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Abstract

The high thrust to weight ratios now possible for military aircraft have
made thrust vector pitch control more attractive and versatile than aerodynamic
surface pitch control. Use of a rectangular nozzle is a natural consequence be-
cause articulation and sealing problems are less formidable than for conventional
circular nozzles. The rectangular nozzle offers the additional possibility that the
exhaust may mix rapidly with the ambient air and thereby reduce the radiative
signature of the exhaust. Some previous investigations have suggested that a
series of axial vortices may form in the nozzle, as a result of residual swirl from
the gas turbine exhaust, and further enhance the mixing rate.

A detailed experimental investigation is described in this thesis which
demonstrates that the formation of axial vortices in the nozzle is dependant on the
vorticity distribution at the turbine exhaust. Further, three mechanisms which
provide for the formation of axial vortices are identified.

A parallel computational investigation was carried out which not only
confirmed the relationship between the turbine exhaust vorticity and the vortex
patterns formed in the nozzle but also provided details of the flow field between
the turbine discharge and the nozzle exit. On the basis of this more detailed
understanding, it is now possible to "tailor” the vortex distribution at the nozzle

exit by design of the turbine discharge and the intervening passage.
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Chapter 1

Introduction

Recent interest in the use of rectangular nozzles for aircraft application is the
primary motivation for this investigation. The next generation of fighter aircraft
will require increased maneuverability and STOL (short takeoff and landing)
capability. One method for effecting this is through the use of vectored thrust.
The rectangular nozzle provides a simple means to vector the thrust about a
single axis. The rectangular geometry is being explored as a possibility for aircraft
application because vectoring can be accomplished through the use of a relatively
simple nozzle design that can also accommodate a variable area ratio convergent—
divergent design if such a feature is desired. Figure 1.1, which first appeared in
Reference [1], is a schematic representation for such a nozzle design in various
modes of operation.

Consideration of the thermal characteristics of the .exhaust plume is an
important aspect of aircraft engine nozzle design. The .‘vulnerability of the aircraft
to detection by devices that are sensitive to infrared radiation is directly related
to the temperature and extent of the aircraft exhaust plume. In addition to the
capability of thrust vectoring, the rectangular nozzle has the second advantage of
a reduced infrared radiation signature. The rectangular geometry of the resulting

free jet enhances mixing between the jet fluid and the surrounding ambient fluid.



This enhanced mixing serves to dilute the hot combustion products in the exhaust
plume with the cold surrounding air. The result is a shorter, cooler exhaust

plume.

1.1 Technical Problems

The interest in the use of rectangular nozzles for aircraft application presents
some interesting technical problems. The performance of the nozzle must be
characterized in terms of nozzle efficiency, exhaust plume characteristics, and the
effectiveness of the thrust vectoring.

The change from a round to rectangular nozzle introduces one more space
variable. The flowfields associated with round nozzles are generally considered to
be axi-symmetric and therefore two—dimensional in nature. The flowfield created
in the rectangular nozzle is fully three-dimensional. Residual swirl from the
turbomachinery in the aircraft engine serves to further complicate the problem.
The swirl strength is measured as the angle between the axial and tangential
components of the fluid velocity. In the region immediately behind the last turbine
stage of an aircraft engine the residual swirl strength is commonly as high as
fifteen degrees. As mentioned earlier, the rectangular nozzle design has beneficial
effects on the near-field mixing between the exhaust plume and the surrounding
fluid. The effect of this swirl and the resulting distribution of vorticity at the
exit on the mixing has yet to be examined in detail. In the thrust-vectoring case,
the effect of swirl on the resulting thrust vector is also a question of interest.
Because the distribution of vorticity and pattern of streamwise vortices at the
exit will vary greatly with different distributions of velocity at the exit of the

engine turbine, there is a need to examine the development of the flowfield within



the nozzle for different inlet conditions.

1.2 Previous Work

Previous work in the area of rectangular nozzles and jets can be divided into two
categories. The first category involves the design and testing of systems that are
directly applicable to flight hardware. The second category involves investiga-
tions that are more basic in nature and that examine some aspect of the overall
problem. The following, while not an exhaustive review of literature pertaining
to rectangular nozzles, provides an idea of the nature of previous investigations
and their relation to the current work and indicates the current state of research
and development in this area.

In the first category there is much published work regarding the use of
rectangular exhaust nozzles for aircraft application. There are at least two current
projects aimed toward the development of flight hardware. The General Electric
Company is involved with the design and development of the Augmented Deflector
Exhaust Nozzle (ADEN), which is a rectangular vectoring nozzle with a thrust—
vectoring flap deflection range of 10 degrees up to 20 degrees down. Reference (2]
is a study of the feasibility of incorporating the ADEN system design on a YF-
17 fighter. This reference covers, in detail, the ADEN system configuration and
performance as well as the modifications to the airframe and flight control systems
required to make the overall system operable. Later work by Wooten et al. [3]
includes the testing of flight weight ADEN system hardware. Separately, the Pratt
and Whitney Aircraft Engine Company has developed a rectangular vectoring
nozzle with a thrust deflection range of 20 degrees in both directions. Reference [1]

details the static testing of this configuration. The Pratt and Whitney nozzle



design is scheduled to be incorporated on an F-15 aircraft to produce a highly
maneuverable STOL version of the F-15 as a technology demonstrator.

The second category involves investigations into more basic problems and
details pertaining to rectangular nozzles. For the most part, these investigations
pertain to the flowfield in the mixing region behind the nozzle. Relatively little
work related to the nature of the flowfield within the nozzle has been performed.

Sforfa et al. [4] and Sforza and Stasi [5] characterized the mixing field
of turbulent rectangular jets into three distinct regions. Near the jet exit is the
potential core region characterized by little or no decay of the excess in velocity or
temperature along the jet centerline. This is a wedge-shaped region immediately
behind the jet exit. The potential core region ends where the two shear layers,
which form along the wide edges of the jet, meet. The second region is called the
region of characteristic decay because the decay of velocity and temperature along
the jet centerline is dependent upon the nozzle geometry or characteristics. The
third region is the region of axi-~symmetric decay, where the jet characteristics are
independent of initial geometry and assume characteristics of the farfield decay
of axi-symmetric jets.

Decher [6] developed a simplified model to determine the effects of aspect
ratio on the infrared emissions from heated rectangular jets. Emitted radiation
from gases is strongly temperature-dependent and is often modeled as being
proportional to T", where T is the gas temperature and the exponent n has a
value in the range of 4 to 5. Because of this strong temperature dependence,
the potential core region of the jet contributes most significantly to the thermal
emissions from the exhaust plume. Decher’s model predicts that the intensity of

the emissions from the plume is dependent upon the orientation from which the



plume is viewed. He found a large decrease in the emitted radiation of the plume
when viewed from the broad side and only a small increase in emitted radiation
when the plume is viewed from the narrow side. In both of these investigations
no account was made for the effect of swirl and the resulting axial vorticity in the
flow.

Chu et al. [7] undertook an investigation to determine the effect of swirl on
the potential core in rectangular ejector nozzles. His water—-tunnel tests indicate
a dramatic decrease in the length of the potential core region with only small
amounts of swirl. A swirl strength of 7.5 degrees reduced the length of the
potential core region by a factor of two over the length of the potential core
with no swirl. A swirl strength of 22.5 degrees further reduced the length of the
potential core by a factor of three over the no—swirl case. No effort was made to
determine the detail of the flowfield due to swirl at the exit of the rectangular
nozzle.

In a water channel flow visualization experiment, Der et al. [8] character-
ized the evolution of the swirling flow as it passed through a transition section that
had a round inlet cross section and a rectangular exit cross section. There was no
net change in the cross-sectional area from inlet to exit in the transition section
used but it appears as though no effort was made to keep the cross-sectional area
constant along the length of the transition section. The swirl was effected by the
use of a pinwheel fixed at the inlet to the transition section. This was the first
attempt to determine, in any detail, the secondary flow patterns at the nozzle
exit due to swirl. Figure 1.2, which appeared in Reference [8], is a sketch of the
vortex structure near the exit of a four—to—one aspect ratio nozzle. The apparent

splitting of the main swirl into two co-rotating vortices is the most predominant



feature of this flowfield. Additionally, there are two smaller vortices of opposite
sense to the main swirl, which form in diagonally opposed corners of the rectan-
gular cross section. These are the result of the separation of the boundary layer,
which forms on the wall into the main stream. It should be emphasized here that
these observations are the result of dye streak flow visualization in water, using
a simple water channel model. The investigators had difficulty in observing the
flow patterns because of “large turbulent eddies in the nozzle.” Chu et al. [9] [10]
attempted to use the results of this investigation to model the infrared signature
from a rectangular nozzle, taking into account the effects of swirl in the flowfield.
Their findings indicate that while the effect of swirl increases mixing only slightly
in the axi—symmetric case, the effect of swirl in lowering the plume temperature
for a rectangular nozzle is dramatic. Their findings also prompted them to state
that, despite the fact that the original intent of the use of rectangular nozzles
was for increased aircraft performance, the enhanced mixing and subsequent re-
duction in infrared signature speak favorably, alone, for the use of rectangular

nozzles in aircraft application.

1.3 Current Investigation

A knowledge of the development of the flowfield within the annular to rectan-
gular transition section as well as the details of the flowfield at the exit would
be extremely useful as an aid in designing and predicting the performance of
rectangular nozzles. It is postulated that the distribution of axial or streamwise
vorticity at the inlet to the transition section will influence, to a large degree,
the distribution of vorticity and the formation of streamwise vortex patterns at

the exit. This distribution of vortex patterns will significantly affect the nozzle



performance as well as the near—field mixing of the exhaust plume. It is therefore
the goal of this investigation to determine which features of the inlet vorticity
distribution are important in establishing vortex patterns at the exit as well as to
examine the evolution of the flowfield as it passes through the transition section.
The study of the development of the flowfield will enhance our understanding of
the mechanisms by which the vorticity at the inlet is formed into the resulting
flow patterns at the exit.

In an attempt to isolate the fluid dynamic phenomena that are important
in the development of these flowfields, a controlled investigation was undertaken.
A flow configuration that contained the basic characteristics of the original prob-
lem was used. These characteristics include an annular inlet cross section, a
rectangular exit cross section and a net reduction in the cross-sectional area be-
tween the two cross sections. Eliminated from the problem were any features
that would serve to unnecessarily complicate the flowfield or make measurement
within the flowfield difficult. Features eliminated include any abrupt changes in
the cross—sectional area or shape, the flow of hot gases and temperature variation
due to combustion, and the effects of compressibility.

The resulting configuration was a low-speed, cold—flow test facility with a
smooth variation in shape and cross-sectional area from the inlet to the exit of
the transition section. The study of the flow in this facility was conducted in two
parts.

For the experimental part of this investigation, a flow facility as described
above was constructed. A hot-wire anemometry technique was used to measure
the three components of the velocity vector on a rectangular mesh at the exit plane

for various inlet conditions. The resulting maps of the exit velocity distribution



were used to determine the vortex patterns established at the exit plane.
Because measurement of the three components of the velocity within the
duct would be a difficult and tedious task, an alternate method was desired to de-
termine the development of the flowfield within the duct. Secondary flow analysis
is typically used in the determination of cross—flow velocity patterns in situations
where vorticity, important in establishing these flowfields, is convected through
a three—dimensional flow section. Horlock and Lakshminarayana [11] provide a
review of the current state of development of secondary flow analyis. A secondary
flow is most often considered to be a cross—flow established by the twisting and
stretching of vortex filaments that are initially normal to the primary flow direc-
tion. The primary flowfield is assumed to distort these vortex filaments as they
are convected along. In the classical sense, the secondary flow approximation
can be used when these vortex filaments are of small or infinitesimal strength,
and therefore their effect on the primary flowfield can be considered negligible.
Squire and Winter [12] as well as Hawthorne [13] provide a mathematical justifi-
cation for this approximation and Lighthill [14] provides us with a clear physical
explanation of this phenomenon. The real value, perhaps, of the secondary flow
approximation is not to provide an accurate detailed representation of any given
flowfield but to enable us, through the consideration of weak vortex filaments
distributed within a flow, to qualitatively predict or physically explain the sec-
ondary flow patterns produced in any flow system. If this is the intent of the
consideration of secondary flows, then it is often possible to relax the constraints
that the secondary vorticity be infinitesimal and initially normal to the primary
flow direction. Because the vorticity in swirling flows has a large streamwise com-

ponent, the consideration of secondary flows in the classical sense will be useful



only as an aid in understanding, in a qualitative sense, certain aspects of the
flowfield encountered.

With the usefulness of a secondary flow analysis as a tool to study the de-
velopment of the flowfield eliminated, there is little other choice than to solve the
equations of motion for the entire flowfield within the nozzle. This, of course, must
be done numerically with the aid of a computer. Such analysis allows us a knowl-
edge of the flow variables at many points within the nozzle and allows us to follow
the development of the flowfield. Therefore, the second part of this investigation
entails a detailed modeling of the flow configuration chosen for the experimental
investigation. This modeling was performed using a three-dimensional incom-
pressible laminar Navier-Stokes solver. The resulting information was displayed
and analyzed through the use of velocity vector plots, vorticity contour maps,

pressure contour maps, and streamline diagrams.
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Chapter 2

Experimental Apparatus

The experimental phase of this investigation required the design and construction
of a special facility. For the purpose of description, the components of the facility
can be organized into two distinct categories. The first category, the flow system,
consists of the equipment used to create the flowfield of interest. The second cat-
egory, the instrumentation, consists of the probes, electronics, and the equipment
used to position the probes in the flowfield so that the desired measurements

could be made.

2.1 The Flow System

The experimental investigation of swirling flows in a rectangular nozzle required
the construction of a nozzle with a transition from an annular to a rectangular
cross section as well as the equipment necessary to provide a smooth flow of air
through the nozzle. The flow system can be divided into four primary parts as

follows:

1. Blower
2. Settling Chamber

3. Turning Vane Assembly
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4. Contraction Section.

Figure 2.1 shows a schematic diagram of this system.
Blower

The blower used was a centrifugal blower of the backward curved blade
type. It was powered by a 1.5 Hp 120 volt direct—current electric motor. Ini-
tially the motor speed was controlled with a solid-state motor controller. This
controller, however, by nature of its design emitted large amounts of electro-
magnetic interference, which caused difficulty with the instrumentation. It was
abandoned in favor of a simple variable transformer-bridge rectifier circuit. The
blower was connected to the settling chamber by an eight—inch diameter flexible

ventilation duct.

Settling Chamber

The settling chamber was constructed of three sections of large aluminum
tubing. It was 18 inches in diameter and 48 inches in length. It contained fine
mesh screens and aluminum honeycomb used to straighten and smooth the flow.
On the downstream end of the settling chamber was a large flange to which the
nozzle and the turning vane assembly were clamped.
Turning Vane Assembly

The purpose of the turning vane assembly was twofold. Primarily, it was
used to impart a swirl on the flow. It was also used to support the centerbody.
The blades were flat plate airfoils constructed of 22 gauge sheet metal with pivots
attached at the quarter chord points at the root and tip of the blades. The pivots
of the eighteen blades were clamped between two wooden rings at the tip and two

wooden discs at the root. This arrangement permitted adjustment of the blade
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angle from 0 degrees (no swirl) to 30 degrees. The solidity of the blades was 1.3
at the blade root and .8 at the blade tip. A second set of blades was constructed
and was very similar in design to the first, except that the blades were separated
at midspan in such a way that the blade angle for the inner half and outer half

of the inlet annulus could be set independently.

Contraction Section

The contraction section (nozzle) consisted of two parts, the outer nozzle
wall and the centerbody. The outer nozzle wall was made of fiberglass hand—
laid on a wooden form. The upstream end of the Styrofoam centerbody was
hemispherical and the downstream end an ellipsoid of revolution. The two ends
were joined by a straight cylindrical section. The contraction section had an area
ratio of 3.6 to 1. The aspect ratio of the rectangular exit was 5 to 1.

The nozzle (Figure 2.2) in combination with the centerbody was designed
to have a smooth monotonically decreasing cross-sectional area. The cross sec-
tions of the nozzle are elliptical until the station where the nozzle is gradually
faired from an elliptical to a rectangular cross section. This was done by first
choosing the total cross—sectional area of the nozzle centerbody combination to
be a smoothly varying function of axial location with zero slope near the inlet

and outlet.

159.50 0<z<6
areaa(in’) = | 57.25cos %8 + 45 6 < z < 36

45 36 < 1 <42
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Next, the shape of the centerbody was chosen to be an ellipsoid of revolution

defined by;
5.5 O0<z<6
radiUScenterbody (1) = 55@ 6<zr<18
{ 0 18 < z < 42.

Finally, the length of the major axis of the elliptical cross section was defined by;

18 0<z<6
Yimaz(in) = { 1.5(cos 722 + 1) +15 6 <z < 36 (2.1)
l 15 36 < z < 42.

The length of the minor axis is then computed using the relation;

AT €Atotal — AT €Qcenterbody — AT E€Qouterboundary (22)

The cross section of the outer boundary is elliptical from z = 0 to z = 23.3%:n
with the major axis defined by Y., and the minor axis defined so that the area
requirements are met.

The cross section at which z = 23.39in is the last station into which
a rectangle of the dimension of the desired exit cross section could be inscribed.
From this station on, further reduction in area is accomplished by removing areas
at the top, bottom and sides of the elliptical section as depicted in (Figure 2.3)
where Y., is given by Equation 2.1 and Z,,,, is still computed from Equation 2.2.
The overall length of the nozzle is 42 inches. The first six inches at the inlet and

the final six inches at the exit are of constant cross-sectional area.

2.2 Instrumentation

The object of the experimental phase of this investigation was to determine the

three—~dimensional velocity field at the rectangular exit of the contraction section
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for varied inlet conditions. To characterize the velocity field, a large number of
velocity measurements were taken by traversing a probe in the Y and Z directions
at the exit plane. This, in order to get reliable data, was a very time—consuming
process. The instrumentation and control system used in this effort can be orga-

nized into six primary subsystems as follows:

1. Micro-computer

2. Data Acquistion and Control Circuit
3. Traverse

4. Cross—wire Probe and Probe Holder
5. Hot-wire Anemometer System

6. Pitot Probe and Pressure Instrumentation.

Figure 2.4 shows a block diagram of this system.

Micro—Computer

An IBM PC compatible Compaq Deskpro micro-computer was used for
data acquisition, control of the experiment, and data reduction. Peripheral de-
vices used with the computer consisted of an 80 character—per—second dot impact

printer and a Hewlett Packard 7470 two-pen digital plotter.

Data Acquisition and Control Circuit

A data acquisition and control circuit was designed and built for these ex-
periments. The circuit consisted of two circuit cards. The main card (Figure 2.5)
plugged directly into the IBM PC bus and contained the control logic as well
as the timing circuitry. The circuit was constructed on an IBM PC prototype
development board. The secondary card (Figure 2.6) was mounted in an enclo-

sure separate from the main computer enclosure and was connected to the main
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card via a ribbon cable. The secondary card contained an Analog Devices model
AD 572 analog-to—digital converter. It had 12 bit resolution and by use of an
Intel 8254 programmable timer could be programmed to sample at any rate up
to 30,000 samples per second. The sixteen channels were time multiplexed into
the AD572 with a CD4067 analog multiplexer. The control logic permitted the
selection of channels from which to sample. Thus, through software, the user
could select to sample from any single channel or to sample from any number
of sequential channels starting with channel 0. The maximum sampling rate of
30,000 samples per second of the AD572 could be achieved only by sampling from
one channel. If sampling was performed, for instance, with 10 channels, the max-
imum sampling rate of 30,000 samples per se‘cond would yield a sampling rate of
3000 samples per second per channel.

The circuit was designed to interface with the direct memory access (DMA)
chip on the IBM PC System board so that the A/D converter circuit would
operate independently of the computer system CPU, leaving the CPU free to
perform other functions. Under normal operation, the CPU chip retains control
of the system bus, and all signals within the computer are routed through the
CPU. The system bus is the signal path in the computer over which all information
is transferred. If, however, the DMA chip receives from a peripheral device (in
this case the A/D converter) a request to transfer data directly to memory, the
DMA chip in turn sends a signal to the system CPU. Upon receipt of this signal,
the CPU relinquishes control of the system bus to the DMA chip to allow the
requested data transfer to take place. Upon completion of the transfer, the CPU
regains control of the bus and continues operation where it left off. The time for

data transfer through the DMA chip is much less than the time required for the
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CPU to execute the appropriate I/O-read and memory—write instructions which
would perform the same function. Each transfer of data from the A/D subsystem
involved the transfer of two bytes or 16 bits of information. The 12 bit data from
the A/D converter was contained in the 12 most significant bits. The user could
select, through software, to place either all zeros or the number of the channel
from which the data were taken into the four remaining bits.

Control of the experiment required a series of TTL-level pulse trains sent
to the stepping motor control circuitry as well as signals to control the probe
orientation motor current and motor direction. To provide these signals the
circuit also had eight digital input/output lines. An Intel 8255 Programmable
Peripheral Interface (PPI) chip was interfaced to the system bus. The PPI is
configured with three 8-bit parallel input/output data paths. One of these data
paths was used for the control signals. The remainder were used for control of
the A/D converter system.

A set of general purpose fortran language subroutines was written to in-
terface the data acquisition and control system to a higher level programming
language.

Traverse

The hot-wire probe and probe holder were mounted on a Y-Z traverse.
Each of the axes of the traverse was connected by means of a flexible coupling to
a stepping motor. Four-phase, permanent-magnet stepping motors with a reso-
lution of 200 steps per revolution were used. The stepping motors were powered
by motor drive circuits which were designed and built in house. Each motor drive
circuit had separate inputs to control clockwise and counterclockwise motion. A

series of pulses at either input would drive the motor, one step per pulse, in the
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appropriate direction.

The horizontal, or Y-axis, traverse consisted of two linear motion ball
bearings mounted on a platform. The platform rode on two 0.75 inch diameter
36 inch long steel rails. The position of the platformmn was controlled by means
of a lead screw with a pitch of ten threads per inch. With a stepping motor
resolution of 200 steps per revolution, the platform would travel 0.0005 inch per
step. However, because of the quality of the lead screw and backlash between the
lead screw and the lead screw nut, the position of the platform could be known
only to within approximately 0.005 inch.

The vertical traverse was of a rack and pinion design. The pinion assembly
with the stepping motor was mounted on the platform of the horizontal traverse.
The rack extended vertically above the platform. The probew holder was mounted
on the top end of the rack. The pinion had a pitch diameter such that one
revolution of the pinion translated the rack vertically 20 mm. This gives a vertical

displacement of approximately 0.004 inch per step of the motor.

Cross—Wire Probe and Probe Holder

A TSI model 1251-pi2.5 cross—wire probe was mounted in a specially de-
signed probe holder (Figure 2.7). The probe holder permitted rotation of the
probe about its axis. The probe holder was actuated by a small electric motor
under computer control. In order to determine the average three—dimensional
velocity vector at a point in the flowfield, two measurements were taken with the
cross—wire probe. The first measurement was taken with the sensing elements
of the probe in a horizontal position, the second with the elements in a vertical
position. From these measurements all three components of the velocity could be

computed. Rather than attempt to control the angular position of the shaft of
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the probe motor to move the probe to each of these orientations, the probe motor
was connected to the probe by means of a small, toothed belt and a slip clutch
assembly. Rotation of the probe was limited by positive stops at 0 and 90 degrees.
The probe motor was rotated counterclockwise until one of these stops was met
and measurements were taken with the probe in this orientation. The motor was
then rotated in the opposite direction until the other stop was met and measure-
ments were taken again. Current to the probe motor was interrupted during the
sampling period to prevent vibration and electrical noise from the motor from

corrupting the measurements.

Hot—Wire Anemometer System

The hot—wire probes were used with a constant temperature bridge circuit
(Figure 2.8) designed by Nosenchuck [15] for use with thin—film probes in water.
The circuits were modified by the author for use with hot wire probes in air.
For stability of the circuit, an increased frequency response in the feedback stage
was required because of higher frequency turbulent fluctuations in air. This was
accomplished by substituting the op—amp in the feedback loop with an op—amp
of better performance characteristics. Also, the active current limiting originally
designed into the anemometer bridge was replaced with a passive current-limiting
circuit. This part of the circuit limited current through the probe to prevent
accidental burnout of the sensing element. Prior to digitization, the analog signals
were passed through a simple signal conditioning circuit. The signal conditioner
consisted of a low—pass filter, an offset-and-gain stage, and clipping circuit. The
low-pass filters used were first-order passive R-C filters with a cutoff frequency
of 700 Hz. The offset-and-gain stage was employed to adjust the signal level so

that the entire range of the analog—to-digital converter was utilized. The level
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of offset to the signal and the gain were both adjustable from the front panel
of the instrument enclosure by means of precision ten—turn potentiometers. To
prevent potentially damaging over—voltages from reaching the analog-to-digital
converter, a clipping circuit was incorporated into the signal conditioner. The
clipping circuit limited the output of the signal conditioner to voltages between

-0.7 volts and 10 volts.

Pitot Probe and Pressure Instrumentation

A pitot static probe was used to monitor the flow velocity at a reference
point in the flow and for calibration of the hot—wire anemometers. The pitot
static probes are of the Rayleigh probe design. The probe body was constructed
from 1/8 inch diameter brass tubing. The pressure was measured with a Baro-
cel Pressure Sensor Type 581D-100T and Barocel Electronic Manometer Type
1014A. Velocity measurements obtained with the pitot-static probe, at a refer-
ence point in the flowfield, were used to correct the hot-wire data for long-term

drift and variation in the blower-motor speed.
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Chapter 3

Experimental Procedure and Results

3.1 Experimental Procedure and Data Reduction

As stated earlier, the objective of the experimental phase of this investigation
was to provide a survey of the velocity vector at the exit plane of the contrac-
tion section for different conditions at the inlet to the contraction section. To
determine the velocity vector at the exit, a hot—wire anemometer technique was
employed. The hot-wire probe used was of the cross—wire or x-wire design. It
had two sensing elements that were normal to each other and each made an angle
of 45 degrees with the probe body.

For each point at the exit, a set of measurements was taken. Each set
consisted of a number of samples with the sensing elements in both the horizontal
and the vertical positions. From these samples the time-averaged velocity vector,

as well as an indication of the local turbulence level, could be determined.

Hot—Wire Probe Calibration

There have been many proposed relations for the response of a hot-
wire anemometer, most notably the empirical relation commonly referred to as
King’s [16] law;

Nu = a+ bRe",
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where n is approximately 0.5 . For a hot-wire probe operated in the constant
temperature mode, the Nusselt number (Nu) is proportional to the square of
the probe voltage (E), where the constant of proportionality is a function of
the probe geometry, the material properties of the sensing element, the operating
temperature of the probe and the physical properties of air. The Reynolds number

(Re) is based on the probe geometry. Rearranging and squaring King’s law gives;
V =cE*+dE* +e. (3.1)

There is some discussion in the literature (Perry [17]) as to the adequacy of King’s
law for the purpose of hot-wire probe calibration. However, in this investigation
the hot—wire anemometer was viewed only as a tool, and an exact characterization
of its response was not required. It was deemed necessary to provide a calibration
curve for the probe that accurately represented its response only for the range
in velocity over which it was used. Therefore, as suggested by Equation 3.1, the
the hot-wire probe voltage was fit to a fourth order polynomial curve using the
least—squares technique.

In order to determine the velocity levels from the hot-wire probe output,
it was necessary to calibrate the hot-wire probes in a stream of known velocity.
A calibration duct, which was similar in design to the flow system, was used.
Instead of an annular-to-rectangular contraction section, it had a contraction
section with a circular cross section. Typically, hot-wire probes are calibrated
by placing the probes in the calibration stream at a fixed velocity and sampling
for a long enough period to obtain a statistically meaningful average. This is
then repeated for a number of different velocities and the results are then fit to
the chosen functional form. This is a time—consuming process and an effort was

made to find a faster, simpler method to calibrate the probes. The hot—wire
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probes were placed at the exit of the contraction section along with a pitot—static
probe. The blower motor was operated at full speed and switched off. During
the coast—down of the blower, 350 samples of the hot—wire probe voltage and
the pitot—static probe pressure transducer output were recorded by the analog—
to—digital converter. Figure 3.1 shows a typical calibration curve, where the
response of the hot—wire probe is plotted against the velocity as determined by
use of a pitot—static probe. It should be noted that the apparent scatter in the
data points, used to determine the calibration, is due to the fact that the time
response of the hot—-wire anemometer is much faster than the time response of
the pitot-static probe. Therefore, the hot—wire anemometer was able to detect
fluctuations in the velocity that were not discernible with the pitot—static probe.
A comparison of the two calibration techniques was performed. Two separate
calibration curves were determined by using each of the techniques described
above. Figure 3.2 shows the normalized difference between these two calibration
curves for the velocity range of interest. It can be seen that the difference is
less than 1.4 percent and, contrary to what may be expected because of the
apparent scatter in Figure 3.1, the difference is greater for the smaller velocities.
Furthermore, because the coast—down technique provides many calibration points
in the lower velocity range, there is reason to believe that this technique provides
a better calibration in that range. In order to verify the repeatability of the coast—
down technique, two calibrations of the same probe were performed. Figure 3.3
shows that the normalized difference between these two calibration curves is less

than one percent.

Velocity Surveys

Measurements were taken at the exit plane on a mesh with a spacing
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of 0.25 inch in both the horizontal (Y) direction and the vertical (Z) direction.
Each survey consisted of 11 passes in the horizontal direction with 59 sets of
measurements taken each pass. The survey plane is depicted in Figure 3.4. The
instrumentation was recalibrated for each pass. Because of drift in the hot-wire
probe response, it was desired to minimize the amount of time required for each
pass. To do this, data were taken only for a long enough period to obtain a
consistent average. The computer was programmed to obtain two blocks of data
containing 2000 samples each. The samples in these two blocks were averaged
and if the the averages did not agree within 2 percent, the program would obtain
4000 additional samples. The average of the two 4000 sample blocks of data
would again be compared. This process would repeat itself, doubling the number
of additional samples obtained, until a consistent set of averages was found. For
the greater part of the flowfield sampled, only the initial sampling was required.
For the regions in the flowfield that had large velocity fluctuations, the sampling
process was repeated no more than four times to obtain a consistent average.
Because of disk storage limitations, the data were partially reduced during
the run of the experiment. For each point surveyed, every sample was converted
to a velocity by means of a look—up table. Only the mean of the velocity and
the RMS of the fluctuating part of the velocity were recorded for each sensing

element.

Velocity Decomposition

The use of a cross—wire probe for determination of the three components
of the velocity vector required that measurements be taken with the sensing
elements of the probe positioned at the same point in the flow at two different

orientations. From any three of the resulting four measurements, the velocity
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vector could be determined. For the purpose of this investigation the hot-wire
probe was assumed to be sensitive only to the component of the velocity normal

to the sensing element;

-

Vo, = HUH Sin Yn, (3.2)

where V,, is the velocity measured by the n'* sensing element and =, is the angle
between the velocity vector U and the sensing element. The angle =, can be

easily defined in terms of the dot product;
U.-P, = Hﬁ” COS Vn, (3.3)

where f’n is a unit vector describing the orientation of the sensing element. Equa-

tion 3.2 can be rewritten using Equation 3.3;
V= Hﬁ”z — (up1n + vP2n + wps )’ (3.4)
This gives a nonlinear system of three equations for Ij, where;
P1n = COS 0y, €OS (B,

P2 = €OS 0 Sin fy,
P35 = COS Qy.

The angle « is measured between the X-Y plane and the sensing element, and
is the angle between the positive X—axis and the projection of the sensing element
in the X-Y plane. This system was solved numerically, using Newton’s method.
For the purpose of velocity decomposition the flow was assumed to be steady. The
effect of velocity fluctuations and the resulting uncertainty in the experimental
results are discussed in Appendix A.

The final part of the calculation of the velocity vector was a correction

to the probe orientation. During the setup of the equipment the hot-wire probe
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was visually aligned with the central axis of the duct. Any misalignment was
recognized as a possible cause for a distorted picture of the cross—flow velocity
vectors, particularly in cases where the cross—flow velocities were small compared
with the axial velocities. To correct for this misalignment, the coordinate system
from which the velocity vectors were viewed was chosen such that there was no net
component to the momentum flux from the cross flow. Typically, the correction
showed that the probe alignment was in error less than one degree in both pitch

and yaw.

3.2 Experimental Results

To characterize the nature of the flowfield, the velocity at the exit of the contrac-

tion was surveyed for four different settings of the inlet turning vanes.

1. 0 degree blade angle
2. 15 degree blade angle
3. 30 degree blade angle

4. split blades, O degree inner blade angle, 30 degree outer blade angle

For the purpose of this discussion, the four test cases have been divided into three

groups, which will be examined separately.

Case 1: No Swirl

The case of no swirl was run to establish a baseline set of measurements
for the purpose of comparison with the more interesting cases run, as well as
to characterize the nature of the flow system, which was constructed for this
investigation. Nevertheless, this case yielded some interesting results, which were

due to the wake shed by the centerbody.
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The cross—flow velocity survey for the no swirl test case is shown in Fig-
ure 3.5. The most notable feature in the velocity survey is the formation of four
axial vortices near the center of the contraction section. It is postulated that this
axial vorticity and the resulting cross flow is a result of a ring-like vortex wake
shed from the separation region that forms on the center body.

It should be noted that the components of velocity shown in this vector
plot are on the order of a few percent of the axial velocity (velocity normal to
the page). As a result, there is a large degree of inaccuracy associated with this
measurement because the data reduction in this case, in essence, required the
subtraction of two nearly equal numbers. One should also note the apparent
degradation in accuracy as one moves from left to right in the vector plot. Each
pass of the velocity survey began at the left side of the plot, and approximately one
hour was required to complete the pass. The drift in the calibration of the hot-
wire probe with time was responsible for this inaccuracy. Finally, it should also
be mentioned that this was the case most affected by probe misalignment because
the cross—flow velocity was small compared with the axial velocity. Figure 3.6
illustrates the velocity vector plot before the final stage of data reduction, as

mentioned above, was performed.

Case 2: 15 Degree Blade Angle and Case 3: 30 Degree Blade Angle
In this section the two test cases that will be discussed are the result of
the same test configuration, only with varying degrees of swirl. The resulting
flowfields from these two cases are very similar in some aspects and therefore will
be discussed together. There are some differences in the flowfield that do merit
discussion and these will be addressed later. The vector plots of the cross—flow

velocity vectors tangent to the exit plane are shown in Figure 3.7 for the 15 degree
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swirl case and in Figure 3.8 for the 30 degree swirl case. The most notable feature
here is the strong, concentrated vortex that forms, as expected, along the central
axis of the duct. The formation of this vortex can be viewed in any number of
ways, the simplest of which is by consideration of the conservation of angular
momentum. Due to a conservation of angular momentum, the swirl velocity in
the neighborhood of the centerbody is increased as the radius of the centerbody
decreases. As a result, a strong concentrated vortex is formed along the central
axis of the duct.

Perhaps a more informative way to look at this vortex formation is through
vorticity considerations. The axial vorticity in the boundary layer along the
centerbody is affected in two ways. First, this vorticity is convected downstream
along the centerbody so as to form one vortex tube along the central axis of the
duct. Second, because the flow is accelerated by contraction of the channel, the
vortex strength increases through vortex stretching.

The second predominant feature of these two cases is the two vortices which
are formed anti-symmetrically about the central vortex. While these vortices are
present for both the low and high swirl cases, they are much stronger and more
developed in the high swirl case. These vortices are of opposite sense to the swirl
introduced at the inlet. At the inlet, a boundary layer forms on the outer wall
which contains vorticity of this opposite sense. The vorticity in these vortices can
be attributed to these boundary layers, which are shed from the wall and then
entrained into the main stream.

Figure 3.9 also shows a deficit in axial velocity within the vortices. This
retardation results because the fluid in these vortices has its origin in the boundary

layers and has lower total pressure than that of the main stream. There is also a
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surplus of axial velocity in the central vortex.

Figure 3.10 is a contour plot of the axial component of velocity. Contrary
to the results obtained for low swirl, this case exhibits a deficit in velocity along
the central axis.

Figure 3.11 and Figure 3.12 are velocity fluctuation level maps for the high
and low swirl cases, respectively. The turbulence level in the neighborhood of the
vortices is higher than in the remainder of the flow. This, perhaps, is for two
reasons. First, the fluid in these regions has its origin in the boundary layers on
the centerbody and outer wall. Second, these higher levels indicate that perhaps
the entire vortex structure is drifting about within the duct. One can see that
the turbulence levels are much lower for the 15 degree swirl case than for the 30

degree swirl case.

Case 4: Half-Height Blades

Earlier work by Der et al. [8] indicates the formation of two co-rotating
streamwise vortices at the exit of a similar flow configuration. It became apparent
that, because these flows are convection—dominated, in order to get vorticity in
the center of the stream it would be necessary to introduce vorticity somewhere
midspan at the inlet section. This was effected by using turning vanes at the
inlet, which were constructed in such a way that the blade angle for the inner
and outer half of the annular inlet section could be set independently. Using these
blades, one experimental case was examined. For this set of measurements the
blade angle for the inner half of the annulus was set to 0 degrees and the blade
angle for the outer half was set to 30 degrees.

Figure 3.13 is the cross—flow velocity vector plot measured at the exit plane.

One can see the formation of two streamwise vortices. The vortex sheet formed
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midspan at the inlet is convected downstream to the exit plane. The resulting
distribution of vorticity is such that the induced cross—flow velocities give rise to

two regions of swirling fluid.
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Figure 8.9: Axial Velocity Contour Plot, 15 Degree Blade Angle
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Figure 3.10: Axial Velocity Contour Plot, 30 Degree Blade Angle
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Chapter 4

Numerical Simulation and Results

The numerical analysis was performed for two distinct purposes. First, it allowed
examination of the detailed development of the flowfield between the blade row
discharge and the nozzle discharge. These details were not generally available
for measurement. Second, once confidence is developed in accuracy of the com-
putational result, it provides a means to examine the discharge flows resulting
from more complex blade row configurations. In this chapter we will discuss the
numerical approach used to examine this flowfield and then examine the results

of some of the numerical cases run.

4.1 Numerical Model

The flowfield was computed using the INS3D computer code developed by Kwak
et al. [18]. The algorithin used was an implicit finite difference code, which
solves the incompressible Navier-Stokes equations in a generalized curvilinear
coordinate system. The method of pseudocompressibility originally proposed by
Chorin [19] was used to facilitate the solution to the pressure field. The resulting
equations were approximately factored using the technique proposed by Beam and
Warming [20]. A brief explanation of the governing equations and of the numerical

algorithm will be provided here. For more detailed information that might be
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required for use of the program, reference should be made to [18}[21][22}[23].

The continuity equation with the pseudocompressibility term is:

10p @ ov Jdw

— = — 4+ — =0.
ﬂ8t+8$+8y+ 0z
The conservation of momentum equation is:
8D 9 . . d ~ - 8 . .
— 4+ —(FE —~ E, —(F - F, —(G - G,) =0,
Sr e BB (P R+ g (6-6)
where:
P
- 1 u
D= —
J s
v
w
BU + &(p — B) BV +ni(p - B)
. wlU + &p . uV +n.p
=1 b=
vU + &p vV +n,p
wlU + &E,p wV +1n.p
BW + (p — B)
L1 uW + ¢p
G = 7
oW +¢,p
wW + P
0 0 0
T T T
o1 zz 2 vr A . Zz
Eu -7 » Fu - % 3 GV - %
Toy Tyy Tzy
Tzz Tyz T2z

(4.1)

(4.2)
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The coordinate transformation is given by:

T = 1
¢ = £&(z,y,2,t)
n = n(z,y,21t)

¢ = ¢(z,y,2,t)

Jacobian:

&z & &

Sz Sy S

Contravariant Velocities:

U = €t + fzu + fyv + gzw

V. = n +nu+nu+nw

W = ¢+au+tgu+e

v

w

L

Laminar viscous flux terms for an orthogonal grid:

w

. v oD
EV — 2 2 | 2 Im_’“

J(€Z + gy + gz) 85
fond V ‘ 2 aD
F,, == j(ni+77y+713)1m-5;7-
- v oD
GV - = 2 2, .2 gt

(4.5)

(4.6)

(4.7)

(4.8)

(4.9)
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In = . (4.10)

Numerical Algorithm
The implicit finite-difference, approximate factorization scheme used

yields the following set of finite difference equations:

Lelo L@ —Q™) = [m, (4.11)
where the operators £ are given by:

AT -
Le=[T+ —2—~J"“65(A§‘ ~ N Inbe) — 6]

A n
Lo=[I+ —2—TJ"“6,7(A;‘ — ol wb,) — €6

n

A .
Lo= [T+ 2L gmr g (A7 — ~el 6.) — €6,
¢ 2 ¢ 3 $

¢

The Ai are coefficient matrices of the local linearizations:

’ Ly (L1 B) (Li2f3) (LisB)

- L,’] (U, + L,’lu) L,-zu L,’gu
A; = , (4.12)

Ly Ljv (Ui + Liyv) Lizv

Lis Ljw Liyw (Ui + Lizw)
where the L are the metrics of the transformation and the right-hand side f" is
given by:

~ -~

[* o= —ATT BB - L) 4 6,(F" - B + 8,(GM - 6] -
Jn-H

I —
-

Q" + €. [6{) + 619 + 6(9)Q

n §
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and ~; are the viscous terms on the left-hand side.

In applying this scheme, the addition of smoothing terms is necessary to
suppress numerical instability and high—frequency oscillations in the solution. In
this algorithm, second—order implicit and fourth—order explicit smoothing terms
are added to the system of equations. The terms above containing ¢; and ¢, as
smoothing coefficients are the second—order and fourth-order smoothing terms,
respectively. In the current investigation it was convenient to adopt a coordinate
system of the O-grid type because of the annular inlet region. The grid and grid
generation will be discussed in greater detail in a subsequent section. It should be
noted here, however, that in the region downstream of the centerbody there is an
axis of the adopted coordinate system on which the coordinate transformation is
singular. Along this axis the Jacobian and metrics of the transformation are very
large. This resulted in numerical difficulties near this axis and high frequency
oscillations occurred in this region. A simple order of magnitude estimate sug-
gested that we scale the smoothing coefficients by the square root of the Jacobian
of the coordinate tranformation (v/J) throughout the field. This adjustment alle-
viated stability and oscillation problems. The boundary conditions were handled
explicitly and the values at the boundaries were updated following each time step.

Boundary Conditions

Boundary conditions must be imposed on the pressure and velocity on all
boundaries of the computational domain. This resulted in the application of four
types of boundary conditions.

At the inflow, the velocity and pressure were simply specified to create

the desired flow pattern at the inlet. The inlet section was an annular region of
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circular cross section. The boundary conditions used were:
p = constant

Ugazia = constant
Utangential = Uggia tan «
Usadiar = 0,

where « is the turning vane angle.
The solid boundary conditions applied were the usual no-slip condition

and an approximation to the no normal pressure gradient to the surface.

u,v,w =0

9 _

0
on

The use of boundary fitted coordinates facilitates the application of these bound-
ary conditions. Because the £ coordinate direction is nearly normal to the solid
boundaries and because the grid points were packed near the boundaries, it was
deemed adequate to use, on the pressure, the condition that the gradient in the

direction £ is zero at the boundaries.

e
5% =0
This was accomplished by equating the pressure at the wall to the pressure one
node away from the wall for each node on the boundary.

Because of the geometry of the flow system and the coordinate tranforma-
tion chosen, there is a boundary of the computational domain within the flowfield.

This is the downstream extension of the solid boundary formed by the centerbody

and can be considered to be a zero radius degenerate centerbody. This boundary
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is an axis that extends from the downstream tip of the centerbody to the exit
plane. Because this axis is an axis of anti-symmetry, the cross-flow components
of the velocity were set to zero along this axis. The boundary condition used for
both the axial velocity and the pressure was a second-order inward extrapolation
in the ¢ direction with the additional constraint that the derivatives of p and u

with respect to £ vanish.
Ip, u
9¢

=0

The outflow boundary condition used at the exit plane was the one pre-
scribed by Chang et al. [21]. Tt consisted of a second-order upwind extrapolation
of the velocity followed by a correction to insure global mass conservation. This
was accomplished by scaling the extrapolated velocity by the ratio of the inlet
mass flux to the outlet mass flux. The pressure at the outflow boundary was up-
dated by using the extrapolated velocity and a simplified form of the momentum

equation. The pressures were additionally modified by a factor S.

[.zi: (momentum corrected pressure)dA

S =

fea:it (extrapolated pressure)dA

The reader is referred to reference [21] for further detail on this boundary condi-

tion.

Computational Grid
The computer code INS3D requires a surface-conforming computational
grid. At the current time, general three-dimensional grid generation programs are
not readily available. The three-dimensional grid for the current investigation was
generated by creating a set of two-dimesional grids for a number of subsequent
axial locations and then stacking these grids to form the desired three-dimensional

mesh. A uniform mesh spacing in the axial direction was used. For each planar
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axial station, the grid was generated using the GRAPE computer code developed
by Sorenson [24]. Figure 4.1 shows these grids for the inlet section, for the outlet
section, and for two intermediate axial locations. The GRAPE computer code
is an elliptic grid generation scheme using the Poisson equation. It contains a
number of parameters that control the grid spacing near the boundaries and the
angle with which the grid meets the boundary. These parameters were chosen
to vary smoothly in the axial direction so that the planar grids, when stacked,
would form a smooth three-dimensional mesh. Figure 4.2 shows one quarter of
the outer boundary as well as the exit plane. Figure 4.3 shows a side view of the
centerbody surface. It should be noted here that the shape of the centerbody was
altered for the purpose of the numerical investigation. It was anticipated that the
blunt end of the centerbody would cause numerical difficulty and was eliminated
in favor of a conical tip on the downstream end of the centerbody. The shape of
the outer boundary was also changed so that the cross-sectional area of the flow
system would increase monotonically and vary smoothly. The surface shapes were
computed in the same way as the shape for the experimental apparatus. This is

described in detail in Chapter 2.

4.2 Computational Results

The computer code INS3D was used to model the flow in the experimental flow

configuration for three different inlet conditions.

1. 0 degree blade angle
2. 15 degree blade angle

3. split blades, 0 degree inner blade angle, 30 degree outer blade angle
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Turbulence modeling for high Reynolds number flows is the subject of
much current investigation. Internal flows and regions of separation prove to
be particularly difficult to model. Because of the difficulty of computing high
Reynolds number flows, the laminar steady Navier-Stokes Equations were solved
instead of attempting to solve the Reynolds averaged equations with the use of
a turbulence model. The flows investigated numerically were computed with a
Reynolds number of 4500 based on the height of the exit cross section. For the
purpose of comparison, the Reynolds number for the experimentally determined
flowfields was approximately 30,000. The use of the steady laminar Navier-Stokes
equations in order to obtain a description of the flowfield, which compares well in
a qualitative sense with the experimental results, is deemed adequate so long as
the Reynolds number used to compute the flows is high enough so that the flow
is momentum-dominated. If this is the case, the boundary layer growth is small
and confined to a region near the walls and therefore the gross characteristics of
the flowfield are independent of the Reynolds number. The Reynolds number of
4500 was chosen for the computation so that the boundary layer thickness at the
exit for the computed flows was approximately the same as the exit boundary
layer thickness measured in the experiment.

For the purpose of comparison with the experimental results, the results of
the computation at the exit plane were interpolated from the the computational
grid onto the mesh used in the experiment for the 15 degree swirl case and for
the split blade case. The cross—flow velocity vector plots for these two cases are
shown in Figures 4.4 and 4.5, respectively. The contour plot of the axial velocity
for the 15 degree swirl case is given in Figure 4.6. A comparison of these plots

with those presented in the previous chapter indicates good agreement between
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the computational and experimental results.

The numerical results for the no swirl case differ from the experimental re-
sults. As mentioned earlier, the shape of the centerbody used for the computation
was different from the shape used for the the experiment. The four axial vortices
that are apparent at the exit plane in the experimental case are the result of the
wake of the centerbody. Because the centerbody used for the computational result
was not blunt, the separation of the flow from the centerbody occurred closer to
the central axis. Figure 4.7 is a plot of the cross—flow velocity vectors at a station
immediately downstream of the centerbody. A comparison of this plot with the

result obtained from the experiment demonstrates a qualitative agreement.
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Figure 4.2: Outer Surface and Exit Plane of the Computational Grid
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Figure 4.6: Axial Velocity Contour Plot, 15 Degree Swirl
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Chapter 5

Discussion

In this chapter we will discuss the nature of the examined flowfields in light of
both the experimental and numerical results. Again, for the purpose of discussion,
the test cases will be divided into three categories. Before we do this, we will
discuss some basic ideas regarding the individual fluid dynamic phenomena that

are dominant in the flow.

5.1 Presentation of the Results

The presentation and discussion of the results is a complicated task because of
the inherent difficulties of displaying and understanding physical quantities that
vary in three spatial dimensions. To overcome these difficulties, the results of the
computation will be displayed, graphically, in two ways. First, the results will
be presented on planar cross—sectional cuts perpendicular to the axial direction,
which is also the primary flow axis. Some of the features of the flowfield of
current interest evolve slowly in the axial or streamwise direction. In this case,
it is informative to view several successive cross—sectional cuts of the flowfield.
Cross—flow velocity vector plots and vorticity contour maps will be presented
in this way. The view will be in the upstream direction as in Section A-A on

Figure 5.1. Because all of the flows to be discussed are antisymmetric about the
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duct center, it is sufficient to display only one half of the cross—sectional cut. The
half depicted in the plots to follow will be the half from just left of the center
to the right edge. A station number will indicate the axial position of the cross
section depicted. Figure 5.1 also provides the location of the station numbers. On
the contour plots, contours of positive vorticity will be represented by solid lines,
contours of negative vorticity will be represented by dashed lines, and the zero
vorticity contours will be shown as dotted lines. Second, surface streamlines and
surface pressure distributions will be presented as plan views of the lower duct
surface. This view is section B-B in Figure 5.1 with the centerbody removed so

that it does not obscure the view of the outer wall.

5.2 Vortices or Vortex—Like Patterns

In the following discussions, reference will be made to the formation and iden-
tification of streamwise vortices or vortex-like patterns. While it is generally
understood that an ideal vortex in an ideal inviscid fluid is a point singularity
in the vorticity which gives rise to an infinite velocity, in a real viscous fluid the
identification, and even the meaning, of a vortex are not so clear. Because of
viscosity the realization of an ideal vortex in a real fluid is not possible. Instead,
we have come to call a vortex an identifiable amalgamation of vorticity whose net
effect is to create a recirculating or swirling motion in the fluid. Given an amalga-
mation of vorticity in the fluid, the ability to identify, or perhaps by definition the
existence of, a vortex or a vortex—like pattern assocoiated with the amalgamation
is dependent upon the frame of reference from which the fluid is viewed. If the
velocity with which the amalgamation of vorticity is convected is greater than the

velocities induced by the amalgamation, then the amalgamation will not appear
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as a vortex in the flow. In the event that the vortices are streamwise, they are
Iﬁore readily identifiable. Even in this case, however, there is some difficulty. The
direction from which the amalgamation is viewed, the streamwise direction, must
be defined in global or average terms. Because the effect of the vortex is to create
a cross—flow component to the velocity, the local direction of the stream cannot
be viewed as the streamwise direction. Instead, we choose a direction such that
the average cross—flow component of the velocity over some area perpendicular
to this direction is zero. For the current investigation it was convenient to choose
the outer wall of the transition section as the boundary for this area. The result
of this, because of the symmetry of the duct, was that the streamwise direction
was parallel to the axial or X direction. Again, if in the cross section, the local
cross—flow velocity, due to either the entire distribution of vorticity in the flow
or due to the irrotational part of the flow, is large compared with the velocities
induced by the local amalgamation, this amalgamation will not be visible as a
streamwise vortex. For instance, where the duct is converging, there will be a
large inward component to the cross—flow velocity. The velocities induced by an
amalgamation may be obscured by this inward velocity. The amalgamations will

be apparent in the axial or streamwise vorticity contour plots.

5.3 No Swirl Case

In the no swirl case, the formation of four streamwise vortices was evident at
the exit plane. These vortices originate on the centerbody. Figures 5.2-5.4 are
the cross—flow velocity vector plots for three cross sections upstream of the cen-
terbody tip. The gradient of the cross-flow velocity, which is a result of the

increasing aspect ratio of the outer wall, affects the vorticity distribution in the
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boundary layers on both the centerbody and the outer wall. Vortex filaments in
the boundary layer, which are initially parallel to the planes of constant X, are
distorted by the velocity distribution. The result of this distortion is that the
vortex filaments have a component in the axial direction. Figures 5.5-5.12 are
contour plots of the axial vorticity, which trace this process from a station near
the inlet to a station downstream of the centerbody tip.

In the vorticity contour maps at stations 21 through 24, the formation of
additional vortices is apparent in a region near the centerbody tip. These are
the result of a complicated three-dimensional separation that occurs on the aft
tip of the centerbody. The computational mesh was not fine enough to study the
separated region in detail. However, the separation patterns that do occur are
similar to those investigated by Hornung and Perry [25][26]. These vortices occur
in pairs of opposite sense. They seem to merge along the central axis of the duct.
In both the numerical and experimental case, they are not apparent at the exit

plane.

5.4 15 Degree Blade Angle and 30 Degree Blade Angle

Before we look at the flowfields that result from these configurations, it would
be informative to know where and how vorticity is introduced into the flowfield.
In order to determine which features of the inlet vorticity field are important
in the formation of vortex patterns at the exit of the transition section, it is
necessary to characterize the inlet flowfield produced by the turning vanes. Here
we examine the flowfield some small distance downstream of the turning vane
assembly, where we have an annular flow cross section formed by two concentric

cylinders and therefore adopt a cylindrical coordinate system, as in Figure 5.13,
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for the inlet. Recall from Chapter 2 that the turning vanes are flat plate airfoils
with no twist. Assuming that the fluid leaves the turning vane assembly parallel
to the blades, the tangential component (w) of the velocity is proportional to the
axial component (u).

w = utané, (5.1)

where § is the angle between the turning vane and the duct axis. We assume that
any resulting radial component (v) is small and will be neglected for the purpose
of this discussion. The assumption that the fluid leaves the turning vane assembly
parallel to the blades was verified, using a simple tuft flow visualization. In this
cylindrical coordinate system the three vorticity components, ¢, £, and 7 in the

axial (z), radial (r), and tangential (¢) directions, respectively, can be written:

— é_u_}+ _u.)_ _1_153 (5 2)
$= ér r rég )

bv  bu

= e e — 5.3

T %z 6r (5:3)
l1ébu ébw

= e —— 5.4

¢ régp bz (5:4)

In the flowfield, away from the walls so that the effects of the boundary layers

are not significant, the vorticity components reduce to:

“utanﬂ
N r
£=0
n = 0.

This vorticity shed from the turning blade is due to a variation in lift along the
span of the blade. Therefore, it should be recognized that the above description

of the flowfield is an idealization of the flowfield that actually develops. In the



75

actual flowfield, the vorticity is present only in“the wake of the airfoils. In this
description we have distributed the vorticity uniformly in the tangential direction.
We will see later that this idealization has little effect on how we view the results.

Because of its importance in the downstream vortex patterns, it is also
necessary to examine the axial vorticity that is contained in the boundary layers
on the outer wall of the flow passage and on the centerbody. In fact, this vorticity
dominates the flowfield. If we examine a cross-sectional cut of the inlet section
in a plane perpendicular to the axial flow direction, we have a tangential veloc-
ity profile that is represented, approximately, in Figure 5.14. Here we assume
that there is a region away from the wall that is unaffected by the formation
of the boundary layers and behaves as described above. Because of the no-slip
condition, which must be imposed at the walls, the flowfield near the walls must
deviate from the uniform tangential velocity profile in order to accommodate zero
velocity at the wall. The axial vorticity profile resulting from the velocity profile
in Figure 5.14 is depicted in Figure 5.15.

From this figure it can be seen that the level of vorticity in the region away
from the wall is small compared to the levels in the boundary layer, and for the
purpose of this discussion, the flow away from the wall will be considered to be
irrotational. It should be noted here that it is possible, through the use of a set
of properly tailored turning vanes, to create a flowfield that is irrotational away
from the walls as described above. This, however, is more easily said than done
and the vorticity level in the region away from the wall is low enough with the flat
blades, so that it can be neglected in initial attempts to characterize the flow. As
in any high Reynolds number flow, the boundary layers formed remain thin and,

in the absence of separation, these boundary layers and the vorticity associated
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with them remain adjacent to the wall.

Finally, vorticity production at the solid walls downstream of the inlet is
another source of vorticity in the flow. Given that the flow is irrotational in the
region away from the wall, it follows from Kelvin’s theorem that the net vorticity
(vorticity integrated over the cross—sectional area) created at the walls down-
stream of the inlet is zero for both the outer wall and the centerbody separately.

As stated earlier, the predominant feature at the exit plane in the low
swirl case is the formation of a strong, streamwise vortex along the central axis of
the duct. Figure 5.15 shows the vorticity profile at the inlet just downstream of
the turning vanes. In the neighborhood of the centerbody, at the blade root, the
axial vorticity is high and positive in sense. This vorticity is convected toward
the downstream tip of the centerbody and then along the central axis of the
duct downstream of the centerbody. This convective process forms a core of
axial vorticity along the central axis. This vorticity is subsequently stretched as
the fluid is accelerated through the remainder of the contraction section and is
apparent as a strong, streamwise vortex at the exit plane.

In the cross-flow velocity plots at the exit plane for the low swirl case,
two streamwise vortices located antisymmetrically about the central vortex are
visible. As stated earlier, these vortices are the result of the separation of the
outer boundary layer into the main stream. The cross—flow velocity vector plots
and the vorticity contour plots for a series of axial stations upstream of the
exit plane are presented as Figures 5.16-5.22 and Figures 5.23-5.29, respectively.
From these plots the growth of the separated region can be traced as it evolves
in the axial direction.

The pressure distribution on the outer wall of the duct promotes the sep-
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aration of the boundary layer that forms on this wall. Figure 5.30 is a contour
plot of the pressure distribution on the lower wall as viewed from above (Section
B-B in Figure 5.1). The plot shows a favorable pressure distribution in the axial
direction, left to right in this diagram. At any axial station the pressure is lowest
immediately under the large central vortex, because the velocity induced by this
vortex is high in this region. The cross—flow velocity is affected by the component
of the pressure gradient normal to axial direction. We call this component of the
pressure gradient the cross—flow pressure gradient, just as we have called the com-
ponent of the velocity normal to the axial direction the cross-flow velocity. At an
axial station before the separation occurs, the direction of the cross—flow velocity
immediately above the wall and outside the boundary layer is from bottom to
top in Figure 5.1. A type of secondary flow occurs within the boundary layer
because of this minimum in the pressure near the central vortex. The cross—flow
velocity is affected by an adverse cross-flow pressure gradient. The fluid above
the boundary layer has sufficient inertia to overcome the pressure gradient. Some
of the fluid within the boundary layer cannot overcome this pressure gradient and
therefore follows a path toward the low—pressure region. Figure 5.31 is a plot of
the limiting or surface streamlines on the outer surface of the contraction section.
A comparison of Figure 5.31 with Figure 5.30, the pressure contour plot, shows
that the limiting streamlines are nearly normal to the iso-pressure contours. This
indicates that the low-velocity particles near the wall are strongly influenced by,
and tend to follow, the pressure gradient. The resulting surface streamlines con-
verge to a single surface streamline, visible near the exit plane immediately above
the centerline in Figure 5.31. The single surface streamline to which many sur-

face streamlines converge is called an open negative streamsurface bifurcation by
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Hornung and Perry [25] in their effort to qualitatively classify three~dimensional
separated flows in terms of the surface streamline topology. This negative bifur-
cation is important because it is the mechanism by which boundary layer vorticity
is carried away from the wall and into the main stream. Figure 5.32, adapted
from Reference [25], depicts schematically, an open negative streamsurface bifur-
cation and the resulting free sheet of bifurcation. If there is any asymmetry in
the streamsurface bifurcation, there is also a component of vorticity on the free
sheet of bifurcation in the streamwise direction. If this is the case, then the free
sheet of bifurcation rolls up to form a streamwise vortex. The strength of this
vortex increases in the axial direction as more boundary layer fluid leaves the
surface and rolls up with the vortex. This is apparent in the cross—flow velocity
vector plots (Figures 5.16-5.22) and the corresponding vorticity contour maps
(Figures 5.23-5.29).

In the experimental cross—flow velocity vector plots for the high swirl case,
Figure 3.8, this pair of axial vortices is also apparent. Unfortunately, results of
the numerical computation are not available for the high swirl case. However, in
light of the results of the computation for the low swirl case and the experimental
results for the high swirl case, the author has some confidence in his speculation
on the differences between these two cases. In the high swirl case, the pair of
axial vortices are much larger and move nearly to the center of the duct cross
section. This occurs for two reasons.

First, because the cross-flow velocities are much larger and the resulting
cross-flow pressure gradient much stronger in the high swirl case, the streamsur-
face bifurcation forms further upstream. The increased length of this bifurcation

line allows for a separation of a greater percentage of the boundary layer fluid.
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For the same reason the maximum angle between surface stream lines and the
bifurcation line which they approach is greater for the high swirl case than for
the low swirl case. Hornung and Perry [25] call this angle the strength of wall
streamline convergence or the rate of convergence (see Figure 5.34). For a higher
rate of convergence, a greater portion of the boundary layer fluid per unit length
of bifurcation separates from the wall at the negative streamsurface bifurcation.

The second reason for the increased strength of the vortices shed from
the wall is simply due to the fact that the net quantity of axial vorticity (axial
vorticity integrated over the cross section of the boundary layer) is greater for
the high swirl case than for the low swirl case. In fact, if we maintain that the
fluid that originated at the inlet outside of the boundary layer is still irrotational
at the exit, then the net vorticity in the boundary layer is equal in magnitude to
the circulation around the central vortex.

The fact that the vorticity in the vortex pair that is shed from the wall
must have its origin in the boundary layers on the outer wall shows that there is
a maximum for the strength of these shed vortices. A measure of the strength
of these vortices is the circulation taken on a contour in a plane of constant
X, that surrounds the center of the vortex. The maximum strength of each of
these vortices is then equal to one half of the circulation taken on a contour that
surrounds only the central vortex.

The axial vorticity contour plots (Figures 5.23-5.29) show regions of axial
vorticity near the wall of the sense opposite to the sense of the boundary layer
vorticity introduced into the flow at the inlet. This region exists on the bottom
wall to the right of the center and on the upper wall to the left of the center. The

vorticity production at the wall (vorticity flux from the wall) is proportional to
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the component of the local pressure gradient parallel to the wall (Lighthill [27]).
It follows then that there are regions of both negative and positive vorticity
production at the wall. As stated earlier, the net axial vorticity created at the
wall is zero. Therefore, the vorticity production at the wall does not affect the
maximum realizable strength of the shed vortices.

These qualitative observations may be given some substance by examining
circulation integrals about certain regions at the exit plane. The circulation is
defined as:

I = f V.dl (5.5)
and is normalized by the circulation introduced upstream by the blade row. For
the high swirl case the nondimensional circulation along a contour that includes
only the central vortex is approximately 0.75, whereas the circulation around a
contour surrounding the entire flowfield is two orders of magnitude lower. The
circulation about each of the two shed vortices is approximately -0.3. This in-
dicates that most of the vorticity and hence most of the fluid initially in the
boundary layer along the outer wall has been entrained into the main stream.
The contours over which these circulation integrals were taken are depicted in
Figure 5.33. In choosing these contours, some effort was made to maximize the
result of the numerical integration.

Figures 3.9 and 3.10 are contour surface maps of the axial velocity com-
ponent at the exit plane for the low and high swirl cases, respectively. In the low
swirl case there is an excess of velocity in the central vortex, whereas in the high
swirl case there is a deficit in the axial velocity. This difference in the nature of

the flowfield may be accounted for by the interaction of two separate observed

phenomena.
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Batchelor [28] discusses the behavior of inviscid rotational axi-symmetric
flows. There are two cases he discusses, which are of particular interest here. The
flow configurations for these two cases are depicted in Figure 5.35. The condition
that the fluid moves with uniform axial velocity and has uniform axial vorticity
at some large distance upstream is imposed. This results in a flowfield upstream
that is in solid body rotation about the axis and is convected along the axis.
For this upstream boundary condition an expression for the axial and tangential
velocities at some large distance downstream can be obtained.

For the flow configuration with vanishing inner radius, the downstream
axial and tangential velocities become indefinitely large on the central axis. This
creates a strong, rapidly swirling region of velocity surplus in the neighborhood
of the central axis.

For the flow configuration with the axi-symmetric increase in outer radius,
the same inlet conditions produce a deficit in the axial velocity along the central
axis. This case is, in a rough sense, similar to a free jet issuing into a room.
In both cases we get an increase in effective cross-sectional area. In a study
of axi-symmetric swirling jets, Chigier and Chervinsky [29] detected a region of
velocity deficit at the center, in the neighborhood of the jet origin. In fact, for
high enough swirl, a region of back flow along the central axis was detected.

The axial velocity profiles observed at the exit plane in the experimental
part of this investigation can be explained in light of these observations. The
geometry of the contraction section was identical for both the high and the low
swirl case; the only difference between the two cases is the degree of swirl. In
both cases there was a transition section that has a vanishing centerbody and

hence a mechanism to create a surplus of velocity along the central axis. The
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area change at the exit provides a region where the flow can be decelerated. The
question of which of these effects will dominate to create a surplus or deficit of
velocity at the exit plane cannot be answered without a detailed description of
the vorticity distribution at the inlet as well as the effect of viscosity in altering
this distribution as it flows through the transition section.

Finally, it should be noted that the agreement in the axial velocity dis-
tribution between the computational result (Figure 4.6) and the experimental
result (Figure 3.9), perhaps, is little more than coincidence. It is very difficult
to simulate, numerically, the downstream boundary condition encountered in the
experiment. Recall, from Chapter 4, that the downstream boundary condition
used was a simple extrapolation procedure. In the high swirl case, where the
downstream boundary condition has greater effect on the flowfield, this numeri-
cal boundary condition will not yield the proper results.

One final look at the pressure distribution on the outer wall for the low
swirl case (Figure 5.30) shows that the pressure on the exit lip of the duct is not
uniform. In the experimental case we expect the pressure on the exit lip to be
uniform and equal to the ambient pressure in the room into which the jet issues.
A more accurate model for the downstream boundary condition would provide

for uniform wall pressure at the exit.

5.5 Half-Height Blades

As stated earlier, in previous work by Der et al. [8], using a similar flow configu-
ration, the formation of two co-rotating streamwise vortices at the exit plane was
apparent. These co-rotating vortices had the same sense as the swirl introduced

at the inlet. In the cases discussed above we introduced swirl into the flow at
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the inlet in such a way that the majority of the vorticity necessary to create this
swirling flow was confined to a region near the blade root. It became apparent
that, in order to get a vortex pair with the same sense as the swirl to form at
the exit, it would be necessary to introduce vorticity with this sense, at the inlet,
away from the blade root. To do this we used turning vanes that introduced swirl
only into the outer half of the inlet annulus.

Again, to assess which characteristics of the inlet flowfield are important
in the downstream vortex pattern formation, it is necessary to examine the inlet
flowfield in some detail. An approximate representation of the tangential velocity
just downstream of the inlet turning vanes is depicted in Figure 5.36. In this
case, the tangential velocity is zero for the inner half of the annulus and, as in
the case above, the tangential velocity for the outer half is U tan . The resulting
vorticity profile is depicted in Figure 5.37. Here again, the vorticity shed along
the span of the blade due to the variation in lift along the blade in the outer
half of the inlet annulus is small compared to the vorticity in the boundary layer
at the outer wall and the vorticity shed as tip vortices from the free end of the
turning blades. Therefore, the effect of spanwise lift variation in the outer region
will be neglected in this discussion. We have, in effect, introduced a cylindrical
sheet of axial vorticity midspan in the inlet section. Again, it should be noted
that to consider this to be a sheet of vorticity evenly distributed in the tangential
direction is an idealization of the actual flow in which the vorticity is introduced
midspan as a series of streamwise axial vortices, one shed from each of the tips
of the turning vanes. It can be argued that these tip vortices are spread in the
tangential direction by the radial gradient of the tangential velocity.

Again, in this case it is informative to trace the flowfield development by
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examining the cross—flow velocity and the axial vorticity contours on a series of
subsequent cross-sectional cuts of the flowfield. The cross—flow velocity vector
plots in Figures 5.38-5.45 and the corresponding axial vorticity contours in Fig-
ures 5.38-5.45 trace the development of the flowfield from a cross section near the
inlet to the exit plane. In the central region of the flowfield, where no tangential
velocity was introduced, the development of the flowfield is very similar to the no
swirl case which was discussed in a previous section.

The cross-sectional cut at the exit plane (Figure 5.45) shows the formation
of a streamwise vortex or region of swirling flow. An examination of the corre-
sponding vorticity contour plot (Figure 5.53) shows a large area of positive axial
vorticity in this region, with no strong peak in the axial vorticity magnitude. By
examining the evolution of this flowfield, starting with a circular vortex sheet at
the entrance (Figure 5.46), one can trace the development of this sheet as it is
convected downstream. The shape of this sheet is distorted as the shape of the
inner and outer flow boundary change. The sheet tends to roll up, or at least,
vorticity tends to accumulate in the region where the sheet is most distorted.
This results in a swirling flow in this region. As mentioned earlier, there is no
sharp peak in the axial vorticity magnitude in this region, but instead, a rela-
tively large area that contains positive axial vorticity. The velocities induced by
this region tend to re—entrain the rotational fluid originally in the shear layer as
well as a portion of the irrotational fluid from the central region of the flow. As
a result, we get a broad region of positive axial vorticity.

Also worth noting are the two small streamwise vortices, one of which
forms in the lower right-hand corner of the rectangular exit cross section, and

the other in the diagonally opposed corner. These are due to the separation of
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the boundary layer that forms on the outer wall.
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Figure 5.2: Cross—flow Velocity at Station 6, No Swirl Case



88

Figure 5.3: Cross—flow Velocity at Station 14, No Swirl Case
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Figure 5.4: Cross—flow Velocity at Station 20, No Swirl Case
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Figure 5.5: Axial Vorticity Contours at Station 6, No Swirl Case



91

Figure 5.6: Axial Vorticity Contours at Station 16, No Swirl Case
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Figure 5.8 Axial Vorticity Contours at Station 21, No Swirl Case
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Figure 5.9: Axial Vorticity Contours at Station 22, No Swirl Case
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Figure 5.10: Axial Vorticity Contours at Station 23, No Swirl Case
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Figure 5.11: Axial Vorticity Contours at Station 24, No Swirl Case
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Figure 5.12: Axial Vorticity Contours at Station 26, No Swirl Case
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Figure 5.16: Cross—-flow Velocity at Station 32, Low Swirl Case
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Figure 5.17: Cross-flow Velocity at Station 34, Low Swirl Case
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Figure 5.19: Cross-flow Velocity at Station 38, Low Swirl Case
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Figure 5.20: Cross—flow Velocity at Station 40, Low Swirl Case
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Figure 5.21: Cross—flow Velocity at Station 42, Low Swirl Case
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Figure 5.22: Cross—flow Velocity at Station 44, Low Swirl Case
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Axial Vorticity Contours at Station 32, Low Swirl Case

Figure 5.28
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Figure 5.85: Axi-symmetric Transition Sections
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Figure 5.89: Cross-flow Velocity at Station 14, Split Blade Case
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Figure 5.41: Cross-flow Velocity at Station 24, Split Blade Case
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Figure 5.42: Cross-flow Velocity at Station 28, Split Blade Case
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Figure 5.47 Axial Vorticity Contours at Station 14, Split Blade Case
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Chapter 6

Conclusions and Concluding Remarks

A controlled investigation was undertaken to determine the effects of swirl on
the flowfield that develops in an annular to rectangular transition section. The
flow patterns at the exit were found to depend strongly on the distribution of
axial vorticity at the annular inlet. The use of a steady laminar incompressible
Navier—Stokes algorithm on a d‘igital computer was found to adequately model the
qualitative features of the flowfield. The experimental and numerical investigation
was conducted with four different inlet conditions.

The no swirl case led to the formation of four weak, streamwise vortices
at the exit plane. A careful examination of the developing flowfield showed that
this was the result of the formation of streamwise vorticity in the boundary layer
on the centerbody and the subsequent separation of this boundary layer into the
stream. Because the formation of the streamwise vorticity was a direct result of
the shape of the centerbody and outer wall of the flow system, and because this
geometry does not model, exactly, the flow system that was the motivation for
this work, this case is of interest largely as a baseline for other cases. The numer-
ical results also indicate the formation of a complex three-dimensional separated
region on the aft tip of the centerbody. The computational grid was not fine

enough in the neighborhood of this separation to examine it in detail.
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In the low and high swirl cases the majority of the vorticity was introduced
in the neighborhood of the blade root and the blade tip in the boundary layers on
the centerbody and outer wall, respectively. The axial vorticity introduced at the
blade root was convected along the centerbody to the downstream tip and then
along the centerline of the transition section. This resulted in the formation of a
strong vortex along the central axis of the duct. The pressure gradient established
on the outer wall of the duct, as a result of the strong central vortex, promoted
the separation of the boundary layer from the outer wall into the main stream.
This separation was evident in the formation of two streamwise vortices, one on
each side of the central vortex, which had a sense opposite to the sense of the
central vortex. This effect was much more pronounced in the high swirl case, as
the pair of vortices formed was much stronger and moved nearly to the center of
the height of the rectangular exit. It was argued that the maximum strength of
these two vortices could be related to the strength of the central vortex and that
the maximum strength was nearly achieved in the high swirl case.

In a fourth test case, a set of blades that introduced swirl into only the
outer half of the inlet annulus was used. This, in effect, introduced a cylindrical
sheet of streamwise vorticity into the flow at the inlet at a radial position halfway
between the centerbody and the outer wall. There was also axial vorticity of the
opposite sense introduced into the boundary layer on the outer wall. In this case
the separation of the boundary layer on the outer wall did not occur to a signifi-
cant extent but was apparent in the formation of two small, streamwise vortices
in diagonally opposed corners of the rectangular exit cross section. The cylindri-
cal vortex sheet, when convected through the annular to rectangular transition

section, was distorted in such a way as to conform to the shape of the outer wall
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of the duct. In the regions where the vortex sheet was most distorted, it tended
to roll up. The result was the formation of two axial streamwise vortices at the
exit plane of the duct.

The effect of swirl on the nearfield mixing of the jet issuing from the
rectangular nozzle was not investigated. However, an examination of the vortex
patterns leads one to conjecture on the relative effectiveness of these patterns in
enhancing the nearfield mixing. The no swirl case is of little practical interest
for two reasons. First, the features of the geometry that caused the formation
of the four streamwise vortices are not present in the practical problem. Second,
the strength of these vortices was very small and their effect on the mixing of the
plume will, in all likelihood, be negligible.

The two axial vortices formed when swirl was introduced into only the
outer half of the inlet annulus will, in all likelihood, enhance the nearfield mixing
of the resulting jet. The combination of shear in the direction normal to the di-
rection in which the jet forms and possibly an increase in large—scale entrainment
due to the vortex pattern would serve to reduce the potential core size.

The vortex patterns created in the low and high swirl cases appear to be
highly conducive to the mixing of the rectangular jet, particularly in the high
swirl case. The adjacent positioning of strong vortices of opposite sense will tend
to draw the cold ambient fluid between them. This large-scale mixing will rapidly
reduce the size of the potential core region of the jet.

The discussion above, pertaining to mixing of the rectangular jet, is con-
jecture based on observation of the the flow patterns at the exit of the transition
section. In order to accurately determine the mixing field in the region imme-

diately behind the nozzle exit, it is suggested that a separate investigation be
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undertaken.

If it is the nozzle designer’s intent to create a flowfield that enhances
mixing, he, of course, is not limited to the vorticity distributions examined in this
investigation. The possibility of varying the vorticity distribution at the annular
inlet to the transition section for the purpose of tailoring the vortex pattern at the
exit is worth consideration. The distribution of axial vorticity at the inlet could
be varied not only in the radial direction, but also in the tangential direction. A
non-axi-symmetric distribution of vorticity at the inlet could be used to place
vorticity and encourage the formation of axial vortices at any location in the exit.
The other possibility for tailoring the flowfield involves contouring the duct shape
so as to promote either the separation of the boundary layers on the outer wall
or the formation of streamwise vortices from vorticity distributed throughout the
flow. The current investigation provides an understanding of the mechanisms by
which the streamwise vortices are formed. This understanding is valuable in any

effort to tailor the flow, whatever the intended purpose.
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Appendix A
Uncertainty Estimate

As stated in chapter 3 the assumption that the flow is steady, for the purpose of
velocity decompositon, introduces some uncertainty into the results. In order to
account for the effect of the velocity fluctuations the equations for the velocity de-
composition must be time averaged. Because the velocities were determined from
two non-simultaneous sets of cross—wire probe measurements, the correlations
necessary for an exact decomposition are not available. The velocity measure-
ments were used to establish the existence of vortex patterns in the cross—flow
velocity field. Therefore, the uncertainty in the results is best described as the

uncertainty in the angle («) of the cross-flow velocity vector;

w
« = arctan —
U

where w and v are the vertical and horizontal velocities, respectively. For the
configuration used in this investigation these velocities are related to the velocities

measured by the cross—wire probe as follows;
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. . 1
Va(t): = v* + -2—(u —w)?.

The angle a can then be expressed as;

. V32 _ V42
o = arctan ———.

This relation holds only for the instantaneous values of V;. To aid in time aver-
aging these relations we express each velocity as the sum of the mean velocity V

and the instantaneous fluctuation velocity V'. Define V; as;
1A —2 L 92
Vi=[w+ —2—(u+v) 2.

Then the time averaged a can be written;

To obtain an estimate for the uncertainty we evaluate;

JR— —~2

. R
V= Vi =w?+ —(u? + v'?) + ul

2
V2 w4 Yo gy o
Vi-Vy, =w —i—i(u +v'¥) — u'y

Subtracting gives;

A similar expression can be obtained using V3 and V,. The angle (@) can be

written;

Since we know from the experimental results the V.2 but we do not know the cor-
relations u'v' and u'w' we can calculate o assuming the correlations negligible and
then estimate the uncertainty due to this assumption. The correlation coefficient

C is commonly defined as;
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For a conservative estimate of the magnitude of u'v' we choose C = 0.5 and
approximate the denominator of the above expression as the maximum of the

V/%. So we calculate &;

Then the uncertainty in & is given by;

. - V32 - V42 + 12’!14'11)"
uncertainty = a — arctan =S .
V2 — Vi —|2u'v'|

These uncertainties were computed for all four experimental cases and are shown
in Figures A.1-A 4.

Finally, a comparison between the angles as computed for the purpose of
plotting the cross—-flow velocity vectors and & is necessary to demonstrate that
both relations give nearly equal results. For the purpose of plotting the the

cross-flow velocity vectors the angle was computed as follows;

—‘/—32 . —z?
& = arctan i ———
Vil —V,

Figures A.5-A.8 show A for all four experimental cases, where;
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