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ABSTRACT 

There has been growing use of microscale flowfields in a diverse range of applications, including 

active flow control. While these actuators have proven effective, further investigation would 

increase the understanding of these flowfields from a fundamental fluid mechanics aspect and 

assist in their optimization. Current flow visualization techniques lack either temporal or spatial 

resolution necessary to resolve small-scale and high-speed flow structures. Therefore, a laser-

based microschlieren system has been developed to image several microscale flowfields, 

including: a 1mm free jet, a small-scale Hartmann tube, several variations of a Resonance-

Enhanced Microjet (REM) actuator, and a sparkjet actuator. Laser-induced breakdown in argon 

is used to generate a light source with a ~10 nanosecond pulse width, which is capable of 

freezing features present in each of these small-scale, high-speed flows. This light source is 

coupled with a high-magnification schlieren system with a resolution of 140 pixels/mm to 

acquire high spatial and temporal resolution schlieren images. Through the use of this technique, 

various measurements such as shock oscillation displacements, jet front velocities, phase 

correlations between the aeroacoustic structures, etc. were acquired and compared with acoustic, 

pressure, and temperature measurements. The results show that the REM actuator has the 

capability to produce microjets with velocities pulsing from near zero to supersonic, while 

operating at high frequencies (1-10kHz). Studies from the sparkjet actuator using this new 

technique found shocks in the exhaust indicating local high-speed flow, which has previously not 

been seen. Lastly, the instantaneous images captured with the laser-based microschlieren system 

of the sparkjet actuator and one variation of the REM actuator were compared with snapshots 

from CFD simulations. Favorable results were found for the simulation of the REM actuator, but 

the sparkjet actuator simulation requires refinement. This new flow visualization technique has 

generated exceptional results, and will be a useful tool for researchers in future studies.  
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CHAPTER ONE 

INTRODUCTION 

In recent years microjet flowfields have been used increasingly for multiple applications such as 

active flow control, micropropulsion, cooling of electronics, drying of paper, etc. While 

microjet-based systems have proven to be successful in many specific areas of interest, further 

investigation of the flow physics would assist in the optimization of such devices and increase 

the understanding of these complex and diverse flowfields. At FSU‟s Advanced Aero-Propulsion 

Lab (AAPL), new high-speed and high-frequency pulsed microactuators are under development. 

Due to the scale of these flows, it is currently difficult to resolve the spatial and temporal 

evolution of any features that may exist. Although microschlieren techniques have been 

developed to further resolve stable features, these techniques are unable to resolve any feature 

which is moving at or above sonic speeds. The current high-speed, high-frequency flow control 

devices under investigation in this study include the Resonance-Enhanced Microjet (REM) 

actuator and the sparkjet actuator. In order to characterize both of these flow control devices, it is 

necessary to develop a new flow visualization technique that can capture all features present. 

1.1 Flow Visualization Techniques 

There are two common techniques for using schlieren photography to visualize flowfields: lens-

based and mirror-based systems. The most common mirror-based system used is the 

conventional Z-type schlieren system shown in Figure 1.1. This system is typically used for 

larger flowfields, because large mirrors are readily available and relatively affordable. The dual-

field-lens schlieren system, shown in Figure 1.2, is also a common schlieren system; however, it 

is typically used for smaller flowfields due to cost of the lenses. Regardless of the type of 

schlieren system, the concept is the same. Light generated from a source is focused onto a slit 

using a condenser lens. This light is subsequently collimated using a lens or mirror, which passes 

through the flowfield under investigation. A second lens or mirror is used to focus the light 

again, which then hits a screen or camera sensor. It is at this second focal point that a knife edge 

is placed to block part of the light. When properly aligned, the placement of this knife edge will 

merely darken the image uniformly. A schlieren image is acquired due to changes in the index of 

refraction of light caused by a density gradient in the flowfield. When light passes through a 

density gradient, it is slightly refracted or bent. Equation 1.1 is the relationship between the index 
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of refraction, n, and the density of air, ρ, where k is the Gladstone-Dale coefficient. It is observed 

from Equation 1.1 that the index of refraction only changes by 0.3% with an order of magnitude 

change in density. It is this weak dependence that causes the need for a highly sensitive system, 

and a knife edge is used for this purpose. Also, the light is refracted in the direction of the 

density gradient; therefore, the knife edge needs to be oriented perpendicular to the gradient in 

order to visualize the flowfield. The path of the refracted light will either be blocked or 

unobstructed by the knife edge causing dark and light regions in the image, respectively. Figure 

1.3 is a typical schlieren image illustrating the effect of the knife edge. Due to the scale of the 

flows visualized for this study, the laser-based microschlieren system was developed as a dual-

field-lens system. 

             (1.1) 

 

 

 
Figure 1.1: Conventional Z-type schlieren system. 

 

 

 
Figure 1.2: Dual-field-lens schlieren system. 
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Figure 1.3: Typical schlieren image of an underexpanded jet with an LED light source. 

 

 

1.1.1 Microschlieren technique 

While in-line, dual-field-lens schlieren systems have been used for many years, recent 

developments in the fabrication and uses of micronozzles have pushed researchers to develop 

highly magnified dual-field-lens microschlieren systems such as Scroggs and Settles [1] for 0.6-

1.2mm free jets and Phalnikar et al. [2] for 0.2-0.4mm free and impinging jets. Scroggs and 

Settles [1] used 150mm, f/3 field lenses for the schlieren system used. No information is given 

on the camera or focusing lens used to magnify the flowfield. Phalnikar et al. [2] used a 200mm 

Nikon imaging lens with a 2x converter for both 51mm, f/6 and 25mm, f/2.6 field lenses giving 

magnification of 1.3 and 3.6, respectively. In both studies, graded filters were used in place of a 

knife edge at the cut-off location in order to reduce diffraction effects. According to Settles [3] 

using a graded filter instead of a knife edge introduces several benefits at the cost of reducing the 

sensitivity of the system. These benefits include reductions in diffraction effects and vibration 

sensitivity inherent in the optical system, the former being the sole reason in these studies for 

using a graded filter [1], [2]. While both Scroggs and Settles [1] and Phalnikar et al. [2] were 

able to achieve high magnification in their schlieren images, it was noted by both researchers that 

„smearing‟ of turbulent structures and acoustic phenomena occurred in their images. This 

smearing was caused by the pulse duration of their light source, which essentially sets the 

exposure time of the image acquired. Scroggs and Settles [1] used a microsecond-range strobe 

xenon arc lamp as the schlieren light source. Phalnikar et al. [2] used a stroboscopic lamp with a 

pulse width of 5-10µs as a light source. Although both experiments were completed using light 

sources in the microsecond range, this pulse width is still not short enough to “freeze” the 

unsteady flow features present on these scales. Therefore, in order to properly visualize flows on 

this scale, a light source with a shorter pulse duration is required. 
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1.1.2 Schlieren light sources 

Due to the small scale and high-speed nature of the flowfields under investigation, it is necessary 

to reduce the exposure time of the images as much as possible in order to “freeze” structures 

present in the flowfield.  Equation 1.2 was used to find an initial estimate for an exposure time, 

ΔT, that would limit the number of pixels traveled, Pi, to less than 5. Acoustic speed at ambient 

conditions was used for the maximum velocity, vmax, and the resolution of the image, IR, was 

found to be 140 pixels/mm. With these values, ΔT was found to be ~100ns. Therefore, to keep 

the smearing to less than 5 pixels, the exposure time is must be on the order of 10ns.                    (1.2) 

The first option is to reduce the camera exposure settings, which AAPL‟s current 

available cameras are limited to the order of 100ns. This exposure time is an order of magnitude 

larger than the required time, eliminating this technique. A second option to reduce the exposure 

time is to use a short duration pulsed light source. Due to the rapid development in light emitting 

diode (LED) technology, an attempt was made at using high frequency pulsed LEDs. Paul 

Hendrick and Associates donated several LED devices built from Luxeon Rebel white LEDs. 

Unfortunately, the results were limited using these devices, which produce a minimum pulse 

width on the order of 10µs. Buttsworth et al. [4] were also able to achieve schlieren images on 

the order of 10µs using Luxeon LXHL-BD01 LEDs. Willert et al. [5] acquired megahertz rate 

schlieren images of a 5mm impinging jet using LEDs with a pulse width of 500ns. These LEDs 

are inexpensive and readily available, but currently they still do not produce short enough pulse 

widths to “freeze” high-speed flowfields on a microscale.  

 The spark gap is another widely used light source that produces white light with a pulse 

duration in the range of 0.1 – 1µs [3]. However, Fischer [6] developed a way to further reduce 

the pulse duration of these devices to the order of 1-10ns, the Fischer Nanolite. Miyashiro and 

Gronig [7] later developed an inexpensive nanosecond spark light source with a pulse duration of 

12-15ns (full-width half-max); however, it requires expensive hardware to run. Vogel et al. used 

a commercially available Fischer Nanolite with a pulse duration of 12ns that allowed them to 

capture structures in an ablation plume of 2-100µm moving at speeds of 110-5550m/s. While 

these nanolite and nano spark light sources produce light on the time scales of interest, the 

Fischer Nanolite is expensive, and the other developed devices require expensive equipment 

rarely found in fluids labs. 
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Another option for producing a short pulse duration light source is to use a laser, which 

can easily give pulses on the order of 1ns and are commonly found in fluids labs for particle 

image velocimetry (PIV). Also, laser light is monochromatic. According to Settles [3], 

monochromatic light avoids chromatic aberration seen in images using white light source, which 

is beneficial for schlieren imaging, especially with lenses. Unfortunately, direct laser light has 

one serious drawback due to the emitted light being coherent: diffraction effects. Any scratches 

or dirt on the lenses will cause constructive and destructive interference in the light due to 

diffraction. This results as light and dark bands or fringes in the image. It was attempted to use 

direct laser light as a light source because of its advantages, but the diffraction effects far 

outweighed the benefits. Several attempts were made to break up the coherence in the light 

causing the diffraction effects by passing the laser light through different materials such as thin 

white plastic and ground glass. Each material used generated a similar image that was very 

grainy, which was presumably caused by imperfections in the materials. While the diffraction 

effects were eliminated, all attempts failed to produce the desired results from using direct laser 

light. Vogel et al. [8] were able to produce dark-field images with direct laser light by using a 

300 m long multimode optical fiber in order to eliminate the coherence in the laser light while 

retaining a pulse width on the order of 10ns. Although this technique appears promising, it has 

currently not been attempted due to lack of current resources in the lab. 

Recently, a new technique has been developed utilizing the short duration pulse of a laser 

to create an incoherent, white light source. Murphy et al. [9] focused a pulsed Nd:YAG laser 

onto a tungsten wire, which was housed inside a pressurized chamber of argon generating a 

short-duration white light source. Through the use of this technique, Murphy et al. were able to 

visualize the shock waves from an exploding bridge wire with high contrast. Unfortunately, little 

information is given on the duration of the spark. Beutner et al. [10] continued the use of a 

pulsed Nd:YAG, frequency-doubled laser (250 mJ per pulse, 532nm wavelength) for inducing 

optical breakdown in argon, but removed the tungsten wire. In Beutner‟s setup, the laser was 

focused to a point inside of a chamber open on two sides for optical access, with a port on the top 

allowing argon gas to enter the chamber. The argon intensified the light up to 450% higher than 

breakdown in air and stabilized the plasma in location and intensity. The duration of the plasma 

was measured to be 148ns (full-width half-max). The technique was further enhanced by Volpe 

and Settles [11], when a dual pulsed, frequency doubled Nd:YAG PIV laser (120 mJ/pulse, 
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532nm wavelength) was used to acquire schlieren images to measure convective velocities 

through PIV of structures in the flow. According to Volpe and Settles, the plasma duration was 

found to be on the order of 10ns. There is an order of magnitude difference in the measurements 

for the pulse duration of the plasma from these two studies. Another study on the optical 

breakdown of argon using a pulsed Nd:YAG laser with a wavelength of 1064nm by Galt et al. 

[12] found the duration of the plasma to be 30ns full-width half-max. Because the equipment 

necessary to generate this light source, an Nd:YAG PIV laser, was available in the lab, this laser-

based technique was coupled with the microschlieren system. Also, the Nd:YAG laser was 

frequency doubled as opposed to using the fundamental wavelength due to the reduction in 

plasma duration shown in the previous studies, and the shorter wavelength has a lower 

breakdown threshold. 

1.2 Active Flow Control Actuators 

There have been many types of active flow control devices implemented in many different 

flowfields in order to reduce or eliminate adverse effects which may be present. As research on 

these devices progresses they are becoming smaller in scale. Steady microjets are one example, 

having an exit diameter of 400µm. Zhuang et al. [13] used steady microjet injection at the 

leading edge of a supersonic cavity, which reduced the cavity tones by up to 20 dB and overall 

sound pressure levels by 9 dB. Alvi et al. [14] implemented supersonic microjets at the nozzle lip 

of an impinging jet similar to that seen on a short take-off vertical landing aircraft. The microjets 

reduced the near field noise by 8 dB and were able to generate reductions in lift loss. While 

steady injection has proven effective, pulsed or modulating actuators have also proven to be 

successful in similar flowfields. Raman et al. [15] used a flapping jet on the floor of the entrance 

of a supersonic cavity, which was able to suppress the tones inside of the cavity by nearly 10 dB. 

Rowley et al. [16] used a loud speaker as a flow control device on a subsonic cavity by attaching 

it to a slot in the upstream cavity wall. Through the use of this device, the resonant tone was seen 

to split into two tones, known as “peak splitting”, and it was also found that the resonant tone 

could be shifted to a higher frequency. Kastner and Samimy [17] used a device placed at the 

nozzle lip of an impinging jet called a Hartmann Tube Fluidic Actuator. Two Hartmann tubes 

were placed on either side of the nozzle lip with a cut-out facing the nozzle. The spilling and 

acoustic resonance produced by these actuators showed some promise by effectively suppressing 

the impinging tone at 5.2kHz. Choi et al. [18] created pulsed microjets at several hundred hertz 
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by blocking and opening the microjets periodically using a circular disk with symmetrical cut-

outs. It was found that the impinging tones could be reduced as much as with steady microjets 

through operating this device with a 40% duty cycle. The impinging tones could be completely 

suppressed, and the overall reduction was further increased by pulsing the microjets with an even 

higher duty cycle. Due to the success of these modulating or pulsing actuators, the Resonance-

Enhanced Microjet (REM) actuator was developed in order to pulse the supersonic microjets at 

higher frequencies to possibly further reduce adverse flow effects and decrease the mass flow 

rate. 

1.2.1 REM Actuator 

The REM actuator generates pulsed microjets through the unsteady flowfield that is produced by 

an underexpanded jet from a 1mm nozzle (the source jet) impinging on a cavity. A spreader is 

placed at the bottom of the cavity, which has several orifices, typically 4-6, each with a diameter 

of 400µm. The jets created by the micronozzles placed along the spreader are pulsed at 

frequencies on the order of 1-10kHz due to the resonant nature of the flowfield. Solomon et al. 

[19] were able to vary the pulsing frequency of the actuator by changing three control knobs: the 

distance between the source jet nozzle and the cavity (h/d), the source jet pressure ratio 

(NPR=P0/P∞), and the cavity volume (V). Here, d is the source jet diameter, P0 is the total 

pressure of the source jet, and P∞ is the ambient pressure. By changing these parameters, it was 

found that the actuator could be tuned for frequencies ranging from 10-15kHz. Solomon et al. 

[20] further refined results on the REM actuator by acquiring random schlieren images of the 

actuator indicating subsonic and supersonic exhaust from the microjet array, and developed a 

model for selecting parameters for an actuator which produces tones from 1-60kHz. Lastly, 

Solomon [21] developed a lumped element model for predicting the frequency of the actuator. 

Currently, Solomon et al. [22] have placed these actuators on the nozzle lip of a supersonic 

impinging jet, which were found to nearly eliminate the primary tone while occasionally 

producing a secondary tone. Ali et al. [23] implemented the REM actuator at the lip of a 

supersonic cavity, where it was found to reduce the cavity tone by 7 dB and the broadband levels 

by 4-6 dB. While the actuator has proven to be successful in several flowfields and the frequency 

modes of the actuator have been characterized, only limited flow visualization has been 

completed. With enhanced flow visualization, further understanding of the actuator can be 

gained, including determining the duty cycle of the high-speed microjet exhaust and how various 
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parameters affect the output of the device. In this work, the duty cycle is defined as the 

percentage of the pulsing period where shock cells are present in the microjet exhaust indicating 

high-speed flow. 

1.2.2 Sparkjet Actuator 

The second flowfield visualized was that of the sparkjet actuator. This is a zero-net-mass-flux 

device which uses a high energy electrical discharge to heat the air inside of a cavity to create 

pulsed jets through orifices located on the top of the cavity. The actuator was first proposed by 

Grossman et al. [24]. In initial studies, schlieren images showed that a jet was exhausting from 

the orifice, and initial Computational Fluid Dynamics (CFD) simulations predicted jet exit 

velocities as high as 1500m/s [24]. The device was described as having three phases: electrical 

discharge and internal heating, exhausting of the jet, and refreshing of the cavity. In the initial 

design, a cathode and anode were used with a voltage potential across them below the necessary 

breakdown voltage. A third electrical component, the grid, a metal section in the cavity wall, was 

used to initiate the spark. Grossman et al. [25] further simplified the sparkjet actuator in the 

second generation by removing the grid, leaving a cathode and an anode, across which a 

capacitor bank discharges. High-speed video schlieren images were acquired for a single 

discharge of the sparkjet actuator, but the results were very limited. Haack et al. [26] 

characterized the third and current generation of the sparkjet using digital speckle tomography 

and PIV. In this generation of the actuator, two sustain electrodes are connected to a capacitor 

bank with a voltage below the breakdown voltage. A third electrode, the trigger electrode, is used 

to initiate the electrical breakdown through the use of a single high voltage pulse. Again, the 

experimental results are limited in this study. The PIV only acquired entrained velocities up to 

55m/s due to lack of seeding inside of the cavity. These velocities are much lower than the 

predicted exit velocities by the CFD simulation. While experimental results of the sparkjet 

actuator have yet to show the high-speed flows predicted by the CFD, Narayanaswamy et al. [27] 

have developed a similar actuator, the pulsed-plasma jet, which has been shown to produce jet 

exit velocities exceeding 300m/s. The pulsed-plasma jet consists of a cathode and anode placed 

at each end of a cylindrical cavity. A gated circuit is used to discharge a capacitor bank 

connected to the electrodes. A single 1.8mm diameter hole is placed on the side of the cavity to 

produce the jet. Although these results seem promising it should be noted that experiments were 

completed at 0.05atm, which allows the electrodes to be placed much farther apart than at 
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atmospheric conditions. The increase in volume of air between the electrodes increases the 

heating to the air inside of the cavity, which in turn generates higher exit velocities. Through the 

use of the pulsed-plasma jet, Narayanaswamy [28] was able to force the frequency of the 

separation shock foot in front of a ramp by pulsing the jets in a Mach 3 flow. Even though the 

actuator was used at low ambient pressures, the results are promising. Therefore, further 

characterization of the sparkjet actuator would assist in implementing the device in flowfields 

with higher ambient pressures. 

1.3 Summary/Motivation 

As shown, both the REM actuator and the sparkjet actuator show potential as flow control 

devices in high-speed flows. However, the current experimental results, especially flow 

visualization, are very limited. Therefore, a new laser-based microschlieren system was 

developed implementing laser-induced breakdown in argon and a highly magnified dual-field 

lens system to achieve the high spatial and temporal resolution required to study these 

microactuators. Further investigation of these devices will increase the understanding of the 

flowfields and facilitate optimizing and implementing the actuators. 
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CHAPTER TWO 

EXPERIMENTAL SETUP 

2.1 Laser-based Microschlieren System 

All of the images presented are acquired with the laser-based microschlieren system (LBMS) 

shown in Figure 2.1. Excluding the light source, the microschlieren system is similar to that 

developed by Phalnikar et al. [2]. Initially, the light passes through a rectangular slit, which is 

used to create sharp edges on the light source. The schlieren lenses used are plano-convex 

25.4mm diameter f/2.4 for acquiring magnified images for both actuators, and plano-convex 

50.8mm diameter f/2.6 lenses for acquiring full view images of the REM actuator. A knife edge 

was selected for the schlieren cut-off to increase the sensitivity of the system, where previously 

Scroggs and Settles [1] and Phalnikar et al. [2] used a graded cut-off in order to reduce the 

effects of diffraction. A Nikon 28-200mm zoom camera lens is used to magnify the image, and 

the camera used to acquire the images is a Kodak Megaplus ES 1.0, with a resolution of 1018 x 

1008 pixels. All images are acquired using proVISION
TM

 software. 

 

 

 
Figure 2.1: Schematic of the laser-based microschlieren system. 
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2.1.1 LBMS Light Source 

The broadband light for the schlieren system is generated from laser-induced breakdown in 

argon. A New Wave Gemini PIV laser was selected due to its short pulse duration of 3-5ns, 

which was found by Volpe and Settles [11] to sustain the plasma for ~10ns. The laser is focused 

using a 50.8mm, f/1.5 plano-convex lens, selected due to the size and placement of other 

necessary optics. A cylinder of compressed argon is regulated to supply approximately 4 L/min 

onto the plasma, where higher flow rates showed no effect. The argon was found to increase the 

light intensity of the spark 3-4 times compared to breakdown in air, and decrease the jitter of the 

spark in the beam direction of the laser [11]. Although the argon assisted in reducing the jitter, it 

is still present, and the knife edge must be oriented parallel to the laser beam direction. The light 

from the breakdown is focused onto the rectangular slit of the microschlieren system using a 

50mm f/1.4 camera lens. The height of the slit was minimized in order to further increase the 

sensitivity based on Equation 2.1 from Settles [3]. S is the schlieren sensitivity; f2 is the focal 

length of the second schlieren lens; and a is the unobstructed height of the light source image in 

the cutoff plane. This unobstructed height is determined by the height of the slit. In this case, f2 is 

fixed in order to achieve the required magnification.             (2.1) 

2.1.2 Argon Supply Chamber 

The argon cell is made from a square tube of aluminum with an aluminum cap on each end. Both 

caps have a ~50mm diameter cut out for the laser to pass through the cell. There is also a ~50mm 

diameter hole on the side of the cell for passage of the white light generated by the breakdown. 

This white light is captured by a camera lens shown in Figure 2.2. On the top of the argon cell 

are ¼” NPT threads to easily attach the argon feed line connected to the high pressure cylinder. 

The inside of the cell is covered with adhesive backed black felt, which helps eliminate 

reflections inside of the chamber. 
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Figure 2.2: Photograph of the argon cell for the LBMS. 

 

 

2.2 REM Actuator 

Three different REM actuators were visualized using the LBMS: an actuator with a single 

microjet (mj), a 4 microjet array, and a 6 microjet array. Schematics of these devices are shown 

in Figures 2.3-2.5. Figure 2.6 is a photograph of the REM actuator with 6 microjets. All three of 

these devices are made from Plexiglas
TM

 and consist of the following key components: the 

source jet, the impinging cavity, and the microjet orifices. For the 4 microjet and 6 microjet 

actuators, a spreader is placed at the bottom of the cavity so that the microjets can be spaced 

1.5mm apart in a linear array. The pulsing frequency of the microjets, a key feature of this 

actuator, is tunable using the following control variables: the nozzle pressure ratio (NPR=P0/P∞), 

the nozzle to cavity distance (h/d), and the actuator volume (V). Details of the specific cases 

studied for each actuator are listed in Table 2.1. The source jet is formed from a simple 

hypodermic steel tube nozzle with an inner diameter of 1mm connected to a compressed nitrogen 

cylinder. A regulator on the nozzle feed line allows for control of the NPR. The nozzle is 

attached to a microtraverse, allowing for precise variations in the distance between the source jet 

and the actuator cavity that it impinges on, h/d. The microjets are produced from orifices at the 

bottom of this cavity, each of which has a diameter of 400µm and a length of 500µm. 
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Figure 2.3: Schematic of REM actuator with 1 mj. 

 

 

 
Figure 2.4: Schematic of REM actuator with a 4 mj array. 

 

 

 
Figure 2.5: Schematic of REM actuator with a 6 mj array.  
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Figure 2.6: Photograph of REM actuator (6 mj). 

 

 

Table 2.1: Unsteady pressure and acoustic spectra information 

 

Device NPR h/d 

Sampling 

Rate 

(samples/sec) 

Low Pass 

Filter Setting 

(kHz) 

FFT Size/ 

Averages 

(50% Overlap) 

Frequency 

Resolution 

(Hz) 

Hartmann 

Tube 
6.8 1.8 350,000 90 32768/199 10.7 

REM – 1 mj 6.8 1.8 350,000 90 32768/199 10.7 

REM – 1 mj 7.5 1.8 250,000 90 16384/199 15.3 

REM – 4 mj 6.8 1.5 70,000 30 4096/199 17.1 

REM – 4 mj 8.2 1.5 250,000 90 16384/199 15.3 

REM – 4 mj 8.2 3.0 70,000 30 4096/199 17.1 

REM – 6 mj 5.5 1.5 300,000 100 8192/199 36.6 

REM – 6 mj 6.8 1.5 300,000 100 8192/199 36.6 

REM – 6 mj 8.2 3.0 300,000 100 8192/199 36.6 

 

 

The total pressure of the REM actuator source jet is monitored in a plenum chamber 

upstream of the nozzle using an Omega® model PX303-200G5V pressure transducer. Acoustic 

measurements are made with a B&K Type 4939 microphone coupled with a Type 2670 

preamplifier powered by a Nexus Conditioning Amplifier Type 2690. For the 4 microjet REM 

actuator, unsteady pressure measurements are acquired inside of the impinging cavity of the 

actuator with a Kulite®, model XCQ-062-3.5BARA. A schematic of Kulite® probe location is 

shown in Figure 2.4. All measurements are taken using an NI PCI-6110, 12-bit card. A Stanford 

dual channel low pass filter, model SR640, is used for all measurements acquired. Table 2.1 

shows the sampling rate and filter settings for each case studied. 

A diagram of the setup used for capturing the phase-locked images of the REM actuators 

and a Hartmann tube, with the same dimensions as the single-jet REM actuator, can be seen in 

Figure 2.7. These devices are phase-locked using the microphone signal, which is initially band-

pass filtered using a Stanford SR 650 filter with a window of ±200Hz around the peak frequency 
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in the acoustic spectra (case dependent). The signal frequency is then divided using a Hendrick 

and Associates Laser-Lock Model 88 to reduce the frequency to ~10Hz, which is output in the 

form of a square wave. A Stanford DG 535 delay generator is externally triggered with the 

frequency divided signal, producing a 200µs square pulse used to trigger the camera software. 

The output from the DG 535 is set to specific delays based on the frequency of the flowfield in 

order to capture 100 images per phase at twelve equally spaced phases in the actuator cycle. The 

timing diagram for the phase locking set-up can be found in Figure 2.8. The band-pass signal and 

the Q-switch signal are recorded to accurately determine the drift present between the images 

taken at each phase.  

 

 

 
Figure 2.7: Phase-locking hardware for REM actuators. 

 

 

 
Figure 2.8: Acoustic timing diagram. 
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Global images are taken of each of the actuators with the larger schlieren lenses, and 

magnified images are taken of the source jet and microjet to resolve more of the flow features for 

several cases of the REM actuator with 6 microjets. For acquiring the magnified images, a test 

rig is used to maintain the microphone distance from the actuator and ensure consistency in the 

reference phase angle. The magnified images acquired are compared with the global field images 

to ensure that there is no phase shift during acquisition. 

2.3 Sparkjet Actuator 

A schematic of the sparkjet actuator used in this study is shown in Figure 2.9, with a photograph 

of the device shown in Figure 2.10. The actuator is composed of a cavity, two sustain electrodes, 

a trigger electrode, and an orifice array. The cavity is formed from a hole with 8.8mm diameter 

in a square piece of Macor
TM

 5.8mm thick, which is covered on both sides by glass disks 

enclosing the cavity and allowing optical access. A second hole on the side of the cavity is used 

to secure a cylindrical piece of Macor
TM

 that holds all three electrodes. The sustain electrodes are 

connected to a capacitor bank sustaining 600V. The trigger electrode is used to supply a short-

duration, high-voltage (1-12 kV) pulse to ionize the air between the sustain electrodes. This 

trigger pulse causes an arc discharge of the capacitor bank between the two sustain electrodes. 

The electrical discharge transfers heat to the air inside the cavity, thus generating a high pressure. 

Jets exhaust from the orifice array through four 400µm nozzles spaced 1.5mm apart, until the 

pressure inside the cavity equalizes with the ambient pressure.  

 

 

 
Figure 2.9: Sparkjet actuator schematic. 
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Figure 2.10: Sparkjet actuator photograph. 

 

 

The sparkjet actuator is arranged such that a Scientech 301020R photodiode could be 

placed against one of the optical windows to record the timing of the electrical discharge by 

measuring the light output from the plasma created. The photodiode signal and the Q-switch 

signal from the laser are recorded using the NI PCI-6110 card. Although the sparkjet fires 

consistently, there is a small amount of jitter (±1µs) between the signal sent to fire the sparkjet 

and the electrical discharge. A comparison between the photodiode and Q-switch signals is used 

to determine the timing of each image captured. 

A diagram of the setup used for acquiring the images of the sparkjet actuator is shown in 

Figure 2.11. The camera software is used to trigger both the camera and the laser. The trigger 

signals can be seen in Figure 2.12. A delay generator is used to trigger the sparkjet by increasing 

the delay between the camera signal and the sparkjet signal. Images are taken of the sparkjet 

actuator at multiple delay times by adjusting the signal from the delay generator to the sparkjet 

relative to the Q-switch. For consistent output of the laser, the delay between flash lamp and Q-

switch is fixed at 180µs. The sparkjet is triggered off of the flash lamp signal and delayed based 

on the 180µs delay between the flash lamp and the Q-switch. Images acquired at different delays 

using the laser-based microschlieren system are used to measure jet front and blast wave 

velocities of the sparkjet exhaust. 

 

 

 
Figure2.11: Sparkjet imaging hardware. 
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Figure 2.12: Sparkjet input signals. 

 

 

2.4 Measurement Uncertainty 

The B&K Type 4939 microphone coupled with a Type 2670 preamplifier powered by a Nexus 

Conditioning Amplifier Type 2690 used to phase-lock the REM actuators and the Hartmann tube 

has a sensitivity of 3.16mV/Pa and an accuracy of ±2 dB over the range of interest. The Omega® 

model PX303-200G5V pressure transducer used to measure the total pressure in the source jet 

has a sensitivity of 22.5mV/psig and an accuracy of ±0.5psig. The microtraverse used to vary the 

h/d of the microactuator source jet has an accuracy of ±5µm. The Kulite® model XCQ-062-

3.5BARA used in the REM actuator cavity has a sensitivity of 1.994mV/psi and an accuracy of 

±0.25psig. Phase-averaged pressure measurements from inside the cavity are found using this 

probe. The standard deviation for each phase is used as the uncertainty of these measurements, 

which is phase dependent. Table 2.1 contains data acquisition and processing information for the 

acoustic and unsteady pressure spectra obtained for each case studied. Pressure transducers are 

calibrated using a Druck DPI 605 precision pressure calibrator. Temperature measurements are 

acquired using a K-Type thermocouple, which is amplified with an Analog Devices® 

thermocouple amplifier with cold junction compensation. The thermocouple is calibrated using 

an Omega® CL1000 hot point dry block calibrator and has an uncertainty of ±1°C. Shock 

displacement measurements have an uncertainty based on the maximum thickness of the shock 

in the averaged images, which is shown in the results. The jet front and blast wave velocities 
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measured from the time-averaged sparkjet images have a maximum uncertainty of ±15m/s and 

±7m/s respectively. This uncertainty is based on the maximum jet front and shock thickness in 

the averaged images, because it is the source of maximum uncertainty in the measurement over 

the time delay used to acquire this data. 
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CHAPTER THREE 

RESULTS AND DISCUSSION 

As previously discussed, there is a growing need to image flowfields on a much smaller scale 

due to the rise in use of microflow devices in many novel applications. The focus of this work is 

to image flowfields of potentially viable active flow control actuators. The flow control devices 

under investigation are several resonance-enhanced microjet (REM) actuators and a sparkjet 

actuator, which are all pulsing devices. The REM actuator is comprised of the following 

components: a source jet, an impinging cavity, and a nozzle array producing pulsed microjets. To 

fully analyze this flowfield, images are acquired of a free jet and of a jet impinging on a closed 

cavity, known as a Hartmann tube. Comparing these results with those from the REM, a further 

understanding of the fluidic mechanisms governing the flow is acquired. From these studies, the 

actuator can be tailored for specific flowfields, and new methods for increasing the actuator 

efficiency can be developed. Before discussing the results of each of the specific actuators, 

several images acquired with the LBMS will be compared with previous results to highlight the 

capabilities of the flow visualization technique. 

3.1 Comparison of the LBMS with Previous Results 

Several images will be used to compare the results of the laser-based microschlieren system with 

previous results to demonstrate the ability of the system to capture distinct flow features, which 

were not previously seen. Figure 3.1 is a schematic of the anatomy of a “highly underexpanded” 

jet, which will be used to describe any free jet with a Mach disk present. In the underexpanded 

jets without a Mach disk, the oblique shocks from the nozzle lip will intersect on the centerline. 

This causes a reflected shock similar to that shown in the figure. Figure 3.2 is an example of a 

schlieren image of a highly underexpanded free jet captured using the LBMS. This particular 

image is of a 1mm free jet with an NPR of 8.8. As indicated in the image, it is possible to capture 

the acoustic radiation from a free jet on this scale. Acoustic waves have been seen by others on 

larger scales such as Krothapalli et al. [29]. Images acquired by Phalnikar et al. [2] and Zhuang 

et al. [13] of microjets were unable to capture the acoustic radiation generated by highly 

underexpanded jets on a similar scale. In addition to “freezing” the acoustic radiation, it is also 

possible to see structures in the shear layer of the underexpanded free jet. Again, these structures 
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are not present in the images captured by previous researchers. Scroggs and Settles [1] acquired 

images of a similar flowfield generated by a converging-diverging nozzle with a nozzle exit 

diameter of 1.2mm. In this work, it is claimed that acoustic waves are visible in a far field image 

(not shown here); however, due to smearing from a long exposure time, it is unclear whether 

acoustic waves are actually present. Through the use of the new technique, it is possible to 

capture more than the stable flow features that previous studies have shown. The laser-based 

mircoschlieren system is able to “freeze” high-speed and weak flow features on a small scale. 

 

 

 
Figure 3.1: Schematic of a highly underexpanded jet. 

 

 

 
Figure 3.2: 1mm free jet NPR=8.8. 
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3.1.1 REM Actuator Comparison 

As described previously, the REM actuator is composed of three parts: the source jet, the 

impinging cavity, and the microjet array as shown in Figure 3.3. In the schlieren images of the 

REM actuator, only the source jet and the microjets are visible due to the material used to create 

the impinging cavity. Figure 3.4 is a schlieren image of the REM actuator captured by Solomon 

et al. [20] using a microschlieren system with a stroboscopic lamp. It is clear that high spatial 

resolution was achieved, but acoustic waves and structures in the shear layer were not captured 

due to the lack of temporal resolution. Figure 3.5 is acquired using the LBMS, and a comparison 

of this image with the image acquired by Solomon et al. clearly demonstrates the ability of the 

newly developed system.  While both systems are able to capture stable features such as shocks, 

the LBMS is also able to capture high-speed and weak features such as acoustic waves, 

structures in the shear layer of the source jet, and structures along the wall jet on top of the 

actuator. It is worth noting that the same camera was used to acquire both sets of images, 

indicating that both images have a nearly identical spatial resolution (changing slightly with the 

focus of the camera lens). Figure 3.6 and Figure 3.7 are images of the source jet captured by 

Solomon et al. [20] and using the LBMS, respectively. Comparing the two images further 

highlights the capabilities of the LBMS, and its ability to “freeze” the flowfield. It is now 

possible to see structures in the shear layer, turbulent structures in the jet core, the wall jet, and 

acoustic radiation. None of these features are present in the previous results. Lastly, Figure 3.8 

and Figure 3.9 are images of the microjets emanating from the REM actuator captured by 

Solomon et al. [20] and the LBMS, respectively. In the images acquired by the LBMS at a phase 

angle of 90°, a jet front can be seen emitting from the microjet orifices, a phenomenon that has 

not been seen previously. Also, in the image acquired by the LBMS at a phase angle of 270°, the 

shock cells are clearly defined, while it is difficult to see the shock cells in the microjets imaged 

by Solomon et al. [20]. 
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     Figure 3.3: Schematic of REM actuator. 

 

 

 
Figure 3.4: Schlieren image of REM actuator, Solomon [20]. 
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Figure 3.5: Schlieren image of REM actuator using the LBMS. 

 

 

 
Figure 3.6: Schlieren image of REM source jet, Solomon [20]. 
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Figure 3.7: Schlieren image of REM source jet using the LBMS. 

 

 

 

 
Figure 3.8: Schlieren image of REM, Solomon [20]. 

 

 

      
Figure 3.9: Schlieren image of REM using the LBMS. 
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3.1.2 Sparkjet Actuator Comparison 

Another flowfield visualized using the laser-based microschlieren system is that generated by the 

sparkjet actuator developed at Johns Hopkins University/Applied Physics Lab (JHU/APL). There 

have been several papers published concerning the ability of the sparkjet as a flow control 

device, e.g. [24], [25], and [26]; however, only a limited amount of schlieren images have been 

acquired. Previous schlieren images acquired for the sparkjet actuator can be seen in these 

references. Figure 3.10 shows schlieren images captured using the LBMS. The sparkjet 

configuration used to acquire this image has an array of four – 400µm orifices for a single 

sparkjet cavity/electrode set. Through the use of the LBMS, it is possible to capture the initial 

blast wave generated by the electrical discharge across the electrodes inside the cavity (10µs 

delay). This was not captured in the previous results. Following this blast wave is a well-defined 

jet front emitting from all four orifices in the array (20µs delay). Even when the jets are 

sustained (60µs delay), structures in the jet are clearly seen in the images acquired with the 

LBMS. The images acquired by Grossman et al. [24] also show structures, but for a similar 

actuator with a larger orifice diameter (1 mm). A comparison of these results clearly 

demonstrates the capabilities of the LBMS. 

 

 

 
Figure 3.10: Schlieren image of the sparkjet actuator using the LBMS. 

 

 

3.2 Free Jet 

It is necessary to state that it was not the intent of this work to do an in-depth study of an 

underexpanded jet on a small scale. A brief study of a free jet was conducted for comparison 

with experiments performed on the resonance-enhanced microjets, which are formed using an 
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underexpanded jet emitting from the same nozzle used in this study. Images were acquired of an 

underexpanded free jet using an axisymmetric 1mm nozzle over an NPR range of 3.4-8.8. The 

following is a list of each NPR that images were acquired for: 3.4, 3.7, 4.1, 4.4, 4.7, 5.4, 5.8, 6.1, 

6.4, 6.8, 7.1, 7.5, 7.8, 8.1, 8.5, and 8.8. Several of the images acquired are shown in Figure 3.11, 

while the remainder of the images can be found in Appendix A.1. On this scale, the LBMS is 

capable of “freezing” many of the flow features present in these jets, such as acoustic radiation, 

structures in the shear layer, and shock oscillations. 

 

 

    
Figure 3.11: 1mm free jet with an NPR=4.1, 5.4, 6.8, 8.8 (from left to right). 

 

 

 The initial shock cell spacing, λ, shown in Figure 3.12, was measured from each of these 

images. Over a century of work has been focused on developing an equation to predict the length 

of the initial shock cell; however, there is still no agreement on a single equation from either an 

empirical or a theoretical approach. A history of the work completed on free jet shock cell 

spacing was presented by Powell [30], and, according to Powell, Emden [31, 32] has created the 

only theoretical model for the shock cell length which agrees with the empirical model he 

developed from a wide range of jets and nozzle pressure ratios. Emden‟s experiments were 

completed using choked jets up to an NPR of 8. It is important to note that at this time, it was 

still believed that jets could not achieve velocities higher than the speed of sound. According to 

Powell [30], beginning with Prandtl in 1904, all formulas developed to predict the cell length 

grew from the initial work of Emden. Equation 3.1 and 3.2 are Emden‟s empirical and theoretical 

respectively, where Rc is the critical pressure ratio for the speed of sound to be reached in a sonic 

nozzle (Rc=1.8929 for γ=1.4). The coefficient in front of Equation 3.2 is equal to 0.87 for a 

γ=1.4, which is nearly the same coefficient found for the experimental results. It is this 

coefficient that has been the major topic of discussion since Emden initially published his data. 
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The 0.88 coefficient shown in Equation 3.1 was found by averaging the results from multiple 

nozzles and pressure ratios. It must be noted that Prandtl‟s widely accepted formula has a 

coefficient of 1.2, which did not match up with the data collected from the highly underexpanded 

1mm jet used in this experiment. A direct comparison of the experimental results to Emden‟s 

equation is shown in Figure 3.13. The data has good agreement with the theoretical equation 

presented by Emden. While examining the results, it was noticed that the shock cell spacing is 

better defined by two line segments which intersect at an NPR of 4.7. Emden [31] observed 

similar results with a 3.63mm diameter nozzle, and the change in line segments occurred for him 

at an NPR ~4. While comparing the images acquired around an NPR of 4.7, it was noticed that at 

this pressure ratio the presence of a Mach disk is first seen, shown in Figure 3.14. It is possible 

that the presence of a Mach disk for this particular nozzle configuration causes a change in the 

shock cell length. 

        √               (3.1) 

    √  ⁄     ⁄      ⁄  √                                (3.2) 

 

 The distance from the nozzle exit to the Mach disk for NPR equal to or higher than 4.7 

and the initial shock crossing for an NPR less than 4.7 is measured. This measurement, x, is 

shown in Figure 3.12. The results will be used for the comparison with studies on the Hartmann 

tube and the REM actuator. The non-dimensional measurement, x/d, is presented in Figure 3.15. 

Again, it can be seen that these results follow a similar trend: two linear segments that intersect 

at an NPR of 4.7. 

 

 
Figure 3.12: Underexpanded jet schematic showing Mach disk. 
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Figure 3.13: Experimental shock cell distance compared with Emden’s formula. 

 

 

 
Figure 3.14: Mach disk in a free jet, NPR=4.7. 

 

 

 
Figure 3.15: Mach disk/shock crossing (x/d). 
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3.3 Hartmann Tube 

The next building block of the REM actuator is a cavity in the shape of a cylindrical tube placed 

in the flow of an underexpanded jet, commonly referred to as a Hartmann tube. This flowfield 

has been studied for nearly a century, and it was first discovered by Hartmann [33] while taking 

pitot tube measurements in a highly underexpanded jet. After its discovery, the Hartmann tube 

was studied primarily for its efficiency at producing acoustic radiation for many different 

applications, including flow control, such as those used by Stanek et al. [34, 35]. A brief study of 

the Hartmann tube was completed to compare the results with the REM actuator having a single 

orifice. 

 A single case of the Hartmann tube with a volume of 18.1mm
3
, an h/d of 1.8, and an NPR 

of 6.8 was visualized. The microphone spectrum for these parameters is shown in Figure 3.17, 

which shows the peak tone at 8.3kHz. Figure 3.16 presents several instantaneous images from 

the phase-locked data. Appendix A.2 has all of the phases acquired, as well as the phase-

averaged images, with 100 images per phase used for the averaging. It is possible, from Figure 

3.16, to see the large oscillations in the Mach disk which occur in the jet while it is pulsing. Also, 

from the selected phases shown in this figure, it is possible to see the two periods that occur 

during the source jet oscillations of a Hartmann tube: filling and spilling. The filling period 

occurs while all of the mass coming from the source jet nozzle is entering the cavity, as indicated 

by the absence of the wall jet. This period lasts from a phase angle of 0° to a phase angle of 120° 

and can be seen in Figure 3.16 at 60°. The spilling period takes place when the tube has 

pressurized and is no longer taking in mass from the source jet. A wall jet is created by the mass 

that is no longer entering the cavity. This period lasts from a phase angle of 180° until the end of 

the cycle and can be seen in Figure 3.16 at phase angles of 180° and 300°. 

The oscillations in the Mach disk that cause the filling and spilling periods to occur are 

observed by measuring the Mach disk displacement from the nozzle exit using the phase-

averaged images. The results from this measurement are shown in Figure 3.18. Only a single 

cycle was measured from the images, but two cycles are shown in the figure to allow for a 

perspective as to what is happening at the beginning and the end of the entire cycle. This 

presentation is used throughout. At the beginning of the cycle, the Mach disk moves towards the 

cavity entrance and away from the nozzle exit. It is during this part of the cycle that the cavity is 
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in the filling period, and all of the mass coming from the nozzle is entering the cavity. During 

this period, the cavity begins to pressurize, which causes a nearly instantaneous jump in the 

Mach disk towards the nozzle. This displacement in the Mach disk allows the jet to flow away 

from the cavity instead of entering it, creating the wall jet seen in the spilling period. Due to the 

lack of mass entering the cavity from spilling along the wall, the pressure inside of the cavity 

reduces. The Mach disk then begins to travel back towards the cavity. This motion allows the jet 

to flow back into the cavity and begin the process again. These results are comparable to those 

found by Smith and Powell [36] in a study completed on tubes an order of magnitude larger. 

They were also able to monitor the motion of an expansion wave and a compression wave that 

travel inside the cavity. It is currently not possible to visualize inside of the cavity using the 

LBMS with the current setup for the actuator. According to their results, these traveling waves 

inside of the cavity are the cause of the large fluctuations in the Mach disk and initiate the filling 

and spilling periods. Ultimately, the LBMS was able to phase-lock the Hartmann tube on a small 

scale, which will be the building block for understanding the flow physics behind the REM 

actuator. 

 

 

   
Figure 3.16: Instantaneous images of the source jet for a Hartmann tube at several phases. 
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Figure 3.17: Microphone spectrum for Hartmann tube, h/d=1.8, NPR=6.8. 

 

 

 
Figure 3.18: Mach disk displacement for Hartmann tube, h/d=1.8, NPR=6.8. 

 

 

3.4 REM Actuator with a Single Orifice 

The next flowfield imaged by the laser-based microschlieren system is that of the REM actuator 

with a single orifice. This particular actuator has the same dimensions as the Hartmann tube 

previously presented with a cavity volume of 18.1mm
3
. Two cases were tested for this particular 

actuator: NPR=6.8, h/d=1.8 and NPR=7.5, h/d=1.8. There is a 400µm diameter orifice located at 

the bottom of the resonance tube, which is used to create the pulsed microjet generated by the 

flowfield.  
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 Initial experiments conducted used a microphone to measure the frequency at which the 

actuator is pulsing for an h/d=1.8 and an NPR=6.8. The spectrum from this measurement is 

shown in Figure 3.20, indicating a pulsing frequency of 8kHz. Phase-locked images were 

acquired using the results from the microphone measurements. Several of the instantaneous 

images acquired are shown in Figure 3.19. At a phase angle of 30°, a jet front is present in the 

microjet exhaust, indicating that there is near zero velocity in the microjet exhaust prior to this 

phase. At a phase angle of 150°, shock cells can be seen in the microjet exhaust. These results 

show that the resonance-enhanced microjets can be pulsed from near zero velocity to supersonic 

velocities at frequencies on the order of 1kHz. It was found from these phase-locked images, 

shown in Appendix A.3, that the source jet experiences the same filling and spilling periods that 

were seen in studying the Hartmann tube. Recall that these periods are characterized by the either 

the lack or presence of a wall jet. The filling period occurs from a phase angle of 0° until a phase 

angle of 150°. It is at the beginning of the filling period that the microjet exhuast experiences a 

minimal exhaust velocity. The spilling period occurs from 180° until the end of the cycle, and at 

the beginning of the spilling period, the maximum velocity is seen in the microjet exhaust.  

Phase-averaged images are shown in Appendix A.3 with 100 images averaged per phase. 

The Mach disk displacement in the source jet and the initial shock cell spacing in the microjet 

are measured from the phase-averaged images. The results are shown in Figure 3.21. As the 

source jet approaches the cavity and moves further away from the nozzle exit, the cavity begins 

to pressurize. The presence of a shock cell in the microjet exhaust is seen at a phase angle of 60°, 

which indicates high-speed flow in the microjet exhaust. The microjet shock cell spacing further 

increases as the Mach disk moves closer to the cavity and continues to pressurize the cavity. At a 

phase angle of 150°, the Mach disk in the source jet is forced back towards the nozzle exit due to 

a critical pressure achieved inside of the cavity. The shock cell spacing in the microjet no longer 

grows as the pressure inside the cavity begins to fall, and at a phase angle of 210°, it is no longer 

present, as shown in Appendix A.3. After the Mach disk is pushed away from the cavity and the 

spilling period begins, the pressure quickly drops inside of the cavity. Therefore, the high-speed 

flow in the microjet exhaust can no longer be sustained. From these results, this specific case of 

the REM actuator has a high-speed exhaust duty cycle of 42%. 

 

 



34 

 

    
Figure 3.19: Instantaneous images of the REM actuator with 1 mj at various phases. 

 

 

 
Figure 3.20: Microphone spectrum for REM actuator, h/d=1.8, NPR=6.8. 
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Figure 3.21: Shock displacement for the source jet and microjet for the 1 mj REM 

actuator. 

 

 

 Due to the simple geometry of the REM actuator with a single microjet, this flowfield 

was selected to be simulated with Computational Fluid Dynamics (CFD) by Ali Uzun at FSU. 

Details on the exact method of CFD employed to derive the results can be found in Uzun et al. 

[37]. The results from the CFD show that the simulation is able to predict the same pulsing 

frequency as found in experiments, see Figure 3.20. A qualitative visual comparison is made by 

matching the phases with the simulation and the experimental results. Figure 3.22 shows several 

of the phases from this comparison. All of the image comparisons of the CFD simulation and the 

experimental results can be found in Appendix A.3. This qualitative comparison shows that the 

simulation agrees with the experimental results quite well. Currently there are no experimental 

results that show the inside of the cavity at these scales, unfortunately. Despite this limitation, the 

structures in the source jet and the microjet exhaust agree very well. Due to the dependency of 

the source jet and microjet flowfields on the internal flow characteristics, it is speculated that the 

simulation results are accurate. In the simulation, a pressure wave travels from the source jet to 

the bottom of the cavity, where it then reflects and travels back towards the source jet. After the 

return of the pressure wave, an expansion wave begins at the mouth of the cavity following the 

same path. It is the motion of these pressure and expansion waves which create the pulsed 

microjets and the motion of the Mach disk in the source jet by pressurizing and depressurizing 

the cavity. Previous experimental results visualizing the cavity of a Hartmann tube from Smith 
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and Powell [36] on a large scale show these pressure and expansion waves traveling in the 

cavity, which essentially set the frequency of the actuator. The qualitative visual comparison of 

the experimental and computation source jet and microjet flowfields give confidence in the 

ability of the simulation to predict the overall flowfield. 

 

 

  

  
Figure 3.22: Side-by-side comparison of simulation and experimental results at various 

phases. 

 

 

 Previous results indicate that the temperature at the base of a Hartmann tube can rise 

significantly. One such finding was by Howick and Hughes [38] who found that by insulating a 
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14 inch Hartmann tube, the temperature at the end wall could be increased to 650°C with a cold 

jet. Due to these previous results, temperature measurements were made in a 400µm free jet over 

a range of pressures to compare with measurements in the microjet exhaust from the REM 

actuator. Figure 3.23 shows the results from the free jet temperature measurements. From this 

plot, the probe temperature is the highest for the lowest NPR. Also, for an NPR greater than 3.0, 

the probe temperature decreases as the probe location moves away from the nozzle exit. As 

shown in this figure, for an NPR at or above 3.0, the probe temperature never exceeds 15°C. 

Figure 3.24 shows the probe temperature measured in the exhaust of the REM for three values of 

source jet NPR. An NPR of 3.4, the lowest selected, is the highest pressure ratio for the source jet 

that generates no pulsing in the actuator. An NPR of 6.8 is when the actuator pulses at a 

frequency of 8kHz, and an NPR of 7.5 generates higher order pulsing as will be explained below. 

Measuring the probe temperature in the microjet exhaust for these cases determines if thermal 

effects are present while the REM actuator is pulsing. The lowest NPR in the source jet generates 

the lowest probe temperature, which is opposite of what was seen for the steady jet. An NPR of 

6.8, which produced a frequency of 8kHz, produces the highest temperature exceeding 32°C. At 

an NPR of 7.5, when the REM actuator is pulsing in the higher order mode, the probe 

temperature was lower than at an NPR of 6.8, but still exceeds the probe temperature for 

NPR=3.4. For the REM actuator with a single orifice, it is clear that the air inside of the cavity is 

heating while the actuator is pulsing. Further studies are required to determine the source of this 

heating. 

 The final experiment completed on the single orifice was at h/d=1.8 and NPR=7.5. The 

spectrum obtained from a microphone measurement is shown in Figure 3.25. In this spectrum, 

there is a peak at 66kHz indicating that the REM actuator is pulsing at some higher order mode. 

Currently, this is the only experiment completed for this test case, and it is unclear what causes 

this pulsing, and whether or not it is affected by the same parameters (NPR and h/d). Further 

investigation into this phenomenon is necessary to determine the causes and features that 

determine the frequency of oscillation. 
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Figure 3.23: 400µm free jet temperature measurements. 

 

 

 
Figure 3.24: Single orifice REM exhaust temperatures. 

 

 



39 

 

 
Figure 3.25: Microphone spectrum for REM actuator, h/d=1.8, NPR=7.5. 

 

 

3.5 Comparison of REM Actuator with 1 Orifice and the Hartmann Tube 

Due to the similarity between the Hartmann tube and the single orifice actuator, a comparison 

was made in the Mach disk oscillations in the source jet.  First, it is necessary to state that the 

pulsing frequency for the Hartmann tube was 8.3kHz, while that of the single orifice REM 

actuator was 8kHz. This lower frequency is due to mass exiting the cavity through the orifice. As 

this mass exits the cavity, the temperature and pressure in the cavity decreases. This reduces the 

speed at which a pressure wave can oscillate, resulting in a lower pulsing frequency. Figure 3.26 

is a comparison of the Mach disk oscillations between the REM actuator and the Hartmann tube. 

Both test cases follow a similar trend; however, the single orifice REM actuator does not cause 

the Mach disk to move as close to the source jet nozzle as the Hartmann tube does. This is seen 

at a phase angle of 150° by the large jump in the Mach disk. For the REM actuator, the mass 

exiting through the orifice decreases the pressure inside the cavity and weakens the ability of the 

pressure wave to move the Mach disk towards the nozzle. Therefore, placing additional orifices 

at the bottom of the cavity will reduce the frequency and magnitude of the oscillations of the 

source jet Mach disk due to increased mass flow through the additional orifices. 
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Figure 3.26: 1 mj REM actuator and Hartmann tube Mach disk location comparison. 

 

 

3.6 REM Actuator with 4 Orifices 

In order to facilitate integration of the REM actuator into a flow control application, a spreader 

was added to the bottom of the cavity, and more orifices were added. Refer to Figure 3.3 to see a 

schematic of the REM actuator with the spreader. For this particular geometry, a Kulite® 

pressure probe is placed on the cavity wall in order to measure the internal pressure of the 

device. This actuator has a volume of 34mm
3
 and was tested at an h/d of 3 and NPR of 8.2, as 

well as an h/d of 1.5 and NPR of 6.8 and 8.2. Microphone and unsteady pressure measurements 

were performed for all three test cases. Figure 3.27 and 3.28 are the spectra from the Kulite® 

unsteady pressure probe and a microphone for h/d=3, NPR=8.2 and h/d=1.5, NPR=6.8, having 

peak frequencies of 5kHz and 6.6kHz, respectively. These results indicate that the peak tone in 

the acoustic radiation matches the peak tone found with the unsteady pressure measurements 

inside of the cavity. This gives confidence that the pressure measurements from the Kulite® 

unsteady pressure probe in the time domain can be compared with the Mach disk and shock cell 

displacements from the phase-locked images of both cases. 
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Figure 3.27: Spectra for REM actuator (4 mj), h/d=3, NPR=8.2. 

 

 

 
Figure 3.28: Spectra for REM actuator (4 mj), h/d=1.5, NPR=6.8. 

 

 

While observing the results from the Kulite® unsteady pressure probe, it was noticed that 

there is a shift in the time domain from acquisition hardware-induced lag. Due to this, a signal 

generator was used to measure the lag from Kulite® amplifier and the low pass filter, shown in 

Figure 3.29. From these results, the lag was measured and the pressure data adjusted. Figure 3.30 

shows the original pressure data and the shifted pressure data according to the results from the 
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signal generator. The pressure results shifted in the time domain are used to compare with the 

Mach disk and shock cell data from the phase-locked images, shown in Appendix A.4.  

 

 

 
Figure 3.29: Signal shift in the time domain from hardware. 

 

 

 
Figure 3.30: Shifted pressure data for REM actuator (4 mj), h/d=3, NPR=8.2. 

 

 

 Both cases of the REM actuator with 4 microjets were phase-locked using the LBMS. 

Several of the instantaneous images can be seen in Figure 3.31 and Figure 3.32 for h/d=3, 

NPR=8.2 and h/d=1.5, NPR=6.8, respectively. In the case with h/d=3, NPR=8.2, there is a clear 
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jet front seen in the microjet exhaust at a phase angle of 30°. This jet front is not seen in the case 

with a lower h/d and NPR. This indicates that for h/d=1.5, NPR 6.8, the microjet exhaust does 

not approach zero velocity, which has been seen with the single microjet REM actuator. Both 

cases clearly reach supersonic speeds in the microjet exhaust at a phase angle of 150°. Also, 

there is a similar spilling and filling period for both cases, represented by the presence or lack of 

a wall jet along the top of the actuator. For both cases, the filling and spilling periods occur 

during the same phases. Filling occurs from a phase angle of 0° until 150°, and transition into the 

spilling period occurs at 180°. The spilling period lasts until the cycle ends, and the process 

repeats. At the transitions from filling to spilling the maximum microjet exhaust velocity occurs, 

and the minimum microjet exhaust velocity occurs at the transition from spilling to filling.  

Using the same method as before, the locations of the Mach disk in the source jet and the 

initial shock cell spacing in the microjets are measured from the phase-averaged images. The 

results from these measurements are shown with the results from the Kulite® unsteady pressure 

probe in Figures 3.33 and 3.34 for h/d=3 and h/d=1.5, respectively. It can be seen in both cases 

that the maximum pressure inside of the cavity corresponds directly with the maximum shock 

cell displacement in the microjet exhaust, which was expected. However, it can be seen in both 

cases that the oscillations in the source jet are out of phase from those in the pressure and 

microjet data. For h/d=3, 60° after the maximum pressure and microjet exhaust velocity occur, 

there is a large jump in the location of the source jet Mach disk. This is possibly due to a 

pressure wave traveling in the cavity and finally reaching the source jet at a later time. However, 

this is not seen in the case with an h/d of 1.5. There is no large jump in the location of the Mach 

disk in the source jet. It appears to gradually move towards the nozzle, and this motion begins 

before a maximum pressure and microjet exhaust velocity occur. In order to fully understand 

what is causing the motion in both cases, it would be necessary to visualize the inside of the 

cavity. It might be assumed that if pressure waves were traveling inside of the cavity that large 

jumps would also appear in the results from the unsteady pressure probe. However, due to the 

mounting location and size of the probe, the pressure fluctuations across a shock would be 

averaged in the measurement. In order to resolve these traveling waves several smaller probes 

located along the cavity would be required. 
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Figure 3.31: Several phases of REM actuator (4 mj), h/d=3, NPR=8.2. 

 

 

   
Figure 3.32: Several phases of REM actuator (4 mj), h/d=1.5, NPR=6.8. 

 

 



45 

 

 
Figure 3.33: Shock displacement and pressure for REM actuator (4 mj), h/d=3, NPR=8.2. 

 

 

 
Figure 3.34: Shock displacement and pressure for REM actuator (4 mj), h/d=1.5, NPR=6.8. 

 

 

 The 4 microjet REM actuator was also studied at a pressure that was above the low-

frequency pulsing mode at h/d=1.5 and NPR=8.2. Figure 3.35 presents the spectra from the 

microphone and the Kulite® unsteady pressure probe, which show a higher order tone at 

63.5kHz. The cause of this tone is again unclear, but several instantaneous images were acquired 

while the actuator was operating under these conditions. Figure 3.36 shows two of these images 

side-by-side. Indicated by the line, the Mach disk in the source jet is clearly oscillating. Also, it 
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can be seen that the microjet exhaust is unsteady when comparing the two images. Currently, the 

exhaust from the microjets at these operating conditions has only been identified as supersonic, 

although there are oscillations occurring in the microjet exhaust. For this higher order mode, 

further studies are needed to analyze the cause and overall effect of this higher order pulsing 

frequency. 

 

 

 
Figure 3.35: Spectra for REM actuator (4 mj), h/d=1.5, NPR=8.2. 

 

 

 
Figure 3.36: Images of REM actuator (4 mj), h/d=1.5, NPR=8.2. 
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3.7 REM Actuator with 6 Orifices 

To further investigate the ability of the REM actuator as a flow control device, a spreader is 

added to allow for 6 microjets attached to a single cavity to facilitate integration. This 

configuration has a volume of 32mm
3
, i.e. slightly less than the previous with 4 microjets, and 

was operated under three conditions: h/d=1.5; NPR=5.5, h/d=1.5, NPR=6.8; and h/d=3; 

NPR=8.2. Acoustic measurements were made with a microphone, and the spectrum for each of 

the three cases is shown in Figures 3.37, 3.38, and 3.39. For two of the cases (h/d=1.5, NPR=5.5 

and h/d=1.5, NPR=6.8, shown in Figures 3.37 and 3.38, respectively), the peak frequency occurs 

at 5.1kHz, which does not agree with previous results from Solomon et al. [20]. It was noticed 

that while using the regulator to increase the pressure to an NPR of 5.5, the actuator would not 

pulse. However, if the actuator was operated at an NPR of 6.8, and the pressure was then reduced 

to an NPR of 5.5, the actuator would pulse at the same frequency as the higher NPR. Currently, 

there appears to be some hysteresis which occurs while operating the actuator over a range of 

NPR with the same h/d. It is presumed that this is due to the actuator heating or cooling while 

operating at different pressures over an extended period of time, which would change the 

frequency produced. For the case of h/d=3 and NPR=8.2, the frequency produced was 4.3kHz, as 

seen in Figure 3.39. As mentioned with the direct comparison between the REM actuator with a 

single microjet and the Hartmann tube, the mass leaving the cavity through orifices at the bottom 

will reduce the actuator‟s peak frequency. In studying the REM actuator with 4 microjets, it was 

found that tones at 6.6kHz and 5kHz were produced for h/d=1.5, NPR=6.8 and h/d=3, NPR=8.2, 

respectively. For the same operating conditions, the 6 microjet actuator produces tones at lower 

frequencies – 5.1kHz and 4.3kHz, respectively. Hence, the frequencies were lowered by 1.5kHz 

and 1.8kHz, respectively, confirming that allowing more mass to exit the cavity causes a 

reduction of the pulsing frequency. 
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Figure 3.37: Microphone spectrum for REM actuator (6 mj), h/d=1.5, NPR=5.5. 

 

 

 
Figure 3.38: Microphone spectrum for REM actuator (6 mj), h/d=1.5, NPR=6.8. 

 

 



49 

 

 
Figure 3.39: Microphone spectrum for REM actuator (6 mj), h/d=3, NPR=8.2. 

 

 

 Phase-locked images were acquired for all three cases using the LBMS, and 

instantaneous and phase-averaged images can be found in Appendix A.5. For the REM actuator 

with 6 microjets, images were acquired separately for the source jet and the microjets. The Mach 

disk displacement in the source jet and the shock cell displacement in the microjets were 

measured from these images. Figure 3.40 shows the displacements for both cases of h/d=1.5 

(NPR=5.5 and NPR=6.8), where it can be seen that the oscillation shape of the Mach disk 

location is the same for both cases. There is no sudden jump in the Mach disk as seen in previous 

cases, which also corresponds with a lack of a jet front for both of these cases. This indicates that 

the shock oscillations inside of the cavity might be weaker for these lower h/d cases. As would 

be expected, the maximum displacement of the source jet Mach disk occurs for a higher NPR. 

For the higher NPR of 6.8, the microjet exhaust is always supersonic, while the lower NPR of 5.5 

has a high-speed microjet exhaust duty cycle of 60%. From these results it can be seen that by 

keeping a constant h/d and changing the NPR, the duty cycle for high-speed microjet exhaust can 

be adjusted. Also, the shape of the oscillation of the Mach disk in the source jet appears to be 

independent of NPR, although the amplitude of the displacement is NPR-dependent. 
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Figure 3.40: Shock displacement for REM actuator (6 mj), multiple NPR, h/d=1.5. 

 

 

 Lastly, the case having an h/d of 3 and an NPR of 8.2 was visualized by magnifying the 

source jet and microjets separately, and by acquiring images of the entire flowfield. This was 

completed to confirm the repeatability of the system, and to ensure that phases of the source jet 

and the microjets could be matched after the image processing was complete. To compare the 

quality of the images for the magnified and full view, Figure 3.41 shows instantaneous images of 

both at the same phase angle. This comparison illustrates the advantage of being able to magnify 

on the source jet and microjets separately such that more detailed images can be acquired. Figure 

3.42 presents the shock displacement from both the magnified and the full view images acquired. 

It can be seen there is a slight variation in the source jet Mach disk displacement. This is due to 

distortion of the image near the edge of the field-of-view when acquiring images of the entire 

actuator flowfield. While the displacements are slightly different, the shape of the Mach disk in 

the source jet is the same for both cases. Also, the only variation in the results of the microjet 

shock cell spacing is for the phases when the shock cell first appears in the exhaust or is last seen 

in the exhaust. This is due to the limited number of phases that were acquired and jitter in the 

system. While the measurements are slightly different, the results are repeatable within the 

margin of uncertainty. 
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Figure 3.41: Magnified and full view comparison of REM actuator (6 mj), h/d=3, NPR=8.2.  

 

 

 
Figure 3.42: Shock displacement of REM actuator (6 mj) magnified and full view, h/d=3, 

NPR=8.2. 

 

 

3.8 Sparkjet Actuator 

The sparkjet actuator was visualized at multiple times delays after the electrical discharge had 

occurred inside of the cavity. Images were acquired starting at an 8µs delay, when the shock 

wave generated by the electrical discharge is first seen exiting from the orifice array, to a delay 

of 100µs. Instantaneous images from several of these time delays are shown in Figure 3.43. Two 

of the key features present in this flowfield are the initial shock wave shown at a time delay of 



52 

 

10µs and the jet front shown at a delay of 18µs. The jet from a single spark continues to be 

visible even at time delays of up to 100µs. There is an increase in the density gradient of the jet 

at a time delay of 40µs. In a non-heated flowfield, this would suggest an increase in the velocity; 

however, it is speculated here that this is due to the high temperature gas inside of the cavity 

finally exhausting instead of any rise in flow velocity in the jet.  

 

 

 
       Figure 3.43: Time-delayed images using LBMS of the sparkjet exhaust. 

 

 

 To gain a further understanding of how the sparkjet exhaust is behaving, multiple images 

were averaged at each time delay to produce velocity measurements of the shock wave and jet 

front. Table 3.1 lists the number of images which were averaged for each time step. A few of the 

phase-averaged images can be seen in Figure 3.44. These images were used to acquire the 

velocity data for the shock wave and the following jet front that are shown in Figure 3.45. The 

shock wave and jet front both exit the orifice array at maximum velocity, which decays over 

time. However, at a time delay of 22µs there is a large increase in the velocity of the jet front. 

Figure 3.46 is an instantaneous image taken at this time delay that indicates several of the factors 

which might induce this rise in velocity. Not only are multiple shocks passing through the initial 

jet front, but there is also the presence of a secondary jet front. The velocity of this secondary jet 

front is also measured using the phase-averaged images, shown in Figure 3.45. It is observed that 
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the velocity of this secondary jet front exceeds that of the original front when first exiting the 

orifice array. Because this secondary jet front is moving faster than the initial jet front, it begins 

to merge with the initial jet front by a delay time of 30µs. 

 

 

 
Figure 3.44: Averaged images of the sparkjet exhaust for several time delays. 

 

 

Table 3.1: Number of images averaged at each time delay. 

 

Delay Time Images Averaged 

8µs 78 

10µs 65 

12µs 84 

14µs 71 

16µs 77 

18µs 53 

20µs 33 

22µs 18 

24µs 24 

26µs 39 

28µs 42 

30µs 24 
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Figure 3.45: Shock and jet front velocities. 

 

 

 
Figure 3.46: Flow features at a 22µs delay. 

 

 

 A CFD simulation was completed on this flowfield at JHU/APL by Trent Taylor, and the 

results from the simulation are shown next to the experimental results in Figure 3.47. Details on 

the simulation can be found in Haack et al. [39]. From this side-by-side comparison, it can be 

seen that at shorter time delays, CFD predicts the initial blast wave propagation and jet front. 

However, as time progresses, it is possible to see that the vortex ring at the jet front maintains 

coherence in the experimental results; however, the simulations do not predict this. Even at a 

time delay of 16µs this structure begins to break apart in the CFD results, and is nearly 
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nonexistent at a delay of 30µs. CFD does appear to predict a secondary jet, seen by the large 

gradient at 30µs beginning to exhaust. While the CFD results have some similarities with the 

experimental results, it still does not accurately predict all flow features. It is possible that the 

initial conditions for the simulations are an inaccurate representation of the electrical discharge 

inside of the cavity, which would cause this disagreement.  

 

 

  

  
Figure 3.47: Comparison of experimental and CFD results. 

 

 

 One of the goals of the bench top characterization of the sparkjet actuator was to validate 

the high-speed exhaust flow which was predicted from initial CFD results. Figure 3.48 shows the 

presence of what appears to be a shock in the jet front, which is consistently seen even in the 

averaged images at subsequent time delays. It was initially thought to be a reflected shock from 

inside the cavity that is passing through the jet front; however, the shock remains in the jet front 

for consecutive time delays. This proves that it is not passing through the jet front, but that it is 

traveling with the jet front at lower than sonic speeds. Permitted that this is indeed a shock inside 

of the jet front, this indicates there is locally-supersonic flow inside of the exhaust from the 

sparkjet.  
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Figure 3.48: Images showing possible shock (top) instantaneous (bottom) averaged. 
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CHAPTER FOUR 

CONCLUSIONS 

A laser-based microschlieren system (LBMS) was developed to address the inadequacies of 

existing schlieren techniques allowing detailed flow visualizations of multiple micro-flowfields. 

With the LBMS, various high-speed flow features were visualized, including shock wave 

oscillations, acoustic radiation, blast waves, and jet fronts. It was through the use of this flow 

visualization technique that several REM actuators and a sparkjet actuator were further 

characterized. 

For the REM actuator with a single orifice, a comparison was made with a Hartmann tube 

to gain a further understanding of resonance in both flowfields. Through the added orifice at the 

bottom of the cavity for the REM actuator, the frequency was reduced due to loss of mass inside 

of the cavity. It was also seen that Mach disk oscillations in the source jet were reduced. For the 

REM actuator with a 4 microjet array, visual measurements of the actuator were compared with 

time resolved pressure measurements inside of the cavity. Through this it was noted that the 

maximum pressure inside of the cavity corresponds to the maximum output of the microjets. 

Lastly, it was found that phase-locked images could be acquired of magnified portions of the 

flowfield and reconstructed in post-processing of the REM actuator with a 6 microjet array. 

Since research began on the sparkjet actuator, computational results indicated that it 

could produce high-speed exhaust; however, there have not been any experimental results to 

back these predictions. Through the use of the LBMS, an initial jet front was found to have a 

maximum velocity of nearly 250m/s. Also, possible shock structures were seen in the core of the 

exhausting jet, which indicate locally supersonic flow. Through the images acquired by the 

LBMS, it was also possible to determine that CFD results accurately predicted the exiting shock 

waves, but fail to accurately simulate the jet front. The laser-based microschlieren system has 

proven to be a useful flow visualization technique and will be an asset for future researchers 

studying microflows. 



58 

 

4.1 Recommendations for Future Work 

While the LBMS has acquired useful information, it has also opened the door for more questions 

about the flowfields analyzed. The following are recommendations for future research based on 

the work completed. 

 The ability to visualize the internal flow structures of the REM actuators would 

provide further knowledge into the fundamental operating mechanisms of these 

actuators. 

 Detailed studies should be conducted to determine how variations in temperature 

affect the performance of the REM actuators. 

 A visual investigation should be completed on the cavity of the sparkjet actuator 

to see the effect of internal shock reflections. This could lead to an optimal shape 

for the cavity for minimizing or amplifying these reflections based on the results. 

 The use of direct laser light for illumination using a long fiber optic cable should 

be investigated. If this is capable of eliminating the coherence of the laser light, it 

could prove to be a useful tool in producing a more stable, short-duration light 

pulse. 
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APPENDIX A 

ADDITIONAL FIGURES 
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A.1 FREE JET 

    

    

    

    
Figure A.1: Free jet averaged images NPR (left to right) - 3.4, 3.7, 4.1, 4.4, 4.7, 5.4, 5.8, 6.1, 

6.4, 6.8, 7.1, 7.5, 7.8, 8.1, 8.5, and 8.8.  
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Figure A.2: Free jet instantaneous images NPR (left to right) - 3.4, 3.7, 4.1, 4.4, 4.7, 5.4, 5.8, 

6.1, 6.4, 6.8, 7.1, 7.5, 7.8, 8.1, 8.5, and 8.8.  
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A.2 HARTMANN TUBE 

   

   

   

   
Figure A.3: Hartmann tube instantaneous phase-locked images, h/d=1.8, NPR=6.8. 
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Figure A.4: Hartmann tube averaged phase-locked images, h/d=1.8, NPR=6.8. 
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A.3 REM ACTUATOR (1 MJ) 

    

    

    
Figure A.5: Phase-locked instantaneous images of a REM (1 mj) h/d=1.8, NPR=6.8. 
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Figure A.6: Phase-locked averaged images of a REM (1 mj), h/d=1.8, NPR=6.8. 
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Figure A.7: Comparison of CFD and experimental phase-locked images of a REM (1 mj). 
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A.4 REM ACTUATOR (4 MJ) 

    

    

    
Figure A.8: Phase-locked instantaneous images REM (4 mj) h/d=3, NPR=8.2. 
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Figure A.9: Phase-locked averaged images REM (4 mj) h/d=3, NPR=8.2. 

 

 



69 

 

    

    

    
Figure A.10: Phase-locked instantaneous images REM (4 mj) h/d=1.5, NPR=6.8. 
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Figure A.11: Phase-locked averaged images REM (4 mj) h/d=1.5, NPR=6.8. 
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A.5 REM ACTUATOR (6 MJ) 

   

   

   

    
Figure A.12: Phase-locked instantaneous images REM (6 mj) source jet, h/d=1.5, NPR=5.5.  
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Figure A.13: Phase-locked averaged images REM (6 mj) source jet, h/d=1.5, NPR=5.5. 
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Figure A.14: Phase-locked instantaneous images REM (6 mj) microjets, h/d=1.5, NPR=5.5. 
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Figure A.15: Phase-locked averaged images REM (6 mj) microjets, h/d=1.5, NPR=5.5. 

 

  



75 

 

  

  

  

   
Figure A.16: Phase-locked instantaneous images REM (6 mj) source jet, h/d=1.5, NPR=6.8. 
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Figure A.17: Phase-locked averaged images REM (6 mj) source jet, h/d=1.5, NPR=6.8. 
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Figure A.18: Phase-locked instantaneous images REM (6 mj) microjets, h/d=1.5, NPR=6.8. 
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Figure A.19: Phase-locked averaged images REM (6 mj) microjets, h/d=1.5, NPR=6.8. 
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Figure A.20: Phase-locked instantaneous images REM (6 mj), source jet h/d=3, NPR=8.2. 
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Figure A.21: Phase-locked averaged images REM (6 mj) source jet, h/d=3, NPR=8.2. 
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Figure A.22: Phase-locked instantaneous images REM (6 mj) microjets, h/d=3, NPR=8.2. 
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Figure A.23: Phase-locked averaged images REM (6 mj) microjets, h/d=3, NPR=8.2. 
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Figure A.24: Phase-locked instantaneous images REM (6 mj), h/d=3, NPR=8.2. 
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Figure A.25: Phase-locked averaged images REM (6 mj), h/d=3, NPR=8.2. 
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