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Abstract

This experimental study evaluated the effectiveness of using honeycomb to improve
flow quality by reducing secondary flow in curved ducts. An experimental setup that
consisted of two 90° elbows joined by a 6-inch straight connector duct was used. Traditional
solid honeycomb and honeycombs of varying porosity (20%, 30%, and 40%) were installed
at either of two locations in the flow: after the 1* elbow or after the 2™ elbow. Surface oil
flow visualization, pressure measurements, and Particle Imaging Velocimetry (PIV) were
used to determine the improvement in flow quality with the honeycombs installed and to
determine if the secondary flows in the exit duct diminish within a shorter distance
downstream compared to the baseline flow. Surface oil flow visualization provided a
qualitative representation of flow behavior in the exit duct; analysis of pressure
measurements provided insight on how the flow traveling through the elbows and into the
exit duct was affected by different free-stream velocities; and PIV described the vorticity
contours in the exit duct.

The experimental results revealed that the honeycombs significantly improve the
flow quality in the exit duct by reducing secondary flow generated by the elbows. It was also
revealed that the porous-cell honeycombs were able to further eliminate more of the non-
uniformities in the flow than the traditional solid honeycomb. The solid and porous-cell
honeycombs helped to generate a more uniform flow within a shorter distance downstream in

the exit duct than the baseline flow.
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Chapter 1

Introduction

Flow in elbows and s-shaped ducts have been studied for a number of years [1]. It is
known that flow in curved pipes generate secondary flows. The larger centrifugal force that
acts on the higher velocity flow near the centerline compared to the slower velocity flow near
the wall, causes the secondary flow [1]. The fluid at the center moves outward, while the
fluid at the wall is pushed inward.

Considerable research has been undertaken to try to eliminate or reduce secondary
flows and to reduce losses in the duct generated by the curves. Much of the research that has
been undertaken involves aerodynamic applications such as wind and water tunnels to help
improve the flow in the test section [2,3]; however, this research is also becoming more
important in other applications such as flight and flow metering. Flight applications include
inlets and ducts leading to the engine of high performance aircraft. It is desirable to have
ducts that are short and s-shaped to help decrease size and weight and to achieve high total
pressure recovery flow. In industrial applications, flow metering is very important; the use of
long length pipes is often required to ensure that uniformity of flow is achieved [4].
Improving the efficiency of these systems by decreasing pipe length is essential.

Control devices such as vortex generators, honeycombs, and screens are a few of the
methods used to make flow more efficient but these methods are not capable of significantly
improving efficiency by reducing pipe length.

Vakili [5] has developed a new flow control concept that uses porous-cell
honeycomb with potential for improving flow quality. The concept has been tested in a

straight duct wind tunnel test section and the porous-cell honeycomb was compared to a solid



honeycomb. Results indicate that the porous-cell honeycomb is more effective than the solid
honeycomb at reducing large-scale turbulence. By applying this concept to a curved duct the
potential exists to improve flow quality by reducing secondary flows, as well as reducing the
length of duct required after the device to establish uniform flow.

This thesis study is an experimental investigation of the effectiveness of using
honeycombs as a passive flow control device to improve flow quality in curved ducts by
reducing secondary flows. The thesis is that porous-cell honeycomb will improve flow
quality in the exit section of a duct by allowing the disturbances in the flow field to be
reduced as it moves between adjacent cells in the honeycomb.

A relatively simple apparatus, Figure 1-1, was developed to study the duct flow. The
apparatus consisted of a straight inlet duct leading to two 90° elbows, joined by a 6-inch
straight connector duct. The elbows created an offset in the flow, which is typical in many
industrial applications. The straight inlet section connected to a pressure apparatus, which
supplied the flow. Downstream of the 2™ elbow was a straight exit duct, whose main
purpose was to ensure that no upstream effects were generated by the flow exiting to the
atmosphere. The effectiveness of the honeycomb was evaluated by utilizing the experimental
techniques of surface oil flow visualization, pressure transducer measurements, and Particle
Imaging Velocimetry (PIV) and comparing results of the porous-cell honeycomb to that of a

baseline flow (no flow control device) and a solid honeycomb.
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Figure 1-1. Duct Setup



Chapter 2

Background and Literature Review

Pipe flow and its applications have been studied for many years [1]. Ways to
improve the flow inside ducts by reducing turbulence dnd flow separation, especially in areas
of the duct where curves, fittings, and other components are located are of particular
importance.

Flow meters, used to measure the flow through pipes, are significantly affected by
their installation conditions. Fluid flow and mechanical devices also affect flow meters [4].
Various ways fluid flow affects flow meters include but are not limited to the presence of
swirl, non-uniform or non-axial flow, as well as poor flow profiles. Mechanical effects
include pipe fittings that are too close to the location of the flow meter. The user of the flow
meter must ensure that the meter is installed correctly and that a good operating environment
exists; as a result, long length pipe work upstream and downstream of the meter is often
required [6].

Flow in curved ducts results in the generation of significant flow disturbances and
secondary flows. The secondary flow in curved ducts exists because the high velocity flow
near the centerline is acted upon by a larger centrifugal force than the slower velocity flow
near the wall [1]. The higher velocity flow moves outward, forcing the fluid in the boundary
layer at the outer wall towards the inner wall. As a result, flow is continually retarded and
unable to overcome the adverse pressure fields. As the flow moves from a straight duct to a
curved duct, the static pressure on the inside bend decreases while the static pressure on the
outer bend increases, resulting in a thickening of the boundary layer [7]. At the same time,

flow separation in curved ducts occurs on the inside bend and continues downstream. The
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extent of flow separation in the bend affects the flow’s uniformity in the exit duct, as
discussed later. Significant loss of energy results when the flow encounters a bend or a
curve. The energy expended is that used by the flow trying to resume a more uniform path
[8]. Figure 2-1 [1] illustrates the motion of the fluid when it encounters a curve in the duct.
Figure 2-2 [1] illustrates the velocity profile as the flow leaves a curved duct. The flow is no
longer uniform.

The influence of the curvature of the duct is characterized by the Dean number [1], a

dimensionless parameter,

Where Re is the Reynolds number, r is the radius of duct elbow, and R is the radius

of curvature of the elbow.

Figure 2-1. Fluid Motion in a Curved Duct
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Figure 2-2. Velocity Profile After a Bend

Flow control in curved ducts is very important to help improve flow performance.
Flow control devices and turbulence reducers can help the duct flow become more efficient.
Research has been conducted into flow control in s-ducts, particularly diffusing s-ducts by
means of active and passive flow control devices. S-ducts have 2 consecutive elbows that
create an offset in the flow and diffusing s-ducts are only special cases of the constant area s-
duct, where the exit of the duct is larger than the duct inlet. The purpose of the diffusing s-
ducts is to decelerate the flow. Active flow control devices aid the retarding boundary layer
by supplementing it with high-energy fluid such as blowing or removing the retarding flow
with devices such as suction [9]. These devices are applied to the flow only when necessary.
Passive flow control devices are surface discontinuities installed in the flow to enhance
natural flow mixing and to energize the retarding flow so that it is able to overcome adverse
pressure fields [9]. Passive flow control devices are used in specific design conditions and
may be detrimental to the flow; therefore, caution must be taken in evaluating their
performance. These devices include vortex generators and micro bumps.

Studies using vortex generators, micro bumps, honeycomb and screens, to name a
few, have been analyzed to try to develop new and improved ways of controlling flow in

curved ducts.



Flow Control Devices

Vakili et al. [9] performed an experimental study of controlling flow in a diffusing s-
duct by means of flow control rails and wing-like vortex generators. They determined that
thicker flow control rails and counter rotating vortex generators were both successful in
eliminating or effectively reducing the flow separation in the duct. The flow control rails,
however, generated significant disturbances in the flow field that continued into the exit duct,
resulting in a large component of secondary flow. They also determined that the vortex
generators produced better pressure recovery with reduced secondary flow in the exit duct
than the control rails. The control rails actually increased the level of secondary flow from
the baseline value.

Reichert et al [10] researched ways to reduce flow distortion (improve flow
uniformity) and improve the total pressure recovery in diffusing s-ducts. Reichert utilized
tapered-fin type vortex generators in various configurations to help improve the flow. The
main goal was to use the vortex generators to control the development of secondary flow.
Reichert’s team was able to reduce flow distortion by 50% and improve the total pressure
recovery by 0.5% [10].

Similarly, Anabtawi et al [11] conducted experiments in diffusing s-ducts with and
without passive flow control. They utilized vortex generators as the flow control device.
Results indicated that very large vortex generators, heights on the order of the entering
boundary layer thickness, were very effective. These vortex generators also improved
pressure recovery only slightly but significantly lowered the total pressure distortion.

Jenkins et al [12] performed studies using flow control devices for internal flows.
The studies focused on passive micro vortex generators, micro bumps, and piezoelectric
synthetic jets to evaluate their flow control characteristics. These devices were evaluated

using surface static pressures, flow visualization, and particle imaging velocimetry. Jenkins
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et al [12] determined that micro vortex generators were effective in controlling the flow
through re-energization of boundary layer mixing. The micro bumps did not demonstrate any
positive characteristics in improving the flow; and the piezoelectric synthetic jets required
enough velocity output to produce vortices so as to penetrate into the flow to be effective
[12].

Screens and honeycombs are also used in internal flows. Often they are used in
applications such as wind tunnels to improve flow uniformity. Wind tunnel fans, corners,
elbows, flow separation, and wind tunnel walls upstream from the working section create
eddies, or secondary motions in wind tunnels or any pipe flow. Screens help to reduce the
velocity disturbances in a flow that pass through it. In other words, Screens are used to
remove (or create) flow non-uniformities and to control turbulence scale and intensity [13].
Screens reduce axial disturbances more than lateral disturbances; since there is a high
pressure loss across a screen, axial disturbances in velocity for example, help to distribute the
higher velocity regions into the lower velocity regions resulting in a more uniform flow [3].
Honeycombs are used in a similar manner, however honeycombs have a greater effect of
establishing a uniform velocity profile and reducing vortices. Honeycombs are essentially
flow conditioners that suppress the level of lateral turbulence generated upstream.

Since screens alone are not very effective in removing swirl or large-scale eddy
motions, honeycombs and screens are often used in combination and are a very useful method
of improving flow control. They are effective turbulence management systems in wind
tunnels and are also used as conditioning devices in flow metering applications [13].

Dryden and Schubauer [14] performed tests in a 4-%2 foot wind tunnel with screens
installed in the settling chamber. They analyzed the use of screens for the reduction of wind

tunnel turbulence. From their work it was determined that the effect of a screen in reducing



the turbulence of the air stream was dependent upon the pressure drop coefficient, K, of the
screen.

K is defined as the pressure loss across the screen divided by the dynamic pressure of
the mean flow:

K =AP/q

Where: q = V2 pV2,

It was also determined that for the same power expenditure, a greater turbulence
reduction can be obtained with a number of screens with small K, than with a single screen of
coefficient, nK [14].

Their results indicate that the screen smoothes an air stream by decreasing the
turbulent motions of larger scale than the mesh size. The screens, at the same time as
reducing the level of turbulence, create turbulent motions of a smaller scale. This is
beneficial since small-scale turbulence decays more rapidly than large-scale turbulence and as
aresult, the screens overall effect is a smoothing of the airflow in which both scale and
intensity of the turbulence are reduced [14].

As flow travels through a honeycomb section, it is split into a number of parallel
pressure driven pipe flows [15]. In pipe flow, there is a pressure difference across the flow;
each honeycomb cell then may have a different inlet pressure. The walls of each honeycomb
cell help to reduce the lateral disturbances in the flow. If the honeycomb length is long
enough, the flow will become fully developed and the boundary layer will become turbulent
since the flow entering the honeycomb is turbulent. The turbulence of the pipe flow is
reduced, to a scale on the order of approximately the honeycomb cell diameter, when passing
through the honeycomb. The smaller scale turbulence and the turbulence generated by the

honeycomb dissipate much more quickly than the larger scale turbulence [15].
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Lumley [16] performed a study on the passage of a turbulent stream through
honeycomb of large length-to-diameter ratio. His analysis detailed that the flow must be a
fully developed turbulent flow to achieve a reduction in the lateral velocity components.
Lumley’s analysis developed conditions to achieve a fully developed turbulent cell flow with
the following assumptions: 1. transition occurs at a length Reynolds number of 10° and, 2. the
diameter Reynolds number is greater than 2000. Under these assumptions, the boundary
layer would grow according to the turbulent flat plate boundary layer equation:

8/x = 037Re,'”

Fully developed flow occurred at 8 = Dy/2.

Lumley developed design charts that enable experimentalists to obtain a rough range
of values for honeycomb length-to-diameter ratio in order to achieve a reduction in
turbulence.

A study by Loehrke and Nagib [17] studied the control of free-stream turbulence by
means of honeycombs. Their aim was to understand how honeycombs functioned and to look
at more efficient ways of utilizing them in the control of free stream turbulence. Loehrke and
Nagib used varying lengths of honeycomb to examine the reduction of turbulence. Their
results illustrate that as cell length increases, the boundary layer is more developed and
therefore, the distance between the centerlines of the jets is wider, wider than that it would be
with a shorter honeycomb cell length. The larger wake between jets created larger
instabilities between adjacent cell flows. The turbulence generated by the shorter honeycomb
cells decayed more rapidly than the turbulence generated by the longer honeycomb cells.
Loehrke and Nagib also added a fine mesh screen to the exit of their honeycomb. Results
indicate that the single fine mesh screen increased the decay rate of the generated turbulence
significantly. Their results suggest that to achieve the best reduction in free stream

turbulence, honeycombs and screens should be used in combination with the first screen
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located near the exit plane of the honeycomb a distance of approximately Ax/t<5. They also
suggest that the honeycomb be the shortest length possible, 1;,/t~10.

Farell et al. [13] performed an experimental study of turbulence management in a
pipe using combinations of coarse and fine screens and honeycombs of varying lengths. Two
effects on the stream were detailed: honeycomb reduced the level of existing turbulence and
at the same time generated turbulence of its own. Their initial tests indicated that the addition
of a long, single honeycomb produced only a slight improvement in flow uniformity
compared to an empty pipe, however both (long and short) honeycombs were effective in
reducing pipe swirl.

Farrell et al’s discussion suggests that in using a short honeycomb to reduce large-
scale swirl motion and turbulence levels, it is beneficial to add a coarse screen upstream from
the honeycomb so that the flow reaching the honeycomb cells is as uniform as possible. In
addition to the coarse screen and honeycomb cell, a fine screen was added downstream to the
combination. Results suggest that this combination further improves flow uniformity. Farell
et al. also state that questions still remain on optimum honeycomb length and screen sizes.

Scheiman and Brooks [3] conducted an experimental test on a %2 scale model of an 8-
foot pressure tunnel to examine turbulence reduction and compare results to theoretical
analysis. They used various combinations of honeycomb and mesh screens as flow
manipulators and located them in a square duct just after a bend. The turbulence reduction
factor, f, was obtained by dividing the turbulence with manipulators installed by the
turbulence without manipulators installed. Research indicated that the screens reduce axial
turbulence more than lateral turbulence and that finer mesh screens gave a greater reduction
in turbulence, while honeycomb alone or in combination with screens reduced lateral

turbulence more than axial turbulence.
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By comparing their results to theoretical data, their results compare well with those

obtained by Prandtl’s equation to determine the axial turbulence reduction factor,

fl:= 1
1+K

where K is the pressure loss coefficient and for lateral turbulence obtained by Dryden and
Schubauer’s relation,

1

\/1+K

f2:=

Their data also indicates that screens downstream of a honeycomb cell have a better
performance improvement than screens alone. Since turbulence downstream of a honeycomb
cell is higher in the axial direction than the lateral direction and it is axial turbulence that
screens are most capable of reducing, by locating the screen downstream of a honeycomb
disturbances are further reduced.

As mentioned, honeycombs are flow conditioners that suppress the level of upstream
turbulence. The suppression is mostly a reduction in the lateral components of the fluctuating
velocity by the honeycomb sidewalls and is achieved a short distance downstream from the
honeycomb entrance. New turbulence arises from the shear layer instability that occurs
downstream of the honeycomb exit and increases with increasing honeycomb length. As a
result, honeycombs of shorter length may be more beneficial. Also, honeycombs of shorter
length experience less pressure loss.

An experiment was undertaken by Elder [15] to evaluate the effectiveness of porous-
cell honeycombs to reduce turbulence in flow. The results of the porous-cell honeycomb

were compared with results obtained from a solid cell honeycomb. The porous-cell
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honeycomb concept was developed by Vakili [5] to help improve honeycomb performance
and to eliminate the honeycomb screen combination thereby reducing pressure losses. Each
cell wall has holes that create flow passages between cells; this allows for the averaging of
the total pressure differential between adjacent cells. The averaged total pressure differential
between adjacent cells reduces the lateral and axial disturbances in the porous-cell
honeycomb [15]. The porous section was located near the honeycomb entrance so as to
reduce the additional disturbances that may be created by the flow passage between cells.
Elder’s results indicate that porous-cell honeycomb may be more effective than regular
honeycomb at reducing turbulence.

Based on this finding, by applying the porous-cell honeycomb theory to curved ducts,
the secondary flow caused by the curvature of the centerline may be-significantly modified or
reduced. As well, the duct length normally required to establish uniform flow after an elbow
could be greatly reduced.

Dimensional Analysis

Dimensional analysis is used to help the experimentalist reduce the number of
separate variables involved in a problem to a smaller number of independent dimensionless
groups of variables. The variables important to this experimental study are:

D, Diameter of Duct

L, Total Length of Duct

R Radius of Curvature of Elbow
€ Surface Roughness of Duct
0, Angle of 1* Elbow

0, Angle of 2™ Elbow
lie Length of Honeycomb Cell

lpa Length of Honeycomb Cell From Leading Edge to End of Porous Area
14



t Honeycomb Cell Height
A, Porous Area of Honeycomb
Ar Total Area of Honeycomb
) Density of Fluid
T Viscosity of Fluid
U.. Free-Stream Velocity of Fluid
U MeanVelocity of Fluid
P, Local Static Pressure on Duct Wall
Pres Pressure at Inlet of Duct

The geometric characteristics of the duct with bends, the honeycomb and the mean
velocity in the exit section of the duct are expressed in the following functional relationship:

F=f(D,, Ly, R, &, 0, 02, Inc, lpa t, Ap, Ay, P, W, U, U, Py, Prey)

This system of 17 variables is reduced to 14 by using the Buckingham Pi Theorem [18] and
the primary dimensions of mass, length, and time. The dimensionless pi, I, groups are:
I, =f Iy, 15, Iy, s, ...)
IT, = £ (6, 82, /Dy, L,/Dy, R/Dy, AP/pU.., W/pUlye, uDy/pUR, APD,/pU.."L,, U/U.., Ul
Loo/lhes Ap/lic’s Adlnc’)
The amount of porous area, A, in the honeycombs was the only geometric variable in this
experiment that varied from one configuration to the next. Four configurations of the
honeycomb were tested and the amount of porosity in the cells ranged from 0% of the total
area of the honeycomb cells to 40% of the total area of the honeycomb cells. In each
configuration, the static pressure, P, and the mean velocity, U were measured in the exit
section of the duct. Thus, the dimensionless variables that are pertinent to this experiment as

a result of the geometric variables that change in the duct are:
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Hl =f(r[29 H3y rI49 n5’ -")

I, = £ (AP/pU..2, WpUlye, U/U.c, Aflic?, lpa/le)
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Chapter 3

Experimental Approach

3.1 Experimental Objectives

The objective of this study was to evaluate the effects of solid and porous-cell
honeycomb to improve flow quality in curved ducts by reducing secondary flows. The
experimental study consisted of 3 types of tests: pressure measurements, surface oil flow
visualization, and Particle Imaging Velocimetry (PIV). Pressure transducers were used to
measure the static pressure on the wall of the duct throughout the duct setup, surface oil flow
visualization was used to obtain qualitative results to help justify the pressure measurement
results, and PIV was used to determine flow characteristics such as the flow field velocity at
the exit section after the 2™ elbow.

Solid honeycomb and porous-cell honeycombs were evaluated for their effectiveness
in improving flow after the elbows and making the exit flow as uniform as possible. Elder
[15] details the design and process of manufacturing the porous honeycombs. For each of the
3 types of tests, a baseline test-no honeycomb installed- was conducted to use as a basis of
comparison to the tests involving the solid and porous-cell honeycombs. This comparison
helped determine the effectiveness of using honeycomb as a flow control device. Results
obtained from the porous-cell honeycomb were also analyzed to determine if the percentage
of porosity was effective in improving the exit flow.

3.2 Experimental Setup
All experiments were conducted at the UTSI Aerodynamics and Propulsion Research

Lab. A relatively simple apparatus was constructed to conduct the experiments. A pressure
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apparatus, which supplied the airflow, was connected to a 4-foot straight PVC duct by a
concentric reducer. This 4-foot straight inlet section helped to ensure that the flow was fully
developed prior to entering the first PVC 90° duct elbow. An upstream pipe length of 10D is
normally sufficient to ensure fully developed uniform flow [4], however based on flow
quality this is not always the case [4]; so, to achieve the greatest flow uniformity, a 12D pipe
upstream of the 1* elbow was selected. The 4-foot straight duct connected to a PVC 90° duct
elbow followed by a 6-inch section of straight PVC duct. The straight 6-inch duct connected
to another PVC 90° duct elbow and led to a 4-foot straight PVC duct, which exited to the
atmosphere. The 2 elbows created an offset in the flow. The duct geometry was selected
because many industrial applications have numerous offsets in the flow and it was desired to
imitate these designs as much as possible; as well, the offset created significant flow
distortions making it the most extreme case of flow non-uniformity, any improvement in flow
quality achieved in this configuration would be beneficial to any other geometry. Figure 1-1
(Chapter 1-p.3) illustrates the general setup of the duct. The duct had a constant inside
diameter of 4-inches. A 4-inch diameter for the duct and elbow was selected because both
items were commercially available and thus more cost-effective. The flanges that connected
the straight ducts and elbows together were also commercially available in 4-inch diameter.
Space limitations were considered in the design. A larger diameter throughout the duct
would have been more expensive and would have occupied more space, without any major
additional benefits.

Pressure measurements were conducted at speeds of 60ft/s, 80ft/s, and 100ft/s, while
the surface oil flow visualization and the PIV tests were conducted at 100ft/s. Based on these

speeds, the Reynolds number range was 127 204 — 212 007.
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3.3 Instrumentation and Data Acquisition

3.3.1 Pressure Measurement System

The pressure transducers were used to measure the static pressure along the wall in
the flow. Rosemount 1151DP pressure transducers were used. The pressure transducers
were used to quantitatively measure the static pressure, with and without the honeycomb, at
various locations along the duct. A comparison of results was undertaken to determine the
effectiveness of the honeycomb, as well as comparing the effectiveness of the porosity of the
honeycomb at improving the exit flow after the elbows.

A stainless steel tube, 1/16™ -in diameter and approximately 1-inch in length was
tapped into the duct and connected to the Rosemount pressure transducer by a 1/16™ —inch
diameter hose. Isolating diaphragms and oil fluid transmits pressure to a sensing diaphragm
[19]. The sensing diaphragm is a stretched spring element, when the spring element deflects
it responds to a pressure change. The displacement of the sensing diaphragm is proportional
to the differential pressure [19]. At the same time, capacitor plates detect the position of the
sensing diaphragm, which corresponds to an electrical signal. The signal is a change in
voltage. LABVIEW software converts this voltage change to a recognizable static pressure.

Pressure ports were located longitudinally along the duct for 3 azimuth angles of 0°,
180°, and 270°. Figure 3-1 illustrates the orientation of the duct. The 0° azimuth angle
corresponded to the outside wall of the 1* elbow and the inside wall of the 2" elbow; the
180° azimuth angle corresponded to the inside wall of the 1* elbow and the outside wall of
the 2™ elbow. Since separated flow originates on the inside wall of the elbow and the
existence of secondary flow occurs closer to the outside wall, measurements were obtained
along these azimuth angles to obtain quantitative data to explain the phenomena that occurred

along these walls.
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Figure 3-1. Duct Orientation

The inside bend however, formed a sharp 90° bend, thus the geometry was not conducive to
obtain measurements along this wall. Ports were located immediately upstream and
immediately downstream of this inside bend so that the flow pattern could be established.
The 90° and 270° azimuth angles were symmetric along the x-z plane, therefore the same
quantitative results would be obtained along either of these walls; as a result, measurements
were obtained for only one angle (270°).

Figure 3-2 illustrates the pressure port locations along the duct wall. The first
pressure port (not shown) was located at the inlet section of the first 4-foot duct, in close
proximity to where the concentric reducer and the inlet duct connect. The first port at this
location was consistently used as the free-stream reference pressure for all configurations and
for the pressure coefficient, Cp, calculations.

Pressure measurements were located upstream of the 1* elbow in the inlet duct to
determine if the flow experienced any upstream effect generated by the elbows. Ten pressure
ports were located upstream of the 1* elbow, including the pressure port at the inlet of the

duct (not shown) used as the free-stream reference pressure, discussed previously.
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Figure 3-2. Pressure Port Locations Along the Duct

The next 4 ports were located 2-inches apart, starting 36-inches downstream of the
inlet section. As the flow approached the elbow, the ports were located closer together to
ensure that any significant changes in pressure were measured. From 42-inches to 46-inches
downstream of the inlet section, 4 ports were located 1-inch apart. The last port ahead of the
elbow was located 46.5-inches downstream of the inlet. It was desired to locate this port as
close to the inlet of the elbow as possible but the flange that connected the straight duct to the
elbow was 1.5-inches wide, thus it was not possible to obtain pressure measurements any
closer to the inlet of the elbow. The flanges that connected the sections are not shown.

Five ports were located along the top of the 1* elbow (270°) and 7 ports were located
on the outside of the 1* elbow (0°). No ports were located on the inside bend of the 1* elbow
(180°) because the radius of curvature was short and the elbow too sharp, thus the geometry
was not conducive to obtain measurements (as discussed previously).

Pressure measurements were obtained in 5 locations in the 6-inch connector duct
joining the 2 elbows. Two ports were located each 1.5-inches from the ends; the width of the

flange prevented any measurements from being obtained any closer to the ends. A port was

21



located 0.5-inches from these ports and the 5™ port was located in the middle of the duct at
the 3-inch location from the inlet or exit of the 6-inch connector duct.

Similar to the 1% elbow, 5 ports were located along the top (270°) of the 2™ elbow
and 7 ports were located on the outside (180°) of the 2™ elbow. The inside bend (0°) was not
conducive to obtain measurements, discussed previously.

The exit section of the duct had the same port setup after the 2™ elbow, as the inlet
section ahead of the 1* elbow; the distances between ports became further apart as distance
downstream increased. Table B1-1 (Appendix B) details port locations in inches after inlet of
the duct, as well the non-dimensional locations. Table B1-1 also details in which portion of
the duct the port was located and for which azimuth angle.

The number of pressure transducers available for testing was limited, so the straight
ducts were rotated every 90° to obtain measurements in the 0°, 180°, and 270° orientations.
Baseline: Pressure Measurement Configuration

There was no honeycomb installed in the duct for baseline measurements. Pressure
measurements were taken at all locations throughout the setup discussed above. The initial
test was conducted at 0° on the duct, after each test, the duct was rotated 90° to quantify the
pressure at 180°, and 270°. Pressure measurements were also performed at the 0° and 270°
positions along the 1* elbow and the 180° and 270° positions along the 2™ elbow.
Honeycomb After 1* Elbow: Pressure Measurement Configuration

A connector duct containing a 6-inch long honeycomb section replaced the 6-inch
straight connector duct located between the 2 elbows. Tests were conducted with a solid
honeycomb, a 20% porous-cell honeycomb, a 30% porous-cell honeycomb, and a 40%

porous-cell honeycomb.
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Pressure measurements were taken along the inlet duct wall at 270°, along the exit
duct wall at 0°, 180°, and 270°, and along the 2™ elbow wall at 180° and 270°. Once these
tests were completed, the 6-inch honeycomb section was replaced with the 6-inch empty
connector duct.

Honeycomb After 2™ Elbow: Pressure Measurement Configuration

A 6-inch long honeycomb was added immediately after the 2™ elbow. Tests were
conducted with a solid honeycomb, a 20% porous-cell honeycomb, a 30% porous-cell
honeycomb, and a 40% porous-cell honeycomb.

Pressure measurements were taken along the exit duct wall at 0°, 180°, and 270° and
along the 2™ elbow wall at 180° and 270°.

3.3.2 Flow Visualization

Surface oil flow visualization was conducted to achieve a better understanding of
duct flow in this experimental configuration and to visualize what occurs as flow travels
through the elbows. The surface oil flow visualization tests performed were qualitative and
the results obtained from these tests were used to help justify the conclusions and quantitative
results obtained with the pressure measurement tests.

In order to accurately record the results obtained in the surface oil flow visualization,
a clear PVC pipe with the same inside diameter replaced the PVC pipe used to perform the
pressure measurements. The clear PVC pipe enabled the flow visualization pattern to be
photographed. The dye used for the surface oil flow visualization was a mixture of oil based
paint and kerosene. The mixture needed to be viscous enough to remain on the duct walls but
not too viscous that it would not follow the airflow. The mixture, once injected into the flow,

followed the path that the flow traveled.
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All flow visualization tests were performed at a speed of 100ft/s. Once the airflow
was established at 100ft/s, the mixture was injected at every 20° around the duct using a
needle. Once the last port was injected, the test continued for approximately one minute so
that the flow pattern could be well established. After each test, digital photographs recorded
the flow visualization pattern results; the duct was then taken apart and prepared for the next
run.

Surface oil flow visualization was conducted for 5 configurations: baseline, solid
honeycomb, 20% porous-cell honeycomb, 30% porous-cell honeycomb, and 40% porous-cell
honeycomb. Although the baseline test analyzes flow throughout the duct, the main focus
was on the exit section so as a comparison between baseline results and honeycomb results
could be obtained. The non-baseline tests-tests with honeycomb-were conducted with the
honeycomb sections installed immediately downstream of the 2™ elbow. This location was
selected because it was assumed that a more uniform flow pattern would be achieved within a
shorter distance downstream of the elbow. When the exit section of the flow with
honeycomb installed was compared to the baseline, the same location downstream of the
elbow was considered.

Baseline: Flow Visualization Configuration

One baseline test for flow visualization was conducted. Three locations along the
setup contained injection ports: the inlet duct, the 6-inch straight connector duct, and the exit
duct. The injecting ports on the inlet duct were located 2D upstream of the 1 elbow, every
20° around the pipe. The injection ports on the 6-inch straight connector duct were located
1.5-inches downstream of the beginning of the 6-inch pipe, every 20° around the duct. The
injection ports on the exit duct were located 1.5-inches downstream of the 2™ elbow, every

20° around the duct.
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Honeycomb After 2* Elbow: Flow Visualization Configuration

The honeycomb sections were located after the 2™ elbow. The injection ports were
located 1.5-inches downstream from the end of the honeycomb section, every 20° around the
duct.

3.3.3 Particle Imaging Velocimetry (PIV) System

Particle Imagining Velocimetry (PIV) was used to measure the secondary flow field
after the 2™ elbow. Similar to the tests involving pressure measurements and flow
visualization, a comparison of results was undertaken to determine the effectiveness of the
solid and porous honeycomb in eliminating the secondary flow and improving the exit flow
after the elbows.

PIV is an optical technique used to measure the flow field velocity at certain planes
in a flow. PIV uses two lasers that are pulsed at a specified time, forming a light sheet and
illuminating the flow field, which is seeded with small smoke particles. A CCD camera
records the smoke particle positions at each instant the lasers are pulsed.

The PIV system used by UTSI utilizes Twin Continuum ND: YAG lasers. The lasers
have an output of approximately 200mJ at wavelengths of 532nm. The laser light beams are
shaped by spherical and cylindrical optical lenses, when combined, produce a sheet of light
that illuminates an area of the flow.

The CCD camera used is a TSI PIV CAM 10-30 with a 60mm FL F/2.8 Micro
Nikkor Lens. The laser pulse synchronizer is the TSI 610032 synchronizer, which controls
the laser and the camera.

A Pentium 3, PC computer with Windows NT 4.0 software and TSI Insight NT
software is connected to the synchronizer. The Insight software contains selections for the

user to control camera, laser, and data recording options.
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Two Frame Cross Correlation technique is used to determine the smoke particle’s
velocity vector. The Cross-Correlation is two images, taken at specified times, (depending
upon the spacing of the pulses) that can identify the movement of a particle from one image
to the next image. By knowing the time interval between pulses, the image can be analyzed
to determine the displacement of the particles and from these, the velocity of the particle.

The accuracy of the measurements depends on how well the seeds follow the flow. It
is important in PIV that the seed particles are small enough to follow the flow’s path but also
it is important that the particles are large enough to generate scattered light when illuminated.
Based on this criterion, the smoke particles were between 5-151 and were injected far
upstream in the pressure apparatus prior to the flow reaching the first duct. Figure 3-3 depicts
the PIV setup.

PIV data was collected for 5 test configurations: baseline, solid honeycomb, 20%
porous-cell honeycomb, 30% porous-cell honeycomb, and 40% porous-cell honeycomb. The
PIV tests were performed 6-inches after the 2" elbow in the duct. After the 2™ elbow, two 6-
inch duct sections were installed. A gap of 1/8™ -inch was left at the top between the 2 ducts
so that the laser light sheet could illuminate the particles traveling through the duct. PIV
measurements were taken immediately after the first 6-inch duct. For baseline
measurements, the 6-inch duct after the 2™ elbow was empty. For the honeycomb PIV tests,
the honeycomb replaced the 6-inch duct.

For each configuration, PIV captured 100 sets of data. Each data set consisted of 2
frames, the images taken Sus apart. From the images, PIV software determined velocity
vectors in the x-y plane. From this data, TecPlot was used to calculate the vorticity contours
of each configuration. Since vorticity is the measure of rotation of a fluid, the contours were
used to describe the fluid’s motion; this gave a good indication of where the vorticity

occurred in the duct.
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Chapter 4

Results and Discussion

Numerous separate tests involving pressure measurements, flow visualization, and
Particle Imaging Velocimetry (PIV) were conducted. Baseline measurements-no honeycomb
installed- were*performed for all measurement techniques. Once baseline tests were
completed, tests were run with selected honeycomb installed at either of two locations, after
the 1 elbow or after the 2™ elbow, within the duct; the focus being the effects of the

honeycomb on the exit flow.

4.1 Flow Visualization

4.1.1 Baseline Flow Visualization

Two flow patterns, Figure 4-1, are revealed in the inlet section of the duct: uniform
and swirl. The flow in the inlet section of the duct is uniform but as the flow approaches the
1* elbow, upstream effects begin to show. These upstream effects are due to the presence of
the elbows and the secondary motion of the flow.

The flow pattern changes dramatically upon entering the 1* elbow, Figure 4-2. Very
little dye mixture exists along the 180° wall of the duct as the flow moves into the elbow.
The 180° elbow wall, which corresponds to the inside bend of the 1* elbow, is where flow
separation originates and extends into the exit of the elbow. At 100ft/s free-stream velocity,
this region of flow separation is large, as a result minimal dye mixture appears on the duct

walls where flow separation occurs.
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Figure 4-2. Upstream 1* Elbow, Baseline
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The 0° elbow wall corresponds to the outside bend and is the area where secondary flow
exists. The secondary flow causes the swirling motion of the flow and is expected to exhibit
a strong swirling flow pattern on the duct walls. Figure 4-2 illustrates the onset of the
swirling motion of the flow as it moves from the outside bend towards the exit of the duct
elbow. The 100ft/s free-stream velocity tested is a high-energy flow. As the high-energy
flow moves through the elbow, it forces the secondary flow towards the opposite duct wall.
As a result, the low energy flow (separated flow) is pushed further into the exit of the elbow
and into the 6-inch connector duct by the momentum of the oncoming flow; the result is a
large region of flow separation.

As the flow moves further through the 6-inch connector duct, the strength of the swirl
pattern diminishes slightly but still exists prior to entering the 2™ elbow. The decay in the
swirl signifies that the flow has tried to reestablish uniformity, Figure 4-3, but the 6-inch
connector duct is not long enough to reduce the significant disturbances and to establish a

fully uniform flow.

7 /05 022008 105

Figure 4-3. 6-Inch Connector Duct, Baseline
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Prior to the flow reaching the end of the 6-inch connector duct, the already highly
non-uniform flow also begins to experience upstream effects from the 2™ elbow. The
upstream effects contribute to the swirl pattern of the flow entering the 2™ elbow, Figure 4-4.
Because the duct is axisymmetric about the x-z plane, it was expected that the same flow
pattern would be exhibited on the upper and lower halves of duct. Figure 4-4 illustrates that
this is not the case; the secondary flow patFem is only on one half of the duct indicating that
gravity played a significant role in the results obtained with surface oil flow visualization.

In the 2™ elbow, the same trend as when the flow entered the 1% elbow is exhibited,
except the disturbances in the 2™ elbow are coupled with the non-uniformities of the 1°*
elbow. As the flow leaves the 2™ elbow and enters the exit section of the duct, the flow is
highly non-uniform as a result of the axial and lateral disturbances generated by the elbows
and forced further downstream by the oncoming high-energy flow.

Figure 4-5 illustrates the flow when it first enters the exit section of the duct. The
flow is highly non-uniform possessing a strong secondary flow. The 180° and 0° duct walls
of the exit section are shown in Figures 4-6 and 4-7. Both sides of the duct wall exhibit
significant swirl as the flow leaves the elbow. As mentioned, gravity contributes to the flow
pattern established. Only one half of the duct exhibits the flow pattern generated by
secondary flows; it was expected that the upper and lower halves of the duct would have a
symmetric pattern but due to gravity effects, this did not occur.

4.1.2 Flow Visualization with Honeycombs After 2™ Elbow
4.1.2.1 Solid Honeycomb Flow Visualization

Along the 180° wall of the exit duct, the dye mixture that was injected after the solid
honeycomb exhibits two opposing flow patterns: 1. a straight flow, and 2. a

counterclockwise swirl pattern, Figure 4-8.
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Figure 4-4. Upstream 2™ Elbow, Baseline
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Figure 4-6. Exit Duct 180°, Baseline
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Figure 4-8. Exit Duct 180°, Aft Solid Honeycomb
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The swirl pattern suggests that the flow leaving the honeycomb cell and entering the exit duct
still contains non-uniformities that were generated by the elbows. The high-energy flow that
moves through the 1* elbow forces the non-uniformities further into the elbow exit and into
the 6-inch connector duct. The 6-inch connector duct is not long enough to reduce the
significant disturbances and to establish uniform flow. Thus, the flow entering the 2™ elbow
is a highly non-uniform flow. The 2™ elbow generates its own non-uniformities; as a result,
the flow entering the solid honeycomb has coupled disturbances from the 1* and 2™ elbows.

The flow that passes through the honeycomb cells along the 180°-duct wall is the
non-uniform flow from the 1* elbow forced to travel through the duct by the high kinetic
energy flow, as well as the secondary flow generated on the outside bend of the 2™ elbow.
Because the extent of non-uniformities was extreme, flow still contains some disturbances
that were not eliminated by the solid honeycomb. This is the reason the 180° area of the duct
wall contains a larger area of swirl. These results are compared to the exit section of the
baseline flow, Figure 4-7, Sec 4.1.1. A more dominant swirl pattern as discussed in Sec 4.1.1
isevident. The flow after the solid honeycomb section exhibits more flow uniformity and
less swirl than the baseline results, indicating that the solid honeycomb was successful in
removing some of the non-uniformities in the flow generated by the elbows. Gravity effects
contribute to the asymmetric flow pattern on the duct walls.

In the 0° orientation, along the wall of the duct, no distinguishable flow pattern
exists, Figure 4-9, immediately after the exit of the honeycomb section. The separated flow
that occurs in the 2™ elbow originates on the inside bend and extends into the exit section.
The flow that passes through this section of the honeycomb is separated flow. This is the
reason that no flow pattern is observed on the duct walls immediately after the solid
honeycomb. Further downstream of the exit section of the duct, a flow pattern begins to

develop.
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Figure 4-9. Exit Duct 0°, Aft Solid Honeycomb

There is slight evidence of the flow wanting to swirl, however the solid honeycomb prevents
a strong swirling flow from forming by eliminating many of the disturbances in the flow.
Compared to the baseline flow, Figure 4-7, there is more flow uniformity apparent when the
solid honeycomb is installed. The baseline flow, at the same location downstream of the
elbow, exhibits a larger swirl pattern; although the strength of the swirl has decayed
significantly compared to when it first exited the elbow, the flow experiences more losses in
the process as it tries to recover from the disturbances.

Along the duct wall at azimuth angle 270°, Figure 4-10 illustrates more completely
the flow pattern that occurs in the exit section. This picture shows that the flow is more
uniform entering the exit section of the duct and moving downstream. In the baseline flow
however, as the flow moves downstream, the mixture swirls towards the outside of the duct
and accumulates at the bottom (90°) of the duct due to gravity effects.

Comparing the flow in the 3 angles along the duct wall, the flow is near uniform in
the 0° and 270° orientations while the 180° orientation exhibits more swirl pattern in the

flow.
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Figure 4-10. Exit Duct, Aft Solid Honeycomb

The solid honeycomb helped to eliminate the coupled non-uniformities generated by the
elbows; however at the high free-stream velocity, the flow separation that occurred was
extreme and as a result, the solid honeycomb was able to eliminate only some of the

disturbances in the flow.

4.1.2.2 20% Porous-Cell Honeycomb Flow Visualization
" The 20% porous-cell honeycomb located after the 2™ elbow exhibits very similar
results to that obtained with the solid honeycomb.

Along the 180° duct wall, Figure 4-11, the two flow patterns discussed in Sec 4.1.2.1
are present. Similar to the solid honeycomb discussed in Sec 4.1.2.1, the 20% porous-cell
honeycomb is unable to eliminate all the non-uniformities generated by the large areas of
flow separation in the 1* and 2™ elbows at the high free-stream velocity. As the flow moves
further downstream, the swirl decays and flow uniformity becomes more apparent. The
reasons behind the large swirl pattern that is still present along this duct wall are discussed in
Sec 4.1.2.1.

Along the 0° duct wall with the 20% porous-cell honeycomb installed, Figure 4-12,

exhibits the same results as those obtained with the solid honeycomb.
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Figure 4-12. Exit Duct 0°, Aft 20% Porous-Cell Honeycomb
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Although the dye mixture was thick and the flow pattern was not as distinguishable as
desired, it was still apparent that the flow did not have a large swirl pattern because, as
discussed in Sec 4.1.2.1, the flow passing through this section of the honeycomb was
separated flow. As the flow moves further downstream, the flow becomes more uniform.

Along the 270° duct wall, flow has a tendency to begin to swirl, however the dye
mixture was too thick for the flow to follow its desired path. At the same time, uniform flow
is also present in the flow as shown in Figure 4-13. From the theory of porous-cells, the
porous-cells reduce axial and lateral disturbances in the flow by averaging the total pressure
differential between adjacent cells. The non-porous cells help to further reduce the lateral
disturbances in the flow. As the flow moves downstream, uniformity is more dominant than
at the same location in the baseline flow.

As discussed in Sec 4.1.2.1, the honeycomb helps to eliminate some of the flow non-
uniformities generated by the elbows. At the high free-stream velocity however, the extent of
flow separation and secondary flow is extreme resulting in the 20% porous-cell honeycomb
being unable to obtain a completely uniform flow, however within a short distance
downstream flow uniformity is achieved. Once again, the asymmetric flow pattern on the

duct wall was a result of gravity effects.

0502 2003 16:02

Figure 4-13. Exit Duct 270°, Aft 20% Porous-Cell Honeycomb
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4.1.2.3 30% Porous-Cell Honeycomb Flow Visualization

Figure 4-14 illustrates the swirl pattern more significantly than the solid honeycomb
and 20% porous-cell honeycomb along the 180° duct wall. Since the dye mixture was less
viscous, it was able to follow the flow’s path more easily; however gravity effects still
contributed to the asymmetric flow pattern on the duct walls. This flow pattern is very
similar to the baseline; however with the 30% porous-cell honeycomb the swirl is not as
dominant and the flow becomes uniform much more quickly than the baseline. A slightly
larger swirl pattern than the solid honeycomb is exhibited, possibly due to the upstream
history of the flow. The more porous honeycomb may generate more significant upstream
effects in the elbow than the less porous or non-porous honeycomb. As a result, the flow may
experience more losses as it travels through the elbow and the honeycomb section. Although
the flow exhibits slightly more swirl, the disturbances subside quickly and the flow becomes
more uniform within a shorter distance downstream.

In the 0° orientation, the same flow pattern as exhibited with the solid honeycomb
and 20% porous-cell honeycomb is present, Figure 4-15. The flow contains a very small
amount of swirl and becomes uniform within a short distance downstream of the honeycomb

section, Sec 4.1.2.1.
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Figure 4-14. Exit Duct 180°, Aft 30% Porous-Cell Honeycomb
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Figure 4-15. Exit Duct 0°, Aft 30% Porous-Cell Honeycomb

The 270° duct wall helps to illustrate the rapid decay in the swirl pattern of the flow
as it leaves the honeycomb section, Figure 4-16. Compared to the baseline flow, there is a
significant improvement in flow uniformity at the same location downstream of the elbow. In
other words, uniform flow is achieved within a shorter distance downstream of the elbow
when the 30% porous-cell honeycomb is installed.

Overall, the 30% porous-cell honeycomb demonstrated the flow pattern leaving the
honeycomb more successfully than the solid or 20% porous-cell honeycomb. The dye
mixture used was more conducive to following the flow’s path. Surface oil flow visualization
illustrated that the 30% porous-cell honeycomb was able to eliminate some of the non-
uniformities generated by the 2™ elbow and create a uniform flow within a shorter distance
downstream of the elbow. As discussed in Sec 4.1.2.1, the high free-stream velocity
generates a very large area of flow separation in the elbow; because of this, the flow is highly
non-uniform. Although the 30% porous-cell honeycomb is able to remove some of these
non-uniformities compared to those of baseline, the still present swirl pattern signifies that

non-uniformities still exist until further downstream of the honeycomb exit.
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Figure 4-16. Exit Duct 270°, Aft 30% Porous-Cell Honeycomb

4.1.2.4 40% Porous-Cell Honeycomb Flow Visualization

Surface oil flow visualization with the 40% porous-cell honeycomb illustrates most
clearly, flow behavior as it leaves the honeycomb section and enters the exit duct.

The most dominant flow pattern exists along the 180° duct wall, Figure 4-17. A
distinguishable counterclockwise swirl pattern exists. Although the swirl pattern appears
large, the disturbances are very weak; as a result, the swirl dissipates quickly, and a more
uniform flow is established within a shorter distance downstream. Sec 4.1.2.3 discusses the
possibilities for the larger swirl pattern with the more porous-cell honeycomb installed.

Similar to the 30% porous-cell honeycomb, Sec 4.1.2.3, along the 0° duct wall little
swirl is present and significant flow uniformity exists, Figure 4-18.

All the honeycombs were successful in removing the non-uniformities in the flow
generated by the elbows, however the 40% porous-cell honeycomb helped to generate a more
uniform flow, eliminating more of the flow non-uniformities. Because the extent of flow
separation was extreme at the high velocity, the honeycombs were only able to remove some
of the disturbances in the flow. By removing some of the non-uniformities, a higher local
velocity occurs in the exit section of the duct. As well, the honeycomb helped to establish a
uniform flow in a shorter distance downstream than the baseline flow.
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Figure 4-17. Exit Duct 180°, Aft 40% Porous-Cell Honeycomb
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Figure 4-18. Exit Duct 0°, Aft 40% Porous-Cell Honeycomb
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4.2 Pressure Measurements

The pressure coefficient, C,, is used to express the pressure along the duct wall in
non-dimensional form. It is defined as:

Cp= (P, —Prs )/ (1/2)pU..2

By determining the non-dimensional pressure distribution, C, at each point and
plotting the value against its respective port location, L/D, flow patterns are determined. The
port locations are non-dimensional, with L the measured distance in inches after the origin
(the origin being the inlet of the first 4-foot duct), and D the inside diameter of the duct.
4.2.1 Baseline Pressure Results

Non-dimensional pressure distributions, for the baseline configuration (no
honeycomb present), along the duct for three azimuth angles of 0°, 180°, and 270° and for
three free-stream velocities of 60, 80, and 100ft/s are shown in Figures 4-19a, 4-19b, and 4-
19c.
Pressure Results Along 0 °Azimuth Angle

The measurements indicate, Figure 4-19a, that the flow through the inlet section of
the duct is uniform but as the flow moves closer to the 1* elbow, the C, begins to decrease
slightly. This decrease in C;, is partially due to the development of the boundary layer
resulting in the increase in the centerline velocity and also due to an upstream effect of the
elbows as the flow approaches the 1* elbow. Flow pattern, as observed from surface oil flow
visualizations, in the inlet section of the duct, is shown in Figure 4-1. In the inlet section,
flow is basically straight with a small amount of swirl as the flow approaches the 1* elbow.

As the flow moves into the 1* elbow, a precarious variation in C, exists for the 3

free-stream velocities tested.
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Since the values of C; and port location are non-dimensional, it was expected that the 3 free-
stream velocities would yield the same results, however this did not occur. At 60ft/s free-
stream velocity, C, increases continuously along the duct elbow before decreasing just
beyond the outside of the bend. At 80fit/s free-stream velocity, C, decreases suddenly at the
entrance of the elbow and then remains constant along the bend before decreasing, again just
beyond the outside of the elbow. At 100ft/s free-stream velocity, a similar trend to that
obtained at 80ft/s occurs, however as the flow enters the elbow, the decrease in C;, as well as
the region of constant C, is larger than that experienced by the flow at 80fit/s. The trend
differences, between the 3 free-stream velocities tested, are attributed to flow separation on
the inside of the bend and the existence of secondary flow that occurs because of the
imbalance of centripetal forces as a result of the curvature of the duct centerline.

The constant C, illustrated in this region (Figure 4-19a) signifies that no acceleration
or deceleration of the flow occurs due to the extent of flow separation. The flow separation
begins on the inside bend (180°) and continues to the exit of the elbow. The results indicate,
Figure 4-19a, that as the free-stream velocity increases, the area of flow separation becomes
larger and encompasses more of the duct. The decrease in C;, as the flow reaches the region
of flow separation is due to the conservation of mass or continuity. The flow that enters the
elbow must also leave the elbow but because the region of flow separation encompasses a
certain area of the duct, the flow moving through the elbow past the region of flow separation
must do so through a smaller area. As a result, to maintain continuity, the local flow velocity
must increase. The increase in the flow’s local velocity decreases the static pressure and
results in a lower C,,.

Once the flow exits the 1* elbow and enters the 6-inch straight connector duct, it tries
to recover from the effects of the elbow: -flow separation, -and the swirling secondary flow.
The flow diffuses and fills the 6-inch duct. This results in a decrease in the local velocity of
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the flow and an increase in C,. As the flow moves through the 6-inch duct, the recovery
continues from the non-uniformities in the flow generated by the elbow. The variations in C,
however, indicate that the 6-inch duct is not long enough to establish uniform flow.
Upstream effects of the 2™ elbow also begin to impact the flow as indicated by the slight
decrease in C;, as the flow approaches the 2™ elbow.

No pressure measurements were obtained along the 0° azimuth angle of the 2™
elbow. As discussed in Sec 3.3.1, the radius of curvature of the inside bend is short, with a
sharp 90° bend, thus the geometry of the inside bend was not conducive to obtain pressure
measurements. The 0° wall of the 2™ elbow corresponds to the 180° wall of the 1% elbow.
This is the region where flow separation begins and extends into the inside of this bend. It is
expected that a similar trend to that exhibited in the 1* elbow will occur, however the region
of flow separation may be even more extensive because of the oncoming highly non-uniform
flow.

In the exit section of the duct, there is recovery of the flow from the effects of the
upstream elbows. Because flow separation cannot continue long past the exit of the 2™ elbow
area, the flow diffuses and thus fills the entire straight exit duct. This is illustrated by the
increase in C; as the flow enters the exit section. The flow is trying to recover from the non-
uniformities generated by the 2™ elbow. As a result, variations in G, exist. As the flow
moves further downstream, the variations in C, become less as the non-uniformities and swirl
in the flow diminish. In the baseline flow, 0° along the duct, the flow has not become
uniform by the end of the measurement region, however the trend indicates that the non-

uniformities have diminished.
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Pressure Results Along 180 °Azimuth Angle

The same results as discussed along the inlet of the 0° duct wall are obtained along
the 180° wall, Figure 4-19b. In the inlet section of the duct, refer to 0° azimuth angle.

No measurements were obtained along the 180° wall of the 1* elbow, as a result of
the geometry of the inside bend, Sec 3.3.1.

As the flow moves from the 1* elbow into the 6-inch straight connector duct, it tries
to recover from the region of flow separation encountered in the 1* elbow. As detailed
previously, the region of flow separation encompasses a portion of the duct elbow forcing the
flow to move through a smaller area. From continuity, the local flow velocity must increase
moving past this region since the same flow entering the elbow must leave the elbow. In the
6-inch connector duct, the flow then diffuses to fill the duct and the local flow velocity
decreases, resulting in an increase in C,. This is the same trend as exhibited along the 0° wall
of the 6-inch duct, however the decrease in C, is more gradual along the 180° wall as the flow
moves through the duct. This could be a result of the extent of the flow separation and
existence of secondary flow and how far it extends into the exit section of the elbow. The
further these regions extend into the exit of the elbow, the greater the non-uniformities in the
flow.

As the flow moves into the 2™ elbow, the flow patterns differ between the free-
stream velocities tested, Figure 4-19b. The 100ft/s free-stream velocity illustrates a constant
C, along the wall of the elbow before decreasing and exiting the elbow; whereas, the lower
free-stream velocities exhibit a continuous increase in C,, along the elbow wall before
decreasing just beyond the outside of the elbow. Similar to the previous discussions along
the 0° wall of the 1* elbow, (which corresponds to the outside wall of the 1* bend), the

different trend in C,, between the free-stream velocities tested is attributed to the extent of the
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region of flow separation in the elbow. At 100ft/s free-stream velocity, the constant C, in this
region indicates no acceleration or deceleration in the flow due to the extent of flow
separation. The significant decrease in Cy, at all the free-stream velocities tested, as the flow
exits the elbow, is a result of continuity as previously discussed.

As the flow moves through the exit section, the local flow velocity decreases as the
flow diffuses to fill the duct. In the straight exit section, the flow tries to recover from the
non-uniformities generated by the elbow. By the end of the region of pressure measurements,
the flow still has not become uniform but fewer losses occur as illustrated by only slight
variations in C,.

Pressure Results Along 270 °Azimuth Angle

The trends, Figure 4-19c, exhibited along the 270° wall of the straight ducts are
similar to the trends along the 0° wall of the straight ducts. The differences exist in the
measurements and trends obtained along the elbows.

As the flow moves along the 270° wall of the 1* elbow, Figure 4-19¢, C, decreases.
All the free-stream velocities tested have the same C, values as the flow moves through the
elbow with the exception of one point in the elbow where the 100ft/s free-stream velocity
differs, Figure 4-19c; this illustrates that at the high free-stream velocity, flow separation
affects the flow throughout the elbow.

Along the 2™ elbow, the trend is very similar, however the region of flow separation
affects all the free-stream velocities tested as the flow exits the elbow. The flow that
originates on the inside bend expands to fill more of the duct and extends into the exit section
of the elbow. Since the flow entering the 2™ elbow is highly non-uniform as a result of the 1
elbow, the region of flow separation moves further into the exit section at all free-stream

velocities tested.
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Baseline tests reveal that the flow is significantly affected by the elbows, in particular
the region of flow separation and the existence of secondary flow in the elbows. The
difference in C,, values obtained along the elbows between the free-stream velocities tested is
attributed to the extent of flow separation that occurs in the elbow. Of the free-stream
velocities tested, the high free-stream velocity has a larger impact on the extent of the flow
separation that occurs. Flow that has moved past the region of flow separation and into the
straight ducts exhibits an increase in C;, as the flow diffuses filling the duct. This flow is also
trying to recover from the non-uniformities generated by the elbows. The flow exhibits fewer
variations in pressure but still has not become fully uniform by the end of the measurement
region in the duct exit.

4.2.2 Pressure Results with Honeycombs After 1° Elbow

Four configurations were tested at 3 free-stream velocities. In each configuration
static pressure measurements were obtained along the duct for 3 azimuth angles: 0°, 180°,
and 270°. The main focus was on pressure measurements obtained in the exit section,
however measurements were also obtained in the inlet section to determine if the honeycomb
generated any upstream effects and in the 2™ elbow to determine the honeycomb’s effect on
flow entering the 2™ elbow.
4.2.2.1 Solid Honeycomb Pressure Results

Non-dimensional pressure distributions, for the solid honeycomb located after the 1%
elbow, along the ducts 3 azimuth angles of 0°, 180°, and 270° and for the free-stream
velocities of 60fit/s, 80ft/s, and 100ft/s are shown in Figures 4-20a, 4-20b, 4-20c, and 4-20d.
Pressure Results Along 0°Azimuth Angle

Figure 4-20a illustrates that for all the free-stream velocities tested, C, is lower than

the baseline values when the solid honeycomb is installed.
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The flow that enters the solid honeycomb section is a highly non-uniform flow attributed to
secondary flow and flow separation in the 1* elbow. The honeycomb helps to redistribute the
flow and generate a more uniform flow with a higher local velocity entering the 2™ elbow.
The more uniform flow entering the 2™ elbow also translates into a more uniform flow
entering the exit section. Thus, the C; values are lower than the baseline in the exit section of
the duct.

Figure 4-20a also illustrates a difference in C, values between the 3 free-stream
velocities tested. From baseline results, it is known that the higher free-stream velocity
experiences significant flow separation in the 1* elbow. The high free-stream velocity flow
possesses a high kinetic energy. When the flow encounters the elbow, the high energy flow
forces the non-uniformities that develop in the elbow into the exit section of the elbow and
into the 6-inch connector duct. The higher the kinetic energy, the further the non-
uniformities will be forced to travel. With the solid honeycomb located in the position of the
6-inch connector duct, it is able to improve the flow entering the 2™ elbow by redistributing
the flow and eliminating some of the disturbances. However, at the high free-stream velocity

it is not able to eliminate all the non-uniformities generated prior to entering the 2™ elbow
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since they are so extreme. As a result of the still present non-uniformities, the flow entering
the 2™ elbow has a lower local velocity and a higher C, than the flow at the lower free-stream
velocities tested.

The non-uniformities that were not removed by the solid honeycomb enter the 2™
elbow and contribute to the flow separation and secondary flow that occurs. The region of
flow separation that originates on the inside of the duct elbow extends into the exit of the
elbow and possibly into the exit duct depending on the extent of flow separation.

The increase in C;, at the beginning of the exit section is a result of the flow diffusing
to fill the exit duct as it recovers from the secondary flow and flow separation in the 2™
elbow. As well, the flow is trying to return to a uniform flow; as a result of the losses in
trying to establish uniformity, variations in C, exist. By the end of the pressure measurement
region, the flow has not achieved uniformity but the variations in C, have diminished
indicating that slightly further downstream the flow will become uniform.

Pressure Results Along 180 °Azimuth Angle

As the flow moves through the 2™ elbow, the C,, for all free-stream velocities tested
is lower than the baseline values, Figure 4-20b. The solid honeycomb redistributes the non-
uniformities in the flow generated by the 1* elbow prior to the flow entering the 2™ elbow, as
previously discussed. As a result, the flow leaving the solid honeycomb is more uniform with
a higher local velocity and lower static pressure as it travels into the 2™ elbow.

All 3 free-stream velocities tested exhibit the same trend as the flow moves through
the elbow, however the 100ft/s free-stream velocity has a higher C, than the lower free-
stream velocities. This difference in C; is attributed to the extent of the flow separation
encountered at the high free-stream velocity; as well, as previously discussed, the non-
uniformities in the flow after the 1* elbow were extreme and could not be completely
eliminated by the solid honeycomb. However, the solid honeycomb was able to generate
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enough uniform flow at the high free-stream velocity to remove the constant C,, that occurred
in the baseline flow. The constant C; signified that no acceleration or deceleration of the
flow occurred due to the extent of flow separation.

In the exit section of the duct, the trend is very similar to the baseline, however as
discussed previously, the exit section also benefits from the solid honeycomb installed after
the 1% elbow because the more uniform flow entering the 2™ elbow translates into a more
uniform flow entering the exit section. A more uniform flow has a higher local velocity and
lower C,.

As discussed in the results along the 0° wall of the exit section, the high value of C,
at the 100ft/s free-stream velocity is a result of the extent of flow separation that occurs in the
elbows. The non-uniformities from the 1* elbow that were not completely eliminated by the
solid honeycomb coupled with the non-uniformities of the 2™ elbow translate into a highly
non-uniform exit flow with low local velocities and high static pressures.

Although the solid honeycomb significantly reduced the non-uniformities, variations
in G, still exist as the flow moves downstream. This indicates that fully uniform flow has not
been achieved by the end of the measurement region.

Pressure Results Along 270 °Azimuth Angle

The inlet section shows no additional upstream effects, Figure 4-20d, generated by
the solid honeycomb, except at the high free-stream velocity tested. The upstream effects are
indicated by the variations in C,. The upstream effects generated by the honeycomb are more
dominant with the high-energy flow. Because the high-energy flow is traveling at a high
velocity, when it encounters the honeycomb it then changes its path drastically forcing the
upstream flow to respond. The C; values at the lower free-stream velocities yield the same

results as the baseline.
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The same trend as the baseline is exhibited in the 2™ elbow, Figure 4-20c, however
the values of C, with the solid honeycomb installed are lower. As discussed previously, the
honeycomb helps to reduce pipe swirl and non-uniformities generated by the flow separation
in the 1% elbow by redistributing the flow. This reduction enables the flow entering the 2™
elbow to be more uniform. A more uniform flow translates into a higher local velocity and
lower C, entering the 2™ elbow.

As the flow moves into the exit section of the duct, the C; trends between the
baseline and the solid honeycomb are the same, Figure 4-20c. The solid honeycomb helps to
generate a more uniform flow entering the 2™ elbow and the exit section, resulting in a lower
C, and a higher local velocity. The 2™ elbow however, generates non-uniformities of its own
as a result of the flow separation and the existence of secondary flow. By the end of the
measurement region, flow uniformity has not been fully achieved and results obtained are
similar to those discussed in the flow along the 0° wall of the exit section. Since the
variations in C,, which signify a non-uniform flow, are diminishing, it is anticipated that flow
uniformity will be achieved slightly further downstream in the exit section.
4.2.2.2 20% Porous-Cell Honeycomb Pressure Results

Non-dimensional pressure distributions, for the 20% porous-cell honeycomb located
after the 1* elbow, along the ducts 3 azimuth angles of 0°, 180°, and 270° and for the free-
stream velocities of 60ft/s, 80ft/s, and 100ft/s are shown in Figures 4-21a, 4-21b, 4-21c¢, and
4-21d.

Pressure Results Along 0 °Azimuth Angle

The trend, Figure 4-21a, for all 3 free-stream velocities tested, is the same as that

obtained with the solid honeycomb, Figure 4-20a. The values of C, in the exit section of the

duct are significantly lower than the baseline results.
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The values of C;, are also slightly lower than those obtained when the solid honeycomb is
installed after the 1* elbow. Variations in C, exist as the flow recovers from the non-
uniformities generated by secondary flow and separated flow in the 2™ elbow. Near the end
of the pressure measurements region, the flow non-uniformities have significantly decreased
and the flow establishes a more uniform flow. This signifies that the 20% porous-cells help
to reduce not only the lateral disturbances but the axial disturbances as well. The non-porous
cells perform their traditional role of eliminating any remaining lateral disturbances in the
flow generated by the flow separation and the existence of secondary flow in the 1* elbow, as
well as eliminating any disturbances generated by flow passing between adjacent cells (in the
porous section of the honeycomb).
Pressure Results Along 180 °Azimuth Angle

Measurements indicate, Figure 4-21b, that the C, values throughout the measurement
section for all 3 free-stream velocities tested are lower than those obtained for the baseline.
The trend exhibited in Figure 4-21b is also very similar to the trend exhibited by the solid

honeycomb in Figure 4-20b; however the increase in C, as the flow moves through the elbow
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is more gradual than that obtained with the solid honeycomb at any of the free-stream
velocities tested. The 20% porous-cell honeycomb is able to eliminate more of the axial and
lateral disturbances from the 1* elbow, enabling a more uniform flow to travel through the 2™
elbow.

Although the flow is more uniform as it enters the 2™ elbow, flow separation still
affects the flow as illustrated by the last measurement taken as the flow leaves the elbow.
The different C,, values are an indication that the region of flow separation has moved further
downstream.

In the exit section of the duct, the increase in C;, as the flow tries to recover from the
2™ elbow is also more gradual than that exhibited in Figure 4-20b by the solid honeycomb,
Sec 4.2.2.1. The C; in the exit section of the duct displays fewer pressure and velocity
variations as the flow moves downstream, the reasons for this improved flow is attributed to
the upstream history of the flow. The porous holes in the honeycomb act as flow passages
between cells. The holes in each cell wall enable the total pressure to balance between
adjacent cells, thus averaging the total pressure between adjacent cells. The averaging of the
total pressure helps to reduce axial and lateral disturbances in the porous section, while the
non-porous section further eliminates any remaining lateral disturbances in the flow. This
results in a more uniform flow traveling into the 2™ elbow. A more uniform flow has a
higher local velocity and lower static pressure traveling through the 2™ elbow and into the
exit section of the duct.

The results illustrate that the 20% porous-cell honeycomb establishes a more uniform
flow entering the 2™ elbow and the exit section of the duct. A more uniform flow results in a

higher local velocity and lower C,,.
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Pressure Results Along 270 °Azimuth Angle

Measurements indicate, Figure 4-21d, that no additional upstream effects occur in the
inlet section as a result of the 20% porous-cell honeycomb located after the 1* elbow.

In the 2™ elbow, Figure 4-21c, the 20% porous-cell honeycomb has the same effect
as the solid honeycomb, Figure 4-20c, in lowering the values of C,. No significant
differences exist between the 2 configurations with respect to the trend or values of C,.

Similarly in the exit section of the duct, the 20% porous-cell honeycomb results in a
slightly larger decrease in C, than the solid honeycomb. The flow, particularly at the 60ft/s
free-stream velocity, has fewer variations in C; indicating a more uniform flow within a
shorter exit section.

Overall, the 20% porous-cell honeycomb achieved a greater result than the solid
honeycomb in establishing a more uniform flow as the flow moves through the 2™ elbow and
into the exit section. The 20% porous-cell honeycomb decreased the C;, significantly over the
baseline results, particularly at the 2 lower free-stream velocities tested.
4.2.2.3 30% Porous-Cell Honeycomb Pressure Results

Non-dimensional pressure distributions, for the 30% porous-cell honeycomb located
after the 1*' elbow, along the ducts 3 azimuth angles of 0°, 180°, and 270° and for the free-
stream velocities of 60fit/s, 80ft/s, and 100ft/s are shown in Figures 4-22a, 4-22b, 4-22c, and
4-22d.

Pressure Results Along 0 °Azimuth Angle
The trend, Figure 4-22a, is very similar to that obtained with the solid honeycomb

and the 20% porous-cell honeycomb installed, Sec 4.2.2.1 and 4.2.2.2.
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Interestingly however, at the 60ft/s and 100ft/s free-stream velocities tested, the values of C,
obtained with the 30% porous-cell honeycomb do not vary from those obtained with the 20%
porous-cell honeycomb. The 80ft/s free-stream velocity exhibits a noticeable decrease in C,.
This is an interesting trend since it was expected that all free-stream velocities would
experience a slight decrease in C,,. The flow that is measured along this wall in the exit duct
is separated flow. The results indicate that along the 0° wall of the 2™ elbow, the region of
flow separation at the high and low free-stream velocities tested with the 20% or 30% porous-
cell honeycomb installed, are very similar.
Pressure Results Along 180 °Azimuth Angle

The 30% porous-cell honeycomb, Figure 4-22b, generates a similar trend as the 20%
porous-cell honeycomb, Figure 4-21b, along the 180° wall in both the 2™ elbow and the exit
section of the duct, Sec 4.2.2.2. The 30% porous-cell honeycomb generates a more uniform
flow traveling into the 2™ elbow however, resulting in slightly lower values of Cpin the 2

elbow and the exit section of the duct.
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Pressure Results Along 270 °Azimuth Angle

The inlet section of the duct, Figure 4-22d, exhibits slightly more upstream effects
(than previously exhibited) as a result of the 30% porous-cell honeycomb located after the 1*
elbow. The upstream effects are more evident at the 100ft/s free-stream velocity tested, Sec
4.2.2.1. Figure 4-22d illustrates that more variations in C; exist and as a result slightly more
swirl occurs in the flow prior to the flow entering the 1* elbow.

The flow moving through the 2™ elbow, Figure 4-22c, exhibits the same trend as that
obtained with the solid honeycomb, Sec 4.2.2.1, and the 20% porous-cell honeycomb, Sec
4.2.2.2, however the values of C, are lower, particularly at the 2 lower free-stream velocities
tested. This indicates that the 30% porous-cell honeycomb generates a slightly more uniform
flow, with a higher local velocity and lower C;, as the flow enters the 2™ elbow. At the
100ft/s free-stream velocity tested, the 30% porous-cell honeycomb is no more effective than
the solid honeycomb or the 20% porous-cell honeycomb in achieving a uniform flow prior to
entering the 2™ elbow. The same values of C, along the duct elbow at the 100ft/s free-stream
velocity iterates the conclusion that flow separation in the 1* elbow was so extensive that the
additional porosity of the honeycomb was unable to generate an improved flow.

In the exit section, the values of C;, are slightly lower than those obtained with the
20% porous-cell honeycomb at all free-stream velocities tested, however the flow exhibits
slightly more variations in C, than those exhibited with the 20% porous-cell honeycomb.
With more porous cells, the flow exchange between adjacent cells may have generated some
additional disturbances prior to entering the 2™ elbow. Uniformity is achieved, however
within the same distance downstream with the 30% porous-cell honeycomb as was obtained
with the 20% porous-cell honeycomb.

Overall, the 30% porous-cell honeycomb was successful in achieving a slightly more

uniform flow entering the 2™ elbow, with a slightly lower C, and a slightly higher local
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velocity compared to the 20% porous-cell honeycomb. These decreases in C, however, are
not significant.
4.2.2.4 40% Porous-Cell Honeycomb Pressure Results

Non-dimensional pressure distributions, for the 40% porous-cell honeycomb located
after the 1% elbow, along the ducts 3 azimuth angles of 0°, 180°, and 270° and for the free-
stream velocities of 60ft/s, 80ft/s, and 100ft/s are shown in Figures 4-23a, 4-23b, 4-23c, and
4-23d.
Pressure Results Along 0°Azimuth Angle

Measurements indicate, Figure 4-23a, that the 40% porous-cell honeycomb is very
effective in redistributing the non-uniformities generated by flow separation and secondary
flow from the 1* elbow. These trends, Figure 4-23a, are similar to those displayed with the
other honeycombs, particularly the 20% porous-cell honeycomb, Sec 4.2.2.2. The values of
C, are lower, for all free-stream velocities tested, than the baseline values, as well as, for any
other honeycomb tested. Fewer variations in C, at all free-stream velocities tested also exist
as the flow moves downstream in the exit duct, indicating a more uniform flow towards the
end of the pressure measurements region.
Pressure Results Along 180 °Azimuth Angle

The results obtained with the 40% porous-cell honeycomb installed, Figure 4-23b,
are very similar to the previous discussions (20% porous-cell honeycomb) as the flow moves
through the elbow, Sec 4.2.2.2. With the presence of a more porous-cell honeycomb the
increase in C; as the flow moves through the elbow becomes more gradual indicating fewer
losses as a result of the flow separation in the elbow. The flow is able to leave the elbow and

move into the exit section with a higher local velocity.
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The C, values obtained in the exit section are again lower than those obtained with
other honeycombs installed. Variations in C, are present as the flow moves in the exit
section, Figure 4-23b. Similar to the previous discussions along the 180° wall in the exit
section of the duct, Sec 4.2.2.2, as the flow moves downstream, the variations in C, diminish.
Pressure Results Along 270 °Azimuth Angle

The inlet section of the duct, Figure 4-23d, exhibits the same results as those obtained
with the 30% porous-cell honeycomb installed, Sec 4.2.2.3. Similar upstream effects
generated by the 40% porous-cell honeycomb exist at all free-stream velocities, causing the
flow to swirl prior to entering the 1* elbow.

The flow moving through the 2™ elbow, Figure 4-23c, also displays a similar trend as
the previous honeycomb. The 40% porous-cell honeycomb decreases the C, values slightly
more than the other honeycombs along the elbow, particularly at the lower free-stream
velocity tested. At the high free-stream velocity, very little change exists compared to the

other honeycombs installed, Sec 4.2.2.3.
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As the flow moves into the exit section, interestingly only the 80ft/s free-stream
velocity experiences a slight decrease in C, (at the end of the measurement region) from
values obtained with the 30% porous-cell honeycomb. The 60ft/s and 100ft/s free-stream
velocities tested actually experience a slight increase in C,, (40% porous-cell honeycomb)
from the values obtained with the 30% porous-cell honeycomb. This is attributed to the
larger percent porosity honeycomb generating additional disturbances as the flow moves
between adjacent cells. As well, at the high free-stream velocity, the additional porosity is
not effective in removing the significant disturbances generated by the elbows. Flow
uniformity has not been fully achieved by the end of the measurement region, however
variations in C, have diminished, indicating flow uniformity will be achieved shortly
downstream.

Overall, the results indicate that the honeycombs when installed after the 1* elbow
redistribute the non-uniform flow generated by flow separation and the secondary flow in the
1* elbow. The flow entering the 2™ elbow is then more uniform with a higher local velocity
and lower static pressure. The more uniform flow traveling through the 2™ elbow generates a
more uniform flow with a higher local velocity entering the exit section of the duct.

At high free-stream velocities however, flow separation in the 1% elbow is very large.
With a highly non-uniform flow, the more porous honeycomb is not very effective in
establishing a more uniform flow, Figure 4-24a.

Figures 4-24(a-c) illustrate the average C;, at each location in the exit section of the
duct, this gives a reasonable indication of flow uniformity throughout the exit duct with the
honeycombs installed. Although all the honeycombs achieved improved results over baseline
values, the 40% porous-cell honeycomb achieved the best results in terms of lowering the C,

in most areas of the duct.
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Complete flow uniformity however, was not achieved by the end of the measurement region
at any of the free-stream velocities tested; however the 20% porous-cell honeycomb achieved
the best results in trying to establish uniform flow within a shorter distance downstream of
the 2™ elbow.
4.2.3 Pressure Results with Honeycombs After 2™ Elbow

Non-dimensional pressure distributions, for the honeycomb located after the 2™
elbow, along the duct for 3 azimuth angles of 0°, 180°, and 270°, and for 3 free-stream
velocities of 60ft/s, 80ft/s, and 100ft/s are discussed in the following sections. No pressure
measurements were obtained along the inlet section of the duct. Since the upstream effects in
the inlet section, generated by the honeycomb located after the 1* elbow, did not affect the
flow significantly, it was assumed that no upstream effects would be generated in the inlet
section with the honeycomb located further downstream after the 2" elbow. The focus was
on measurements obtained in the 2™ elbow and in the exit duct after the honeycomb to
evaluate the honeycomb’s effect in generating a more uniform flow within a shorter distance
downstream in the exit duct.
4.2.3.1 Solid Honeycomb Pressure Results

Non-dimensional pressure distributions, for the solid honeycomb located after the 2™
elbow, along the duct for 3 azimuth angles of 0°, 180°, and 270° and for 3 free-stream
velocities of 60ft/s, 80ft/s, and 100ft/s are shown in Figures 4-25a, 4-25b, and 4-25c.
Pressure Results Along 0 °Azimuth Angle

Measurements indicate, Figure 4-25a, that with the solid honeycomb located after the
2™ elbow, the C, decreases for all free-stream velocities compared to baseline values in the
exit section of the duct. The reduction in C, signifies a higher local velocity than that of the

baseline as the flow moves downstream.
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Although the solid honeycomb is effective in establishing uniform flow in the exit section of
the duct, flow at the high free-stream velocity, 100ft/s, still experiences disturbances from the
extent of flow separation in the 1* elbow. The high kinetic energy flow that moves through
the 1* elbow forces the secondary flow that occurs on the outside of the elbow to the far
opposite wall of the duct where separated flow exists. The momentum of the secondary flow
pushes the low energy flow (separated flow) into the exit of the duct elbow and into the 6-
inch connector duct. Since the 6-inch connector duct is not long enough to establish
uniformity in the flow, the non-uniform flow moves into the 2™ elbow. As a result, the 2™
elbow contains highly non-uniform flow from the 1* elbow, as well as separated flow
originating from the inside bend of the 2™ elbow and the existence of its own secondary flow.
With a highly non-uniform flow, the solid honeycomb is not as effective in achieving a
completely uniform flow at the high free-stream velocity.

Slight non-uniformities exist as the flow exits the honeycomb cells; the honeycomb
generates its own non-uniformities, however these disturbances are small and dissipate
quickly. The flow achieves uniformity very near the exit of the honeycomb. At L/D of 24.1,
the flow has become uniform with no variations in C,.

The points on the plot, Figure 4-25a, have near zero slopes, indicating that the solid
honeycomb redistributes the non-uniform flow exiting the 2™ elbow. The redistribution of
flow reduces the swirl, giving the flow more uniformity, resulting in a higher local velocity
and a lower C,.

Pressure Results Along 180 °Azimuth Angle

As the flow moves through the 2™ elbow, upstream effects generated by the solid
honeycomb are evident, Figure 4-25b. At the lower free-stream velocities the C,, values are
slightly lower than their baseline values, signifying fewer losses in the elbow and a slightly
higher local velocity. At the high free-stream velocity, the upstream effects are more
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significant and have the opposite effect. The value of C; is higher than the baseline as the
flow moves through the bend, signifying more losses and lower local velocities. At the same
time however, the solid honeycomb eliminates the large area of flow separation encountered
in the baseline indicated by the constant C,. As previously discussed, the constant C;, in this
region signifies that no acceleration or deceleration of the flow occurs due to the extent of
flow separation. The 100ft/s free-stream velocity entering the 2™ elbow is a high energy
flow, the upstream effect of the honeycomb is that some of the energy is utilized to eliminate
the large area of flow separation that encompasses the 2™ elbow, as a result, the local flow
velocity is lower and the C, higher.

As the flow moves into the exit section, the solid honeycomb helps to redistribute the
non-uniformities generated in the elbows and establishes a more uniform flow with a higher
local velocity and fewer losses than the baseline. A difference in C, still exists between the
high free-stream velocity and the lower free-stream velocities. This difference signifies that
the solid honeycomb is able to generate a more uniform flow, but is still not as effective in
eliminating all the non-uniformities in the flow at the high free-stream velocity. This is a
result of the extent of flow separation that occurs in the elbows experienced by the high free-
stream velocity. As previously discussed, the high kinetic energy flow forces the non-
uniformities from the 1* elbow further into the 6-inch connector duct. As a result, a highly
non-uniform flow enters the 2™ elbow. The oncoming non-uniform flow coupled with the
existence of secondary flow and separated flow from the 2™ elbow generates a highly non-
uniform flow with significant axial and lateral disturbances, which the solid honeycomb is
unable to completely eliminate.

Compared to baseline results however, all free-stream velocities exhibit a noticeable

decrease in C,. There are also fewer losses as the flow leaves the solid honeycomb and enters
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the exit duct. Uniform flow is achieved, with no variations in C,, at L/D of 24.4, for all free-
stream velocities tested.
Pressure Results Along 270 °Azimuth Angle

Similarly in this orientation, Figure 4-25c, upstream effects from the solid
honeycomb are more evident particularly at the 80ft/s and 100ft/s free-stream velocities. At
80ft/s free-stream velocity, the C, decreases from its baseline value resulting in a higher local
velocity as the flow moves through the elbow. At 100ft/s free-stream velocity, the C,
increases from its baseline value resulting in a lower local velocity as the flow moves through
the elbow. As previously discussed, the high-energy flow is used to eliminate the large area
of flow separation; this results in an increase in C, and a lower local velocity.

As the flow exits the 2™ elbow and moves through the solid honeycomb and into the
exit section, the C, decreases from the baseline results for all free-stream velocities. The non-
uniformities that still exist are very small, and within a short distance downstream of the exit
section of the honeycomb, the flow establishes uniformity. Flow uniformity is achieved at
L/D of 24.3.

In all 3 orientations, the solid honeycomb has a beneficial effect in establishing a
more uniform flow in the exit section of the duct. To have a fully uniform duct flow
however, the C;, must be the same in all orientations. By comparing the values of L/D, the
extent of flow uniformity is determined. With the solid honeycomb, fully uniform duct flow
is established at L/D of 24.2.
4.2.3.2 20% Porous-Cell Honeycomb Pressure Results

Non-dimensional pressure distributions, for the 20% porous-cell honeycomb located
after the 2™ elbow, along the duct for 3 azimuth angles of 0°, 180°, and 270° and for the free-
stream velocities of 60ft/s, 80ft/s, and 100ft/s are illustrated in Figures 4-26a, 4-26b, and 4-

26c¢.
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Figure 4-26. C, vs. L/D-20% Porous-Cell Honeycomb Aft 2" Elbow

73



Pressure Results Along 0 °Azimuth Angle

The trend in the exit section of the duct, Figure 4-26a, is the same as that of the solid
honeycomb, Sec 4.2.3.1. The values of C;, for the 20% porous-cell honeycomb are
significantly reduced from the baseline values. At the lower free-stream velocities the Cp
values are slightly less than those obtained with the solid honeycomb but at the 100ft/s free-
stream velocity the values of C,, as the flow leaves the honeycomb, are slightly more than
those obtained with the solid honeycomb. However, there are fewer C, variations with the
20% porous-cell honeycomb indicating that the 20% porous-cell honeycomb helps to
eliminate more of the non-uniformities generated in the elbows. The flow becomes fully
uniform at L/D of 23.5.

Pressure Results Along 180 °Azimuth Angle

The 20% porous-cell honeycomb generates a slightly larger upstream effect in the
elbow, Figure 4-26b, than was seen in the solid honeycomb, Figure 4-25b, Sec 4.2.3.1. At
the lower free-stream velocities, the 20% porous-cell honeycomb generates a slight upstream
effect predominantly at the point closest to the exit of the bend; the C, increases slightly
compared to the baseline value. The most evident upstream effiect is at the high free-stream
velocity tested, the trend is very similar to that obtained with the solid honeycomb, Sec
4.2.3.1. The 20% porous-cell honeycomb increases the C, resulting in a lower local velocity
along the bend, Sec 4.2.3.1. These values of C, are larger than those generated by the
upstream effects of the solid honeycomb.

As the flow moves into the exit section, the 20% porous-cell honeycomb is effective
in reducing the non-uniformities in the flow, and a similar trend is seen as the one produced
with the solid honeycomb, Sec 4.2.3.1. The 20% porous-cell honeycomb exhibits fewer
variations between C, values as the flow moves downstream compared to the solid

honeycomb. The porous-cell honeycomb generates a more uniform flow because both axial
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and lateral disturbances are reduced. The flow achieves fully uniform flow, recovering from
the slight disturbances generated from the exit of the honeycomb at L/D of 23.8.
Pressure Results Along 270 °Azimuth Angle

The trend and results, Figure 4-26c, obtained in the 2™ elbow and in the exit section
are the same as those obtained with the solid honeycomb, Sec 4.2.3.1.

In the exit section, the 20% porous-cell honeycomb is effective in reducing the axial
and lateral disturbances in the flow and as a result decreases the values of C, from the
baseline values. The 20% porous-cell honeycomb is also more effective than the solid
honeycomb in reducing the non-uniformities generated by the elbows and in establishing a
more uniform flow. This is evident by the decrease in C, variations in the exit section of the
duct. The 20% porous-cell honeycomb achieves flow uniformity within a short distance
downstream of the exit section of the honeycomb, at L/D of 24.

The overall results obtained for the 20% porous-cell honeycomb showed slight
improvements in the results when compared to the solid honeycomb. Although the solid
honeycomb and 20% porous-cell honeycomb were equally effective in reducing the non-
uniformities generated by the 2™ elbow as illustrated by the decrease in C,, the 20% porous-
cell honeycomb was more effective in achieving a more uniform flow within a shorter
distance downstream of the honeycomb exit. Fully uniform duct flow was achieved at L/D of
24.
4.2.3.3 30% Porous-Cell Honeycomb Pressure Results

Non-dimensional pressure distributions, for the 30% porous-cell honeycomb installed
after the 2™ elbow, along the duct of 3 azimuth angles of 0°, 180°, and 270° and for the free-

stream velocities of 60ft/s, 80ft/s, and 100ft/s are shown in Figures 4-27a, 4-27b, and 4-27c.
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Figure 4-27. C, vs. L/D-30% Porous-Cell Honeycomb Aft 2" Elbow
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Pressure Results Along 0 °Azimuth Angle

Similar to the solid and 20% porous-cell honeycomb, Sec 4.2.3.1 and 4.2.3.2, the
30% porous-cell honeycomb, Figure 4-27a, establishes a more uniform flow in the exit
section of the duct. The C, for all free-stream velocities tested is significantly lower than the
baseline results. At the lower free-stream velocities tested, the 30% porous-cell honeycomb
also decreases the C,, significantly from the values obtained with the 20% porous-cell
honeycomb. The 100ft/s free-stream velocity exhibits no change with a more porous
honeycomb installed. As previously discussed, along the 0° wall of the duct, the flow passing
through this section of the honeycomb is separated flow, at 100ft/s free-stream velocity the
flow separation is extreme, so the additional porosity in eliminating the non-uniformities is
ineffective. The flow pattern, as observed from the surface oil flow visualization in the exit
section, Figure 4-16 illustrates that the flow after the 30% porous-cell honeycomb is very
uniform with very little swirl. The flow becomes fully uniform in the exit section at L/D of
23.5.

Pressure Results Along 180 °Azimuth Angle

The 30% porous-cell honeycomb, Figure 4-27b, generates the same upstream effects
in the elbow at the high free-stream velocity as those produced by the 20% porous-cell
honeycomb, Sec 4.2.3.2.

As the flow moves into the exit section, the 30% porous-cell honeycomb decreases
the G, values at the 80ft/s and 100ft/s free-stream velocities. At 60ft/s free-stream velocity
very little change from the 20% porous-cell honeycomb results is seen. From the surface oil
flow visualization results, Figure 4-15, the flow patterns illustrate a swirl in the flow leaving
the 30% porous-cell honeycomb. The C, exhibits slight variations in the initial exit of the
honeycomb but within a short distance becomes more linear compared to its baseline values

signifying a more uniform flow. This occurs at an L/D of 23.8.

77



Pressure Results Along 270 °Azimuth Angle

The upstream effects in the elbow generated by the 30% porous-cell honeycomb,
Figure 4-27c, are evident at the high free-stream velocity tested and are the same as those of
the 20% porous-cell honeycomb, Sec 4.2.3.2.

In the exit section, the 30% porous-cell honeycomb has helped to establish a more
uniform flow with fewer losses in the exit section. This is illustrated with the decrease in C,
values from the baseline results. The trend is very similar to that obtained with the 20%
porous-cell honeycomb, Sec 4.2.3.2, however the values of C, are slightly lower and the flow
establishes uniformity at L/D of 23.9.

Overall, the 30% porous-cell honeycomb helped to establish a more uniform flow
with minimal losses in the exit section of the duct. Flow uniformity was greatly improved
with the 30% porous-cell honeycomb installed compared to baseline results. The 30%
porous-cell honeycomb also improved the results slightly over those obtained with the solid
and 20% porous-cell honeycomb. By comparing the C, values in the exit section in all
orientations, the flow is fully uniform at L/D of 23.9.
4.2.3.4 40% Porous-Cell Honeycomb Pressure Results

Non-dimensional pressure distributions for the 40% porous-cell honeycomb installed
after the 2™ elbow, along the duct for 3 azimuth angles of 0°, 180°, and 270° and for free-
stream velocities of 60ft/s, 80ft/s, and 100fit/s are shown in Figures 4-28a, 4-28b, and 4-28c.
Pressure Results Along 0°Azimuth Angle
Measurements indicate, Figure 4-28a, that the C; values are reduced in the exit duct
compared to the baseline results when the 40% porous-cell honeycomb is installed. The flow
in the exit section is more uniform; Sec 4.2.3.3. At the lower free-stream velocities tested,

the values of C, decrease further from those obtained with the 30% porous-cell honeycomb.
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Figure 4-28. C, vs. L/D-40% Porous-Cell Honeycomb Aft 2" Elbow
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At the 100ft/s free-stream velocity, however, a similar result occurs as that obtained with
100ft/s free-stream velocity, 20% porous-cell honeycomb, Sec 4.2.3.2, the values of C,
increase from those obtained with the solid or 20% porous-cell honeycomb.

At all free-stream velocities tested the flow becomes fully uniform at L/D of 23.6.
No more losses are exhibited by variations in C, beyond this point.

Pressure Results Along 180°Azimuth Angle

Along the elbow, the 40% porous-cell honeycomb generates the highest values of C,
at the 100ft/s free-stream velocity than was previously seen, Figure 4-28b. At the lower free-
stream velocities, the same values as the 30% porous-cell honeycomb are exhibited, Sec
4.2.33.

In the exit section of the duct, the C, values at 100ft/s free-stream velocity are also
higher than those obtained with the 30% porous-cell honeycomb, Sec 4.2.3.3. At the lower
free-stream velocities, however the C; values are lower than obtained with other honeycomb
installed. The flow achieves uniform flow, recovering from the slight disturbances generated
from the exit of the honeycomb at L/D of 23.7.

Pressure Results Along 270 °Azimuth Angle
The trend exhibited in Figure 4-28c, is similar to that obtained with the 30% porous-

cell honeycomb installed, Sec 4.2.3.3. The C, values are slightly higher however, at the high
free-stream velocity.

In the exit section, the 40% porous-cell honeycomb is slightly more effective than the
30% porous-cell honeycomb in lowering the values of C, as the flow leaves the honeycomb
section. The flow in the exit section becomes uniform, recovering from the losses generated
when the flow leaves the honeycomb section, at L/D of 23.8.

The overall results obtained with the 40% porous-cell honeycomb installed showed

improvements in lowering the C, values in the exit section of the duct.
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Overall, the results indicate that the honeycomb located after the 2™ elbow helps in
redistributing the non-uniformities generated in the elbows. The porous-cell honeycomb
helped to eliminate the axial disturbances in the flow while the non-porous sections
performed the traditional role of eliminating the lateral disturbances. As a result, the flow
leaving the honeycomb section and entering into the exit section of the duct had fewer losses
and a higher local velocity than baseline values.

Figures 4-29(a-c) illustrate the average C, in the exit section of the duct at all free-
stream velocities tested. Since the flow in the exit duct is not fully uniform until C; in each
of the orientations is the same, these figures give a reasonable indication of the behavior of
the flow as it leaves the honeycomb and travels through the exit duct. All the honeycombs
exhibit significant improvement eliminating the disturbances in the flow and achieving a
higher exit velocity.

The 40% porous-cell honeycomb lowered the C; values in the exit section slightly
more than the other honeycombs at the lower 2 free-stream velocities tested, however more
disturbances and variations in C, existed prior to the flow becoming fully uniform.

Figures 4-30(a-c) illustrate the average C, in the exit duct for both sets of
configurations. These figures indicate that overall the honeycomb after the 1* elbow
establishes a slightly lower value of C,, thus higher local velocity than the honeycomb after
the 2™ elbow but does not become fully uniform until further downstream in the exit duct.
The honeycomb after the 2™ elbow however, helps to establish a more uniform flow in a
shorter distance downstream of the exit duct. Either configuration, however, significantly

reduces the secondary flows generated by the curved duct.
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Figure 4-29. Honeycomb Aft 2" Elbow, Average C, in Exit Duct
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4.3 Particle Imagining Velocimetry

Figures 4-31(a-e) depict vorticity contours from the PIV tests for baseline and for the
honeycombs installed after the 2™ elbow. Baseline results are illustrated in the top left
contour. A significant level of vorticity exists throughout the image indicating that the flow
is highly non-uniform with a large amount of swirl in the flow. The other contours illustrate
that flow quality is significantly improved with any of the honeycombs installed. Although
the solid honeycomb depicted in the upper right contour and the 30% porous-cell honeycomb
depicted in the middle right contour have improved flow quality over baseline, large
concentrations of vorticity are still present along the wall of the duct. The larger
concentration regions of vorticity are reminiscent of the secondary flow from the elbows,
which are still in existence. The 20% porous-cell honeycomb and the 40% porous-cell
honeycomb depicted in the middle left and bottom left contours respectfully, both show a
definite improvement over the solid and 30% porous-cell honeycombs.  They exhibit very
small patches of vorticity that are more uniformly distributed throughout the flow. Smaller
and more uniformly distributed areas of vorticity are the result of break-up and redistribution
of the secondary flows from the two elbows. The smaller vorticity regions would dissipate
more quickly, thus the honeycomb resulting in these cases are more effective towards

controlling the flow at the duct exit.
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Chapter §

Conclusions and Recommendations

An experimental study on the effectiveness of using honeycomb to improve flow
quality in curved ducts by reducing secondary flow was conducted. Solid honeycomb and
porous-cell honeycombs with varying porosity were installed at either of two locations, after
the 1% elbow or after the 2™ elbow. The flow, particularly in the exit section of the duct, was
analyzed using surface oil flow visualization, pressure measurements, and Particle Imaging
Velocimetry (PIV) to determine if the secondary flows had diminished within a short distance
downstream of the elbow with the honeycomb installed compared to the baseline flow.

The surface oil flow visualization provided a qualitative analysis of how the flow
behaved in the exit section of the duct. The pressure measurements provided detail and
qualitative insight on how the flow traveling through the elbows was affected by the different
free-stream velocities. PIV was used to calculate the vorticity contours of each configuration,
the contours helped to describe the secondary motion of the fluid at the exit section of the
elbow. Based on this experimental study, the following conclusions are drawn:

o Higher free-stream velocities generate a larger region of separated and
secondary flows in elbows.

o Locating the honeycomb after the 1* elbow eliminates more of the non-
uniformities traveling into the 2™ elbow and into the exit section of the duct
than either baseline or flow with a honeycomb after the 2™ elbow.

o Locating the honeycomb after the 2™ elbow generates a uniform flow within
a shorter distance downstream of the elbow than the honeycomb located after

the 1% elbow.
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o PIV measurements agree with pressure measurements with respect to flow
uniformity at the exit of the 2™ elbow.
o Porous-cell honeycomb is more effective than solid honeycomb at generating
a uniform flow after an elbow.
Recommendations for future work include:
o Varying the total length of the honeycomb cell.
o Implementing more than one honeycomb or a combination of solid and

porous-cell honeycombs in the duct.
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Appendix A

Error Analysis

The errors of each of the contributing variables must be considered as they propagate
through the experimental procedure to determine the error band on the non-dimensional
pressure distribution, C,,.

C,=f(P,p, U.),
P = pressure, p = density, and U.. = free-stream velocity.

The density was obtained from the ideal gas law, with the known pressure and

temperature at the first port location.
p=f(P,T),
T = temperature.

Once the density was determined, the free-stream velocity at the first port was
obtained from Bernoulli’s equation.

The averaged pressure, temperature, density, velocity, and change in pressure at the first port
location are:

P =5.989inH,0

T =70.47F

p = 0.002281slugs/ft’

U.. = 100ft/s

AP =2.239inH,0

Known errors are:

T=%2F
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P=2%0.25% = 0.011inH,0
Using the following equations [20, 21], error propagation through the experimental

procedure was determined:

Addition: x=a+b; S, = V(Sa> + Sp” +S¢
Multiplication/Division: x = a*bl/c S, = x*V(S/a)’ + (Sy/b)® + (SJ/c)?
Exponential: x=a’ S, = x*b*(S,/a)

Where x = result of calculation;
S, = error in result;
a, b, and c are values of variables; and
Sa, Sb, and S, are error in variables.
These equations yielded the following errors:
Perror = + 6.5E-4slugs/ft’
APerror = +0.01556inH,0
Vernor =1 1.47ft/s
Cremor =1 0.085

The error band for the non-dimensional pressure distributions is + 0.085.
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Appendix B

Pressure Measurement Port Location

Pressure measurements as detailed in Sec 3.3.1 are located longitudinally along the
duct for 3 azimuth angles: 0°, 180°, and 270°. Figure B1-1 illustrates the duct geometry and
shows locations of the ports. Table B1-1 provides details on location of the pressure port
from the inlet of the duct, as well as the non-dimensional port location. Table B1-1 also

details which region of the duct the pressure port is located and at which azimuth angle it was

obtained.

Figure B1-1. Pressure Port Locations Along the Duct
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Table B1-1. Pressure Port Details

Port Number | Location from Inlet | Non-Dimensional | Duct Azimuth
(inches) Port Location Angle

1 0 0 Inlet 0°, 180°, 270°

2 36 9 Inlet 0°, 180°, 270°

3 38 9.5 Inlet 0°, 180°, 270°

4 40 10 Inlet 0°, 180°, 270°

5 42 10.5 Inlet 0°, 180°, 270°

6 43 10.75 Inlet 0°, 180°, 270°

7 44 11 Inlet 0°, 180°, 270°

8 45 11.25 Inlet 0°, 180°, 270°

9 46 11.5 Inlet 0°, 180°, 270°

10 46.5 11.63 Inlet 0°, 180°, 270°

11 50 12.5 1* Elbow 0°, 270°

12 51.9 12.98 1* Elbow 270°

13 52.5 13.13 1* Elbow 0°

14 53.8 13.45 1* Elbow 270°

15 55 13.75 1** Elbow 0°,270°

16 56.2 14.05 1* Elbow 270°

17 57.5 14.38 1*' Elbow 0°

18 58.1 14.53 1* Elbow 270°

19 60 15 1* Elbow 0°, 270°

20 63.5 15.88 6-in connector | 0°, 180°, 270°

21 64 16 6-in connector | 0°, 180°, 270°
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Table B1-1. Cont’d

Port Number | Location from Inlet | Non-Dimensional Duct Azimuth
(inches) Port Location Angle

22 65 16.25 6-in connector | 0°, 180°, 270°

23 66 16.5 6-in connector | 0°, 180°, 270°

24 66.5 16.63 6-in connector | 0°, 180°, 270°

25 70 17.5 2™ elbow 180°, 270°

26 71.9 17.98 2" elbow 270°

27 72.5 18.13 2" elbow 180°

28 73.8 1845 2 elbow 270°

29 75 18.75 2" elbow 180°, 270°

30 76.2 19.05 2" elbow 270°

31 71.5 19.38 2™ elbow 180°

32 78.1 19.53 2" elbow 270°

33 80 20 2" elbow 180°, 270°

34 83.5 20.88 Exit 0°, 180°, 270°

35 84 21 Exit 0°, 180°, 270°

36 85 21.25 Exit 0°, 180°, 270°

37 86 215 Exit 0°, 180°, 270°

38 87 21.75 Exit 0°, 180°, 270°

39 88 22 Exit 0°, 180°, 270°

40 90 225 Exit 0°, 180°, 270°

41 92 23 Exit 0°, 180°, 270°

42 94 235 Exit 0°, 180°, 270°
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