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ABSTRACT

This work was an experimental investigation of flow control applied to a compact inlet
duct with a length-to-diameter ratio of 1.6, inlet to exit height offset of one diameter, and
an exit to inlet area ratio of 1.27. The compactness of the duct comes at a price because
the large curvature along the duct inevitably caused flow separation and strong
secondary flows. These flow structures countered the aerodynamic purpose of the inlet;
to decelerate the oncoming flow before reaching the exit plane while minimizing total
pressure loss, unsteadiness, and distortion. Flow control was applied from a module
immediately upstream of the inlet plane of the duct in order to improve performance by
minimizing these three quantities.

All experiments conducted, unless noted otherwise, were conducted at an inlet
Mach number of 0.44. Two flow control modules were tested: a two-dimensional control
jet and hybrid “Fail-Safe” actuator that implemented both a passive element: vortex
generators and an active element: skewed and pitched jets. The sensors and techniques
used to measure the flow field include surface static pressure taps, total pressure sensors
at the exit, and stereoscopic particle image velocity. A particular focus of the work was
to highlight the improvement in pressure recovery at the aerodynamic interface plane
(AIP).

The baseline flow field had the presence of both separation as well as strong
secondary flows. Interestingly, the interaction of these two structures resulted in a non-
symmetric flow field at the AIP. The simulation work showed similar results and
explained the evolution of this flow field through flow topology.

When actuation was introduced, it proved to increase pressure recovery. The
two-dimensional control jet achieved the highest pressure recovery improvement but
was unable to improve the asymmetry in the flow field. The actuation of the skewed and
pitched jets regained symmetry, decreasing significantly both the strength of the
secondary structures and the flow unsteadiness and considerable pressure recovery
improvement was reported. The presence of the vortex generators, at the correct height,
in tandem with the jets of the Fail-Safe actuator improved pressure recovery modestly
from the jets only case. In the end, the increase in performance brought about by the

Fail-Safe actuator shows promising results for a modest input of mass flow rate.
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1. INTRODUCTION

1.1 Overview

A number of aircraft propulsion systems utilize some form of a serpentine duct (S-duct),
to act as a conduit from the freestream air outside of the aircraft to an engine embedded
within the fuselage. The objective of this duct is to redirect the incoming air as well as to
reduce the incoming velocity to the compressor with minimal pressure loss, distortion
and unsteadiness. The S-duct design is attractive for stealth applications because the
compressor face is hidden within the aircraft. Additionally, the inlet creates a multiple
bounce cavity for radar deflection aiding in the stealth design (Wellborn et al. 1994).
Beyond the military applications, two examples of commercial application were the
Boeing 727 and the Lockheed Tristar L-1011 which incorporated an S-duct inlet to
supply an engine embedded within the root of the tail. A similarly located S-duct is
utilized within a few currently used aircraft such as the Dassault Falcon 7X and the
Tupolev Tu-154M.

The geometry of a diffusing S-duct is characterized by centerline curvature and
diffusing area. This study will investigate a highly compact design which has a large
degree of curvature within a very short streamwise distance. This sharp curvature and
the adverse pressure gradient of the diffusing area will cause the flow to separate from
the surface after the first turn. Also within this first turn, secondary flows will develop
due to the centerline curvature and non-uniform velocity profile. These secondary flows
are characterized by counter-rotating vortices and pull lower momentum fluid from
within the boundary layer up into the center of the duct.

The presence of separated and secondary flow will have a negative effect on the
performance of the engine compressor. The optimal inlet condition for the compressor is
a uniform and steady flow field with as little pressure loss from the entrance plane as
possible. If the flow field diverges too much from this ideal, the compressor may
undergo stall or surge which can lead to failure of the engine. The presence of flow
separation and secondary flow increase distortion (the ratio of the difference in
maximum and minimum total pressure to the average total pressure), unsteadiness (the

measure of fluctuations in the velocity and pressure field of the exit with time), and



decrease pressure recovery (the ratio of average total pressure across the exit to the total
pressure of the incoming flow field) which as mentioned is not desired at the exit plane.

Traditionally, inlet ducts have been designed with gradual curvature to prevent
flow separation. However, available space and weight restrictions drive designers
towards the application of shorter inlet ducts. This is especially applicable to the design
of unmanned aerial vehicles. The overall size of these vehicles can be decreased with
application of shorter inlet lengths having a significant effect on the overall system
performance.

The application of flow control has been used by a number of researchers to
improve the performance of S-duct inlets and mitigate the losses associated with the
geometry. The key performance metric that most researchers use to quantify
improvement is the pressure recovery (PR) which is measured at the aerodynamic
interface plane (AIP). This imaginary plane represents the exit of the inlet duct and the
start of the compressor section of the engine. The pressure recovery is defined by the
ratio of the average total pressure across the AIP to the total pressure of the incoming
flow field.

Flow control in general is any technique that modifies the flow field from its
natural behavior. Flow control is typically divided into two categories: passive and
active. A passive flow control device is one that is always present in the flow field, and
does not require energy, whereas an active flow control device is capable of being
actuated upon demand and needs energy to be activated. This study will investigate the
application of both passive and active flow control elements individually as well as in
combination in order to decrease the negative effects of separation and secondary flows
within compact inlet ducts.

1.2 Literature Review

In this section a framework of past work will be discussed to highlight the development
of knowledge as applied to diffusing S-duct inlets. Most work on this topic has been
done with circular cross-sectioned ducts however there have been a number of different

groups who have studied square cross-sectioned ducts similar to this study.



1.2.1 Fundamental Work on Inlet Ducts

Serpentine duct inlets at the most fundamental level are similar to that of pipe flow
within a bend. Pipe bends develop secondary flows as well, and Rowe (1970)
investigated a long pipe with a 180° bend at a Reynolds number of 2.36 x 10°. Rowe
reported the development of secondary flows due to varying pressure gradients in both
the radial and axial directions.

Secondary flow development was described very well by Miller (1990). He
stated that initially as the fluid reaches a turn it is deflected towards the outer wall due to
centrifugal and pressure forces. However, the adverse pressure gradient that is present
slows the fluid down. The fluid is energy deficient and cannot overcome the adverse
pressure gradient, and instead moves around the walls towards the lower static pressure
region on the inside wall. He stated that there is a gradient of pressure from the highest
values at the center plane on the outer wall decreasing to the lowest values of pressure at
the center of the inner wall of the bend. This develops the two counter-rotating cells
within the cross section of the duct. His figure describing this development is shown in
Figure 1. The work of Squire and Winter (1951) investigated flow through a cascade of
airfoils with a bend curvature of 90° and developed a relationship between the local

pressure and the development of streamwise vorticity.

adverse gradient
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Figure 1: Development of secondary flows in a pipe bend showing the (a) presence of an adverse

pressure gradient (b) direction and orientation of the secondary flow (Miller 1990)

The work of Taylor et al. (1982 and 1984) studied S-ducts with both circular and
square cross-sections. They noted that the secondary flows developed in the same

manner as pipe flow around the first bend of an S-duct and the second bend reverses the



swirl direction due to the opposite curvature and reversed radial pressure gradient.
Taylor et al. also noted that no major distinction in the flow structures exist between
ducts of circular and non-circular cross-section as they both had large scale vortical
structures at the exit of the duct.

The work of Wellborn et al. (1993) investigated experimentally and
computationally the flow through a diffusing S-duct at a centerline Mach number of 0.6.
Measurements of the static pressure, total pressure, and three components of velocity
were reported for five cross sectional planes of a duct with an area ratio of 1.52 and
Reynolds number based on inlet diameter and inlet velocity of 2.6 x 10°. Additionally,
qualitative oil flow visualizations were conducted on the duct and the flow topology was
described as being representative of an owl face separation of the first kind. This flow
topology is considered naturally unstable by researchers Tobak and Peake (1982) due to

a direct saddle-to-saddle connection point.

(b) (©)

Figure 2: Owl face separation of the first kind topology showing the (a) three-dimensional

perspective of the separation, (b) symmetric skeleton schematic of streaklines, (c) skeleton schematic

of asymmetric streakline pattern (Wellborn 1993)



Figure 2a shows a three-dimensional perspective of the owl face separation
topology that Wellborn et al. saw in their flow visualizations with a counter-rotating pair
orientated with upwelling along the centerline. The skeleton drawing of Figure 2b shows
the symmetric but unstable schematic of an owl face separation of the first kind. Perry
and Hornung (1984) described that this unstable symmetric distribution could exist due
to slight variations in the flow field. However, they stated that it was a special condition
and that any asymmetry in the flow would cause the streakline pattern to shift to one side
the way it is represented in Figure 2c.

Further work was conducted on S-ducts computationally by Povinelli and Towne
(1986). They utilized parabolized Navier-Stokes code with the goal of identifying the
cause of flow distortions in inlets. They studied both the effect of centerline curvature
and transitioning cross-sections and concluded that distortion and losses were
predominately caused by the centerline curvature. This finding was also supported by the
work of Mayer et al. (1998).

Ng et al. (2006) more recently investigated the swirl development of three square
cross-sectioned ducts that all had the same length-to-diameter ratios (L/D = 2.667), but
varying radius of curvature to diameter ratios. Qualitative measurements were conducted
in the form of smoke and oil flow visualizations, and quantitative data was collected
using static pressures along the top and lower walls of the S-duct, as well as single and
cross-wire hot-wire anemometry measurements. It was concluded that the second bend
had the effect of reducing the swirl produced by the first bend similar to the findings of
Taylor (1984) and streamwise vortices were realized at the exit in one of two forms.
They occurred as a pair of counter-rotating vortices or as a single vortex at the exit along
the outside surface of the second bend. Ng et al. also report that the formation of these

vortical structures follow the mechanisms highlighted by Squire and Winter (1951).

1.2.2 Overview of Flow Control

Before discussing the application of flow control to S-shaped ducts and their diffusing
counterparts, a brief introduction to flow control is presented. Flow control has been a
quickly developing field as new technologies and applications are developed. As

mentioned earlier, flow control can be simply defined as a technique or a device that



augments the flow field from behaving the way it would naturally. This definition is very
broad, as is the application of flow control. Flow control has been used for separation
control, mixing enhancement, circulation control, secondary flow suppression, film
cooling, boundary layer - shock wave interaction, laminar flow control, noise control,
vehicle control, and many other applications. Flow control is often divided into two
different sub-categories based on how it augments the flow field; either passive or active
control. Passive control is a device that requires no energy input, whereas active control
is a device or technique requiring energy that can be turned on and off when needed.

A passive control technique provides a fixed level of control to the application. A
few examples are vortex generator vanes, tabs, surface roughness, and micro-ramps.
These are all items that are installed at a fixed location, angle, and size that provide a
pre-determined level of control for a particular flight regime. For example, many
commercial airliners utilize vortex generator vanes at the leading edge of wings to delay
flow separation at high angle of attack maneuvers such as take-off. These vanes produce
streamwise vortices that re-energize the boundary layer preventing flow separation
downstream from the leading edge. The major drawback to these vortex generators as
well as many passive control devices is that they are designed for specific conditions
within the flight envelope but remain present within all operating conditions. As in the
example of the commercial airliner, the vanes provide needed control at take-off but
become a small drag penalty while at cruise conditions. The benefit during high angle of
attack maneuvers was shown to outweigh the penalties at all other operating conditions,
and thus have been applied to certain commercial aircraft.

As mentioned, active flow control can be turned on and off to reduce or eliminate
off-design penalties. Active control techniques encompass many different technologies,
and new actuator concepts are still being developed. A few examples are steady jets,
pulsed jets, synthetic jets, combustion actuators, plasma actuators, fluidic oscillator, and
dynamic roughness elements. A further benefit of these devices is the ability to
implement them into a control scheme such as closed-loop control that can change the
level of input applied based on the state of the flow field measured by sensors. This leads
to an intelligent application of control providing control only when needed, which helps

reduce the power requirements of the device. Furthermore, with further developments in



the field of fluid mechanics, lower amplitude forcing techniques have been studied to

take advantage of flow instabilities rather than brute-force levels of forcing (Cattafesta

and Sheplak 2011).

The level of control applied by active flow control techniques can be quantified

in a number of ways. Presented in Table 1 is a list of commonly used parameters and

their definitions: maximum momentum, mass flow rate, volume flow rate, Strouhal

number, modulation frequency, momentum coefficient, and power requirements.

Table 1: Performance values for active flow control

Quantity

Equation

Notes

Maximum Momentum

_ 2
pP= njetAjet U]et

For synthetic jet actuators:

U; = Unax /T

etaverage

Mass Flow Rate

m = NjeePjetAjer Ujer

Pjet 1S taken as ambient density

throughout

Volume Flow Rate

Q= njetAjet Ujet

Strouhal Number

— chhar
Ujet

St

Lcnar 1S taken as the
width/diameter (minor orifice

dimension)

Modulation Frequency

Order of Magnitude less than

Frequency Range

Typical convention of
operation. If capable of
modulation then a duty cycle

range of 0 — 100% is attainable

Momentum Coefficient

Cu

2
_ NjetPjetAjet Ufet
HArea povooUgo

Power Requirements

(non-electrical types)

Power = APressure Ajet Ujer

AP : Pressure across the orifice

Power Requirements

(electrical)

Power =V I cosg

@ is the angle between the
voltage (V) and the current (1),

conventional value is ¢ = 50°




These performance values and non-dimensional coefficients can be utilized to
compare different actuation methods. Table 2 presents the advantages and disadvantages
of commonly studied actuators. As it can be seen, each actuator has different benefits
that make them appropriate for different applications. Actuators 1 through 9 are single

actuator types and actuators 10 and 11 are two types of hybrid systems that incorporate

passive element vortex generator (VG) vane with an active element into the design.

Table 2: Advantages and disadvantages of different active flow control actuators

Actuator Type Advantages Disadvantages
Requires no external air supply: Peak velocities are typically
zero net mass flux (ZNMF) limited to low subsonic speeds

Synthetic Jets Suitable for feedback control Resonant device
la . . Easy applied to most Can be affected by pressure,

(Piezoceramic) L L
applications temperature, and humidity
Low power requirements
Capable of pulse modulation
Same as above Peak velocities are typically

] More robust than piezo but still limited to low subsonic speeds
1b Synthetic Jets susceptible to environmental Resonant device
(Electromagnetic) factors from open cavity Heavier than piezo
Same as above Peak velocities are typically
More robust than limited to low subsonic speeds
Synthetic Jets electromagnetic system Resonant device
lc (Piston driven) Heavier system than piezo,
Mechanically more complex
system
Capable of high velocities (for Require external air supply
Vortex Generator use within high speed flows) Plumbing
2 Jets High speed vortical structures Less efficient than passive vortex
generator vanes
Capable of high velocities with May not be capable of feedback
either fast time response or high control
3 Rotary Valve bandwidth but generally not both External air supply needed
Plumbing
Capable of unsteady forcing with Limited to one designed
Powered no moving parts frequency
4 Resonance Tubes High velocities Require external air supply
Plumbing




Capable of high velocities (for
use within high speed flows)

Currently limited to low
frequencies

5 Combustion Require combustion (fuel source)
Actuators Temperature and safety
considerations are needed
Capable of high velocities with May not be capable of feedback
6 Pulsed Jets either fast time response or high control
bandwidth but generally not both External air supply needed
Capable of producing large Standard types not capable of
Fluidic Oscillator disturbances feedback control
Varying sizes Require external air supply
7 (Flip-Flop Varying frequencies Fixed design frequency
Actuator) Limited research and physical
understanding of operation
No moving parts Extremely high voltages and
Fast time response power required
Pulse modulation Low velocities
Plasma Actuator High temperatures
8a (SDBD) Formation of ozone during
ionization
Issues with EMI (electromagnetic
interference)
No moving parts Extremely high voltages and
Large disturbances in high speed power required,
Plasma Actuator flows High temperatures
8b (Sparkjet) Capable of pulse modulation Formation of ozone during
ionization
Issues with EMI
No open cavities Susceptible to atmospheric
Electro Active Conformable to curved surfaces conditions
9 Polymer (EAP) Very good spatial resolution Charged surface
Small size Small disturbances
Implementation of passive Require external air supply
device
10a Steady VG-Jet + Capable of large disturbance in
VG-Vane high speed flows
Reduced m and VG height
required
Implementation of passive May not be capable of feedback
10b Unsteady VG-Jet device, control

+ VG-Vane

Capable of High Velocities with
either fast time response or high

External air supply needed




bandwidth but generally not both
e Reduced m and VG height

required
e Implementation of passive e Peak velocities are typically
device limited to moderate subsonic
Synthetic Jets + | ®  Unsteady benefits of synthetic speeds
11 jets ZNMF e Resonant Device

VG-Vane .
e Capable of pulse modulation

e Reduced m and VG height
required

After studying a wide variety of different actuation methods and techniques it
can be concluded that a technique with large amplitude disturbances is necessary for the
high speed flows within S-ducts. The most often used techniques within past S-duct
research has been a form of vortex generator jet or a tangential blowing technique from
tubes or a two dimensional control jet. In addition, passive vortex generators have also
been researched for their application. A few examples of these devices used in previous

research will be highlighted in the following section.

1.2.3 Flow Control Applied to Inlet Ducts

Different flow control techniques have been applied to S-ducts from passive vortex
generators to active methods such as Coanda style injection, micro-jets, vortex generator
jets, and synthetic jets.

First the use of passive flow control within the literature for S-ducts will be
highlighted. Most of the past work on passive flow control has utilized vortex generators
in the form of vanes or ramps. These devices are typically scaled in height on the order
of the size of the boundary layer and are designed to create streamwise vortices. These
vortices introduce mixing and re-energize the lower momentum fluid within the
boundary layer with higher momentum fluid from the core flow. Experimentally, work
such as that of Reichert and Wendt (1994) investigated eight different configurations of
vortex generator vanes. Their work varied both the number of vanes as well as the
spanwise spacing between the vanes. The work concluded that an optimal number of
vanes do exist for each application and that spanwise spacing has a significant role in

how the flow control augmented the flow field of the duct. Close spacing caused the

10




vortices to coalesce downstream and proved to suppress separation better. Whereas
widely spaced vanes in the spanwise direction produced distinct vortices that best
improved distortion levels at the exit. Anabtawi et al. (1999) investigated the heights of
vortex generators. This work concluded that vortex generators on the order of the
boundary layer height provided the best reduction in distortion levels compared to vanes
at heights less than the boundary layer thickness.

Computationally, the work of Anderson et al. (2004) applied design of
experiments techniques (DOE) in parallel with computational fluid dynamics (CFD) in
order to optimize the configuration of micro-vane secondary flow control arrays. The
vanes studied in this work had lower incidence angles and longer chords, called “micro-
effectors,” because they had proved to have a large effectiveness due to the increase in
streamwise area of influence. These devices also proved to cause lower total pressure
loss within the duct.

Active flow control techniques were also studied by Anderson et al. (2004). This
work conducted a parallel DOE and CFD analysis for optimal micro-jet arrays within the
same inlet duct geometry as the previously mentioned work studying passive micro-
effectors. The “low mass” input micro-jets were optimized for both skew and pitch over
the mass forcing ratio range of 0.10 % to 1.0 %. The conclusion of the work showed
pressure recovery improved ~2.0 % and engine face distortion decreased significantly.

Experimentally, vortex generator jets have been tested by Sullery et al. (2006)
who utilized the devices to reduce secondary flows and suppress separation within a
square to circular transitioning serpentine duct with an area ratio of 2.82. The Reynolds
number was 6.5 x 10° based on inlet width and inlet Mach number of 0.1. The jets were
pitched at 45° normal to the surface and skewed 135° with respect to the freestream
(where 0° is parallel to the freestream). The work concluded that for the best
configuration tested, total pressure distortion was decreased by 10 % and static-pressure
recovery was increased by 35 % for a total mass forcing of 0.2 % of inlet mass flux.

Ng et al. (2012) also investigated experimentally the influence of vortex
generator jets and tangential blowing through small tubes immediately above the surface
of the S-duct. The flow control techniques were applied to the same L/D = 2.667 duct as

the previous work (Ng et al. 2006). Qualitative measurements were collected using
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smoke wires to visualize the control’s ability to suppress separation. Quantitative
measurements were made by surface pressures, total pressure at the AIP, and in plane
velocity fields collected from cross-wire hot-wire anemometry measurements at the AlP.
The work concluded that the two active techniques as well as the use of vortex generator
vanes all reduced total pressure loss but were all ineffective in attenuating the swirl
magnitude within the S-duct attributing this result to competing parameters when
applying flow control to improve performance.

One example of the use of synthetic jets in such geometry was conducted by
Amitay et al. (2002). Synthetic jets are a zero-net-mass-flux device that do not require
bleed air like the examples previously described (vortex generator jets and tangential
blowing). They also have relatively low power requirements on the order of 1 Watt.
This work investigated a two-dimensional diffuser that had a deflection block that could
be inserted to replicate an S-duct shape. Experiments were conducted to test varying
numbers of jets, the orientation of the rectangular jet orifices (either parallel or normal to
the freestream), and placement either upstream or downstream of the first turn. It was
reported that complete flow reattachment was realized for flows up to a Mach number of
0.2 and partial re-attachment up to M = 0.3.

The last type of actuator that has been researched incorporates both a passive and
active element. This technique has been referred to as a “Fail-Safe” device because the
passive element provides control in the event that the active device fails. An
experimental and simulation study was conducted by Lakebrink et al. (2009) on the
tandem working of a synthetic jet and microramp in an adverse pressure gradient. This
adverse pressure gradient was created by a converging and diverging wall insert within a
test section of a small-scale wind tunnel. This adverse pressure gradient quantified to be
on the order of the pressure gradient within an offset diffuser. The effect of this tandem
control was compared to the individual effects of the jet alone and microramp alone. The
inlet Mach number was 0.5 for all cases and the work concluded that the influence of the
tandem control had a much wider region of favorable influence than either device
individually on the flow field. The same wind tunnel geometry was studied by Gissen et
al. (2010) with a freestream Mach number of < 0.6 on a configuration of micro-vanes

and synthetic jets. Several configurations of jet and vane location and orientation were
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tested. The work concluded that the placement of the jet, either upstream or downstream
of the vane, produced favorable augmentation of the vane produced vortex. Additionally,
the tandem control provided enhanced performance over the control of the individual

element cases.

1.3 Previous Work at RPI on S-Ducts

A significant experimental investigation on the application of flow control within a
compact inlet duct was conducted in the first phase of this project by Vaccaro (2011).
The diffusing S-duct that was tested had a length-to-diameter ratio of 1.5, an offset of
one diameter, and an area ratio of 1.27. The facility was capable of inlet Mach numbers
up to 0.5, but most experiments were conducted at 0.44. The duct had straight walled
sections along the length with aggressive curvature at both the upstream and downstream

turns as shown in Figure 3.
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Figure 3: Schematic of compact inlet duct geometry studied during phase 1 (Vaccaro 2011)

The aggressive curvature and compactness led to massive separations
downstream of the upstream turn along the bottom slanted surface as well as separation
along the top surface after the downstream turn. This motivated the investigation to
apply flow control to both the upstream lower surface and downstream upper surface.
Two-dimensional steady Coanda jet injection was used at both locations and results from
each actuator individually showed better results than tandem actuation of both jets. This

was attributed to (1) the competing effect of the jets; the upstream jet pulls the core flow
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towards the lower surface while the downstream jet pulls the core flow towards the
upper surface and (2) the reduction in mass forcing to supply to each location. The mass
forcing used in each individual case was cut in half for tandem actuation.

This led the work to focus on actuation at just the upstream separation point. Three
actuation techniques were used: a two-dimensional Coanda jet, an actuator of vortex
generator jets, and a hybrid actuator with both Coanda injection and vortex generator
jets. The results of the hybrid actuator were similar to that of the two-dimensional
Coanda jet. Vaccaro reported that the flow control from the Coanda jets tilted the core
flow towards the lower surface which stagnated in the vicinity of the AIP causing
secondary flow structures to be forced in the lower corners of the duct with rotation
oriented downwards along the centerline. This secondary flow under actuation had the
opposite sense of rotation to that of the baseline. It was concluded that inlet ducts with
low aspect ratios and aggressive length-to-diameter ratios should focus actuation on
addressing the three-dimensionality of the flow field rather than simply trying to re-
attach the flow field.

1.4 Motivation of the Present Work

The motivation of this work was to build upon the knowledge gained within the first
phase of the research project and investigated different flow control actuators to improve
the pressure recovery, decrease unsteadiness, and decrease distortion at the AIP. For this
purpose, a new inlet duct was designed and built to reduce the massive separations that
existed within the L/D = 1.5 duct. This would allow the research to implement flow
control techniques in the presence of a more gradual separation (compared to the
previous work) and the development of secondary flows. As suggested by the previous
work (Vaccaro 2011), an actuator design that would focus on addressing the three
dimensionalities of the flow field was designed, which integrated both vortex generator

jets and vortex generator vanes into a “Fail-Safe” design.
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2. EXPERIMENTAL SETUP

Research was conducted on a highly compact inlet duct studying the application of flow
control to improve flow qualities at the AIP. The goal of the research was to identify the
mechanisms of the flow control that led to increased performance of the inlet duct. The
high subsonic facility at the Center for Flow Physics and Control (CeFPaC), Rensselaer
Polytechnic Institute was utilized. The facility includes a wind tunnel, compressed air
supply, inlet duct test section, and flow control actuators. These components of the
facility are described in detail within Sections 2.1 through Section 2.4. Additionally, the

sensors and experimental techniques utilized to will be discussed in Section 2.5.

2.1 Wind Tunnel Facility

The high subsonic facility was a blow down, open return wind tunnel. The new inlet duct
geometry allowed for Mach numbers up to 0.6 due to the lower pressure gradient of the
current geometry (the previous geometry had a maximum Mach number of 0.5). Most
data presented was conducted at a Mach number of 0.44 (mass flow rate of 1.76 kg/s) to
compare to the previous work conducted within this facility. Figure 4 shows the flow
path of the facility and labels each component. The airflow is drawn by the blower and
transitions through a diffuser into the settling chamber. Following the settling chamber
the flow is nozzled through the contraction into the inlet duct test section. Finally, the air

exits the facility through the aft diffuser.

Settling

Blower Exit Diffuser

Screens and
Honeycomb

Optical
Table

Figure 4: Experimental facility

The blower that is used is a Cincinnati Fan model HP-12G29 run by a 100 HP

motor that is controlled by a variable frequency drive. The blower produces a volumetric
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flow rate up to 6000 ft3/min. The air exits the blower and enters the diffuser section that
transitions the circular cross-section of the blower to the square cross-section of the
settling chamber. The air is slowed as it enters the settling chamber where the fluid is
conditioned through a set of fine mesh screens and honeycomb. The screens are utilized
to eliminate any turbulent structures in the air by reducing their size to the order of the
mesh and this small scale turbulence will then be dissipated due to viscosity. The
honeycomb is utilized to straighten the flow (eliminate any transverse velocities in the
tunnel) for uniform inlet conditions across the span and height. Within the settling
chamber were a thermocouple and a static pressure ring (four static pressure taps, one on
each of the four side walls connected together). These sensors were monitored for all
experiments to quantify the incoming flow field. The air then enters the contraction
section with a contraction ratio of 142:1 as it accelerates the air from the 1.22 m by 1.22
m square cross-section of the settling chamber to the 114.3 mm wide by 88.9 mm high
rectangular cross-section of the inlet duct. The contraction is a conventional 5™ order
polynomial curvature with sufficient length to eliminate the potential growth of
instabilities.

The air then enters the inlet duct, which has a constant cross-section for an axial
length of 304.8 mm for boundary layer growth. Another static pressure ring and a
thermocouple were instrumented in this constant cross-section section in order to
measure the inlet Mach number. Utilizing a one-dimensional isentropic flow assumption,
the inlet Mach number can be found from the static pressure ring in the inlet and the
static pressure ring of the settling chamber. This assumption was validated in the
previous work done by Vaccaro (2011) utilizing a total pressure Kiel probe in the
constant cross-section region of the inlet duct. The total pressure of the inlet nearly
matched the pressure measured in the static pressure ring of the settling chamber. The air
velocity in the settling chamber is then small enough to be assumed to be zero allowing
the pressure and temperature measured in the settling chamber to be taken as the total
quantities. From the total quantities measured in the settling chamber and the static
pressure measured in the inlet, the Mach number from the isentropic flow assumption is

defined in Equation 1:
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Thus, a Kiel total pressure sensor is not needed to be in the flow for every experiment.
Following the constant area section of the inlet is the diffusing S-shaped test section
which will be discussed in detail in a later section. After the air goes through the inlet
duct, it exits the wind tunnel through a diffuser. This diffuser has a three degree angle to
decelerate the flow as well as to reduce the total pressure head as the air exits into the

open room.

2.2 Compressed Air Supply for Facility

The air supply for the flow control actuation was supplied by the building’s compressed
air that was tapped for use in the lab. From the main line, the air was first conditioned
passing through an air desiccant to remove any moisture, a 5 micron filter, and a
pressure regulator to maintain a steady 100 psi supply of compressed air for actuation.
After conditioning, the air was routed to the location of the experiment by means of
flexible plastic tubing, where brass plumbing and sensors were located to quantify the
incoming air before entering the inlet. This brass line was equipped with a ball valve to
allow use of air or none at all. This valve was upstream of the array of sensors which
included a flow meter (Omega FV-500 series Vortex Flow Meter), a thermocouple
(Omega T-type), and a pressure transducer (Omega 0-25 psig). The last component of
the brass line was a fine needle valve for regulating the mass flow into the actuator.

2.3 Inlet Duct Test Section

The inlet duct was designed with a length-to-diameter ratio of 1.6 and an offset of one
diameter. The duct had an initial rectangular cross-section of 90 mm tall by 114.3 mm
wide and transitioned to a square cross-section of 114.3 mm by 114.3 mm resulting in an
area ratio (Aexi/Ainler) Of 1.27. The test section design was modular to allow for easy
removal and exchange of parts, as can be seen in the exploded view of the duct in Figure
5. For example, two sets of windows were fabricated: one set made of aluminum utilized
for most of the experiments and the other set fabricated out of optical grade cast acrylic
solely for the use of particle image velocimetry (PIV).
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Figure 5: Exploded view of the inlet duct assembly

2.4 Flow Control Actuators

The focus of the work was to utilize flow control to improve the performance of a
compact inlet duct. Two different actuators were studied: a two-dimensional control jet,
and a “Fail-Safe” design actuator. The design and key parameters of these two actuators
is outlined in Sections 2.4.1 and 2.4.2, respectively.

Both actuators utilized a rotary valve system that enabled both steady and
unsteady forcing. This system was designed for the actuators of the previous work and
the new actuators were designed to incorporate this system. The rotary valve system
consisted of an electric motor coupled to a slotted rotor which mounted beteween two
bearings. The supply air is fed through one end of the rotor and on the opposite end an
electric motor was coupled to the rotor by a coupling. The slotted rotor had 10 slots
machined and only one exit orifice from the rotor cavity into a resonance chamber below
the actuator. This resulted in 10 actuation cycles per revolution of the rotor supplied to
any flow control actuator installed.

2.4.1 Two-Dimensional Control Jet Actuator

For comparative purposes the effect of a two-dimensional tangential jet on the current
1.6 L/D duct was studied. The two-dimensional control jet consisted of four parts which
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included an upper and lower module and two side plates highlighted in Figure 6. The
side plates brought the upper and lower parts together with a gap between them that
became the jet flow path. Between the side plates and the other two parts was a hand cut
rubber gasket to match the shapes of the parts and ensure an air tight seal at the
interfaces. Together these parts were then mounted on top of the resonance chamber of
the rotary valve. The flow path of the actuator was a region of constantly decreasing area
which nozzled to a final rectangular slit. The jet exit had a height of 0.5mm and a length
equal to the span of the duct 114.3mm. This flow path nozzled the jet to peak velocity at
the exit as well as directed the jet to exit tangentially at the point of initial curvature
within the duct (the inlet plane, x/D = 0).

The parts of the two-dimensional control jet were fabricated from stereo
lithography in a process with a tolerance of +0.1mm per 25.4mm of material.

Quantification of the actuator performance will be outlined in a later section.

Figure 6: Exploded view of the two-dimensional control jet

2.4.2 Fail-Safe Control Actuator

The concept of a “Fail-Safe” actuator design has been explored by researchers as
outlined in the introduction. The key motivation of the design was that it incorporated
both a passive and active flow control element into the design which would allow for

control to always be present in the event that the active device fails. The previous work
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Vaccaro (2011) showed significant improvement in pressure recovery by introducing
opposite sense vorticity to that of the natural secondary structures of the inlet duct. This
vorticity was produced using active flow control in the form of vortex generator jets
(VGJs) at different spanwise locations.

A top view of the actuator is shown in Figure 7 to show the relative spacing of
the passive and active elements with respect to one another. The jet diameter was
calculated assuming choked flow at the exit of the jet at the desired mass forcing ratio of
0.7 %, which was shown to produce the best results (see the previous work by Vaccaro
2011). The resulting jet diameter for an actuator with six jets was 2 mm. Additionally,
the jets were pitched 45° with respect to the surface of the actuator and skewed 60° with
respect to the freestream direction to replicate the same orientation of the VGJs used in
the previous work. This jet orientation in combination with a freestream creates a vortex
about an axis parallel to the freestream as shown by Johnston et al. (1990) and Khan et
al (2000).

The design of the vortex generator vanes (VGs) was designed around preliminary
results from the CFD simulations, which reported an inlet boundary layer thickness ()
of 5mm. The VGs were designed with an aspect ratio of 10 where the chord measured
1.25 6 and the thickness would be 0.125 8. The VGs would be skewed with mirrored
symmetry about the centerline. The skew angle was designed to be 8° with respect to the
freestream direction. The height of the VGs was designed to be variable for experiments.
Three heights were selected, which were also scaled to the freestream boundary layer
thickness provided by the simulation work at the time. The heights were 0.25 6, 0.50 9,
and 1.00 o.
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Figure 7: Top view of the Fail-Safe actuator with schematic of element spacing

As mentioned above, this actuator incorporated an array of three VGJs on each
side of the duct that would individually create a vortex that was oriented with downwash
along the centerline. These VGJs were upstream of VGs on both sides of the duct with
identical spacing as the VGJs. The concept of this actuator was that the vortex from one
VGJ will augment the vortex of the VG directly downstream to create one stronger
vortex with the same rotational orientation. It was then hypothesized that the three
augmented vortices from the VGJ and VG interaction would coalesce into one common
vortex with downwash along the centerline. The same would occur on the opposite half
of the duct resulting in two counter-rotating vortices with downwash along the centerline
of the duct. A graphic of this concept is illustrated in Figure 8.
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Figure 8: Conceptual diagram of the vortex development from the Fail-Safe actuator

An exploded view of the actuator assembly and the rotary valve system is shown
in Figure 9. Exploded in the vertical direction are the two main components of the
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actuator as well as the six VGs. The two main components of the actuator were the jet
contraction which acted as a conduit for the compressed air from the rotary valve to the
actuator surface module. The surface module was designed with the final nozzle for the
VGJs which transitioned to the final jet exit which was on the surface. Also on the
surface of the module were the slots for the VGs. This surface module was also
instrumented with static pressure taps downstream of the x/D = 0 inlet plane.

The jet contraction module, as well as the surface module, was fabricated using
stereo lithography. The parts were fabricated in a process with a tolerance of +0.1mm
per 25.4mm of material. The 6 VGs were machined from aluminum with three different
thickness aluminum spacer blocks (not pictured) to allow for the different VG heights.
Similar to the two-dimensional actuator, quantification of the Fail-Safe actuator

performance will be outlined in a later section.

Figure 9: Exploded view of the Fail-Safe actuator

2.5 Experimental Sensors and Data Acquisition
2.5.1 Pressure Transducers

The inlet duct, as described in the previous section, was instrumented with 126 static
pressure taps along the lower surface of the duct. The spanwise density of static taps

increased towards the side-wall with a single array on the opposite side as a symmetry
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check. Table 3 highlights the spanwise, z/D, and streamwise, x/D, locations of the static
tap locations on the surface. The static pressure taps were sampled by the means of four
pressure scanners (Scanivalve DSA3217, 16 channels each, £5 psid full scale). Two runs
were required to sample all of the static pressure taps, because only 62 of the 64 ports
could be sampled at a time. The last two ports of the pressure scanners were required for
all experiments in order to sample the settling chamber and inlet throat static pressure

rings to calculate the Mach number.

Table 3: Static pressure sensor locations

x/D D
0.250 0.000 -0.150 -0.250 -0.350 -0.425 -0.475
0.039 108 1 19 37 54 72 90
0.139 109 2 20 38 55 73 91
0.234 110 3 21 39 56 74 92
0.321 111 4 22 40 o7 75 93
0.398 112 5 23 41 58 76 94
0.467 113 6 24 42 59 77 95
0.531 114 7 25 43 60 78 96
0.591 115 8 26 44 61 79 97
0.710 116 9 27 45 62 80 98
0.812 117 10 28 46 63 81 99
0.905 - 11 29 - 64 82 100
0.973 118 12 30 47 65 83 101
1.046 119 13 31 48 66 84 102
1.124 120 14 32 49 67 85 103
1.206 121 15 33 50 68 86 104
1.291 122 16 34 51 69 87 105
1.377 123 17 35 52 70 88 106
1.464 124 18 36 53 71 89 107
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The static pressures measured from these taps will be used to calculate the
pressure coefficient (Cp) at each location. The definition of Cp used for this calculation is

defined in Equation 2:
Cp = (77— —1) )

yMlnlet Pinlet

In addition to the static surface pressure sensors, an instrument can was mounted at the
exit of the inlet duct to acquire the total pressure field at the AIP. Figure 10 shows the
instrument can mounted to the inlet duct that housed 8 rakes with each rake containing 5
sensor locations. At each location both an unsteady Kulite pressure transducer and a
steady total pressure tap were instrumented. A Kulite is an unsteady pressure sensor with
the capability of being sampled at 5 kHz. The numbering scheme of the Kulite sensors at
the AIP is shown in Figure 11. The perspective of Figure 11 is the same orientation as

Figure 10 where the observer is looking downstream toward the AlP.

Figure 10: Perspective of the inlet duct with the instrument can for AIP measurements
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Figure 11: AIP measurement plane and sensor locations

The pressure recovery (PR) of the inlet duct at the AIP was the main measure of
performance and is the bulk of the results presented in this manuscript. Pressure
recovery is a measure of total pressure loss from the inlet to the exit plane. This pressure
recovery parameter is defined in Equation 4 and 5.

1Py 41p)/40
POinlet
35
(221 PO,i AIP)/15 (5)
Pojntet

Equation 5 is the PR over just the lower half of the duct. Both the average PR and the

PRgyy = (4)

PRlowerhalf =

lower half pressure recovery are presented for all total pressure data collected at the AIP.
The lower half PR value was important in this work, because the flow field of the upper
half of the duct was very similar across all the experiments. By quantifying the PR on
the lower half alone, a better representation of the effect of an actuation method can be
quantified.

The ideal pressure recovery for an inlet would be a value of 1, meaning the total
pressure at the inlet plane is the same total pressure everywhere at the exit plane.
However, flow structures, such as vorticity and separation are mechanisms of pressure

loss and will be the focal point of the losses experienced within this inlet duct geometry.
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2.5.2 Constant Temperature Hotwire Anemometry

Hot wire anemometry was utilized in order to correlate the flow control actuator’s
supplied mass flow rate to a jet exit velocity. The velocity measurements were made by
an A.A. Lab Systems (Model AN-1005) constant temperature hot-wire anemometer.

The hot-wire used was a 70um diameter quartz fiber element with a length of
3mm. The probe holder was mounted to a set of three-axis traverses. The hot-wire was
calibrated before data collection using known exit velocities from a calibration nozzle.
The nozzle had a known area ratio as well as a pressure sensor to measure the fluid
before exiting through the nozzle. From these two known quantities the exit velocity was
calculated. A method of least squares was utilized to fit a fourth order polynomial to a
calibration of the wire to 7 known velocity points. After the wire was calibrated,

measurements of the actuator’s jet velocities were conducted.

2.5.3 Particle Image Velocimetry

In this work, particle image velocimetry (PIV) measurements were conducted in order to
collect quantitative flow measurement of the velocity field at different streamwise and
spanwise planes within the duct. PIV is an optical and non-intrusive technique that
requires the flow to be seeded with very small, nearly neutrally buoyant particles. These
particles within the flow are illuminated twice by a pulsed laser sheet with a very small
finite thickness. High speed cameras are synchronized to the pulses of the laser, and can
either take a single double exposed image (auto-correlation) or take a pair of single
exposed images (cross-correlation). The pulses of the laser are set, and the velocity of
the flow field can be calculated by tracking the small motions of the particles with the
know time delay between images.

All PIV experiments conducted for this work utilized a commercial LaVision
System that included both software and hardware. The software utilized was DaVis
version 7.1 and had many functions including synchronizing the hardware, image
processing, PIV processing, as vector post-processing. The hardware included two
120mJ Nd:YAG lasers and two 1376 x 1040 pixel resolution LaVision Imager Intense
CCD cameras. Additional hardware not from LaVision was a Martin Magnum 850 fog
machine utilized for seeding the flow with O(1um) smoke particles. As well as an array
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of different optics such as cylindrical lens utilized to create the laser light sheet, focal
lens for the laser to focus the sheet within the measurement field to the order of 1mm in
thickness, and camera optics for focusing the cameras at different focal lengths and
desired fields of interest.

Both two-dimensional and stereoscopic particle image velocimetry (SPIV)
techniques were used in this work. Two-dimensional PIV was conducted with only one
CCD camera which limited the complexity of the setup but only resolved in-plane
velocity vectors. SPIV measurements required two cameras facing the same
measurement domain with angle of incident between them of no more than 45° for the
half angle. For both PIV techniques, the cameras and laser were mounted on computer
controlled traverses to enable precise movement of the system together.

The flow field velocity components were computed by the DaVis 7.1 software
using the cross-correlation technique of pairs of successive images with 50 % overlap
between the interrogation windows. The successive images were processed using a
multi-pass method in which the initial and final passes were 32 by 32 pixels and 16 x 16
pixels, respectively.

For SPIV experiments collected at the inlet plane x/D = 0, 250 image pairs were
collected in two windows, with sufficient overlap, corresponding to the left and right
half of the span. A post-processing software, TecPlot, was utilized to stitch the processed
velocity component fields together for a continuous field of velocity vectors across the
span. SPIV measurements at the AIP were collected in one window of 450 image pairs.
Lastly, the two-dimensional PIV experiments of spanwise planes studying the incoming

flow field consisted of 250 image pairs for each plane.
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3. RESULTS AND DISCUSSION
3.1 Baseline Flow Field

The flow field within a compact inlet duct is highly influenced by a number of factors
such as the centrifugal forces and transverse pressure gradients that exist between the
upper and lower walls of the duct, which during the curved portions are responsible for
initializing the secondary flow development. Additionally, the presence of a streamwise
adverse pressure gradient, produced from the increase in cross sectional area, coupled
with the high centerline curvature are responsible for the streamwise separation within
the duct. The highly complex interaction of the separated flow and transverse velocity
components from the secondary flow dominate the baseline flow field within the duct
and cause the resulting loss in total pressure and unsteadiness at the AIP. In this section,
the flow field within the inlet duct will be presented without the introduction of flow
control. In respective sections the following topics will be covered: the uniformity of the
incoming flow field, the incoming boundary layer height, surface pressure data along the
lower surface of the compact duct, a number of different results obtained from both
steady and unsteady total pressure measurements at the AIP, and lastly SPIV results of
the baseline at the AIP.

3.1.1 Uniformity of the Incoming Flow Field

A number of techniques were utilized to quantify the incoming flow field prior to the
inlet plane of the duct (x/D = 0). The first method utilized was to traverse a total pressure
Kiel probe across the height and span upstream of the inlet plane at an x/D = -1.56. This
Kiel probe was traversed using a computer controlled traverse which was stepped in
0.5mm increments close to the wall, and then by 2.5mm increments within the center of
the duct. The height and span are normalized by the inlet width (D = 114.3 mm), and the
pressure measured by the Kiel probe is normalized by the total pressure measured within
the settling chamber. As seen in Figure 12a and b the total pressure is nearly uniform
across the height as well as the span of the duct, with the exception being the near wall
regions. This uniformity can be quantified by setting a threshold of 99 % of the inlet
total pressure. At this threshold the total pressure was uniform for 93.4 % of the height

and for 94.4 % of the span.
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Figure 12: Inlet total pressure field: (a) across the height (b) across span

Confirming the inlet flow was uniform was important to ensure that no flow
structures exist in the flow to affect the study of the flow physics within the inlet duct.
This uniform inlet flow was maintained downstream as can be seen in SPIV data
collected at the inlet plane of the duct in Figure 13. The most important feature of this
SPIV figure is that the velocity was uniform across the span of the duct. It can be seen
that there was a gradient of velocity in the height. This was an expected result as the
fluid close to the lower wall was locally accelerated to maintain attached flow around the
curvature of the duct in agreement with the Coanda effect. This acceleration close to the
lower wall is uniform across the span maintaining the two dimensionality of the

incoming fluid to the inlet plane, and above the non-dimensional height y/D = -0.1 the
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velocity was equal to the core flow.
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Figure 13: Baseline flow field at the inlet plane (x/D =0) of the duct

3.1.2 Incoming Boundary Layer Height

The height of the incoming boundary layer was also measured utilizing PIV
measurements, but in this case two-dimensional PIV of three spanwise planes. The
spanwise planes of z/D = -0.25, 0, and 0.25 where investigated in a window that spanned
from an upstream x/D = -0.5 to just downstream of the inlet plane x/D = 0.

Figure 14 presents the in-plane velocity vectors of all three spanwise planes
plotted on top of one another. There was very good agreement in the spanwise
uniformity of the incoming flow. There were a few vectors that don’t agree (very close
the wall) but were likely due to small imperfections in the data acquisition such as a
glare in the processed images or a very fine scratch on the windows of the test section.
Further away from the wall, the agreement in the vectoring of the core velocity close to

the x/D = 0 streamwise location was very good.
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Figure 14: In-plane velocity vectors of the incoming flow prior to inlet plane for three spanwise
planes: z/D =0 and z/D =+ 0.25

The boundary layer profiles can be extracted from the PIV data by plotting the
normalized streamwise velocity with respect to the non-dimensional height in y. Two
streamwise stations of boundary layer profile are plotted in Figure 15 along the
centerline location (z/D = 0). In this figure, the normalized streamwise velocity at x/D=0
are plotted as red squares, and streamwise velocities at x/D = -0.2 are plotted as blue
diamonds. The boundary layer heights for these two streamwise locations were 5.3 and
2.9 mm, respectively. These two heights were found using the definition of ¢4 along the
velocity profile and this boundary layer height will be of interest when discussing the

use of the passive vortex generators within the inlet duct.
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Figure 15: Boundary layer profiles for two streamwise locations, x/D = -0.2 and 0, along the

centerlinez/D=0
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3.1.3 Surface Pressure Data

Once the incoming flow was confirmed to be uniform and the height of the incoming
boundary layer was quantified, the effect of geometry on the flow field was analyzed.
First, the surface pressure field on the lower surface of the inlet duct was studied. A
color contour map of Cp is presented in Figure 16 from the one half of the duct span that
was instrumented. As a check of symmetry, Figure 17 plots an array of static pressure

taps were placed at z/D = +/- 0.25 as well as z/D =0.
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Figure 16: Surface contour map of Cp Figure 17: Line plot of Cp over streamwise distance for

for baseline three spanwise locations z/D = 0, and +0.25

In Figure 16, there was a large region of large suction pressure from x/D = 0 to
just beyond x/D = 0.2. This represents the region of local flow acceleration around the
initial curvature of the duct that was first shown in Figure 13. The suction peak present
in Figure 17 for the three streamwise locations plotted supports the presence of locally
accelerated flow. The contour lines from x/D = 0.2 to x/D = 0.32 were very close
together, suggesting a sharp rise in static pressure. This rise could have been caused by
decelerating near wall fluid due to the presence of the adverse pressure gradient within
the duct curvature. This sharp rise was also visible in Figure 17, reaching a peak and
flattening out (suggesting separated flow). From the line plot, the three locations began
to diverge from symmetry around x/D = 1.0. This asymmetry will be further discussed in

the following section in which the total pressure measurements at the AIP are reported.
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3.1.4 Steady and Unsteady Total Pressure Measurements at the AIP

The instrument can at the exit of the inlet duct test section housed both steady pressure
measurements as well as high frequency response Kulite pressure transducers at each of
the 40 probe locations. The steady pressure probes were primarily utilized to create a
time averaged pressure recovery contour plot at the exit plane. In Figure 18a through d,
the pressure recovery contour plots for inlet Mach numbers of 0.2, 0.3, 0.44, and 0.58
are shown, respectively.
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Figure 18: Pressure recovery contour plots at the AIP for
@M=0.2(b)M=0.3(c) M=0.44 and (d) M = 0.58
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Provided with each of these plots is the PR averaged over the entire exit area
(PRavg) as well as the just the lower half average (PRiower naif). These values were found
using the Equations 4 and 5.

From these figures it could be seen that as the Mach number was increased
incrementally, the pressure recovery across the lower half of the duct decreased
significantly. This reduced pressure recovery is the result of losses that came about due
to the streamwise separation as well as the secondary flow structures within the duct.
These losses increased as the Mach number increased because both the extent of
separation increased as well as the strength of the vortex pair associated with the
secondary flow increased.

Also common across this Mach number sweep was that in the upper corners of
the AIP were regions of decreased pressure recovery which could be attributed to the
corner effects of the square inlet duct cross-section. These corner effects are caused by
streamwise vortices which developed from the sharp corners of the square duct. This
was a localized structure and had little to no effect on the overall flow field. Although, a
square duct is not a practical cross-section used in applications, previous work within the
literature, such as Taylor et al. (1982) and Ng et al. (2006) have shown that square ducts
have similar inlet flow structures as their circular counterparts.

From the pressure recovery contour plots the orientation of the secondary flow
structures was predicted together with past intuition gathered from the work of Vaccaro
(2011). The orientation of this vortex pair that developed is highlighted in Figure 19 by
black arrows. It is known that this type of structure develops into counter-rotating pairs
(Wellborn 1993) and will follow the path from high to low pressure which was predicted
to be along the side walls. The same orientation was confirmed in the previous work on
the L/D = 1.5 duct. This orientation of the vortex pair was important for the later
sections on flow control, because a control scheme that introduced the opposite counter-
rotating vortex pair was employed to attempt to eliminate this structure’s effect on the
flow field.
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Figure 19: Predicted orientation of the secondary flow cells at the AIP, M =0.44

A note that needs to be made is the slightly asymmetric flow field observed, most
clearly seen in the lower two Mach number cases Figure 18a and b. When the duct was
assembled the first time, extensive attempts were made to fill a small gap between the
side windows and the lower floor of the duct specifically for the Mach = 0.44 cases. This
gap was filled with clay and smoothed to match the inner surface of the sidewall and
floor and the resulting flow field was that of Figure 18c. Initial comparisons of the
baseline experimental results to the simulation work done proved unsuccessful, and the
results were analyzed further to find the cause of the discrepancy.

The standard deviation of the PR for the Mach = 0.44 is plotted in Figure 20.
There were two regions, left and right sides of the centerline, where there was a high
level of fluctuation within the pressure recovery. The fluctuations were from a region of
low pressure that switched from left to right about the centerline. This fluctuation was
realized in the two unrelated PR contour plots of Figure 21, which were averaged over
0.05s (note that this is the same time window as the CFD simulations). In the two
unrelated instances shown, the low pressure region on both the left and right side explain
the standard deviation field plotted as well as the time averaged results that showed a
symmetric distribution. Figure 22 presents the time history of the Kulite pressure data at
the AIP, for sensor 21 plotted in red and 31 plotted in blue (located on opposite sides of
the centerline), over one 2.0s loop of data collection. This fluctuation showed that when
sensor 21 had a peak pressure recovery there was attached flow on that half of the duct
and separated flow within the region of sensor 31. The opposite was also true; when
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sensor 31 reported a peak pressure recovery value there was attached flow in the vicinity

of the sensor and separated flow on the opposite half of the duct closest to sensor 21.

Figure 20: Plot of Standard Deviation Figure 21: Two unrelated PR contour plots showing PR
of PR for baseline M = 0.44 over 0.05s of data collection
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Figure 22: Temporal PR signal from Kulite sensors 21 and 31 over 2sec window showing the
switching from left to right of the low pressure region within the duct

A spectral analysis of the pressure signals at the AIP was studied for this baseline
test with a Mach number of 0.44. The power spectra of three transducers: 21, 27, and 31
were measured and are shown in Figure 23. As it was shown above, sensors 21 and 31
were off centerline while sensor 27 was along the centerline. The spectral analysis
showed a large difference in energy level between the off centerline sensors to the
centerline over the lower frequency range. This was related to the high level of
fluctuations present in this region as shown in Figure 20. Another feature found was the
existence of a peak occurring at 120 Hz across the span. This frequency was likely
associated to an instability of the duct that could be a factor of the height of the duct (an

analysis of the source of this frequency was conducted by Vaccaro in 2011).
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Figure 23: FFT of three pressure transducer signals (sensors 21, 27, 31) for baseline, M = 0.44

As mentioned in Section 2.3, the window modules of the test section were
replaced prior to PIV experiments. After making these changes, the baseline flow field
was reinvestigated and the symmetric pressure recovery field discussed could not be
obtained. Instead, the low pressure region was fixed to one side of the duct, as is seen in
Figure 24. This distribution of PR resembled that of one instance of Figure 21, and the
time history showed no switching of the low pressure region. This result compared better
to that of the CFD simulations which is presented in Figure 25. A hypothesis for this
asymmetric distribution is discussed in the dissertation by Chen (2012) who conducted

the simulation work in conjunction with the experimental work.
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Figure 24: Asymmetric Baseline M =0.44 Figure 25: CFD Results using DES for M=0.44

[courtesy Chen 2012]

To briefly highlight the cause of the asymmetric distribution, the two key

components are the streamwise separation and the secondary flow structures within the
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duct. These two structures have a complex interaction from the streamwise separation
and the transverse velocities of the secondary flow that produces a state of access energy
that cannot be accommodated by the duct. Many inlet ducts have shown a flow topology
that is known as an owl face of the first kind (highlighted in Section 1.2.1., Wellborn
1993). This flow structure is naturally unstable because of the presence of a saddle to
saddle connection. The first saddle point’s origin is from the streamwise separation
around the first turn of the duct, whereas the second saddle point is the result of the
spanwise invasion from the secondary flows that meet at the centerline and lift off the
surface. Tobak and Peake (1982) explained that this naturally unstable condition adopts
an asymmetric distribution in nature in order to reach a condition of stability. This
finding has not been reported in the literature for a similar inlet duct geometry, therefore,
the hypothesis is that this duct has a unique balance of streamwise separation and
secondary flow structures, due to the curvature and compactness of the inlet. There
exists a balance in the interaction of the initial separation that has an influence on the

same order of magnitude as that of the secondary flow’s streamwise invasion.

3.1.5 SPIV Measurements at the AIP

SPIV measurements were utilized to visualize the velocity field at the AIP. Figure 26
presents the in-plane streamlines superimposed on color contours of out-of-plane

normalized velocity.

0.5 i

Figure 26: SPIV results of baseline M = 0.44 collected at the AIP
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A better understanding of the PR field at the AIP was gathered from the SPIV
results. When the SPIV results were compared to the corresponding region of the PR
recovery field (Figure 24) there existed a number of qualitative similarities. First, the
large vortex on the left side of the duct within a region of low axial velocity (both
mechanisms of total pressure loss) corresponded well to the region of low pressure
recovery measured by the total pressure sensors. The distribution of the higher
momentum core flow within the SPIV results also compared very well to the shape of
the higher pressure recovery regions reported by the pressure sensors.

3.2 Flow Control from Two-Dimensional Control Jet Actuator

The first flow control actuator that was investigated was a two dimensional jet exiting
tangential to the duct surface. The objective of this technique was to eliminate separation
on the lower surface of the duct. The jet exit was at the inlet plane (x/D = 0) in order to
take advantage of the Coanda effect. As highlighted in the introduction, this actuation
technique has shown significant results in preventing flow separation in other works as
well as the previous work of this project. Utilizing a similar actuator design in this inlet
duct was a key motivation of this study. In the following sections the results of the

actuators effect on the inlet duct’s flow field will be presented.

3.2.1 Actuator Calibration of Two-Dimensional Control Jet Actuator

The first thing that will be presented regarding the two-dimensional control jet actuator
is a correlation of the exiting jet velocity to the input mass flow rate. This was studied
because during experiments only the mass flow rate, pressure, and temperature of the
compressed air supplied to the actuator were measured and not the jet velocity. The jet
velocity was necessary to quantify the level of flow control by using the jet’s blowing
ratio or momentum ratio. These parameters are commonly used to quantify the level of

control applied. The definitions of these parameters (and the mass forcing ratio) are

defined as:
_ 1ypjAjU} ©)
HArea PooAccUS
M .
— ]
Cr =4 (7)
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The area-based momentum coefficient, C, Areq 1S the ratio of the momentum of the
control jet to the momentum of the flow field at the inlet of the duct, where nj is the
number of jets within the actuator, p; and p,, are the densities of the control jet and inlet
flow, respectively, A; and A, are the cross-sectional areas of the control jet and inlet
duct, respectively, and Ujand U, are the velocity at the jet exit and core flow velocity of
the duct, respectively.

The blowing ratio, Cp, is the ratio of the exit Mach number of the control jet to
the Mach number of the core flow within the inlet duct, and the mass forcing ratio, m, is
the percentage ratio of the control jet’s mass flow rate, i}, to the inlet duct’s mass flow
rate, m,, at the inlet plane.

In order to measure the jet exit velocity, constant hotwire anemometry was
utilized. The specifics of the technique were described earlier in Section 2.5. Presented

in Table 4 are CMAreaand C), averaged along the span of the actuator at 5 slit locations.

Table 4: Calibration of two-dimensional control jet to mass forcing ratio

Mass Forcing Ratio
0.3% 0.5% 0.7% 0.9%
Coprea 0.0032 0.0051 0.0085 0.0114
Cp 0.9434 1.0027 1.1966 1.2709

3.2.2 Results of Actuation on the PR at the AIP

The first investigation of the two-dimensional jet actuator was to sweep through the four
mass forcing ratios of 0.3, 0.5, 0.7, and 0.9% and investigate the resulting effect on the
pressure recovery at the AIP. In the same manner as the baseline PR results, the steady
pressure sensors within the measurement can were utilized for this data acquisition.
Figure 27a-d present color contours of PR at the AIP for mass forcing ratios of 0.3, 0.5,
0.7, and 0.9%, respectively.
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Figure 27: PR contour plots at AIP with forcing from the two-dimensional control jet
(@)m =03% (b)m =05% (c)m =0.7%(d) m =0.9%

Note that these results were obtained before the steady state asymmetric baseline
was collected. Therefore, these forced cases should be compared to the unforced
baseline presented in Figure 18c. In these cases, the time averaged baseline was
symmetric with the switching left to right of the low pressure recovery region as mention
in Section 3.1.4.
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It can be seen that the symmetry begun to be lost at the lowest forcing case of
0.3%. As the forcing level was increased, the asymmetry increased, but by the largest
forcing case of 0.9% it had transitioned back towards a more symmetric distribution of
PR. The same hypothesis, as presented in Section 3.1, for why the baseline flow field
experiences an asymmetric PR field could be utilized to provide a plausible explanation
for what had occurred with this actuation technique. Further investigation would be
needed to confirm this.

As stated earlier, the two main mechanisms that dominated the flow field were the
streamwise separation as the secondary flow structures. The two-dimensional jet actuator
added momentum purely in the streamwise direction and was focused in the lower wall
region by the Coanda effect. This increased momentum added additional energy to an
already unstable condition, pushing the PR field towards the asymmetric condition. As
the forcing was increased the asymmetry also appeared to increase, however what was
different in the 0.7% forcing case from the 0.5% case was that flow re-attached on one
side of the duct. Re-attachment of the flow field on one side had changed the interaction
of the separation and secondary flow. Once the flow field experienced reattached flow
upstream of the AIP, increased forcing will improve re-attachment of the flow along
centerline as well as concentrate the secondary structures within the lower corners of the
duct. These same results from a two-dimensional control jet were reported by Vaccaro
(2011). What this actuation technique lacks, however, was the ability to completely
eliminate the secondary flows within the duct, and this was the same conclusion made by
Vaccaro (2011). This actuation technique was successful in re-attaching the flow
especially along the centerline. However, this attached flow along -centerline
concentrated the secondary flows into the lower corners of the AIP as was reported in
the 0.9% forcing case. Therefore, it can be concluded, as it was in the previous work,
that this actuation is not ideal for improving PR within compact inlet ducts of similar

geometry.

3.3 Flow Control from Fail-Safe Actuator

One of the main contributions of this work was to investigate a fail-safe actuator design

within an inlet duct as recommended by the previous work of Vaccaro (2011). Here,
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each flow control device (i.e., the VGJs and VGs) was investigated individually to
quantify the contributions of each device to PR improvement at the AIP. After
investigating the individual contributions, the tandem cases of passive and active control
will be discussed. An additional set of experiments are presented in the active control

only cases to investigate any presence of hysteresis in actuation.

3.3.1 Actuator Calibration of Vortex Generator Jets

Similar to the calibration of the two-dimensional control jet actuator, the mass flow rate
to the vortex generator jets needed to be correlated to an exit jet velocity. Each of the six
VGJs were investigated for the four mass forcing ratios used with the two-dimensional
control jet. The results shown in Table 5 are the average values across the six jets of the
actuator as there was very little variation in the exit velocities of each jet.

Table 5: Calibration of vortex generator jets to mass forcing ratio

Mass Forcing Ratio
0.3% 0.5% 0.7% 0.9%
Chiprea 0.00405 0.00849 0.01447 0.01957
Cp 1.20891 1.66781 2.03848 2.15312

3.3.2 VGs Alone

The first set of experiments presented from the Fail-Safe actuator was for the case where
only the VGs augmented the flow field. The height of the VGs was varied using
different sized spacers placed between the VG and the actuator module. These spacers
are not visible in Figure 9, but fit over the height of each vane. Three heights were
selected for testing and were scaled based on initial simulation results of the incoming
boundary layer thickness at the inlet plane of the duct. The predicted boundary layer
height, 6, was 5 mm and each of the heights tested was scaled by this value as 0.25 6,
0.50 8, and 1.00 6. The first data set collected for these experiments were PR contour

maps at the AIP. These results are presented in Figure 28a - c.
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The effect of the VGs on the PR at the AIP was very small, where improvement
in the PRiowerhair of 0.88 %, 1.16 %, and 1.04% were achieved for VG heights of 0.25 3,
0.50 8, and 1.00 &, respectively. These results show that the VGs had some effect on the

flow field; however, it is minimal when compared to the effect of VGJs, as will be
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Figure 28: PR contour plot for VG only cases
(a) Height = 0.25 & (b) Height = 0.50 6 (c) Height=1.00 &

discussed in Section 3.3.3.

An interesting note from these experiments was that the PR field at the AIP was
noticeably different for the 0.50 & case. This case appeared to be more symmetric and

exhibit a larger influence along the centerline than the other cases. This result made
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sense when the height of the boundary layer within the region of the VGs was
considered. The boundary layer height was measured from Figure 1 to be on the order of
5 mm upstream of the VG streamwise station. However, the flow was locally accelerated
in the near wall region close to the turn, where the VGs were located. This accelerated
flow resulted in a smaller boundary layer height on the order of 3 mm. It has been shown
in the literature that a VG height on the order of the boundary layer was the most
effective (Anabtawi et al. 1999). Therefore, the 0.50 & would be expected to have a
larger effectiveness than heights above and below 0.50 6. Studying the effect of the VGs
individually and understanding the contribution of these devices alone aided in the

considerations made for the combination cases of the Fail-Safe design.

3.3.3 VGJs Alone

Following the experiments of the VGs alone, the contribution of the VGJs independently
was tested. Actuation of the six VGJs within a cross flow was predicted to create six
vortices along the length of the span as was shown in Figure 8. SPIV measurements
were conducted at the inlet plane of x/D = 0 (12.75 jet diameters downstream of the jet
exit) to visualize the incoming flow field and investigate the presence of these vortices.
The span was divided into two windows; left and right of the centerline, and 250 image
pairs were taken within each window. The results presented in Figure 29 plot in plane
velocity vectors superimposed on color contours of out of plane (streamwise) vorticity
for the mass forcing case of 0.7%. Visualized in this figure are six concentrations of
streamwise vorticity corresponding to the six VGJs. The sense of rotation (downward
along centerline) matches the expected result for pitched and skewed jets with similar

geometry within a cross flow.

Figure 29: SPIV results at x/D = 0 for VGJ only case withm =0.7 %
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This visualization of the vortices produced by the VGJs at the inlet plane of the
duct, show the relative size of the structures compared to the span and height of the inlet
plane. An investigation into the effect of this flow control at the AIP was studied for
varying the levels of actuation. The PR at the AIP is plotted for the four quantities of

mass forcing ratio tested as shown in Figure 30a - d.
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Figure 30: PR contour plots for VGJs only cases
(@m =03%()m =05%(C)m =0.7% (d)m =09%

From the PR plots a clear trend was concluded. As the mass forcing of the jets
was increased, the PR at the AIP also increased. The PR over the lower half of Figure
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30a - d was improved by 16.2%, 18.2%, 20.7%, and 28.9%, respectively, from the
baseline’s PR deficit from an ideal value of 1. This improvement can be elucidated by
recalling that the VGJs were oriented on either side of the centerline with the jet exit
directed towards the sidewalls. The skewed and pitched jet in the presence of a cross
flow introduced three dimensionalities in the form of a streamwise vortex with
downwash along the centerline. This structure was convected downstream with the core
flow and the strength of the vortex was diminished by the presence of the opposite sense
secondary flow. This vortex produced had the greatest strength while still near the
sidewalls. In this region, the control was able to counter the downwelling of the
secondary flow decreasing spanwise velocity that would occur when the downwelling
reached the floor. This decrease in spanwise velocity aided in the overall increase in
pressure recovery. Furthermore, by the time the forcing had reached the centerline,
momentum was lost and the effectiveness of the forcing was reduced within this region.
From the figures, a region of larger pressure loss was contained along the centerline
close to the lower wall.

The cause for this region of pressure loss was realized through SPIV
measurements conducted at the AIP. Presented in Figure 31 are in-plane streamlines
superimposed on color contours of normalized streamwise velocity for a mass forcing
ratio of 0.7%. Qualitatively, the streamwise velocity contours were representative of the
pressure recovery contours for the mass forcing case shown in Figure 30c. The region of
high pressure loss along the centerline in the bottom half of the duct of the pressure
recovery (Figure 30c) can now be explained in more detail from the velocity field
captured by the SPIV. This low pressure recovery region was occupied by a vortex pair
and region of low axial velocity. This vortex pair was fed by the downward velocity
along the sidewall that was swept towards the centerline along the lower wall and was
finally lifted off the lower wall at the centerline into the core of the vortex pair. This
secondary flow pattern had the sense of rotation which was the opposite sense of rotation
of the VGJs. Although no additional mass forcing ratios were examined with SPIV
measurements, it was suspected that the vortex pair found in Figure 31 will vary in size
proportionally to the size of the region of low pressure recovery in the lower half of the

plots of Figure 30.
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0.5

Figure 31: SPIV results measured at AIP for VGJs only withm  =0.7 %

To further understand the influence of the VGJs only, the unsteady pressure at
the AIP was measured using the Kulite pressure transducers. From the Kulite data the
power spectra were calculated and are presented in Figure 32a - d for the four mass
forcing ratios. The power spectra presented were for three locations at the AIP,
corresponding to sensors 21, 27, and 31. These sensors were along the lower half of the

duct with one to the left of centerline, another on the centerline, and the third to the right

of the centerline (see Figure 11 for sensor locations).
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Figure 32: FFT of pressure transducer signal (sensors 21, 27, 31) at AIP for VGJs Only Cases:
(@m =03%((b)m =05% ()m =0.7% (d)m =0.9%

The pressure recovery data had alluded to the fact that the forcing had a strong
influence in the regions away from the centerline. The spectral analysis data presented in
Figure 31 showed similar trends. As was shown in Figure 21 (the baseline spectral
analysis), the off centerline sensor locations had much higher levels of energy than that
of the centerline. When flow control was applied and the mass forcing was increased, the
difference in energy from the centerline to off-centerline locations decreased.
Furthermore, when the mass flow was 0.9%, the power spectra off centerline and on
centerline were very similar. The power spectra revealed how the unsteadiness within
the duct varied with actuation. The baseline spectra exhibited a peak at around 120 Hz
that was attributed to the shedding frequency of the separated flow. In the forced cases, a
peak was present at 200 Hz for both the centerline and off-centerline sensors throughout
all mass forcing levels. The increase in the frequency was most likely due to the
alteration of the flow field by the VGJs, where the extent of the separation was reduced
and thus the frequency increased.

As was shown in the past, for external flows or for internal flows with a large
L/D, unsteady actuation was more effective than steady actuation. This was reported in
the work of (McElwain 2002), who studied a rotary valve actuator within an S-duct.
However, the work by Vaccaro (2011) on a very aggressive duct (L/D = 1.5) showed no

additional benefit when unsteady actuation was applied. In general, unsteady actuation
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takes advantage of flow instabilities by forcing at these frequencies which increases
these modes and aid in flow reattachment. In order to explore the effect of the actuation
frequency on the PR at the AIP, forcing frequencies of 120, 360, and 1200 Hz were
investigated corresponding to the shedding frequency identified in the baseline (120 Hz),
the second harmonic of this frequency (three times higher), and an order of magnitude
higher frequency, respectively. The results of this unsteady actuation on the PR at the

AIP, along with the steady actuation, are presented in Figure 33a - d.
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Figure 33: Effect of unsteady actuation on PR at the AIP with VGJs alone, m = 0.7 %, for all cases.
Frequencies tested: (a) 0 Hz (b) 120 Hz (c) 360 Hz (d) 1200 Hz
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The results of the unsteady actuation showed no meaningful effect on the PR of
the flow field. This compares well with the conclusion of Vaccaro (2011), and was due
to the presence of strong quasi-steady secondary flow structures at the AIP. As shown
previously, the flow field was dominated by a steady vortex pair at the aerodynamic
interface plane (Figure 31), and this steady structure proved to be unaffected by unsteady
actuation. Additionally, the shedding frequency reported in the baseline power spectra
was altered by the steady jets, thus, no significant effect was reported for unsteady
actuation.

To further analyze the effect of the VGJs on the flow field, two experiments
associated with hysteresis were conducted. The first experiment investigated actuation in
two different control methodologies: Control of Separation and Separation Control. The
prior is the use of flow control after separation has occurred to regain an attached flow
state, while the latter applies actuation prior to separation occurring. The second
hysteresis experiment studied the effect of increasing the mass forcing of the actuator
from no control up to maximum mass forcing, and then back down again to no control.
Studying these cases was not only important from a flow physics perspective but also
from a controls perspective if a closed-loop control scheme were to be developed for this
actuator.

The first experiment compared actuation in a control of separation method and in
the method of separation control by changing the order in which the wind tunnel was
operated and when the control via the VGJs of the Fail-Safe actuator was applied.
Control of separation was conducted with the tunnel on prior to the actuation of the
VGJs whereas separation control was conducted with the jets actuated prior to the wind
tunnel turned on. The results of three mass forcing ratios are presented in Figure 34a - f.
For the same levels of mass forcing, the time when control was supplied to the duct did
not affect the results of pressure recovery at the AIP. This occurred because of the
degree of separation as well as the strong secondary flow structures that were present in
the duct. The actuator had the ability to improve the pressure recovery from the baseline
condition; however was not completely eliminating either one of the two dominating
features of the flow field. With these structures still present, the flow field behaved

identically even though actuation was present prior to the initial time of separation.
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Figure 34: Control of separation: () m =0.3% (b)m =0.5% (c)m =0.7 %
Separation control: (dym =03% (e)m =05% (f)m =0.7%

The second experiment comparing the effect of increasing actuation to
decreasing actuation was conducted for the same three mass forcing ratios of 0.3%,
0.5%, and 0.7%. The corresponding PR results for these actuation levels are reported in
Figure 35a - f. This experiment was conducted in one continuous run in the following
sequence that is described. The wind tunnel was first set to an inlet Mach number of
0.44, and after steady state was reached, the actuation was applied with a mass forcing
ratio 0.3% to the duct. For this actuation the PR field at the AIP was recorded. While the
tunnel was still at the same inlet Mach number, the mass forcing was increased to the
next mass forcing level of 0.5 % and the data was again collected. This was repeated at
0.7 % then increased up to 0.9 % (not shown), then decreased backed down to 0.7 %,
followed by 0.5 %, 0.3 % and a baseline case. Not presented are the baseline cases and
0.9 % cases, but the trend reported in Figure 35 is representative of those cases where no

clear difference was found.
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Figure 35: Hysteresis Experiment:
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Decreasing mass forcing: (d)m =0.3% (e)m =05% ()m =0.7%

As can be seen in the figures presented, the effect of increasing and then
decreasing the mass forcing had no significant effect on the pressure recovery at the AlIP.
Similar to the previous experiment conducted, the two dominating structures were still
present even at the higher mass forcing ratio, therefore a lower forcing level could not
take advantage of an eliminated loss within the duct. The only shortcoming of this
hysteresis experiment was that the results presented were time-averaged results. The
flow field did return to a similar state whether actuation was increased or decreased,
however the transient response of the actuation was not represented in this data and

further studies would be needed to investigate this possibility.
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3.3.4 Fail-Safe VGs and VGJs Together

After investigating the individual contributions of the VGs and the VGJs, the
combination cases in the Fail-Safe design were analyzed to study their effect on the flow
field of the inlet duct. The combination cases were grouped by VG height and for each
height the four mass forcing ratios of 0.3, 0.5, 0.7, and 0.9 % was tested. Figure 36a — d
investigated the pressure recovery at the AIP for the case of 0.25 ¢ with the mass forcing
ratios presented, respectively, Figure 37a — d presents the pressure recovery for the VGs
at a height of 0.50 6 for each of the four mass forcing ratios, and lastly Figure 38a - d
presents the pressure recovery for the VGs at a height of 1.00 o for the same four mass
forcing ratios. Following these figures, Figure 39 summarizes the pressure recovery data
for all of the combination cases, as well as shows the case of no VGs as a reference.

The results of the combination cases showed a similar trend to the VGJ only data
in that the increase in mass forcing increased the resulting PR at the AIP. As the mass
forcing level was increased, the PR along the side walls improved first and with
increased forcing improved down towards the lower wall. The cases with the VGs at
0.25 8 and 0.50 & at the highest mass forcing of 0.9 % (Figure 36d and Figure 37d)
showed qualitative similar results to one another as well as the results of the VGJs alone
at 0.9 % (Figure 30d). The PR had been improved in these cases down the side wall and
had an influence on diminishing the size of the low pressure region on centerline in the
lower half of the AIP. The largest VG height, 1.00 3, tandem case with 0.9% mass
forcing (Figure 38d) showed considerably less PR improvement especially towards the
centerline along the lower wall when compared to the two lower VG heights tested with

similar mass forcing ratios.
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As a summary of all of the data presented in Figure 36 - Figure 38, Figure 39
plots the pressure recovery values calculated over the entirety of the AIP. The symmetric
baseline PR is plotted as the circle which is the first point of the case of not VGs plotted
as the blue diamonds. The pressure recoveries corresponding to the data presented in
Figure 36 was plotted as squares, the cases shown in Figure 37 were plotted as triangles,
and lastly the results within Figure 38 were plotted as x’s. The summary plots the

pressure recovery of the cases as a function of mass forcing. On the y-axis are the results
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of zero mass forcing which correspond to the baseline as well as the VG only cases (no

active forcing is present). For comparison, the VGJ only cases were plotted as diamonds.
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Figure 39: Summary of the average PR at the AIP for the Fail-Safe actuator experiments

A number of interesting conclusions can be drawn from this figure. As presented
earlier in the VG only experiments, the case of the VGs at a height of 0.50 6 showed the
best pressure recovery and was justified by the fact that the boundary layer height was
on the order of the size of the VGs at the inlet plane of the duct. Therefore, it would be
expected that the combination cases for VGs at a height 0.50 6 would show the best
performance. However, it was the smaller VG height of 0.25 & that showed the best
tandem PR. This had occurred because the VGs were located downstream of the VGJs.
When forcing was introduced by the jets, increased momentum was injected near the
lower wall which would decrease the size of the boundary layer approaching the VGs.
The VGs to a certain degree were being forced by the VGJs which would require a lower
vane height for the same level of effectiveness.

In addition, this figure showed that the VGs aid in the improvement of the PR at
the AIP. The PR contour plots presented for the VG only cases showed very little

improvement qualitatively but the quantitative results showed a contribution in control
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except at the highest forcing ratio of 0.9 %. At this forcing ratio, the jets are dominating
the local flow field of the inlet plane and render the VGs nearly ineffective.

Interestingly, the largest VG height tested of 1.00 & showed the worst
performance when forcing was introduced. The VGs actually increased total pressure
loss within the duct and was likely due to the fact that the elements were too large for
this application. However, there was an alternative hypothesis that had not been
explicitly tested and will be suggested for future work. The spanwise spacing of the
VGJs and VGs was not optimized. The center of the VGJs orifice were implemented
directly upstream of the leading edge of the VGs in this work as an initial proof of
concept. The streamwise vortex produced by the jets does not propagate directly
downstream at the same spanwise location as the point of injection. This has been
shown, both in the work of Johnston et al. (1990) as well as Khan et al. (2000). The PIV
of the VGJs alone at the inlet plane (Figure 29) showed spanwise propagation of the
vortices produced by the VGJs a little more than twelve jet diameters downstream of
their exit. Therefore, it is possible that the VGs at 1.00 6 are producing streamwise
vortices but the location of the vortices of the jets on the span was in a region in which
the two countered one another rather than augmented positively as the concept presented
in Figure 8. This requires further analysis to confirm and will be suggested for future

work.
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4. CONCLUSIONS AND SUMMARY

This work investigated two flow control actuators within a compact inlet duct with a
length-to-diameter ratio of 1.6 and an aspect ratio of 1.286 at the inlet. The two actuators
studied were a two-dimensional Coanda jet actuator and a Fail-Safe actuator of vortex
generator vanes and vortex generator jets. The compactness of the duct had a large
degree of centerline curvature that lead to separation, and the pressure gradients around
the turn caused strong secondary forces to be produced.

The performance of the actuators was studied using static pressure
measurements, unsteady and steady total pressure measurements, and stereoscopic and
two-dimensional particle image velocimetry techniques. These studies provided analysis
of both the time-averaged flow field as well as the spectral content to explore the effect
of actuation. As shown, the baseline flow field of this duct was a special case that had a
highly complex interaction of separated flow and spanwise invasion from the secondary
flow. Initially, the baseline case consisted of an unsteady flow field with a large flow
structure at aerodynamic interface plane that switched from one side of the duct to the
other side over time. The geometry was hypothesized to be at a critical value where the
symmetric owl face separation of the first kind was possible, but as it was shown, when
the conditions changed slightly, that a non-symmetric time-averaged flow field was
formed.

Actuation from a two-dimensional Coanda jet resulted in the enhancement of the
asymmetry at the exit plane although exhibiting the best pressure recovery of all
techniques tested. This actuation method appeared to increase the energy imbalance
within the duct and led to a large region of low pressure on one side of the duct. When
the mass forcing was increased to the highest value of (m = 0.9 %) the distribution
became less asymmetric; however, the development of corner structures (similar to the
results reported by Vaccaro, 2011) were found. This actuation method enhanced three-
dimensionality rather than reducing it within the duct. When the centerline was re-
attached, it isolated the secondary structures within the lower corners of the duct.
Therefore, this was not the ideal actuation method for a compact inlet duct of this aspect

ratio.
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Actuation from the Fail-Safe actuator was also investigated, where first the
passive and active elements were tested independently, followed by testing them in
tandem. Three passive vortex generator vane heights were tested and showed minor
improvement in the pressure recovery at the aerodynamic interface plane. The height of
0.5 6 showed the best results reporting a 13.5% improvement in pressure recovery from
the baseline. This was due to the fact that the boundary layer height in the vicinity of the
vanes was similar to the height of this vane. The other two vane heights were above and
below the boundary layer height, which proved to be less effective. The incidence angle
of the vanes tested was rather low at 8° and as it was found not ideal for the production
of the strongest vortex.

The vortex generator jets showed significant improvement to the pressure
recovery at the exit plane. Actuation from the jets resulted in a symmetric pressure
recovery at the aerodynamic interface plane. The highest mass forcing (m = 0.9 %)
provided nearly 29% pressure recovery improvement towards an ideal pressure recovery
value of 1.0. The spectral content of the flow field was also studied under mass forcing
from the vortex generator jets and the flow unsteadiness was significantly reduced across
the lower half of the duct. The stereoscopic particle image velocimetry results showed
that a counter rotating pair existed at the exit plane for the mass forcing case of 0.7 %
and was the cause of the low pressure region along the centerline within the lower half
of the duct’s exit.

The combination of the passive and active elements of the Fail-Safe actuator
showed promising results. The cases of the vanes at heights of 0.25 ¢ and 0.50 6 with
mass forcing from the jets showed higher pressure recoveries than the jets alone at
similar mass forcing ratios. The best pressure recovery improvement was for a
combination of a vane height of 0.25 § and a jet forcing of 0.9%, which yielded a 28.2%
improvement in pressure recovery over the baseline case. As mentioned in the results
discussion, the spanwise and streamwise spacing was not optimally designed and the
interaction of the jets and vanes could be improved further. Furthermore, the mass
forcing ratios tested in this work are within the ideal conditions for application. Flight

applications typically require less than 2.0 % bleed from engine bypass. Therefore, the
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application of this flow control actuator shows promising results that should be studied
further.

To conclude this work, a summary of the pressure recoveries for the baselines
and all flow control cases was reported in Table 6. The pressure recovery averaged
across the entire aerodynamic interface plane was reported as well as the pressure
recovery over just the lower half of the plane. The percentage of improvement made to
the baseline’s deficit in pressure recovery from an ideal value of 1.0 was also reported.
For an inlet duct with similar geometry to this work, a flow control method that
addresses the three-dimensionality of the flow (i.e. vortex generator jets in this work)

will provide the best pressure recovery, reduce unsteadiness, and reduce distortion.
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Pressure Recovery

% Improvementto PR =1

from Symmetric Baseline

Cases Total AIP AIP Lower Total AIP AIP Lower
Half Half
3 o Symmetric 0.9487 0.9144 - -
s = Asymmetric | 0.9524 0.9201 - -
0.3 % 0.9491 0.9143 0.70 0.12
a3 0.5 % 0.9540 0.9245 10.34 11.82
E g g 0.7 % 0.9636 0.9457 28.94 36.53
0.9 % 0.9719 0.9618 45.26 55.32
> 0253 0.9535 0.9232 9.32 10.29
S 0.50 8 0.9549 0.9260 12.01 13.52
S 1.003 0.9544 0.9248 11.08 12.12
0.3% 0.9564 0.9283 15.02 16.17
P 0.5 % 0.9573 0.9300 16.67 18.16
€ 5 0.7 % 0.9581 0.9322 18.25 20.73
0.9 % 0.9617 0.9392 25.35 28.92
0.3% 0.9568 0.9290 15.76 17.00
< o 0.5% 0.9568 0.9291 15.83 17.13
5 98 0.7% 0.9606 0.9367 2311 2598
~ 0.9 % 0.9613 0.9386 2453 28.24
0.3 % 0.9564 0.9283 15.00 16.21
s o 0.5 % 0.9568 0.9291 15.82 17.17
S g 0.7 % 0.9601 0.9356 22.09 24.75
g 0.9 % 0.9612 0.9380 24.24 27.61
0.3 % 0.9554 0.9261 12.99 13.66
= < 0.5 % 0.9564 0.9280 14.88 15.87
5 %9 0.7 % 0.9569 0.9291 15.93 17.17
~ 0.9 % 0.9601 0.9359 22.17 25.13

Table 6: Summary of all pressure recovery results
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5. RECOMMENDATIONS FOR FUTURE WORK

The results recorded within this work have highlighted the need for further research on

this geometric inlet duct as well as the parameter space of the Fail-Safe actuator in order

to gain a deeper understanding of the three-dimensional flow field and how flow control

can best improve performance at the AIP. The author recommends:

1.

5.

A more thorough stereoscopic particle image velocimetry of the duct’s baseline

flow field, as well as when flow control is applied, should be investigated.

Detailing the flow field along the curvature could gain insight into the interaction

of the separation and spanwise invasion of the secondary flow.

A transient test of increasing vs decreasing mass forcing ratio would be insightful

to how the aerodynamic interface plane changes. Utilizing the high frequency

response of the Kulite pressure transducers or time resolved particle image

velocimetry would be a good way to investigate this.

The mass forcing from the vortex generator jets should be explored up to values

of 2.0% to investigate if/when the secondary flow structures are mitigated.

a. Improvements to the compressed air facilities within the lab are planned

for future work.

The parameter space of the Fail-Safe actuator should be investigated to improve

the interaction of the jets and vanes to optimize streamwise vorticity production.

a. The best way to explore this parameter space would be to step away from

the complexity of this inlet duct geometry. A simple two dimensional
diffuser is a good test bed for flow control in the presence of an adverse
pressure gradient that could cause flow separation along a surface. This is
test section has already been designed. The aspect ratio has been
increased to 2.29, requiring a new tunnel contraction to fit within the
existing facility, which can be seen in Figure 40, along with the test
section and aft diffuser. A closer image of the newly designed test section
is shown in Figure 41. The test section has a module for introducing
boundary layer distortion upstream of the area change. It is also
instrumented with surface static pressure taps, total pressure rakes
downstream of the diffuser section, and wide optical access for
techniques such as stereoscopic particle image velocimetry.

After the actuator parameter space has been optimized, it should be brought back

to the inlet duct geometry from this work to compare results and verify the

actuator design within a complex three-dimensional flow field.
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Figure 40: Two-Dimensional diffuser for flow control testing

Figure 41: Profile view of two-dimensional diffuser test section
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