0.59 55.74 1.174 49.00 7.33 90
12 8.25 0.88 56.23 1.154 51.07 65.44 90
11 8.30 1.18 55.94 1,137 53.28 4.79 90
10 8.30 1.48 54.85 1.113 55.56 4.50 90
9 8.28 1.77 54.18 1.089 57.85 4.05 90
8 8.26 2.07 53.74 1.064 60.30 3.62 85
7 8.43 2.37 52.78 1.063 62.85 3.36 85
6 8.42 2.67 51.64 1.040 65.50 3.15 85
5 8.55 2.97 50.39 1.035 68.26 2.98 85
4 8.71 3.29 48.95 1.031 71.32 2.82 85
3 9.04 3.61 45.19 1.047 74.51 2.83 85
2 9.17 3.94 39.26 1.039 177.95 2.91 85
1 8.83 4.25 33.33 0.979 81.36 2.97 85

TABLE A.10 Data for shape 4, aperture ratio =0.5
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REP SHAPE A.R. X Vo vd P CD E K A
1 4 1.0 14 6.33 0.45 45.20 0.997 40.29 12.97 90
13 6.41 0.91 45.32 0.974 43.28 6.66 85
12 6.29 1.36 43.88 0.924 46.34 5.29 80
11 6.25 1.81 42.52 0.888 49.56 4.31 80
10 6.35 2.26 42.25 0.873 52.94 3.47 80
9 6.23 2.70 40.63 0.829 56.43 3.10 75
8 6.23 3.15 39.33 0.803 60.20 2.76 15
7 6.25 3.60 36.84 0.780 64.19 2.58 70
6 6.16 4.04 35.23 0.745 68.34 2.39 70
5 6.09 4.47 33.05 0.714 72.65 2.26 65
4 6.07 4.90 29.98 0.691 77.23 2.18 65
3 5.60 5.30 22.31 0.619 81.80 2.25 60
2 5.5 5.70 13.01 0.597 86.65 2.33 60
1l 4.39 6.02 3.71 0.460 90.99 2.43 60
2 4 1.0 14 6.66 0.48 48.29 1.015 43.04 12.14 90
13 6.60 0.95 48.21 0.97%1 46.20 6.67 90
12 6.56 1.42 47.26 0.932 49,50 5.02 85
11 6.64 1.8%9 45.96 0.912 52.97 4.11 85
10 6.34 2.34 44.99 0.844 56.47 3.47 80
9 6.48 2.81 43.92 0.834 60.32 3.00 80
8 6.57 3.28 41.62 0.819 64.39 2.76 80
7 6.21 3.72 39.22 0.751 68.45 2.58 80
6 6.33 4.17 37.39 0.742 72.84 2.40 75
5 5.86 4.59 34.97 0.667 77.22 2.28 75
4 5,76 5.00 31.31 0.637 81.77 2.23 70
3 4.60 5.33 23.75 0.497 85.83 2.32 65
2 5.86 5.75 13.12 0.614 90.97 2.42 65
1 3.65 6.01 2.48 0.375 94.81 2.57 65
3 4 1.0 14 6.65 0.48 49,04 1.005 43.79 12.69 90
13 6,41 0.93 49.24 0.937 46.84 6.71 90
12 6.49 1.40 48.73 0.916 50.16 4.87 85
11 6.46 1.86 47.72 0.883 53.58 3.99 85
10 6.56 2.33 46.19 0.867 57.25 3.45 80
9 6.4° 2.79 45.01 0.829 61.04 3.02 80
8 6.3¢ 3.24 42.32 0.787 64.96 2.83 75
7 6,35 3.70 39.92 0.763 69.20 2.62 75
6 6.32 4.15 37.84 0.737 173.60 2.44 75
5 6.24 4.59 35.83 0.706 78.17 2.29 75
4 6.18 5.03 31.54 0.678 83.02 2.24 70
3 4.89 5.38 23.97 0.523 87.30 2.33 70
2 5.89 5.80 14.04 0.612 92.50 2.40 70
1 4.31 6.11 4,12 0.438 96.89 2.50 70

TABLE A.l11 Data for shape 4, aperture ratio =1,0
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Rep smPE AR, X Vo vd P CD E K A

1l 4 1.5 14 6.79 0.73 38.02 1.134 35.83 7.78 90
13 6.82 1.46 37.56 1.073 40.38 4.26 85

12 6.89 2.20 36.67 1.023 45.36 3.06 85

11 6.67 2.91 35.23 0.938 50.52 2.50 80

10 6.36 3.59 33.61 0.851 55.89 2.16 75

9 6.28 4.26 31.52 0.800 61.63 1.95 75

8 5.89 4,90 28.16 0.716 67.58 1.84 70

7 5.02 5.43 25.22 0.587 73.06 1.77 65

6 4.26 5.89 22.88 0.481 78.31 1.71 60

-5 3.12 6.22 20.00 0.343 82.70 1.71 60

4 3.07 6.55 14.16 0.329 87.32 1.76 55

3 1,61 6.72 32.82 0.169 90.63 1.94 55

2 3.04 7.05 -9.66 0.311 95.85 2.09 55

1 1.93 7.26 -23.14 0,183 99.71 2.26 55

2 4 1.5 14 6.75 0.72 37.80 1,135 35.34 7.41 85
13 8.83 1.67 37.39 1.374 41.28 3.63 85

12 6.92 2.41 36.78 1.017 46.34 2.70 85

11 6.93 3.15 35.11 0.963 51.82 2.27 80

10 6.61 3.86 33.10 0.871 57.55 2.01 80

9 6.40 4.55 30.12 0.802 63.61 1.86 80

8 6.00 5.19 27.70 0.718 69.75 1.73 75

7 5.40 5.77 24.57 0.620 75.87 1.66 75

6 5.15 6.32 22.38 0.568 82.18 1.59 75

5 4.86 6.84 19.53 0.516 88.67 1.55 75

4 4.07 7.28 14.06 0.418 94.82 1.57 175

3 2,92 7.59 3.28 0.292 100.02 1.69 75

2 3.79 8.00 -11.68 0.367 106.55 1.82 75

1 2,18 8.23 -26.64 0.206 111.50 1.97 65

3 4 1.5 14 6.76 0.72 37.98 1.140 35.15 6.75 85
13 6.77 1.45 37.45 1.075 39.66 4.02 85

12 6.86 2.18 36.83 1.028 44.52 2.91 85

11 6.77 2.91 35.04 0.959 49.78 2.43 80

10 6.54 3.61 32.95 0.880 55.27 2.13 80

9 5.79 4.23 30.86 0.744 60.59 1.95 80

g8 6.06 4.88 27.36 0.743 66.57 1.84 75

7 5.99 5.52 24.64 0.701 72.97 1.72 75

6 5.68 6.13 22.42 0.637 79.61 1.62 75

5 4.97 6.66 20.00 0.536 86.03 1.56 75

4 4,14 7.11 14.23 0.431 92.12 1.59 75

3 3.19 7.45 3.32 0.323 97.48 1.71 75

2 4.08 7.89 -11.34 0.400 104.18 1.83 75

1 2.21 8.12 -25.99 0.212 109.04 1.98 65

TABLE A.12 Data for shape 4, aperture ratio =1.5

84




P e ks gk

{.}

LN 3

APPENDIX A.2:

EXPERIMENTAL DATA - MEAN VALUES

Data in tables A.13 to A.16 are averaged over 3 repetitions
and are listed from X=14 to X=1.

Table A.13 Mean values of discharge coefficients, dimensionless

APERTURE RATIO
0.5 1.0 1.5
SHAPE SHAPE SHAPE
1 2 3 4 1 2 3 4 1 2 3 4
1.217 |1.223| 1.245] 1,192 |1.158] 1.097 | 1.168 | 1.006 | 1.136| 1.121]1.148] 1.136
1.178 [1.211|1.215] 1,161 [1.121} 0,995 {1.121 ] 0,961 | 1.070| 1.064|1.074] 1.074
1.161 [1.176| 1.192| 1.139 [1.070| 0.926 | 1.098 | 0.924 | 0.990| 0.981}1.018] 1.02
1.130 [1.159 | 1.165]1.117 |1.029 | 0.881 | 1.036 | 0.894 | 0.945] 0.935| 0.940] 0.95
1.122 [1.134]1.138|1.099 [0.962 | 0.861 | 0.991 | 0.861 |0.816|0.748|0.876] 0.86
h.093 [1.118|1.112{1.076 }0.915 | 0.825 | 0.954 | 0.831 | 0.712| 0.686| 0.786| 0.782
1.076 |1.097|1.091|1.054 |0.848 | 0.785 | 0.896 | 0.803 |[0.659 | 0.639| 0.703] 0.72
h.052 |1.073]1.077 | 1.048 |0.776 | 0.749 |0.832 { 0.765 | 0.554 | 0.562| 0.629| 0.63
h.039 {1.060 | 1.047|1.025 {0,706 { 0.731 | 0,787 } 0.741 | 0.491|0.543| 0.520] 0.562
h.016 |1.0351.030 (1,025 |0.674 | 0.698 | 0,731 | 0,696 | 0.451 | 0.491| 0.444] 0.46
1,004 |1.025|1.008 | 1.009 [0.566 | 0.648 |0.645 | 0.669 |0.423 | 0.415| 0.333) 0.32
0.996 |1.010 [1.002 {1,011 |0.495 | 0.544 | 0,455 | 0,546 {0.334 | 0.330| 0.24L] 0.261
0.991 {0.985|0.992 [.1,002 10.547 | 0,601 |0.654 | 0.608 |0.411}0.364| 0.367] 0.35
0.914 |0.945 | 0,930 | 0.955 {0,446 { 0.446 |0.386 | 0.424 |0.259 | 0.266 0.211] 0.204
Table A.14 Mean values of duct static pressure, Pa
APERTURE RATIO
0.5 1.0 1.5
SHAPE SHAPE SHAPE
1 2 3 4 1 2 3 4 1 2 3 4

55.80 |55.22 {53.25 |55.99 [53.19 |50.13 [46.99 | 47.24 {38.31] 39.11] 37.24} 37.22
56.31 |56.23 |53.93 |56.54 |53.61 |51.07 |47.63 | 47.51 [38.67| 39.41| 37.41{ 37.93
57.20 |57.44 |54.30 |56.34 |52.73 | 51.79 |47.42 | 47.%9 | 38.47| 39.21| 37.03| 37.47
56.85 |57.40 |54.17 |56.99 |52.87 |51.32 |46.84 | 46.62 | 37.83| 38.07| 35.93| 36.76
56.46 |57.13 |53.69 |56.70 |51.75 | 50.47 |46.11 | 45.40 | 36.52| 36.62| 34.23| 35.13
56.07 |56.72 |53.17 {56.10 |50.80 | 49.25 |45.29 | 44.48 |34.95| 34,97| 32.49] 33.22
55.16 |56.12 |52.60 54.32 |49.47 | 48.10 (43.90 | 43..9 | 32.19] 33.47| 30.41] 30.83
55.14 |55.71 |51.67 |54.80 {47.48 | 46.33 |41.57 | 41.09 | 29.86| 29.72| 27.16| 27.74
54,63 | 54.87 |S0O,71 [54.08 (45,51 | 44.60 ]39.30 | 38.66 | 26,42 26.71| 24.14| 24.81
53.49 |54.01 [49.85 {52.98 [43.78 | 42.63 |37.69 | 36.82 | 24.47| 24.20| 22.03] 22.56
51.71 |52.91 |45.12 |51.94 |41.00 | 39.84 |34.98 | 34.62 | 21.55| 22.20] 19.67| 19.84
50.14 |51.34 |48.00 {50.23 |37.84 | 36.43 |31.04 | 30.94 | 16.23| 16.75] 12.90| 14.15
46.86 |48.02 [44.51 [46.83 |29.38 | 28.47 [23.83 [23.34] s5.64| 6.64| 3.04| 3.47
42.21 |43.32 |38.99 [41,79 {17.16 | 17.50 }14.67 | 13,39 | -8.34| -6.58|-11.45|-10.89
37.57 | 38.62 |33.47 |36.75 | 4.94 | 6.54 | 5.53 | 3.44 |-22.32|-19.80|-25.9%4|-25.26
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Table A.15 Mean values of outlet velocities, m/s

APERTURE RATIO

0.5 1.0 1.5
SHAPE SHAPE SHAPE
1 2 3 4 1 2 3 4 1 2 3 4

8.48 8.49 8.48 8,32 8.03 7.37 7.63 6.55 6.83 6.81 6.82 6.717

8.39 8.58 8.46 8,28 8.09 6.93 7.63 6.47 6.83 6.86 6.77 7.47

8.44 8,52 8.49 8.29 8.02 6.68 7.78 6.45 6.68 6.68 6.80 6.89

8.39 8,57 8.47 8.30 8.01 6.57 7.63 6.45 6.74 6.72 6.63 6.79

8.51 8.57 8.45 8.34 7.75 6.64 7.59 6.42 6.11 5.63 6.51 6.50

8.46 8.63 8.44 8.33 7.62 6.56 7.59 6.40 5.58 5.37 6.13 6.16

8.50 8.65 8.45 8,33 7.30 6.45 7.39 6.38 5.38 5.22 5.73 5.98

8.48 8.64 8.52 8.45 6.88 6.35 7.10 6.27 4.70 4.76 5,35 5.47

8.56 8.71 8.46 8.43 6.42 6.39 6.95 6.27 4.30 4.78 4,59 5.03

8.54 8.69 8.49 8.52 6.30 6.28 6.67 6.06 4,09 4.48 4,06 4,32

8.62 8.80 8.49 8.65 5.42 6.00 6.06 6.00 3.96 3.90 3.12 3.76

8.73 8.85 8.62 8.84 4.86 5.17 4,38 5,03 3.21 3.20 2.31 2.57

8.88 8.82 8,72 8.95 5.51 5.89 6.50 5.7 4,09 3.64 3.63 3.64

8.35 8.64 8.35 8.72 4.60 4,47 3.93 4.12 2.64 2,72 2.14 2.11
Table A.16 Mean values of duct velocity, m/s

APERTURE RATIO
0.5 1.0 1.5
SHAPE SHAPE SHAPE
1 2 3 4 1 2 3 4 1 2 3 4

0. 30 0.30 0.30 0.30 0.55 0.52 0.54 0.47 0.73 0.73 0.73 0.72
0, 60 0.61 0.60 0.60 1.12 1,02 1.09 0.93 1.46 1.47 1.46 1.53
0.90 0.91 0.91 0.89 1.67 1.50 1.65 1.39 2.18 2.18 2,18 2.26
1.20 1.22 1.21 1.19 2,22 1.97 2.19 1.85 2,90 2.90 2.89 2,99
1.51 1.53 1.51 1.49 2.73 2,44 2.73 2.31 3.56 3.50 3.59 3.69
1.81 1.84 1.81 1.79 3.24 2.91 3.28 2.717 4.15 4.08 4,25 4,35
2,11 2.14 2.12 2,09 3.72 3.37 3.80 3.22 4.73 4.64 4.86 4,99
2.42 2,45 2.42 2.39 4.16 3.83 4.31 3.67 5.24 5.15 5.44 5.57
2.73 2.76 2,72 2.69 4,56 4,28 4.81 4.12 5.69 5.66 5.93 6.11
3.02 3.07 3.03 2.99 4,94 4.73 5.28 4.55 6.13 6.14 6.36 6.57
3.34 3.39 3.33 3.30 5.33 5.16 5.71 4.98 6.56 6.56 6.69 6.98
3.65 3.70 3.63 3.60 5.68 5.53 6.03 5.34 6.90 6.90 6.94 7.25
3.96 4,02 3.95 3.92 6.07 5.95 6.43 5.75 7.34 7.29 7.33 7.65
4.26 4.33 4.24 4.22 6.40 6.27 6.78 6.05 7.62 7.59 7.56 7.87
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Appendix B contains a complete listing of the statistical analysis of the split plot

experimental design. Tables B.1 lists the class level information. Table B.2 contains the

results the analysis of variance (ANOVA) for the model. From table B.2; the effect of

size is significant, the effect of outlet shape, repetition, and shape - size interaction is

not significant. Two of the interaction effects listed in table B.2 are statistically

significant but because the F values are several degrees of magnitude smaller than the
F-values for SIZE and X they can be ignored.

Table B.1 ANALYSIS OF VARIANCE PROCEDURE: CLASS LEVEL INFORMATION

CLASS LEVELS VALUES
SHAPE 4 1234
SIZE 3 10515
DISTANCE X) 14 1234567891011 12 1314
REPETITION (REP) 3 123
Table B2 Analysis of Variance (ANOVA)
SOURCE DF ANOVA SS ANOVA MS FVALUE PR>F
REP 2 0.02196 0.01098 0.86 0.4364 N.S.
SHAPE 3 0.06226 0.02075 1.63 0.2116 N.S.
SIZE 2 14.64323 7.32162 574.34 0.0001 **
SHAPE*SIZE 6 0.14953 0.02492 1.956 0.1173 N.S.
ERROR 1 22 0.28045 0.01275
X 13 18.04026 1.38771 1324.27 0.0 **
SHAPE*X 39 0.19133 0.00491 4.68 0.0001 *
SIZE*X 26 3.82630 0.14717 140.44 0.0 **
SHAPE*SIZE*X 78 0.27979 0.00369 3.42 0.0001 *
ERROR 2 312 0.32695 0.00105
TOTAL 503 37.82166

N.S. Not significant at a=0.05 or 0=0.01

** Significant at a=.001

' Statistically significant but not significant compared to size and X.
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